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Abstract

For swap-out operation in the APS-Upgrade storage ring,
the injector must supply a full charge bunch in one shot. For
200 mA operation in 48 bunch timing mode, the required
charge per bunch is 16 nC, which is challenging for the in-
jector chain. In this paper we report on the present status of
high charge operation and discuss upcoming improvements
to increase the charge limit. We also propose two future
upgrades to the APS-U injector chain: a high charge pho-
toinjector for direct injection into the booster, and a high
energy accumulator ring in the booster tunnel.

INTRODUCTION

The APS-Upgrade (APS-U) is a 4th generation electron
storage ring (SR) light source, which has a natural emittance
of 42 pm at 6 GeV [1]. Achieving this ultralow emittance
requires strong focusing and nonlinearities, which results in
a small dynamic aperture, precluding accumulation. Instead,
the APS-U uses swap-out injection [2, 3]: a depleted bunch
in the SR is replaced by a full charge bunch from the injector.

For 216 bunch brightness mode, the injector chain can
easily deliver the required charge (up to 5 nC), and the full SR
current of 200 mA has been achieved. In 48 bunch timing
mode, the injector must deliver at least 16 nC to the SR,
which is very challenging.

For the APS-Upgrade, it was decided to leave the old APS
injector chain in place, and make individual improvements
when needed. The injector chain consists of 3 machines
(Fig. 1), which operate on a 1 Hz cycle: a linac, Particle Ac-
cumulator Ring (PAR), and booster. The PAR accumulates
1 nC pulses from the linac (up to 20 nC), and compresses
the bunch with a 12th harmonic cavity (RF12) before injec-
tion into the booster. The booster must capture this bunch
with high efficiency, accelerate it to 6 GeV, and maintain a
reasonably low emittance.

Challenges of the APS-U injector upgrade included aging
and obsolete accelerator components, operating the booster
and SR at different frequencies [4], and stricter requirements
for charge stability [S5]. This paper will describe recent
progress on the key requirement: delivering a high charge
bunch to the storage ring. It will also describe two poten-
tial long term upgrades of the injector chain, which would
further improve on high charge performance.
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Figure 1: APS-U injector complex.

Other accelerator projects have taken different approaches
to the challenge of high charge swap-out injection. ALS-
U will use a full energy accumulator ring in the storage
ring tunnel [6]. In the HEPS, the booster doubles as an
accumulator ring by maintaining a flat top at full energy [7].
These schemes avoid the problem of high charge transport
at low energy, at the cost of requiring a complex and high
performance machine in the injector chain.

BOOSTER INJECTION

The main bottleneck to high charge transport through the
APS-U injector is booster injection efficiency. The efficiency
is good at low charge, but quickly drops above ~10nC. Ex-
tensive simulations [8] indicated two main reasons for the
reduced efficiency: PAR bunch lengthening and beam load-
ing in the booster cavities.

PAR Bunch Length

As previously reported [9, 10], the PAR bunch length
increased from 350 ps to more than 700 ps between low and
high charge, due to a combination of potential well distortion
and microwave instability. One of the largest sources of
impedance was the kicker chambers. During the APS-U
dark time, new chambers were installed with a patterned
Ti coating, which both reduced the impedance (Fig. 2) and
limited eddy currents.

In addition, a high power amplifier for the 12th harmonic
cavity was installed, to provide increased bunch compression.
The amplifier was recently tested up to full power, which
provides 30 kV RF12 voltage. Figure 3 plots the measured
bunch length vs charge for different RF12 voltages. At30KkV,
the bunch length is kept below 500 ps up to 18 nC.

A method of further reducing the extracted bunch length,
by modulating the 12th harmonic rf voltage, is also under
investigation, and has recently been demonstrated at low
charge.
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Figure 2: Comparison of imaginary part of the impedance

for the old and new kicker chambers. These were calculated

by CST Microwave Studio.
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Figure 3: Measured PAR bunch length vs charge, for differ-
ent RF12 voltage.

Booster Cavity Beam Loading

One way to mitigate beam loading in the booster is by
detuning the rf cavities to reduce the total beam-induced volt-
age. Modest detuning is easily done without any upgrades to
either the booster low-level rf or the cavity systems. During
high charge (48 bunch mode) operation, they are detuned to
around —4 kHz. Simulations [8] have shown that detuning
as far as —20kHz could be beneficial. However, since the
present booster cavity couplers were not designed or tested
for high reflected power, there is reluctance to operate them
this way. During studies, we have detuned as far as ~—6 kHz.
Higher detuning results in faster damping of the longitudinal
motion at injection (Fig. 4).

