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Abstract
Steady-state microbunching (SSMB) is a proposed

scheme to generate coherent radiation at short wavelengths
from a microbunched electron beam in a storage ring. The
feasibility of the idea is investigated in an ongoing proof-
of-principle (PoP) experiment conducted at the Metrology
Light Source (MLS). Phase I of the SSMB PoP experiment
has been using an experimental setup employing a single-
shot modulation laser to show the general viability of the
idea, and has explored the underlying complex storage ring
dynamics. The next step in the SSMB PoP campaign is
to progress from the single-shot setup of phase I towards
quasi-steady state. To this end, a new laser system is in-
stalled at the MLS that can provide turn-by-turn modulation
of the electron beam for 1000 revolutions or more. The
main goal of this phase II of the SSMB PoP experiment
will be to show bounded motion of electrons within indi-
vidual laser-induced microbunches. In this paper, we show
the progress of preparation for PoP phase II, with emphasis
on the setup and integration of the new laser system and
diagnostics challenges.

INTRODUCTION
The feasibility of SSMB [1–4] has been explored in a

proof-of-principle experiment at the MLS since 2018. The
first phase of this experimental campaign has recently been
completed after showing the feasibility of generating mi-
crobunches using the full circumference of an electron stor-
age ring and exploring the necessary conditions on the ac-
celerator to enable this [5–9]. The next phase of the PoP
experiment is currently in preparation. The main goal of
PoP phase II is to go towards quasi-steady state and show
that electrons can be confined within microbunches by pro-
viding a turn-by-turn laser modulation. To this end, a new
6.25 MHz repetition rate laser system was designed and set
up at Tsinghua University [10], matching the revolution fre-
quency of the MLS. It is currently being installed into the
MLS storage ring bunker. Preparations are also being made
to make the accelerator setup and radiation detection scheme
ready for the next phase of the SSMB PoP campaign.

PREPARING THE NEW LASER SYSTEM
The main work in preparation of SSMB PoP phase II at

the MLS has been the preparation and installation of the new
∗ arnold.kruschinski@helmholtz-berlin.de
† yang-z23@mails.tsinghua.edu.cn

laser system. After shipment of the laser to Berlin, it was
commissioned in a separate laser lab at the MLS, its beam
properties verified and a telescope set up and characterized
to ensure the proper focusing of the beam in the center of
the MLS undulator.

Figure 1: Output of the PoP II laser: Macropulses emitted
at a repetition rate on the order of 1 Hz consist of a variable
number of micropulses emitted at 6.25 MHz (yellow). The
laser supplies a control signal outlining the macropulse to
trigger the detection setup (pink).

Laser Pulse Properties
A phase-stabilized seed laser (wavelength 1064 nm),

locked to an Iodine absorption line [11], provides the
frequency reference for the laser. On the basis of this
seeder, a laser amplifier provides a stream of pulses (width:
0.5 ns, peak radiation power: 25 kW) at a repetition rate of
6.25 MHz. An external trigger derived from the MLS revo-
lution clock can be input to synchronize this repetition rate
with the accelerator.

From this stream of micropulses, macropulses are formed
consisting of a variable number of micropulses (see Fig. 1
for an example macropulse consisting of 10 micropulses).
The laser provides a control signal marking the beginning
and end of each macropulse, in order to synchronize the
radiation detection setup of the SSMB PoP experiment. In
this way, the microbunching properties can be studied for an
arbitrary number of consecutive modulation events.

Installation in the Storage Ring Bunker
The PoP II laser has been moved into the MLS storage ring

bunker in August 2025 (see Fig. 2), and installation of the
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Figure 2: Photo of the new laser system installed in the
storage ring bunker.
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Figure 3: Sketch of the existing PoP I laser setup and its
alteration to incorporate the new PoP II laser system on an
additional optical table.

optical beam path is ongoing. A sketch of the planned setup
is shown in Fig. 3. The aim of the new laser setup is to enable
operation of both the existing PoP I laser system and the new
PoP II laser system with minimal switching effort. This is
achieved by imposing perpendicular linear polarizations for
both lasers, combining the laser beams in a polarizing beam
splitter, and then employing a motorized half-wave plate
to select the proper final polarization. Physically, the new
laser is installed on a separate optical table containing also
the new telescope setup, with some modifications necessary
on the existing optical table to accommodate the optics to
combine the two lasers.

