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Particle accelerators as photon sources have been fostering advances in science
and technology'. Currently the workhorses of these sources are storage ring-based
synchrotron radiation facilities (SRs)>* and linac-based free-electron lasers
(FELs)>'4, SRs deliver photons with high repetition rate but relatively low power
due to their temporally incoherent nature. FELs produce radiation with high peak
brightness while the repetition rate is limited by the driving sources. A mechanism
called steady-state microbunching!>-??2 (SSMB) has been proposed to generate
high-repetition high-brightness radiation, at wavelengths ranging from the
terahertz to extreme ultraviolet. It accomplishes this by utilizing the

microbunching-enabled multiparticle coherent enhancement of radiation in an



electron storage ring on a steady-state turn-by-turn basis. Here we report the first
experimental demonstration of the mechanism of SSMB. We have shown that
electron bunches stored in a quasi-isochronous ring can yield sub-pm
microbunching and coherent radiation, one complete revolution after a 1064-nm-
wavelength laser-induced energy modulation. The results verify that the optical
phases of electrons can be correlated turn-by-turn in a sub-laser-wavelength
precision. Based on this turn-by-turn phase correlation, SSMB can be anticipated
by applying a phase-locked laser to interact with the electrons turn-by-turn. This
demonstration represents the first milestone in the development of SSMB photon

sources.

Coherent radiation is a powerful radiation scheme, as the intensity is proportional
to the number of emitters — squared, in contrast to incoherent radiation that is
proportional to the number of emitters. To obtain coherent radiation from an electron
beam, the particles need to be bunched or sub-bunched to longitudinal dimensions
smaller than the radiation wavelength?*~?>. For a short wavelength of interest, such a
bunch or sub-bunches are referred to as microbunching. The great potential of

microbunching has been exemplified by the free-electron lasers® !

, which produce
short pulses of radiation with high peak brightness. However, linac-driven FELs use
each electron bunch once, limiting the repetition rate and average power of the radiation.
A mechanism called steady-state microbunching (SSMB) has been proposed in ref. 15

to tackle this challenge. The idea of SSMB is to manipulate the particle dynamics in a

storage ring, so that the electron bunch length is not in the usual cm-to-mm range, but
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in the range ~ um or shorter. By exploiting the microbunching in a turn-by-turn steady
state, SSMB envisages radiation with high power, high repetition rate (MHz to
continuous-wave) and narrow linewidth, at wavelengths ranging from the terahertz to

extreme ultraviolet (EUV).

Such a novel photon source promises unprecedented opportunities for accelerator
photon science and technological applications. For example, SSMB is one of the
promising schemes to generate the high-power EUV radiation for EUV lithography?¢.
The energy-tunable high-flux narrowband EUV photons are also highly desirable in
condensed matter physics study, like angle-resolved photoemission spectroscopy?’%,
Ultrahigh-power deep ultraviolet and infrared sources are potential research tools in
atomic and molecular physics. Moreover, new nonlinear phenomena and dynamical
properties of materials can be driven and studied by high peak and average power
terahertz sources?’°. Besides the high power, SSMB can also produce ultrashort (sub-

femtosecond to attosecond) photon pulse and pulse trains with definite phase relations,

which could be useful in attosecond physics investigations®!.

To realize SSMB, laser modulators are invoked as the bunching systems. A typical
laser modulator comprises a laser and an undulator, in which the undulator makes the
electrons undergo transverse oscillations and the co-propagating laser exchanges
energy with the electrons. Ignoring radiation energy loss, the longitudinal dynamics of

a particle in a storage ring with a laser modulator is described by the one-turn map

Opy1 =6, + A Sin(kLZn + (ps)' In+1 = Zn — Con5n+1r (1)
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where 8§ = AE/E, and z are the relative energy deviation and longitudinal
displacement of the particle, with E, being the energy of the reference (synchronous)
particle, A is the Ej-normalized energy modulation amplitude induced by the laser,
ki = 2m /Ay is the laser wavenumber, ¢ are the synchronous phases spaced by 2m,
Co 1s the ring circumference, 1 = L;—Z / 2—]5 is the phase slippage factor of the ring and
is a measure for the energy dependence of revolution period for the particle, in which
T, isthe revolution period of the reference particle. With this one-turn map established,
the laser modulator supplies the longitudinal focusing and phase stabilization of the
particles, similarly to the functions provided by the conventional radiofrequency (RF)
cavity via the phase stability principle’?*. As a result, the particles are microbunched

around the synchronous phases with a spacing of the laser wavelength.

