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Understanding low-threshold mode-locking at
multi-GHz repetition rate
Wenbin He 1✉, Meng Pang 1,2 and Philip St. J. Russell1

Abstract
Continuous-wave mode-locking at multi-GHz repetition rates is achieved in an ultrashort laser cavity at critical pulse
energies 100 times lower than predicted by conventional theory. The authors reveal that dynamic gain depletion and
recovery between consecutive round-trips is the key factor behind a low-pulse-energy transition from Q-switched
mode-locking (QSML) to continuous-wave mode-locking (CWML). As well as providing new insight into gain
dynamics, the results suggest a practical route to low-threshold lasing at very high-repetition rates.

Laser mode-locking using saturable absorbers provides
a simple and robust method for generating trains of
ultrashort pulses1. Commonly used in many applications
and much studied, mode-locked lasers are intrinsically
complex systems with a range of different operating
regimes2. The authors identify a new regime that favours
multi-GHz CWML over QSML at very low critical pulse
energy.
Q-switched bursts of mode-locked pulses are governed

by relaxation oscillations, and occur when the individual
pulse energy is lower than a critical value determined by
the laser configuration and varies not only over each
cavity round-trip due to gain/loss competition, but also
over many round-trips. Conventional theory predicts that
the critical pulse energy for the onset of CWML and
suppression of QSML is determined by gain saturation
and the saturable absorber threshold3. The gain saturation
must be sufficient to damp out any relaxation oscillations,
and the pulses strong enough to bleach the saturable
absorber.
Taking a fresh look at high-repetition-rate CWML in a

soliton fibre laser with an ultrashort cavity and a semi-
conductor saturable absorber mirror (SESAM)4, Chen
et al. have found, unexpectedly, that QSML can be

suppressed at pulse energies two orders of magnitude
lower than predicted by conventional theory. They
achieve stable 21 GHz CWML at a critical pulse energy of
only ~24 pJ. Although there are previous reports of cri-
tical energies that are puzzlingly much lower than theo-
retical predictions, this is the first time these have been
systematically explained.
Chen et al. developed a new theory by considering

dynamic gain depletion between consecutive round-trips.
Conventionally the gain is assumed to be saturated and
time-independent, fully recovering after each round-trip
(Fig. 1a). While this is valid at low enough repetition rates
(kHz to MHz), at multi-GHz rates the pulse spacing is too
short for full gain recovery so that the gain can no longer
be treated as time-independent, with the result that suc-
cessive pulses become correlated by gain depletion. If the
pump power is too low, the dynamic gain drops after each
round-trip due to gain depletion, until solitons are no
longer supported; the gain then fully recovers. The result
is quasi-rectangular bursts of QSML pulses as observed in
the experiments, reminiscent of soliton crystals5 (Fig. 1b).
Note that in such states successive solitons within a single
burst will have slightly lower energies. As the pump power
increases, these “soliton crystals” merge to form an
unbroken CWML pattern.
Based on these observations, Chen et al have derived a

modified criterion for switching from QSML to CWML:
g0LEc=EG > q0Ea=Ep where Ep is the soliton energy, EG

and Ea are the saturation energies of the gain medium and
the absorber, q0 is the modulation depth of the saturable
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penetrate such thickness. Therefore, the validity of tar-
trazine in clearing tissue will be a challenge in larger
organisms and humans. The exploration of dyes that have a
stronger clearing effect than tartrazine remains to be done.
In any case, it is very impressive that people with an optical
background know the formula of complex RI, but most of
them only consider the scattering in terms of the real
component. Fortunately, Ou et al. paid attention to the
imaginary component of the RI, using strongly absorbing
dyes to enhance the RI of aqueous solution to clear live
tissues. This theoretical framework may open a new per-
spective on developing optical clearing methods, encom-
passing both in vivo and ex vivo clearing methodologies.
This is a vivid exercise in using basic optical knowledge to
create new technologies, which could bring us another
significant enlightenment beyond the research itself.
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Random Illumination Microscopy: faster, thicker,
and aberration-insensitive
Boya Jin 1,2 and Peng Xi 1,2✉

Abstract
The Extended Depth of Field (EDF) approach has been combined with Random Illumination Microscopy (RIM) to
realize aberration-insensitive, fast super-resolution imaging with extended depth, which is a promising tool for
dynamic imaging in larger and thicker live cells and tissues.