Telescope Setup and Laser Waist Properties
The telescope to focus the PoP II laser beam at the center

of the undulator (some 8 m from the exit of the optical table
sketched in Fig. 3) consists of a concave and convex lens of
rather large focal lengths and distance between them, in order
to achieve the desired beam waist properties. This requires
long delay lines formed with a number of mirrors (see Fig. 3).
It was also considered to design a setup that includes the
telescope used for the old laser system, in order to make use
of as many of the existing and pre-aligned optical elements as
possible. However, it was found it is not possible to achieve
the desired focusing in this way, due to the short focal lengths
of the existing lenses. A Rayleigh length of 𝑧𝑅 = 1.5 m
would be optimal to maximize the energy modulation of the
electron beam considering the undulator length of 4 m. With
the prepared new telescope, a Rayleigh length of 𝑧𝑅 ≈ 1.6 m
has been achieved, with a measured 𝑀2

𝑥,𝑦 ≈ 1.3 showing
good beam quality (see Fig. 4).

Figure 4: 𝑀2 measurement of the PoP II laser with the
telescope setup used to focus the beam to the undulator
center at 𝑧 ≈ 13.5 m from the laser output aperture.

PREPARING THE ACCELERATOR
Orbit Control with Constant RF Frequency

The requirements on the accelerator setup for PoP phase
II are similar to what is already established for PoP phase I.
However, one important change has to be made: In order for
the phase of the turn-by-turn energy modulation to remain
constant, the rf frequency must not be changed during PoP II
experiments. So far, a controller acting on the rf frequency
has been used to control orbit deviations, so instead, an orbit
controller acting on a closed four-steerer-bump has been
developed and successfully tested to be used for the PoP II
experiments.

Optimizing Setup for Maximum Microbunching
During the PoP I experiment campaign, the setup of the

MLS storage ring to optimize the microbunching formation
has been well understood [8]. One additional parameter
has been identified for optimization: by reducing the cavity
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Figure 5: Optimization of coherent radiation signal: By
reducing rf cavity voltage, the beam energy spread is reduced,
improving the microbunch formation. Bunch charge: 5 pC

voltage as low as possible (below 25 kV, operation tends to
become unstable), the coherent radiation power in the experi-
ment can be maximized (see Fig. 5). This is most effective at
moderate to high bunch charges (> 1 pC), where the induced
bunch lengthening leads to a significantly reduced energy
spread, which is beneficial for microbunching formation.

PREPARING THE DETECTION SETUP
The existing setup to detect the coherent undulator radi-

ation generated from the microbunched electron beam in
the SSMB PoP experiment is also well proven [12]. It al-
ready employs the necessary electro-optical switching setup
to block the modulation laser and a very sensitive detector.
Nevertheless, in anticipation of reduced signal amplitudes
for PoP phase II due to the strongly reduced modulation laser
power, measures to improve signal intensity were consid-
ered.

The setup contains a narrow bandpass filter (currently
3 nm bandwidth) to help distinguish the narrow band co-
herent radiation from the incoherent undulator radiation.
This filter was exchanged for the most narrow available filter
(bandwidth 1 nm) to improve this distinction. Also, a tele-
scope setup to collimate the undulator radiation and improve
the geometrical acceptance of the setup was designed and
tested. However, both measures did not provide a significant
improvement of signal intensity or quality.

To simulate the conditions of PoP phase II, a test exper-
iment was conducted using the PoP I laser attenuated to
about 1/1000 of its nominal power level, which is compa-
rable to the laser power level expected for the PoP II laser.
Even under these conditions, a clear coherent undulator radi-
ation signal was obtained for medium to high electron beam
currents (bunch charge > 20 pC), so the existing setup is
sensitive enough for the PoP phase II experiments.

Since the observation of coherent emission is only pos-
sible once the laser modulation has ceased, it is currently
planned to observe the undulator radiation after a variable
number of revolutions with modulation and comparing with

theoretical predictions in order to show that electrons are
confined to microbunches. An oscillation pattern should be
visible that is related to the synchrotron oscillation frequency
within the microbunches.

Triggering Scheme for PoP Phase II
The triggering scheme for the detection setup including

the active optics (Pockels cells 1-3) has to be adapted for
experiments with the new laser system. As there are no sig-
nificant changes to the detection setup, the triggering scheme
(compare [12]) has to be altered only to accommodate the
new trigger source from the control signal of the PoP II laser
(see Fig. 1). The final triggering scheme is shown in Fig. 6.
Switching between the PoP I and PoP II laser systems will
be possible by exchanging one signal cable and altering the
settings of one delay generator.
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Figure 6: Sketch of the triggering scheme enabling both
PoP I and PoP II laser operation. To switch between the
laser systems, the input trigger of the second delay generator
has to be exchanged (red arrow).

CONCLUSION
Setup and integration of the new laser system is still on-

going. Proper focusing optics for the new laser system have
been prepared. The existing radiation detection setup has
been shown to be sensitive enough for the expected reduced
signal magnitudes, and is thus ready for SSMB PoP phase II
experiments, as is the accelerator, where the small neces-
sary changes to the machine setup have already been proven
feasible. As such, it is currently expected that experiments
utilizing the new laser system can commence in the last quar-
ter of this year, with the goal of establishing a quasi-steady
state microbunched beam at the MLS.
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