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Steady-State Microbunching (SSMB) has been proposed as a concept to generate
coherent synchrotron radiation at an electron storage ring. SSMB promises to supply kilowatt
level average power radiation in the extreme ultraviolet regime, meeting the power level
demands for lithography applications that presently cannot be fulfilled by established accelerator
technologies. SSMB is under theoretical and experimental study, building on a proof-of-principle
(PoP) experiment at the Metrology Light Source which previously showed the viability of the idea.
Here we report experimental findings from systematic studies in the ongoing SSMB PoP
experiment, where microbunching is generated from an energy modulation imposed by a laser of
wavelength 1064 nm. The results confirm the expected dependence of the microbunching
process on modulation amplitude and show that the influence of transverse-longitudinal coupling
dynamics is as predicted. This confirmation of key parts of the SSMB theory establishes a solid
footing for continuing the proof-of-principle efforts towards the goal of constructing a prototype
SSMB light source facility.

For applications in various fields of science and industry, there is rising
demand for ultra-high brilliance X-ray radiation at high repetition
rates1–3. Additionally, computer chip manufacturers ask for high-power
extreme-ultraviolet (EUV) radiation at ever shorter wavelengths to etch
microscopic structures of ever smaller scale4. Over the last decades, such
demands have pushed new ideas in accelerator technology for the gen-
eration of synchrotron radiation. To match this increasing demand, new
ideas in accelerator technology for the generation of synchrotron radia-
tion have emerged during the last decades. Major efforts have been
directed towards improving Free Electron Lasers (FELs) for generating
ultra-short, high peak power radiation pulses up to the hard X-ray
regime5–8. Recently, MHz-level pulse repetition rates have been realized
on short timescales in FELs, a development promising for
spectroscopy9,10, but overall FELs cannot yet supply high average power
radiation of kilowatt level at short wavelengths. Steady-State Micro-
bunching (SSMB) has been proposed11–14 to fill this gap. Starting from an
electron storage ring with its inherently high repetition rate in the MHz
range, SSMB invokes an optical laser modulator to replace the radio
frequency cavity as the main longitudinal focusing element, creating
persistent microbunches in the circular accelerator. In this way, high
average power coherent radiation could be produced at significantly
higher total efficiency and with less strict requirements to radiation safety

than in a linear accelerator based FEL. With a suitable higher-harmonic
generation scheme, the wavelengths of the generated radiation could
reach the EUV regime15,16, yielding an EUV radiation sourcewith a power
level suitable for lithography. SSMB could also serve as a source of high
brightness, narrow bandwidth UV radiation for angle-resolved photo-
emission spectroscopy1.

In this paper, we report on experimental findings in the SSMB Proof-
of-Principle experiment that confirm key aspects of the current theoretical
treatment of SSMB. We show that variations of the laser modulation
strength yield the expected results, and that the influence of transverse-
longitudinal coupling is as predicted. The latter is especially important
towards a future realization of SSMB, since the most promising SSMB
scheme currently proposed to realize high-power EUV radiation is based on
a sophisticated applicationof transverse-longitudinal couplingdynamics for
efficient microbunching generation17.

Results
SSMB proof-of-principle experiment
The fundamental concept behind SSMB is tested and evaluated in a proof-
of-principle (PoP) experiment at theMetrology Light Source (MLS) that has
shown very important positive results starting in 2019, proving the general
viability of the concept18,19.
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The currently implemented setup at the MLS entails single
turn modulation with a low repetition rate laser and generation of
coherent radiation from unconfined microbunches, the electrons are
not yet trapped within the individual microbunches. Conceptually this
is similar to coherent harmonic generation schemes implemented at
other accelerator labs20,21, the main difference being that the whole cir-
cumference of the storage ring is used for the microbunching process.
As such, the magnet settings of the whole storage ring that determine
the overall beam parameters (such as emittance, lifetime) must also fulfill
the requirements for microbunching generation. This is a necessary
condition for achieving a steady state, as in this way the microbunches
could be reinforced with further energy modulations on the following
revolutions.