When the effort to increase the APS injector charge first
began, the maximum charge that could be captured in the
booster was about 5nC. Through a series of machine up-
grades and studies (previously described [8]), this value was
increased to 12 nC. In a recent study, with 30kV in RF12
and —6 kHz detuning, we successfully captured 15 nC in the
booster (Fig. 5). Studies and upgrades have been guided by
particle tracking simulations, which have generally agreed
well with measurements.
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Figure 4: Synchrotron motion observed in a dispersive BPM.
Black: 12nC, -2kHz. Red: 15nC, -6 kHz. The motion is
damped faster at higher detuning, despite the higher charge.
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Figure 5: Captured vs injected booster charge, over the years.
Connected points are measurements; hollow diamonds are
simulation results under equivalent (booster and injected
beam) conditions.

ACHIEVING HIGHER SR CURRENT

While 15 nC booster charge is close to our goal of 17 nC,
several factors restrict high current storage ring operation
in 48 bunch mode. First, there is a charge loss at booster
extraction, which can be as high as 10% at high charge. This
is not presently understood. Also, as mentioned above, the
booster couplers can’t be operated with high reflected power
for an extended time. Other factors impact injector reliability
at high charge. These include trips of RF12 at high voltage
due to power transients, and failures of pulsed magnet power
supplies (especially the PAR injection kickers).

We have injected 13 nC bunches into the SR, which could
in principle support up to 160 mA operation. So far operation
has been limited to 130 mA (with a brief period at 140 mA).
In general, users prefer reliable operation at lower current
to less reliable operation at higher current. Thus, future
upgrades must target both higher charge and reliability.

Near Term Upgrades

Several booster rf upgrades are planned. The first of these
is high power couplers for the booster cavities. These are
based on a 500 kW CERN design, and will allow high cavity
detuning [5] as well as a lower loaded Q to reduce the total
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beam-induced voltage. Two of these couplers are presently
being built, and are expected to be delivered late in CY27.
Simulations predict that with -20 kHz detuning in all four
cavities, 18 nC can be captured in the booster. We will also
have the option of ramping the booster frequency between
injection and extraction, which allows for optimizing both
injection efficiency and extracted emittance [4].

For historical reasons the present booster analog-based
LLRF system uses feed-forward on the klystron drive power
while using feedback only on cavity phase. An upgrade to a
digital LLRF system is planned that would allow for global
amplitude and phase regulation around the cavities. Fast
feed-forward and feedback are also being investigated to
mitigate the transient beam-loading at injection. However,
it is complicated by the rf system configuration of a single
klystron driving two sets of booster cavities on opposite
sides of the ring. Within the next few years, the klystron
will be replaced by a solid state amplifier (SSA) system.
There will be a separate SSA for each booster cavity, making
feedforward/feedback easier to implement.

An effort is also underway to upgrade the injector pulsed
power supplies, starting with the booster injection septum.
Diagnostics upgrades are also planned. An former APS stor-
age ring DCCT has been modified to fit the booster chamber
(Fig. 6), and will be installed in an upcoming shutdown. This
will give a much more precise reading of the booster charge.

Figure 6: Old SR DCCT, modified to fit the booster chamber.

HIGH CHARGE PHOTOINJECTOR

In addition to the thermionic rf gun [11] presently in use
for operations, the APS linac is equipped with a photoe-
mission source [12]. The recent installation of a new laser
system will enable robust operation of this source [13]. The
photoemission source can be optimized for either high bright-
ness or high charge. In the high charge mode, a high power
UV laser pulse will be split into four pulses with spacing
350 ps. These pulses will generate 4 electron bunches from
the photocathode, which are accelerated by the S-band linac.
Initially these bunches will be about 1 nC each, though this
could be increased to 5 nC with a laser upgrade.

These bunches can be injected directly into the booster,
skipping the PAR. Relative to the beam extracted from the
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PAR, the pulse train has higher energy spread, but shorter
effective bunch length (since there are no Gaussian tails).
This makes it a better fit for the booster bucket, which has
high energy acceptance but a shorter rf period than the PAR.

The viability of this scheme was studied using elegant
simulations [14, 15]. The booster simulation model includes
transverse and longitudinal impedance, cavity beam loading,
and booster lattice errors. The input beam is generated by
Astra simulations of the linac. We also found it necessary to
include CSR in the simulation, since the individual bunches
have very short bunch length (~4 ps rms).

The simulated longitudinal phase space at different turns
is shown in Fig. 7. In this simulation, each mini-bunch con-
tains 5 nC, so the total charge is 20 nC. The mini-bunches
rotate through phase space and decohere, but without caus-
ing significant instability or charge loss. The simulation
used a high rf voltage at injection (1.5 MV), but only modest
cavity detuning (—4 kHz). The overall efficiency was 90%.
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Figure 7: Simulated longitudinal phase space of photoin-
jected bunches in the booster. The total charge is 20 nC.

