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Abstract

The combination of a compact storage ring and a laser-
plasma accelerator (LPA) can serve as the basis for future
compact light sources. One challenge is the large momen-
tum spread (about 2%) of the electron beams delivered by
the LPA. To overcome this challenge, a very large accep-
tance compact storage ring (VLA-cSR) was designed as part
of the compact STorage ring for Accelerator Research and
Technology (cSTART) project, which will be realized at the
Karlsruhe Institute of Technology (KIT, Germany). Initially,
the Ferninfrarot Linac- Und Test-Experiment (FLUTE), a
versatile source of ultra-short bunches, will serve as an in-
jector for the VLA-cSR to benchmark and emulate LPA-like
beams. In a second stage, a laser-plasma accelerator will be
used as an injector. The large-momentum spread bunches in
non-equilibrium and with charges from 1 pC to 1000 pC and
lengths from few fs to few ps pose challenges for the beam
dynamics simulations. An understanding of the ultra-short
bunch dynamics also requires an impedance model up to
high frequencies. Here, we present first results on the impact
of the machine impedance to the beam dynamics.

INTRODUCTION

Non-equilibrium effects often limit accelerator perfor-
mance and parameter range. The cSTART project aims
to understand, and ultimately control, non-equilibrium elec-
tron beams to enable new accelerator concepts and opera-
tion modes beyond the current state of the art. The heart
of the project is the very-large acceptance compact stor-
age ring (VLA-cSR), which is designed for the injection of
LPA-generated electron beams and storage of 100 fs short
electron bunches. To ensure that the bunch remains in non-
equilibrium throughout the storage time of 100 ms, a low
electron beam energy of 40 MeV to 90 MeV is chosen, result-
ing in damping times of several seconds. Normal conducting
linacs and LPAs have repetition rates of only a few Hz, and
by injecting these fs-short beams into a storage ring, the
repetition rate is brought into the MHz regime. This makes
LPAs attractive candidates for light sources [1], since sub-ps-
short bunches emit intense coherent synchrotron radiation
(CSR) in the THz regime. Hence, cSTART can pave the
way towards powerful compact light sources with low power
consumption.

Details on the cSTART project can be found in [2]. Up-
dates on the vacuum system [3], the storage ring magnets [4],
the LPA injection line [5], the FLUTE injection line [6] and
its magnets [7], the diagnostic systems [8] as well as the
alignment tolerances [9] are presented at this conference.
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Here, we focus on the impact of different impedance
sources on the longitudinal beam dynamics. Any impedance
leads to a wake potential, whose shape and strength depends
on the characteristics of the impedance and the longitudinal
bunch profile. The wake potential acts back on the bunch
and changes the bunch profile, which again leads to a chang-
ing wake potential. We simulate this dynamics with the
longitudinal tracking code BLonD [10], for details see [11].
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Figure 1: Different impedance sources at cSTART: broad-
band CSR (blue), narrow-band 500 MHz cavity HOMs (or-
ange), and a fictitious source at 1 THz (green).

Figure 1 shows different contributions of the cSTART
impedance model. The higher order modes (HOM) of the
500 MHz cavity are known up to 3 GHz [12], with the main
resonance at f, = 498.63 MHz having a shunt impedance
R, = 3.7MQ and quality factor Q, = 2.98 x 10*.

The effect of coherent synchrotron radiation can also be
modeled by an impedance [13]. Here, we use the CSR
impedance Zcgp , With shielding due to parallel-plates [14],
which leads to a suppression of frequencies below the cut-off
frequency of 25 GHz. While the overall strength of the CSR
impedance is less than the cavity HOMs, its broad-band
nature means that it has significant impact on sub-ps short
bunches.

