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Mode-locked lasers have enabled some of the most precise measurements ever performed, from attosecond time-domain
spectroscopy to metrology with frequency combs. However, such extreme precision belies the complexity of the underlying
mode-locking dynamics. This complexity is particularly evident in the emergence of the mode-locked state, an intrinsically
singular, non-repetitive transition. Many details of mode-locking are well understood, yet conventional spectroscopy
cannot resolve the nascent dynamics in passive mode-locking on their natural nanosecond timescale, the single pulse
period. Here, we capture the pulse-resolved spectral evolution of a femtosecond pulse train from the initial fluctuations,
recording ∼900,000 consecutive periods. We directly observe critical phenomena on timescales from tens to thousands
of roundtrips, including the birth of the broadband spectrum, accompanying wavelength shifts and transient interference
dynamics described as auxiliary-pulse mode-locking. Enabled by the time-stretch transform, the results may impact laser
design, ultrafast diagnostics and nonlinear optics.

Complex dynamics are a key characteristic of numerous optical
processes, including laser dynamics, white light generation
and beam filamentation1–6. Mode-locking is a complex

phenomenon in which a large population of laser modes lock
together to form ultrashort pulses—down to a single optical
cycle7,8. Femtosecond lasers based on the Kerr nonlinearity in
titanium-doped sapphire (Ti:sapphire) crystals have become the
work horses of optical science2,9,10 since they were first reported in
1991 (ref. 11). Their underlying mechanism, termed Kerr-lens
mode-locking (KLM), is a passive nonlinear process that enables
the generation of the shortest optical pulses in a highly stable
train. In spite of their ultimate stability, the initial start-up dynamics
are highly stochastic and non-repetitive10. Conventional measure-
ments are generally unable to probe rapid non-repetitive changes
over long record intervals, thus making direct studies of the
mode-locking transition difficult.

Passive mode-locking commonly starts from a narrowband state
of quasi-continuous-wave (c.w.) emission. However, short pulses are
favoured by cavity dynamics, such that an intense fluctuation can
spontaneously drive the transition to mode-locking. This picture
has been established by a large set of experimental and theoretical
studies (for example, see refs 12–19). As KLM lasers, typically, are
not self-starting, the transition is promoted by the rapid movement
of an intracavity element, which generates random picosecond fluc-
tuations composed of a small number of closely spaced longitudinal
modes. Eventually, one such fluctuation develops from these sto-
chastic origins into a much shorter pulse, making the start-up
dynamics unique and non-repetitive. In KLM, short pulses are
favoured by altering the beam profile (for example, increasing
overlap with the pump or reducing loss at a hard aperture) via the
intensity-dependent refractive index of the Ti:sapphire crystal.
Combined with spectral broadening via self-phase modulation, a
self-reinforcing process ultimately forms a single femtosecond
pulse (Fig. 1a). Ultrashort pulse durations require negative group-
delay dispersion within the cavity, which is typically achieved with

prism pairs or chirped mirrors, resulting in soliton-like dynamics17,19

and enabling pulse durations below 5 fs (refs 7,8).
Despite the maturity of this technology, the spectral dynamics