This will be attempted in a future phase of the SSMB PoP experiment,
also to be installed at the MLS. Modulation on hundreds of consecutive
turns using a high-repetition rate laser would lead to electrons performing
synchrotron oscillations in individual microbunches, while not completely
confined (noequilibrium,quasi-steady state). Thenew laser systemrequired
to provide turn-by-turn modulation is in preparation, to be installed at the
MLS in the near future.

The final step would involve sustained modulation, over millions of
revolutions, with electrons fully confined to microbunches (proper steady
state reached). This is not possiblewith existing accelerator hardware, so this
would be equivalent to the construction of a prototype SSMB accelerator
facility that could already serve users. Such a prototype SSMB facility is in
active design study at Tsinghua University, Beijing17,22–27.

Setup at the Metrology Light Source. The MLS is an electron storage
ring facility in Berlin, Germany (circumference 48 m, nominal beam
energy 629MeV). The accelerator has been optimized from design for
short-bunch operation28–30. Individually poweredmagnets and additional
sextupole and octupole magnets provide unique operational flexibility
essential for the implementation of electron beam optics necessary for
SSMB PoP.

To enable the generation of microbunching in the experiment, the
magnetic lattice of the electron storage ring (seeMethods section) is adjusted
to quasi-isochronous operation with very low phase slippage (∣η∣ < 2 ⋅ 10−5,
see next section), such that the evolution of longitudinal structures is very
slow. Making use of the unique flexibility of the MLS to control the higher
orders of the momentum dependent phase slippage is crucial. The electron
energy is reduced to 250MeV to limit energy spread and the impact of
longitudinal quantum excitation. Bunch charges are below 10 pC to mini-
mize the impact of collective instabilities. For more details on the setup and
theoretical background we would like to refer the reader to previous
publications18,31.

Figure 1 gives an overview of the currently implemented PoP experi-
ment setup. Initial results were obtained by observing the second undulator
harmonic (532 nm)18, as separating the modulation laser from the coherent
undulator radiation on the first harmonic (1064 nm) is not trivial. A more
sophisticated detection setup addressing this problem using electro-optical

switches has been installed since and is available for systematic studies19,32.
The experiments reported here regard only the fundamental harmonic
undulator radiation, detected by a fast photodiode (Femto HSPR-X-I-2G-
IN, rise/fall time 180 ps) and oscilloscope (Tektronix MSO64, bandwidth
4 GHz, 25 billion samples per second).

Theoretical considerations
Theoretical studies on the dynamics of SSMBhave been extensive, as well as
experimental investigations of several fundamental concepts relevant for
SSMB31,33–37. Some theoretical considerations are introduced in the following
that provide the basis for the systematic investigations of microbunching
dynamics as presented in this paper.

Bunching factor. Using single particle dynamics, the laser modulation
and subsequent change of longitudinal position z (relative to the refer-
ence particle) can be described by the one-turn maps

δmþ1 ¼ δm þ Am sin kLzm
� �

; ð1Þ

zmþ1 ¼ zm � C0 ηðδmþ1Þ δmþ1; ð2Þ

where δ =Δp/p0 is the momentum deviation of the particle relative to a
reference particle on the central orbit with momentum p0, kL = 2π/λL is the
laser wave number, C0 is the orbit circumference for the reference particle,
and the indexm refers to the revolution number. The phase slippage factor
η = (ΔT/T0)/δ represents the momentum-dependent change of the orbit
revolution time relative to the reference particle traveling along the nominal
circumference C0 and with revolution time T0. η is in general a non-linear
function of the relative momentum deviation δ. Am is the modulation
amplitude on them-th revolution, and in the current single-shot setup we
haveA0 =A andAm = 0 form ≠ 0.Themodulation is imposedby the electric
field of the laser and is proportional to the square root of the instantaneous
laser radiation power A / ffiffiffiffiffi