Presently, the impedance of other components, such as
bellows, vacuum pump port, or the injection kicker, is un-
known. It is also difficult to compute their impedances up to
frequencies in the THz regime. Usually, this is not needed
for single-pass machines or storage ring with bunch lengths
well above tens of ps. To investigate what, if any, effects
these high-frequency impedance sources have on the beam,
we introduce a fictitious narrow-band resonator at 1 THz.
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LOSS FACTOR

The characterization of a non-equilibrium bunch is a non-
straightforward topic. Bunch length is not a good quantity
for non-equilibrium bunches with micro-bunches because
the RMS bunch length gives strong weight to halo parti-
cles, while the FWHM is ill defined when the bunch profile
contains spikes due to micro-bunches.

Instead, we use quantities derived from the loss factor.
The loss factor x depends on the impedance Z and longitu-
dinal bunch profile [13]:

=2 [ RZ( AP, (1)
where A denotes the Fourier transform of the longitudi-
nal bunch profile (normalized to one). It has dimension
energy/ chargez. Multiplying by the square of the bunch
charge Q,, gives the total energy that is lost by the bunch.
This energy represents either ohmic losses in a structure (for
a geometric impedance) or the coherently emitted radiation
(for CSR impedance). At cSTART we want to minimize
the former and maximize the latter. In general, a shorter
bunch has a larger spectral range, which leads to a larger
loss factor and more emitted CSR, since the CSR impedance
is broad-band. However, it can also be beneficial to have
a dense bunch core surrounded by a halo to increase the
overall emitted CSR [15].

Another useful derived quantity is the average lost energy
per particle

Ulost = le, /N 2)

where N denotes the number of particles in the bunch. The
center-of-charge position is directly proportional to U},
[16]. Hence, U, can be measured by recording the bunch
profile or transverse bunch position in a dispersive section.

The loss factor can be computed analytically for a Gaus-
sian bunch with duration ¢ and some impedances. For a
resonator impedance it is given by [13]

R.a R, a ow, <1
Kres = ——R [w+w(0w+)] = Rsraz 1
Weff Ve ow, >
(3)

with @ = ©,/20,, @, = |w? — a? + ia. The approximate
expressions are valid for short and long bunches, respectively.
For the unshielded free-space CSR impedance Z¢gp ., the
loss factor for a Gaussian bunch is given by

e g ) 27
(4)

where ¥ = 0 w,, and w,. and y denote the critical fre-
quency and Lorentz factor, respectively. For the shielded
parallel-plates impedance, the loss factor can be computed
numerically from Eq. (1).

The results for a 1 pC Gaussian bunch at 40 MeV and
different bunch lengths are shown in Table 1. The CSR
impedance was divided by the number of dipoles (eight),
to obtain the emitted radiation at one light port. Generally,

T
CSR.fs A7 423
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Table 1: Average Energy Loss for Different Impedance
Sources

10 ps 1ps 0.1ps 0.01ps
Ucsrpp 1.5¢V 122eV 24keV  37keV
UCSR,fS 5.7eV 122eV 2.4keV 37keV
Unom 0.6eV  0.6eV  0.6eV  0.6eV
Ui, 4neV  4peV  21eV 3leV

CSR dominates the energy loss for all bunch lengths. Due
to the broad-band nature of the CSR impedance, shorter
bunches have a larger overlap in Eq. (1) and emit more CSR.
The cut-off frequency due to the shielding is at 25 GHz for
the cSTART dipoles and thus affects only long bunches.
Consequently, we see that the CSR emission is reduced by
about four times only for the long 10 ps bunch. However, the
cavity HOMs are known only up to 3 GHz and even the 10 ps
is practically point-like at these frequencies. As a result, the
ohmic losses due to the cavity HOMs are constant for all
bunch lengths. Contrary, the fictitious 1 THz HOM yields
negligible losses for bunches that are longer than 1 ps, and
thus have a vanishingly small spectrum at that frequency.
Keep in mind that even if the loss factor of a given impedance
may be tiny, its impact on the beam dynamics can still be
significant [17].

SIMULATION RESULTS

As initial conditions, we use the simulation of a 1pC
bunch at 41.5MeV that was tracked through the FLUTE
injection line [18]. It has an RMS energy spread of 2.6 %
with RMS bunch length ogypg = 17fs and 1o-equivalent
FWHM bunch length opwyy = 7.9 fs. As discussed above,
the difference is due to a dense core with a tail. We re-
peat each simulation with six different seeds for the starting
distribution.