There are continuous development on other electron manipulation techniques in

34-37 38,39

accelerators, using actively applied laser fields or electron-self-generated fields’®,
to tailor the radiation properties. Dedicated efforts have also been devoted to storage
ring FELs, like the European UV/VUV FEL at ELETTRA**!. The unique
characteristic of SSMB lies in the precise turn-by-turn phase space correlation which

eliminates the accumulative electron beam energy heating and emittance (average

spread of particle coordinates in the phase space) growth.

At the Metrology Light Source*** (MLS) of the Physikalisch-Technische
Bundesanstalt in Berlin, we have demonstrated experimentally that sub-pm

microbunching is achievable after one complete revolution of a 1064-nm-wavelength



laser-modulated electron bunch in a quasi-isochronous ring. This demonstration proves
that the longitudinal dynamics described by the one-turn map Eq. (1) can be
extrapolated from the RF wavelength (~ m) to laser wavelength (~ um) for a stored

electron beam, therefore validates the SSMB microbunching mechanism.

The schematic of the experiment setup is illustrated in Fig. 1. A horizontally
polarized laser pulse (wavelength A; = 1064 nm, full-width at half-maximum,
FWHM ~ 10 ns, energy ~ 50 mJ) is sent into a planar undulator (period Ay = 0.125 m,
total length 4 m), to co-propagate with the electron bunches (energy E, = 250 MeV)
stored in the MLS storage ring (circumference C, = 48 m). To maximize the laser-
electron energy exchange, the undulator gap is chosen to let the resonant condition

(1+K?/2)

As = A1, be satisfied, where Ag = 27 Ay is the central wavelength of the

spontaneous undulator radiation, with y « E, being the Lorentz factor and K = 2.5
being the deflection parameter determined by the undulator period and magnetic field
strength. This laser-electron interaction induces a sinusoidal energy modulation pattern
with a period of the laser wavelength on the electron beam. As particles with different
energies have different revolution periods, after one revolution in the ring, the energy-
modulated electrons shift longitudinally with respect to each other, clumping towards
the synchronous phases and forming microbunches. The above experiment processes
are modeled by Eq. (1) and the coherent undulator radiation generated from the
microbunches is then detected, by a high-speed photodetector with photodiode, as the

evidence of microbunching.



The low beam energy E, = 250 MeV is employed to mitigate the stochastic

quantum radiation excitation***-?

, which brings the diffusion of the longitudinal
coordinate z and can wash out fine longitudinal bunch structures at higher beam
energy (see Methods). A lower beam energy at the same time gives a smaller
equilibrium relative energy spread og (root-mean-square, r.m.s.), as g5 X y. The
spread of z during recirculation, from the uncorrelated energy spread, then becomes
smaller and is favourable for microbunching. At E, = 250 MeV, we have gs =
1.8 x 10™*. Since the laser wavelength is much smaller than that of an RF cavity, the
phase slippage factor n needs to be ultra-small, i.e., the ring should be quasi-
isochronous*®, to allow the turn-by-turn stabilization of the electron optical phases for
particles with different energies. In the experiment, the MLS has been pushed close to
the isochronous point with 7 ~ —2 X 107> (see Methods), which is three orders of
magnitude smaller than its standard value 3 X 1072 . By implementing these
parameters, the r.m.s. spread of z in one turn arising from the uncorrelated energy

spread is Azgg = |Conog| = 0.17 um (~ 0.6 fs), making the formation and sustain of

sub-um microbunching possible.