PL
p

.
We introduce the bunching factor b as a measure of the structuring

of the longitudinal electron beam distribution at a wave number k. It is
defined as the Fourier transform of the longitudinal particle distribution
ρ(z):

bðkÞ ¼
Z 1

�1
dz e�ikz ρðzÞ: ð3Þ

For an electron beam that has experienced a sinusoidal energy mod-
ulation as given by equations (1) and (2) the bunching factor bn,m at the n-th
harmonic of the laser wave number kL and for the m-th revolution after
modulation relates to the modulation amplitude A via a Bessel function of
the first kind Jn

31,

bn;m ¼ JnðnmkLη0C0AÞ exp � ðnmkLη0C0σδÞ2
2

� �
: ð4Þ

Fig. 1 | Schematic setup of the SSMB PoP experi-
ment at the MLS. A pulsed laser (wavelength
1064 nm, pulse width 5 ns FWHM, repetition rate
1.25 Hz) co-propagates with the electron beam
through the MLS U125 undulator and imposes an
energy modulation. The same undulator serves as a
radiator on the following passes of the electron
beam. The undulator radiation is detected by a fast
photodiode, while the laser pulse is blocked from the
detection path using an electro-optical switch. Fig-
ure adapted from previous publication18.
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Note that here higher orders of the phase slippage have been neglected,
η(δ) ≈ η0, and a Gaussian momentum distribution ρ0ðδÞ ¼

1ffiffiffiffi
2π

p
σδ
exp � δ2

2σδ

� �
is assumed with rms energy spread σδ.

Transverse-longitudinal coupling. Transverse particle oscillations
may influence the longitudinal motion of particles and vice
versa. This transverse-longitudinal coupling arises mainly because par-
ticles with different transverse displacements traverse different path
lengths through the bending magnets. Due to this coupling, the trans-
verse betatron oscillations can introduce an additional bunch
lengthening38. Considering only single-particle dynamics, the lengthen-
ing of a zero-length slice in the bunch resulting from transverse-
longitudinal coupling after m revolutions around the ring can be quan-
tified as31:

Δzm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ϵxHxsin

2ðmπνxÞ þ 4ϵyHysin
2ðmπνyÞ

q
: ð5Þ

Here, νx,y are the horizontal and vertical betatron tunes (number of trans-
verse oscillations per revolution), ϵx,y are the transverse beam emittances
(see Methods section) and Hx;y are the horizontal and vertical chromatic
functions at the modulator location defined as

Hx;y ¼ γx;yD
2
x;y þ 2αx;yDx;yD

0
x;y þ βx;yD

02
x;y

≈
1
βx;y

D2
x;y þ βx;yD

02
x;y;

ð6Þ

and depending on the dispersion and dispersion angle Dx;y;D
0
x;y . αx,y, βx,y

and γx,y are the Courant-Snyder parameters39 describing the transverse
beam dynamics (see Methods section). The approximation can be made
because αx,y≪ 1 at the modulator location.

This additional bunch lengthening can be incorporated into the
exponential term of equation (4), yielding for the bunching factor at them-
th revolution and n-th laser harmonic31:

bn;m ¼ JnðnmkLη0C0AÞ

� exp � ðnkLÞ2
2

mη0C0σδ
� �2 þ 4ϵxHxsin

2ðmπνxÞ þ 4ϵyHysin
2ðmπνyÞ

n o� �
;

ð7Þ

with

Pcoh;n;m / ∣bn;m∣
2; A /

ffiffiffiffiffi
PL

p
/

ffiffiffiffiffi
EL

p ð8Þ

for the power of coherent synchrotron radiation Pcoh and the instantaneous
modulation laser powerPL that is proportional to the total laser pulse energy
EL, assuming that the pulse shape and timing is constant.