We study three scenarios: first, we simulate the bunch only
subject to the influence of the parallel-plates CSR impedance.
Second, we add to this the impdedances from the cavity
HOMs. Finally, we simulate with the CSR, HOM, and the
fictitious 1 THz impdedance.

Figure 2 shows the average energy loss due to CSR per
dipole UCSR,pp for these three scenarios for the first 200
turns (30 us). The initial energy loss of 37 keV is off the
graph. After passing through the first dipole, the bunch
lengthens and the CSR quickly ceases. However, the bunch
recovers its compact bunch shape after half a synchrotron
period (22 turns) and the CSR emission peaks again. Due
to filamentation, the bunch gradually forms a dense core
surrounded by a halo and the intensity of the CSR emission
decreases with each half synchrotron period. The three cases
are practically indistinguishable from each other since the
CSR impedance creates the dominant wake potential, see
last column of Table 1.

However, the three cases lead to a different bunch evolu-
tion over the whole 7 x 103 turns (100 ms). Figure 3 shows
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Figure 2: Average energy loss due to CSR per dipole for
the three impedance scenarios for the first 200 turns after
injection.
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Figure 3: Average energy loss due to CSR per dipole for the
three impedance scenarios the last 200 turns before extrac-
tion.

CSR energy loss for the last 200 turns before extraction.
The solid curves depict the mean UCSR’pp of all six seeds,
whereas the shaded area cover the minimum and maximum
values. We observe a periodic increase in CSR emission
every half synchrotron period but at much reduced intensity
compared to the initial turns. These peaks are caused by one
or more micro-bunches that orbit a central core. One exam-
ple is shown in Fig.4. When the micro-bunch is “above”
or "below” the core, the resulting bunch profile, which is
the longitudinal projection of the phase space density, has
a single large peak and the CSR increases. The number
and charge of the micro-bunches are similar in all three
impedance scenarios, and depend on the subtle differences
of the initial conditions enhanced by the non-linear dynam-
ics. Meanwhile, neither the low-frequency cavity HOMs nor
the fictitious 1 THz impedance appear to have a significant
influence on the beam evolution.

SUMMARY AND OUTLOOK

A key part of the cSTART project is the construction of a
very-large momentum acceptance compact storage ring to
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Figure 4: Phase space density after 100 ms for the scenario
including the fictitious source at 1 THz.

capture LPA-generated electron beams and store 100 fs short
bunches. The low beam energy leads to long damping times
and the bunch remains in non-equilibrium throughout the
100 ms of storage time. In this contribution, we simulated
the impact of different geometric impedance sources on the
longitudinal beam dynamics with BLonD. One source are
the HOMs of the 500 MHz cavity, which are known up to
3 GHz. However, the fs short bunches have significant spec-
tral content also at frequencies of 1 THz and beyond. We in-
troduce a fictitious narrow-band resonator at 1 THz to study
the influence of potential sources at these high frequencies,
since current state-of-the-art impedance simulation tools are
not able to compute an impedance up to these frequencies.

We use the loss factor to quantify the impact of an
impedance. The loss factor from the CSR impedance is
the dominant contribution for all bunch lengths. Hence, the
initial dynamics over the first few synchrotron periods is prac-
tically unaffected by the presence of any other impedance
source. Also the dynamics after 100 ms is nearly identical.
The formation of micro-bunches is present in all cases, and
the exact details on their number and intensity depend more
on the subtle differences in their initial conditions, which
gets enhanced by the non-linear dynamics. Thus, their for-
mation is linked to the dynamics of the first turn, but their
existence throughout the total storage time is a consequence
of the bunch not reaching its equilibrium.

As next steps, we plan to investigate the effects on space-
charge, since it is likely non-negligible at the low energies
of only up to 90 MeV. Intra-bunch scattering is also a very
important aspect of the beam dynamics which needs to be
included. These effects require to go beyond the longitudinal
plane and to consider the full 6D phase space dynamics.
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