during build-up of the mode-locked state have not been measured
directly, and questions remain, particularly regarding the timescales
involved. According to a standard model of the mode-locking tran-
sition, the build-up has to occur within the mode coherence (or cor-
relation) time13,16,17. It is customary to estimate this timescale from
radiofrequency (RF) measurements of the free-running laser. For
example, RF spectral analysis of various self-starting lasers suggests
mode coherence times in the range of 100 µs (refs 13,17,20,21). In
contrast, time-domain measurements in these systems have shown
build-up times exceeding several milliseconds20–22. Linking these
seemingly contradictory observations requires an analysis of the
nascent dynamics of the critical picosecond fluctuation that even-
tually forms the femtosecond pulse. Carrying out a temporally
and spectrally resolved study of such transient dynamics is particu-
larly challenging because the transition is non-repetitive and
initiated from noise fluctuations, so each mode-locking event rep-
resents a singular occurrence with unique spectro-temporal features.
Conventional charge-coupled device/complementary metal–oxide–
semiconductor (CCD/CMOS)-based spectroscopy and repetitive
gating techniques typically access only time-averaged or ensemble
spectral properties. Ensemble start-up dynamics measured for
self-starting lasers suggest the occurrence of rapid spectral broaden-
ing within tens of microseconds23–25. In such studies, spectra are
captured at different delays from separate mode-locking transitions
and are assembled into a joint time series, which does not represent
a single mode-locking transition. Alternatively, real-time micro-
second spectral dynamics have been accessed for self-starting
lasers via fast streak camera spectroscopy under the constraints of
competing spectro-temporal resolution and limited record
length26. Real-time spectral measurements have also been applied
to very narrowband mode-locking processes27. However, a compre-
hensive pulse-resolved study of Kerr-lens mode-locking necessitates
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real-time single-shot spectral acquisition over long record intervals
and broad bandwidths.

In this Article, we directly observe the spectro-temporal
dynamics of the mode-locking transition on a single-shot basis
over long record lengths of ∼900,000 consecutive pulses. The use
of a time-stretch dispersive Fourier transform (TS-DFT) enables
the mapping of single-shot spectra to the temporal domain for
capture with a real-time oscilloscope (Fig 1b,c)28,29. This high-
speed spectral acquisition technique was originally developed in
the context of wideband analog-to-digital conversion30. It has
been used for the investigation of nonlinear effects in fibre31,32,
high-speed spectral measurements28,29,33, soliton dynamics in a
mode-locked laser34 and high-throughput detection of cancer cells
in blood35.

In the present experiments, TS-DFT is used to spectrally resolve
the start-up of a KLM Ti:sapphire laser in real time with recording
lengths limited only by the oscilloscope memory. The laser generates
pulses with a duration of ∼20 fs, corresponding to about 500,000
locked modes. Femtosecond operation is initiated in a standard
approach via motorized shaking of one dispersion-compensating
prism36. The pulsed laser output is attenuated and recorded using
a fast diode and a real-time digital oscilloscope (see Methods).

Single-shot spectra are generated via the insertion of a spool of dis-
persive optical fibres. Each data set is recorded over a duration of 10 ms
and contains about 900,000 consecutive pulses (11 ns per spec-
trum). The time-continuous data stream exhibites a short-term
periodicity given by the cavity roundtrip time Trep. We therefore
segment the time series into intervals of length Trep, yielding a
two-dimensional (matrix) representation with the vertical axis cor-
responding to information within a single roundtrip and the hori-
zontal axis depicting the dynamics across consecutive roundtrips.
Depending on the detection mode, different types of information
are obtained in this process, as illustrated in Fig. 1b,c using exper-
imental data (middle) and a schematic (right). Undispersed detec-
tion of the output train (no fibre inserted, Fig. 1b) yields direct
timing information. Spectra are obtained by a time–wavelength
mapping via the insertion of a dispersive element (TS-DFT)28,29,
as shown in Fig. 1c.

The timing of the femtosecond pulse is precisely defined and this
definite emission allowed us to assign a wavelength scale to the dis-
persed data. The TS-DFT data, together with measurements from
undispersed events (Fig. 1b), show that the femtosecond pulse
evolves continuously from the dominant picosecond fluctuation,
maintaining a fixed timing. This connection allows us to determine

Roundtrips

Ti
m

e 
(n

s)

2

4

6

8

10 5,000 RT

Ti
m

e 
(n

s)

2

4

6

8

10

Roundtrips

Ti
m

e 
(n

s)
Ti

m
e 

(n
s)

W
avelength (nm

)

800

850

750

Transition to
mode-locking

Roundtrips

Roundtrip time Time

Picosecond fluctuations Single 
femtosecond pulse

Ti:sapphire Output
coupler

Prism 
stage

Laser oscillator
     90 MHz 

a

b

c

Dispersive fibre

Photodiode

Real-time
oscilloscope

(Quasi-c.w.)