Equation (7) incorporates into one expression several conditions for
the creation of microbunching and coherent radiation in the current SSMB
PoP setup. In the following, we present the experimental investigation of
four key components in relation (7), namely the dependence of the
bunching factor bn,m on A,Hx , ϵy and νy.

Experimental results
All results presented here have been obtained using the first harmonic
detection setup described in ref. 32 and employ a background subtraction
scheme as detailed in the Methods section.

Influence of modulation amplitude. From the dependence of the
bunching factor on the modulation amplitude via a Bessel function as
shown in equation (7), we expect there to be an optimal modulation
amplitude above which the coherent emission power will decrease again.
Such a behavior was observed: Fig. 2a shows the coherent emission of a
bunch train one turn aftermodulation with an approximate laser pulse as
shown overlaid. As the modulation amplitude changes depending on the
position of the electron bunch relative to the laser pulse, one can see a
clear pattern of reduced emission for the central bunches experiencing

Fig. 2 | Dependence of coherent emission power on laser modulation strength. a,
b coherent emission from individual bunches one turn after modulation (black, data
averaged over 20 consecutive laser shots). Approximate laser pulse shape is overlaid
as a guide (orange, shifted forward in time and scaled vertically to match coherent
emission pulses). amaximum laser power, central bunches experience overbunching.
b reduced laser power, no overbunching. c quantitative evaluation showing coherent
emission from the central bunch marked CB, obtained for different overall laser pulse
energies. Data points (black) show average over 50 consecutive laser shots. Error bars
represent standard error of the mean. The blue curve is a fitted function of the type
Pcoh ¼ a1∣J1 a2

ffiffiffiffiffi
EL

p� �
∣2 with the Bessel function of the first kind J1.
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maximummodulation amplitude. When the overall laser pulse energy is
reduced, this pattern vanishes (as seen in Fig. 2b).

Figure 2c presents a quantitative analysis of this effect, showing the
coherent undulator radiation emitted by one bunch (the central bunch
denoted with CB in Fig. 2a, b) for different overall laser pulse energies.
This is accomplished by rotating a half-wave plate between crossed
polarizers, and the laser pulse energy is measured using a laser power
meter in a diagnostic beam path in the detection area. Note that only a
(constant) fraction of the laser pulse energy is incident there, so the actual
power at the interaction point is higher than indicated, approximately by a
factor of 2.

From equations (7) and (8) we expect for the relation between laser
energy and emitted coherent radiation power

Pcoh ¼ a1∣J1 a2
ffiffiffiffiffi
EL

p� �
∣
2
; ð9Þ

with parameters a1 and a2 that remain constant during the experiment.
Fitting a function of this kind to the obtained experimental data yields good
agreement.

Horizontal-longitudinal coupling. In order for the microbunching to
not be destroyed from horizontal-longitudinal coupling it is crucial that
the horizontal dispersion and dispersion angle are vanishing at the
undulator. When varying the dispersion, from equations (6), (7), and (8)
we can see that the coherent radiation power has a Gaussian dependence
on Dx. Extracting only the horizontal-longitudinal coupling term we can
write the following relation where we can identify the standard deviation
σDx ;m

of the coherent radiation power on them-th revolutionwith respect
to Dx:

Pcoh;m / exp �4k2L
ϵx
βx

sin2ðmπνxÞD2
x

� �
¼ exp � D2

x

2σ2Dx ;m

" #
: ð10Þ

A similar relation can be written for the dispersion angle D0
x . Plugging

in values for the storage ring conditions at the undulator location during
the experiment βx = 9.5 m, ϵx = 30 nm rad, νx = 3.18, we calculate theo-
retical values for these standard deviations of the coherent radiation
power on Dx and D0

x . We get for the first and second revolution after
modulation:

σDx ;1;theo
¼ 2:0mm; σD0

x ;1;theo
¼ 0:21mrad;

σDx ;2;theo
¼ 1:2mm; σD0

x ;2;theo
¼ 0:12mrad:

ð11Þ

Figure 3 presents an experimental investigation on this
dependence. Dispersion and dispersion angle are altered utilizing
tuning knobs that transform a single input value to an array of dif-
ferential current changes to be applied to the quadrupole
magnets such that the dispersion or dispersion angle change inde-
pendently in the undulator section. It should be noted that the
horizontal axis scalings in Fig. 3 rely on calibration measurements of

dispersion and dispersion angle (see Methods section) and thus carry
statistical errors that are included in the calculation of the
values below.