Fluorescence microscopy is leading biological research
into a stage where the subcellular dynamic observations in
live cells are possible. For exploring the dynamic imaging
of larger and thicker three-dimensional (3D) samples, ideal
techniques are expected to exhibit outstanding perfor-
mance in terms of spatial-temporal resolution, 3D field of
view (FOV), phototoxicity, and optical sectioning cap-
ability, which are extremely challenging to be optimized
simultaneously1(Fig. 1). Various techniques suitable for
live-cell imaging such as laser scanning confocal micro-
scopy (LSCM)2,3, two-photon microscopy4,5, and light-
sheet microscopy6,7, have made their efforts to be superior
on optical sectioning capability, deeper penetration depth
and lower phototoxicity. However, these techniques are
based on sequential acquisition along certain dimensions
for volumetric imaging, which slows down the imaging
speed and makes it difficult to capture dynamic events in
live cells. Moreover, the spatial resolution is limited by
diffraction, losing the opportunity of observing subcellular
organelles. Light-field microscopy8,9 as another typical
representative of live-cell imaging techniques, can achieve
single-frame volumetric imaging with low phototoxicity,
but its spatial resolution is lower than wide-field imaging.
Super-resolution microscopy, which is able to surpass

the limitation of diffraction and distinguish intricate sub-
cellular structures, has attracted the attention of biologists.
Structured illumination microscopy (SIM)10,11, as the
representative super-resolution technique being most

suitable for live-cell imaging, can improve the lateral
resolution by a factor of two compared to the diffraction
limit with lower phototoxicity and faster imaging. Recent
research showed that SIM has been successfully utilized in
recording subcellular organelles such as mitochondrial
cristae12, migrasomes13, and cytoskeletal interactions14,
validating its key role in super-resolution live-cell imaging.
However, the super-resolved SIM image is based on

computation of multiple images under periodic illumi-
nation pattern by translation and rotation, making it
highly sensitive to aberrations and suffering from arti-
facts15. Although various attempts have been reported to
eliminate artifacts16,17, this still significantly limits the
uses of SIM in live-cell or tissue imaging. Additionally,
SIM requires multiple lateral acquisitions for resolution
enhancement and sequential imaging for volumetric
recording, which slows down the imaging speed.
Addressing such two issues is the key for further advan-
cing the utilization of SIM in live-cell dynamic imaging.
In a newly published paper in Light: Science & Appli-

cations, Anne Sentenac’s group from the Aix Marseille
University, France, has proposed a new approach to
address the two major constraints of SIM18. The essence
of the idea is the combination of Random Illumination
Microscopy (RIM) with Extended Depth of Field (EDF)
approach based on optical projection. RIM, as a variant of
SIM, replaces the periodic illumination pattern with
random speckled illumination, which is able to achieve a
two-fold super-resolution enhancement and robust
against aberrations19. And by compressing the informa-
tion of samples along the axial direction using optical
projection, the EDF during single camera exposure can be
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absorber, g0 is the saturated gain and L the cavity length.
Ec is the energy of the 'soliton crystal', which is typically
tens to hundreds of times the single soliton energy.
Compared to the conventional criterion Ep=EG > q0Ea=Ep,
the critical energy Ep predicted by this new expression is
significantly reduced, because dynamic gain depletion
counteracts relaxation oscillations in the pulse energy3,6.
Chen et al. also suggest that the rectangular bursts of

gain-correlated QSML pulses may be regarded as 'quasi-
single solitons' (QSS), lasting for N consecutive round-
trips where N ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g0Lf R=f c
p

, where f R and f c are the
cavity round-trip frequency and the repetition rate of the
'soliton crystal'. If the QSSs are viewed as single entities,
the saturation energy is naturally lowered, while the cri-
tical single-pulse energy for CWML is dramatically
reduced. Thus the general form of classical theory can be
restored and a crossover between the two theories
established.
This work is of particular importance in applications

requiring a source of ultrashort pulses at multi-GHz
repetition rates7,8 and is also relevant to ultrafast lasers
built on other platforms9 and to the design of harmoni-
cally mode-locked lasers10. In identifying a new regime

that favours CWML over QSML at multi-GHz repetition
rates, the authors have added to our understanding of
mode-locked laser systems.
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Fig. 1 Descriptions of gain evolution (top), Q-switched and stable mode-locked states (middle), and criteria (bottom) in the classical theory of mode-
locking (a) and new theory of dynamic gain driven mode-locking (b). QSML, Q-switched mode-locking. CWML, continuous-wave mode-locking.
RSQSML, rectangular-shape QSML. Ep is the soliton energy. EG and Ea are the saturation energy of the gain medium and absorber. q0 is the
modulation depth of the absorber. g0 is the saturated gain. L is the cavity length. Ec is the energy of the “soliton crystal”
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