The long-pulse laser (FWHM ~ 10 ns) is applied to simplify the experiment by
avoiding a dedicated laser-electron synchronization system, since the shot-to-shot laser
timing jitter tjjrer < 1 ns (r.m.s.). However, the photodetector (Femto HSPR-X-I-
1G4-S1, rise/fall time 250 ps) is saturated and even damaged by the powerful laser
(Beamtech Optronics Dawa-200) if it is placed in the path of the laser. To alleviate this

issue, the undulator radiation is separated into the fundamental and second harmonics,
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by appropriate dichroic mirrors (Thorlabs Harmonic Beamsplitters HBSY21/22), and
the signal detection focuses on the second harmonic with the wavelength centered at
532 nm as shown in Fig. 1. The photodetector output voltage, which is proportional to
the radiation power, is then measured by a digital oscilloscope (Tektronix MSO64:6-

BW-4000, 4 GHz bandwidth, 25 GS/s sample rate).

Figure 2 shows the typical measurement results of the second-harmonic undulator
radiation emitted from a homogeneous stored bunch train, with a charge of ~ 1
pC/bunch (see Methods) and a time spacing of 2 ns given by the 500 MHz RF cavity at
the MLS. The spikes in the waveforms are the signals of different bunches. The left and
right panels are the results corresponding to 2 and 40 consecutive laser shots,
respectively. To smooth the measurement noise and signal fluctuation, the waveforms
in the right panel have been averaged. Figure 2a and b illustrate the signals one turn
before the laser shot, so they are the usual incoherent radiation and reflect the
homogenous bunch filling pattern. Figure 2¢ and d show the radiation one turn after the
laser shot, from the same bunches in obtaining Fig. 2a and b. The five larger spikes in
the center correspond to the bunches modulated by the laser. The enhanced signals of
these five spikes indicate the formation of microbunching and generation of coherent

radiation from the laser-modulated bunches.

The Q-switched laser used in the experiment has multiple longitudinal modes, and
its temporal profile has several peaks and fluctuates significantly from shot to shot (see

Extended Data Fig. 2). Therefore, the laser-induced electron energy modulation



amplitudes are different from shot to shot, and also from bunch to bunch. When the
modulation amplitude matches the phase slippage factor, the energy-modulated
electrons are properly focused at the synchronous phases and this gives optimal
microbunching (see Methods). For some of the shots, the laser intensity is higher or
lower than the optimal value, and the electrons are then over-focused or under-focused,
giving weaker microbunching and less coherent radiation. This explains the shot-to-

shot fluctuation of the coherent amplified signals shown in Fig. 2¢ and e.

Due to the definite phase relation imprinted by the laser, the spectrum of the
coherent radiation from microbunching is Fourier transform-limited. Then, there is
(%)FWHM < 0.4% for the second-harmonic coherent radiation. This is because the
electron bunch length in the experiment is expected to be larger than the theoretical
zero-current value** of 0.12 ps (r.m.s.), considering bunch lengthening effects such as
the RF phase noise. In contrast, the bandwidth of the incoherent radiation is ﬁ ~
1.6% (FWHM) on axis and even broader taking into account the off-axis redshifted
part (~ 10% within the aperture at detection based on SPECTRA*’ calculation), with
Ny = 32 being the number of undulator periods. To confirm that the amplified
radiation is owing to microbunching, this narrowband feature of the coherent radiation
is tested. A 532-nm-center-wavelength 3-nm-bandwidth (FWHM) band-pass filter
(Thorlabs FLL532-3) is inserted in front of the detector. The radiation one turn after the
laser shot is shown in Fig. 2e and f, which is obtained with a similar bunch filling and

charge as that of Fig. 2¢ and d. From the comparison between Fig. 2e and 2¢ (2f and

2d), we can see that the broadband incoherent signals are nearly completely blocked by
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the filter while the amplified part is not much affected, confirming that the amplification

is the narrowband coherent radiation generated from the microbunches.