Fromfitted skewGaussian curveswe can calculate experimental values
for the standard deviations on Dx and D0

x :

σDx ;1;exp
¼ ð4:12 ± 0:15Þmm; σD0

x ;1;exp
¼ ð0:49 ± 0:06Þmrad;

σDx ;2;exp
¼ ð2:73 ± 0:09Þmm; σD0

x ;2;exp
¼ ð0:47 ± 0:05Þmrad:

ð12Þ

All experimental values are larger than the theoretical predictions.However,
we do expect several effects to broaden the tolerances onDx andD0

x , such as
transverse tilting of themicrobunches whenDx orD0

x are non-zero, and the
finite opening angle of the coherent radiation. Additionally, the theoretical
values given in (11) could be inaccurate, as the values for βx and ϵx are
obtained from simulation only.With this in mind, we can state that there is
good agreement with the theoretical expectation. The remaining dis-
crepancy as well as the slight skew of the Gaussian curves and offset of the
maxima between first and second revolution signals could also be attributed
to small changes of the phase slippage function induced by the dispersion
knobs, thereby additionally influencing the microbunching process.

Vertical-longitudinal coupling. Ideally, there should be no contribution
from vertical-longitudinal coupling as the vertical dispersion Dy should
be zero everywhere for a planar uncoupled ring like theMLS. However in
reality we can get such a contribution because there is a small amount of
coupling of horizontal motion to the vertical plane. Such coupling can
arise from magnet alignment errors, such as tilted dipoles and offset
sextupoles.

In experiment, we show the influence of vertical-longitudinal coupling
on microbunching formation as described in equation (7) by regarding the
impact of the vertical tune on the coherent emission after multiple revolu-
tions. Figure 4 shows undulator radiation signatures over time for different
settings of the vertical tune. For (a), it has been brought close to a fraction of
five (νy ≈ 2.20), and as expected coherent emission is suppressed for all
revolutions except for every fifth turn after modulation. Similarly for (b),
close to a fractionof four (νy ≈ 2.25), revolutionnumbers atmultiples of four
are favored. At the standard vertical tune of the MLS (νy ≈ 2.23), we see an
intermediary state favouring thefifth and fourth revolution (c). This pattern
can be suppressed by carefully altering skew quadrupole currents to reduce
the horizontal-vertical coupling, arriving in a state where the first revolution
after modulation shows stronger coherent emission, with the signal
decaying continuously on higher turns (d).

Similar findings have been made in laser bunch slicing experiments at
the electron storage ring UVSOR40, and the underlying mechanism of
transverse-longitudinal coupling is similar. However, we point out that due
to the shorter wavelength of the radiation (micrometer level), the manip-
ulation of transverse-longitudinal coupling dynamics as presented here is
three orders of magnitude more precise than for bunch slicing experiments
that observe Terahertz radiation, as the one at UVSOR40.