One challenging aspect of this project is synchronizing
the linac (and laser) with the booster, rather than the PAR.
Timing jitter is a concern, so a timing scan was performed
(Fig. 8) with simulations. The efficiency is above our goal
of 85% for a range of +330 ps.

HIGH ENERGY ACCUMULATOR RING
AND OTHER OPTIONS

Another potential long term injector upgrade is to build a
high energy accumulator ring, similar to ALS-U [6]. The
ring would be installed in the booster tunnel, attached to the
outside wall. Medium charge bunches (5—10 nC) would be
accelerated in the booster, then injected into the accumulator
ring. These bunches could be stacked up to 20 nC (or po-
tentially higher). Injection and accumulation will be easier
at high energy, due to the more rigid beam and increased
radiation damping. This ring would also have lower emit-
tance than the booster, improving SR injection and perhaps
allowing further optimization of the ring.
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Figure 8: Sensitivity of booster efficiency to timing error of
the photoinjector beam.

A potential lattice for the accumulator ring has been de-
veloped. Like the APS booster, it uses a FODO structure
with dispersion suppression in the straight sections (using a
missing magnet scheme), but it also includes dipole fields
in the defocusing elements. The lattice has a natural emit-
tance of 11 nm at 6 GeV, compared to 97 nm for the booster
lattice. Twiss functions for a section of the lattice are shown
in Fig. 9, and a frequency map analysis (without errors) in
Fig. 10. The dynamic aperture is reasonably large. An al-
ternate lattice, similar to the Australian Synchrotron Source
booster [16], is also being considered.
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Figure 9: Twiss functions for one section of the accumulator
ring lattice.

Preliminary simulations of injection into this lattice were
performed, using the booster rf cavities and impedance
model (Fig. 11). Two 10nC bunches are injected 10 mm
off-axis, 15,000 turns apart. The rf voltage is 9.2 MV, and
the detuning is —2 kHz. Horizontal oscillations are quickly
damped, and there is no transverse beam size blowup. The
longitudinal impedance does cause a shift of the beam cen-
troid, and slight bunch length increase. The simulated injec-
tion efficiency is 99%.

Other options under discussion include a full-energy linac
in various configurations. For example, a 6-GeV CW su-
perconducting linac could deliver high-rate beam to a large
FEL (Free Electron Laser) farm, while occasionally provid-
ing bunches to fill an accumulator ring. Alternatively, the
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Figure 10: Frequency-map analysis and 1000-turn DA in
the absence of errors for the accumulator ring lattice.

linac could have dual front ends, one providing low-charge,
high-brightness beams to an FEL farm and another provid-
ing single, high-charge bunches for direct injection into the
storage ring. The advantage of these schemes is that we
could enhance the capabilities available at Argonne for ultra-
fast x-ray science on two fronts (FEL and high-charge ring),
while addressing the obsolescence challenges of the existing
injector.

Another possibility is a 6-GeV LPA (Laser Plasma Accel-
erator) coupled with a 6-GeV accumulator ring, similar to
what’s under discussion for DESY’s PETRA IV ring [17].
Unlike PETRA 1V, we would require an accumulator be-
cause we can’t accumulate in the storage ring. Still, this
would represent a dramatic reduction in the complexity of
the injector systems.

10

5
o }
-5

=10

<x> (mm)
x beam size (mm)
- N (= > (2]

5008 10400 15100 2040 28400 S0f0%

turn turn

80400 10400 1500 2000 250 Zoot

A<t> (ps)
)
8

bunch length (ps)
3

5010% 1.010% 1.540% 2040* 2510 3040
turn turn

80400 10400 1500 2000 250 Zoot

Figure 11: Simulation of two 10 nC bunches injected into
the accumulator ring.

CONCLUSION

Injector upgrades and intensive studies have raised the
maximum charge captured in the APS booster from 5 to
15 nC. In principle, this can support 160 mA operation with
48 bunches. However, operational considerations have lim-
ited the SR current to 130 mA. Further upgrades are under-
way to achieve the design goal of 200 mA operation.
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At the same time, two potential reconfigurations of the
APS-U injector chain are being considered. A high charge
photoinjector, already under development, could produce a
20 nC S-band bunch train that would skip the PAR, and pro-
vide a better match to the booster. A full energy accumulator
ring in the booster tunnel could accumulate up to 20 nC (or
more) with high efficiency, and provide a lower emittance
for SR injection. In the long run, a 6 GeV linac could deliver
medium charge bunches directly to the accumulator ring,
skipping both the PAR and booster.
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