Finally, the bunch-charge dependence of the coherent radiation is investigated. To
mitigate collective effects like intrabeam scattering*®*’ and head-tail instability>® which
could change the electron beam parameters, this investigation is conducted at low beam
current and the coherent signal is optimized by fine-adjusting the machine (see Methods)
to assure a sufficient signal-to-noise ratio. As the longitudinal radiation damping time**
in the experiment is 180 ms, we operate the laser at 1.25 Hz repetition rate to ensure
that the electron bunches have time to recover their equilibrium parameters before each
laser shot. The 3-nm-bandwidth band-pass filter is inserted to block the incoherent
radiation, and the coherent signal corresponding to each individual laser shot have been
saved, with the beam current decaying naturally until the signal is at the detection noise
level. The measurement results of the bunch closest to the laser temporal center (t =
0 ns in Fig. 2) are used for quantitative analysis (see Methods). To smooth the impact
of the laser temporal profile fluctuation and measurement noise, a 200-consecutive-
laser-shots averaging is performed in obtaining the data point for each bunch charge.
The coherent undulator radiation power versus single-bunch charge is shown in Fig. 3,
in which a quadratic function fits well with the experiment data. The quadratic bunch-
charge dependence, together with the narrowband feature of the coherent radiation,

demonstrates unequivocally the microbunching formation.

We point out that this paper is not reporting the actual demonstration of SSMB, but



rather the demonstration of the mechanism by which SSMB will eventually be attained.
Firstly, the microbunching formation, after one complete revolution of a laser-
modulated bunch in a quasi-isochronous ring, demonstrates the viability of a turn-by-
turn electron optical phase correlation with a precision of sub-laser-wavelength.
Secondly, this microbunching is produced on the stored electron bunch whose
equilibrium parameters and distribution before the laser modulation are defined by the
same storage ring as a whole. The combination of these two crucial ingredients
establishes a closed loop to support the realization of SSMB, provided there is a phase-

locked laser to interact with the electrons turn-by-turn.

In conclusion, the mechanism of SSMB has been demonstrated the first time in an
electron storage ring. On the basis of the achieved result, the next stage to sustain the
microbunching for multiple turns, by replacing the present laser with a high-repetition

phase-locked one, is ongoing at the MLS.
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Methods

Electron beam energy. When a relativistic electron is subjected to acceleration normal
to its velocity exerted by a bending magnet, it radiates electromagnetic energy>>. This
radiation is characterized by the quantum nature of the photon emission process. The
photon energy and place of emission are both stochastic, giving rise to changes on

45,22

particle energy** (instantly) and the longitudinal coordinate z (non-instantly). Of

special interest in the experiment is the r.m.s. quantum diffusion of z in one turn*+*?

Srge = Co [N () ()
0
where [ is the variance of partial phase slippage factors defined as the phase slippages
from the emission positions to an observation point, N is the number of photons
emitted in one turn, u is the photon energy, and the brackets represent statistical
expectation. For the MLS quasi-isochronous magnet lattice (see Extended Data Fig. 1),
Azqg is as large as 260 nm at its standard operation energy of 630 MeV, deteriorating
the sub-um microbunching considerably. Therefore, the beam energy needs to be
lowered to mitigate this diffusion, as /(N ) (Z—;) « 25, A lower beam energy at the
same time gives a smaller energy spread and is also beneficial for microbunching as
explained in the main text. Nevertheless, the beam energy cannot be too low, otherwise
the beam parameters and lifetime can be profoundly affected by the scattering among
particles®®**>!_ An electron beam energy of 250 MeV is adopted in the experiment to

balance these issues.
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Quasi-isochronous storage ring. To form and sustain microbunching in a storage ring,
the r.m.s. spread of z in one turn arising from the uncorrelated electron energy spread
should be adequately smaller than the laser wavelength, i.e.,
Azgg = |Conos| = AL/2m (3)

To fulfill this requirement, the phase slippage factor of the MLS has been lowered to
n ~ —2 X 107°. Such a quasi-isochronous magnet lattice is achieved by tailoring the
horizontal dispersion functions D, (a measure for the energy dependence of horizontal
position for the particle) around the ring, so that a particle with non-ideal energy travels
part of the ring inwards and part of the ring outwards compared to the reference orbit,
thus having a revolution period nearly the same as that of the ideal particle. The tailoring
of D, isaccomplished by adjusting the quadrupole magnet (de)focusing strengths. The
operation of the MLS as a quasi-isochronous ring also benefits from the optimization
of the sextupole and octupole nonlinear magnet schemes to control the higher-order

terms of the phase slippage*>*’

, which affect both the equilibrium beam distribution
before the laser modulation and the succeeding microbunching evolution??.