Fig. 3 | Effect of longitudinal-horizontal coupling
on coherent emission from microbunching. Data
points show coherent radiation power on the first
(black crosses) and second (green circles) revolution
after modulation. Data points are averaged over 20
consecutive laser shots, error bars represent stan-
dard error of the mean. a coherent emission vs.
dispersion at the undulator. b coherent emission vs.
dispersion angle at the undulator.
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We can also regard the impact of the beam emittance as present in
equation (7). The vertical emittance is increased by applying a vertical white
noise excitation to the beam via a stripline, thereby exciting uncorrelated
vertical oscillations. Figure 5 shows the impact of such an excitation on the
coherent undulator radiation from thefirst six revolutions aftermodulation,
starting from a coupling-corrected state as in Fig. 4d with νy ≈ 2.23. As the
emittance increases, the impact of vertical-longitudinal coupling becomes
more significant and suppresses microbunching formation for all revolu-
tions, except for the fourth and fifth revolution. Here, the sinusoidal term in
equation (7) is small, because the vertical tune is close to fractionsof four and
five. Thus the emittance would have to be increased further to see the same
level of reduction of coherent radiation power. This is illustrating the same
effect as explained above and shown in Fig. 4.

Applying equation (7), we can make a quantitative comparison with
theory. Combining all terms other than the vertical-longitudinal coupling
term into one multiplicative constant, we can write for the expected

coherent radiation power on thefirst harmonic for them-th revolution after
modulation:

Pcoh;m ¼ cm � exp �4k2LϵyHysin
2ðmπνyÞ

h i
: ð13Þ

We can calculate the emittances from themeasured vertical rms beam sizes
σy via the beta function at the position of the source point imaging system as
ϵy ¼ σ2y=βy (seeMethods section). The only unknowns in equation (13) are
Hy and cm, whichwe can attempt tofit to the experimental data. For thefirst
revolution data (blue curve in Fig. 5), Hy and c1 are fitted, yielding
Hy ¼ ð8:1 ± 0:4Þ μm. This value is on the expected order of magnitude
when comparing to the horizontal-longitudinal coupling results. For the
higher revolutions, we use the same value of Hy and only fit cm. The
gradients of the fitted curves (solid lines in Fig. 5), given byHy via equation
(13), fit well with the experimental data for all revolutions. This again
confirms the prediction given by equation (7).

For the smallest beam sizes in Fig. 5, there is some discrepancywith the
theoretical curves, with a reduction of measured coherent radiation power.
This is most likely due to intra-beam scattering or other collective effects:
Increasing vertical emittance by applying white noise excitation may
reduce the bunch length or energy spread, both leading to enhanced
microbunching. This hypothesis is supported by the observation that hor-
izontal beam size decreases slightly when the white noise excitation is
applied.

We point out that transverse-longitudinal coupling (TLC) does not
necessarily need to be suppressed to enable themicrobunching formation.
In fact, the coupling dynamics could be exploited in a subtle way to
enhance microbunching, such as by partially exchanging emittance
between the longitudinal and transverse planes. In the generalized long-
itudinal strong focusing scheme for SSMB17, TLC is proposed tobe applied
for efficient high harmonic generation with a relaxed requirement on
modulation laser power compared to other schemes, by taking advantage
of the ultra-small vertical emittance in a planar electron storage ring. A
lower requirement on laser power allows the laser modulator of SSMB to
work with a high duty cycle or in continuous wave mode, thus allowing a
higher filling fraction of microbunched electrons in the ring, increasing
the output average radiation power. At the moment, this is the most
promising SSMB scenario to obtain high-power EUV radiation, and TLC
is its backbone.

Fig. 5 | Influence of vertical emittance on multi-turn coherent emission. Hor-
izontal axis is vertical beam size measured at a source point imaging system, pro-
portional to the square root of vertical emittance. Data points show average over 40
consecutive laser shots. Error bars represent standard error of the mean. Solid lines
are fitted theoretical curves (see text). The storage ring setup corresponds to the case
shown in Fig. 4d.

Fig. 4 | Effect of longitudinal-vertical coupling on
coherent emission from microbunching. Datasets
are averaged for 40 consecutive laser shots. a vertical
tune νy ≈ 2.20. b νy ≈ 2.25. c νy ≈ 2.23 (standardMLS
tune). d νy ≈ 2.23, horizontal-vertical coupling
reduced by adjusting skew quadrupolemagnets. The
regular low power emission pattern on every turn,
best visible in a and b, stems from the bunch train
filling pattern with 20 out of 80 bunches populated
and is the incoherent undulator radiation emanating
from unmodulated bunches. Note the different
vertical axis scales that use arbitrary but
comparable units.
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Conclusions
Wehave shown that the influence of transverse-longitudinal coupling in the
SSMB PoP setup corresponds to the theoretical expectation in multiple
aspects, and can be manipulated with high accuracy. This is crucial for
generalized longitudinal strong focusing17, the most promising SSMB
scheme currently proposed, but can also be of interest in the wider field of
accelerator physics. Additionally, the dependence on laser modulation
strength is as expected, thus confirming the theoretical description of the
microbunching mechanism to be accurate.

These results bring the first phase of the SSMBPoP experiment using
single shot modulation close to a conclusion. The last open question
remaining before moving on to exploring turn-by-turn modulation is the
issue of shot-by-shot signal stability. Presently, under constant experi-
ment conditions, the observed coherent radiation intensity fluctuates
significantly betweenmodulation events, with rms fluctuations of 10% up
to 100% not uncommon. This is a key issue for the future applicability of
SSMB, as users will demand stable radiation conditions. Efforts to
understand and improve stable conditions for microbunching will be
intensified. Currently, the most probable candidate explanation are fluc-
tuations of the phase slippage originating from output ripple in the
magnet power supplies.

Meanwhile, preparations for the next phase of the SSMB PoP experi-
ment are ongoing. The laser system that will provide turn-by-turn mod-
ulation is completed and is undergoingfinal commissioning and tests before
installation at the MLS will proceed. Integration of the new laser is planned
in parallel to the existing laser system, also allowing single shot modulation
experiments to continue.

Overall, the presented findings are supportive of the established
theory for SSMB and constitute step forward in the ongoing
efforts to realize an SSMB coherent synchrotron radiation light
source.

Methods
Courant-Snyder parameters and emittance
The transverse beam dynamics in a circular accelerator are described in
horizontal or vertical phase space, spanned by transverse position x(s) and
angular divergence x0ðsÞ ¼ dx=ds. Here, we regard the horizontal plane,
but all relations also hold in the vertical plane (x→ y). The equations of
motion for the transverse beam dynamics restrain particles tomove on an
ellipse in phase space for any given position along the storage ring s. An
example for such an ellipse is shown in Fig. 6. A convenient choice to

express the periodic solutions for the equations of motion are the
Courant-Snyder parameters αx(s), βx(s), and γx(s), as these directly
parametrize the phase space ellipse39:

γxx
2 þ 2αxxx

0 þ βxx
02 ¼ ϵðiÞx : ð14Þ

Here, i is a particle index and ϵðiÞx ¼ const: is the single particle emittance, or
Courant-Snyder invariant of this particular particle. The area of the ellipse is
given by the emittance asπϵðiÞx . Fromequation (14) one can find expressions
for themaximumdisplacement xmax and themaximumangular divergence
x0max:

xmaxðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵðiÞx βðsÞ

q
; ð15Þ

x0maxðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵðiÞx γðsÞ

q
: ð16Þ

Fig. 7 | Magnetic lattice of the Metrology Light Source and optical functions in
the steady-state microbunching proof-of-principle experiment. Curves for
horizontal and vertical beta functions βx (red), βy (blue) and horizontal dispersion

Dx (green) are obtained from a simulation model. In the experiment, laser mod-
ulation and generation of coherent radiation occur at the undulator (s = 12m),
where Dx ≈ 0.