In the experiment, the value of the small phase slippage factor is quantified by
measuring the electron orbit offsets, when we slightly adjust the RF frequency up and
down, at a beam position monitor (BPM) where D, is large. From the offsets and D,
the phase-slippage-dependent electron energy shifts caused by the RF frequency
adjustment can be derived, thus also the phase slippage factor. The D, at the BPM is

acquired using the same method in the opposite way, i.e, based on a known phase

slippage factor. This is done at a larger phase slippage factor where its value can be
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determined from its relation with the longitudinal oscillation, usually referred to as
synchrotron oscillation in accelerator physics, frequency of the electron beam*. The
synchrotron oscillation frequency can be measured accurately at a phase slippage factor
like —5 X 10™* and it has been confirmed in the model that the relative change of D,
at the highly dispersive BPM is small (< 4%) when the phase slippage factor is reduced
from —5 X 10™* to the desired —2 x 107>, by changing the quadrupole magnet

strengths marginally.

Matching of laser intensity with storage ring phase slippage. With the electron beam
evolved according to Eq. (1) for one revolution in the ring, the degree of microbunching

at the n™ laser harmonic can be quantified by the parameter bunching factor?>

(4)

b, = |(einkLZ)| —

k1.C 2
(ke ConA) exp [— MH

where [, is the Bessel function of the first kind. The coherent radiation power at the
n'™ harmonic is proportional to the bunching factor squared |b,|?. For a given phase
slippage factor and harmonic number, there is an optimal laser-induced energy
modulation amplitude A (A & /P and P is the laser power) that gives the maximum
bunching factor. Putting 7 = —2 X 107> and other related parameters in Eq. (4), A =

1.505 results the largest second-harmonic bunching.

Transverse-longitudinal coupling. Apart from the longitudinal beam dynamics, the
coupling of the particle transverse motion, usually called betatron oscillation in

accelerator physics, to the longitudinal dimension is also critical. The reason is based
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on the fact that the horizontal beam width at the undulator is ~ 600 um (model), three
orders of magnitude larger than the sub-um longitudinal structures we aim to produce.
As the vertical emittance is much smaller than the horizontal one in a planar storage
ring, in the following only the impact of the horizontal betatron oscillation is considered.

The r.m.s. bunch lengthening of an electron beam longitudinal slice after n

complete revolutions in the ring, due to betatron oscillation, is!-%%2

Azgp = 2\/exHylsin (nvy)|  (5)

where €, = (J,) is the beam emittance, with the brackets denoting particle ensemble
average and [, = (yxxz + 2a,xx" + ﬁxx’z) /2 being the particle betatron action, x
and x' being the horizontal position and angle of the particle, a,, Sy, V¥, being the
Courant-Snyder functions®® of the storage ring, H, = y,D,% + 2a, D, D, + B,D.*
(D, is the dispersion angle) is the chromatic function** which quantifies the degree of
transverse-longitudinal coupling and v, is the number of betatron oscillations per
revolution. Putting in €, = 31 nm (model) and v, = 3.18 (model and measured),
we need H, < 0.8 pm at the undulator to have Azg; < Ap/2m. This stringent
condition (H, at other places of the ring is typically = 0.1 m) is satisfied by fine-
adjusting the quadrupole magnet (de)focusing strengths to correct the dispersion D,
and dispersion angle D, at the undulator to the level of mm and 0.1 mrad, respectively
(see Extended Data Fig. 1).

In addition to the linear-order oscillating bunch lengthening, the betatron
oscillation also produces an average path lengthening or shortening (second-order

effect) summarized by the formula>>->’
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ACp = —2m],¢y  (6)
with ACp being the average change of the particle recirculation path length, and ¢, =
dv,/dé being the horizontal chromaticity of the ring. As different particles have
different betatron oscillation amplitudes (actions), this effect results in a loss of
synchronization between particles and degrades microbunching. Moreover, it will
broaden the equilibrium energy spread and distort the beam from Gaussian®’ before the
laser modulation, which also impacts the microbunching. Therefore, the horizontal
chromaticity should be small to moderate its detrimental outcome, while
simultaneously sufficient to suppress collective effects like the head-tail instability>°.

As a consequence, &, = —0.5 is applied in the experiment.

Bunch charge measurement and evaluation. The bunch-by-bunch charge (current)
in the experiment is measured by a single-bunch current monitor’® which analyzes the
electron beam-induced RF signals from a set of 4 stripline electrodes (3 GHz
bandwidth). To minimize the influences from neighbouring bunches on the signal, the
pulse response of the electrodes has been reshaped by a 500 MHz low-pass filter. The
current calibration of the monitor has been conducted using a parametric current

transformer>’

at higher current, and the linearity of the system at lower current is
checked with the signal of the photodiode illuminated by synchrotron radiation. During
the current decaying in the experiment, one data point of the result given by the monitor
is saved every second for each individual bunch. The averaged measurement of 10

unfilled bunches preceding the homogenous filled bunches (10 ns time gap in between)

is used as the systematic offset. To smooth the measurement noise and at the same time
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account for the change of beam lifetime, the time evolution of the offset-removed data
points is then fitted by the sum of two exponential functions Q(t) = Q; exp(—t/7,) +
Q,exp (—t/t,) atdifferent time intervals, with the fit results connected smoothly. One
example evaluation of the bunch charge measurement result is presented in Extended
Data Fig. 3. Based on the evaluated data, a linear bunch-charge dependence of the
broadband incoherent signal, detected by the photodetector without the 3-nm-
bandwidth band-pass filter, is obtained as expected and shown in Extended Data Fig. 4,

confirming the reliability of the bunch charge measurement and evaluation method.

Radiation signal evaluation. To avoid the impact of the signal waveform offset caused
by the laser stray light (see Fig. 2), the data analysis takes the peak-peak value of the
photodetector output voltage as a measure for the radiation power. The coherent
radiation power corresponding to each individual laser shot, obtained during a time
interval with a decaying beam current, is presented in Extended Data Fig. 5a in which
the modest contribution on the measured quantity from the slight incoherent radiation
transmitted through the 3-nm-bandwidth band-pass filter has been eliminated. As can
be seen, the coherent signal fluctuates significantly from shot to shot. This is
attributable to the shot-to-shot fluctuation of the laser intensity profile (see Extended
Data Fig. 2) and the measurement noise. In spite of the fluctuation, quadratic functions
fit reasonably with the lower and upper bounds of the data points, which correspond to
the cases of minimum and maximum bunching factors induced by the fluctuating laser,
respectively. When performing the fits, we have taken into account that the measured

quantity is the real radiation signal convoluted with the detection noise. The impact of
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this noise, obtained by analyzing the measurement result of the unfilled bunches, on the

bounds of the measured data points is visualized in Extended Data Fig. 5a as shades for

the coherent signal, and similarly in Extended Data Fig. 4a for the incoherent signal. To

smooth this shot-to-shot fluctuation, a 200-consecutive-laser-shots averaging is

conducted and the results are presented in Extended Data Fig. 5b and 4b for the

narrowband coherent and broadband incoherent signals, in which a quadratic and a

linear fit have been performed, respectively.
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Quasi-isochronous ring
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Fig 1 | Schematic of the experimental set-up. The stored 250 MeV electron bunches
are energy-modulated by a 1064-nm-wavelength laser in an undulator, and become
microbunched after one complete revolution in the 48-m-circumference quasi-
isochronous storage ring. The undulator radiation from the electron bunches is
separated into the fundamental and second harmonics by dichroic mirrors, and the
signal detection focuses on the second harmonic. A 532-nm-center-wavelength 3-nm-
FWHM-bandwidth narrow band-pass filter can be inserted in front of the photodetector