Fig. 6 | Transverse phase space ellipse with Courant-Snyder parameters. Example
for the horizontal plane at one location in the storage ring. The emittance ϵx gives the
area of the ellipse, while the Courant-Snyder parameters βx and γx are connected
with the beam envelope and angular spread of the beam.
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When regarding a distribution of many particles, one can choose a beam
emittance ϵx that represents the distribution of all single particle emittances
ϵðiÞx . Keeping consistency with other sources31,38 andmajor simulation codes

we define the beam emittance as

ϵx ¼
ϵðiÞx
2

	 

; ð17Þ

such that we can write for the rms beam width σx:

σxðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵxβxðsÞ

p
: ð18Þ

Storage ring setup
The magnetic lattice of the MLS storage ring as well as the optical func-
tions employed in the SSMB PoP experiment are shown in Fig. 7. The
MLS is composed of four double-bend achromat (DBA) cells, with two
bending dipole magnets each. The quadrupole magnets at the center of
the DBA structure (Q1 quadrupoles) are primarily used to adjust the
phase slippage. The horizontal and vertical beta functions at the locations
of the Q1 quadrupoles are low, thus their impact on transverse dynamics
is minimal, while the horizontal dispersion is large, maximizing the
impact on longitudinal dynamics. Selective adjustments of adjacent Q1
quadrupoles allow to change the dispersion and dispersion angle in the
undulator section. Skew quadrupole coils employed to influence
horizontal-vertical coupling are integrated into select sextupoles
(see Fig. 7).

Evaluation of coherent undulator radiation signals
The (coherent) undulator radiation is detected using a fast photodiode
and recorded with a sampling oscilloscope. To extract singular
values for the detected radiation power, multi step data processing is
employed.

First, background signals are removed for each individual oscilloscope
trace in regions of interest around multiples of the MLS revolution time
(160 ns) after the laser pulse.Amedianfilter of 2 nswidth, corresponding to
the electron bunch spacing, is applied to obtain the slowly changing back-
ground signal. Thefiltered data is subtracted from the rawdata, leaving only
structures changing faster than the bunch spacing (see Fig. 8a for an
example).

Averaging is performed for consecutive full data traces in the regions of
interest to allow weak signals below the noise floor to be detected. For both
averaged and individual background corrected traces, the signal heights of
each radiation pulse is extracted as the maximum sampling point in a
predefined 2 ns range. This is possible because the sampling point density is
high enough relative to the pulse duration (see Fig. 8b). The additional error
made by taking the maximum sample as opposed to employing Gaussian
fits is negligible against the shot-by-shot fluctuation of the coherent emis-
sion power (see Fig. 8c).

We give the standard error of the mean as error bars for the pulse
heights averaged over a specified number of events. The rms fluctuation of
pulse heights from individualmeasurements over the same period is used to
estimate the uncertainty of a single sample.

Calibration of dispersion knobs
To alter dispersion and dispersion angle at the undulator for the
horizontal-longitudinal coupling studies, tuning knobs are employed
that transform a single input value to an array of differential current
changes to be applied to the quadrupole magnets. To know the actual
change of dispersion and dispersion angle when using the knobs, we
perform a calibration. Dispersion and dispersion angle are measured
by slightly altering the rf frequency, thereby inducing a change of
beam momentum, and observing the difference in orbit position at
beam position monitors (BPMs). The values at the undulator center

Fig. 8 | Background correction applied to the undulator radiation data.
a exemplary raw photodiode data trace (black) and data with background
removed, employing a median filter (light blue). Overview of data in a region of
interest one revolution time (160 ns) after the laser pulse. The broad, double
peak structure is caused by a weak laser reflection. b detail around one light
pulse from a single electron bunch, showing the individual oscilloscope sam-
pling points. c Background corrected data obtained for 10 consecutive laser
shots showing shot-by-shot signal fluctuation. Individual data sets are shown
with different colors.
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can be interpolated from nearby BPMs. Figure 9 shows the resulting
calibration curves with linear fits applied to obtain the calibration
factors.

Data availability
The experimental raw and evaluated data collected for this study is available
from the corresponding authors upon reasonable request.

Code availability
The software codes used for data analysis and generation of the figures are
available from the corresponding authors upon reasonable request.
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