to pick out the narrowband coherent radiation generated from the microbunching.
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Fig 2 | Waveforms of the undulator radiation produced from a homogenous stored
bunch train. a, b, The radiation one turn before the laser shot. ¢, d, The radiation one
turn after the laser shot from the same bunches as that of a and b, in which the central
five bunches are modulated by the laser pulse. The offset and general slight decreasing
trend of the waveforms are because that the photodetector is saturated by the stray light
of the modulation laser one revolution ago and is not completely recovered. e, f, The
radiation one turn after the laser shot with a 532-nm-center-wavelength 3-nm-FWHM-

bandwidth narrow band-pass filter placed in front of the photodetector, with the bunch

20 30 20 -10 0 10 20
Time (ns)

filling and charge similar to that in a ~ d.

26



)]

® Experiment data
—Fit to (charge)g

I

-
[}5
T

o
T

[e+]
T

[o)]
T

IS
T

]
T

Photodetector output voltage proportional to radiation power (mV)

o

50 100 150 200 250 300 350 400 450
Single-bunch charge (fC)

o

Fig. 3 | Quadratic bunch-charge dependence of the coherent undulator radiation
generated from microbunching. The blue dots represent the experimental data and
the red curve is a quadratic fit. Each data point represents the averaged result of 200
consecutive laser shots. The error bar denotes the standard deviation of the averaged
results, when the averaging time window shifts for £100 consecutive laser shots from

the corresponding data point.
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Extended Data Fig. 1 | The MLS quasi-isochronous magnet lattice used to generate
microbunching. The magnet lattice and the legends are shown at the top. The curves
are the model horizontal (red) and vertical (blue) f-functions as well as horizontal
dispersion D, (green). Operating parameters of the ring: beam energy E, = 250 MeV,
relative energy spread o5 = 1.8 X 10™* (model), horizontal emittance &, = 31 nm
(model), horizontal betatron tune v, = 3.18 (model and measured), vertical betatron
tune v, =2.23 (model and measured), horizontal chromaticity ¢, = —0.5

(measured).
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Extended Data Fig. 2 | Fluctuating temporal profiles of the multi-longitudinal-
mode laser. a, The temporal profiles of two example consecutive laser shots (red and
blue) and the averaged waveform of 200 consecutive laser shots (black). b, The
statistical distribution of the laser power at t = 0 ns in a for 10000 consecutive laser
shots, in which the red curve is a gamma distribution fit. Laser: compact Nd:YAG Q-
switched laser (Beamtech Optronics Dawa-200). Detector: ultrafast photodetectors
(Alphas UPS-40-UVIR-D, rise time <40 ps). Measurement system: digital oscilloscope

(Teledyne LeCroy WM825Zi-B, 25 GHz bandwidth, 80 GS/s sample rate).
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Extended Data Fig. 3 | Bunch charge measurement and evaluation. Blue dots are
the measurement results with the systematic offset subtracted and the red curve is a fit
by the sum of two exponential functions Q(t) = Q; exp(—t/71) + Qexp (—t/T,)

performed at different time intervals, with the fit results connected smoothly.
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Extended Data Fig. 4 | Linear bunch-charge dependence of the broadband
incoherent undulator radiation. a, The result corresponding to each individual laser
shots and the shade (light red) represents 3o of the detection noise. b, The result after
taking a 200-consecutive-laser-shots averaging. The blue dots are the experimental data

of a bunch not modulated by the laser and the red curves are linear fits.
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Extended Data Fig. 5 | Quadratic bunch-charge dependence of the narrowband

coherent undulator radiation generated from microbunching. a, The result

corresponding to each individual laser shots and the shades (light red and grey)

represent the 3o of the detection noise. b, The result after implementing a 200-

consecutive-laser-shots averaging, which is the same as Fig. 3 and presented here again

for convenient comparison with a and the incoherent signal in Extended Data Fig. 4.

The blue dots represent the experimental data and the red curves are quadratic fits.
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