Experimental data

Temporal information

Experimental data

Transition to mode-locking

 Femtosecond
pulse

Nanosecond
 pulse

Time-stretch spectral
characterization

Temporal characterization Schematic

Schematic

Intensity
(a.u.)

0

1

Roundtrips

500 RT

W
avelength (nm

)

(Mode-locked)

Temporal 
information

Spectral 
information

Figure 1 | The buildup of femtosecond mode-locking in real time. a, In Kerr-lens mode-locking, one of many picosecond fluctuations develops into a stable
femtosecond pulse train. These initial fluctuations are induced by moving an intracavity prism. b, Left: The mode-locking transition is detected with a fast
photodiode and a real-time oscilloscope. Middle (experimental data) and right (schematic): The recorded time series is segmented with respect to the
roundtrip time and displays the transition to the mode-locked state (single pulse). Before mode-locking, picosecond fluctuations typically persist for several
thousand roundtrips. c, Left: Single-shot spectral information is obtained via insertion of a dispersive element, the time-stretch dispersive Fourier transform
(TS-DFT). Middle (experimental data) and right (schematic): Before mode-locking, the data represent the timing of picosecond fluctuations stemming from a
narrow bandwidth. The TS-DFT yields complete spectral information for the emerging femtosecond pulse and the dominant picosecond fluctuation. As
sketched in the schematic (right, grey area), the wavelength scale applies to these features. Rapid spectral broadening and femtosecond pulse formation
occur over a few hundred roundtrips. RT, roundtrip (scale bars).
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the wavelength of the dominant picosecond fluctuation before the
onset of mode-locking. Indeed, all the fluctuations maintain their
relative timing in the cavity, as evidenced by the continuous, hori-
zontal traces observed in the undispersed data over a large
number of roundtrips. Moreover, all picosecond fluctuations orig-
inate from a single narrow bandwidth. This property can be demon-
strated by comparing simultaneously recorded undispersed and
dispersed data sets (provided in Supplementary Section 3c).
Before mode-locking, the dispersed measurements therefore rep-
resent the timing of the picosecond fluctuations, which typically cir-
culate in the cavity for several thousand roundtrips. In short, the
TS-DFT data show that the mode-locked pulse originates from a
dominant picosecond fluctuation from a narrowband collection of
many similar fluctuations.

By capturing numerous mode-locking transitions (Fig. 2a–c), we
can resolve a number of characteristic stages in the process (shown
in Fig. 2d for the transient in Fig. 2c). For example, the broadening
dynamics are evident in the evolution of the spectral full-width at
half-maximum (FWHM, Fig. 2d, red line): an initially slow band-
width increase of the dominant picosecond fluctuation is followed
by rapid broadening, until the laser reaches its full steady-state
bandwidth. Moreover, we detect a dynamic redshift of the spectra
during rapid spectral broadening, connecting to previous steady-
state observations for increasing pulse energies and bandwidths37,38.
During this process, the other picosecond fluctuations not involved
in mode-locking synchronously vanish over a few hundred round-
trips, showing that they survive to this late stage of the broadening

process and that we can observe their abrupt depletion (Fig. 2d,
green line). Ultimately, the growing mode-locked pulse carries all
energy circulating in the cavity.

Interestingly, the dominant picosecond fluctuation often exhibits
a pronounced oscillatory behaviour in power during the time
leading up to the transition (Fig. 2d, blue line). Directly illustrating
the nonlinearity of the mechanism, we find that rapid spectral
broadening always coincides with the maxima of the dominant fluc-
tuation in this oscillation (grey arrows, Fig. 2d). Between these
phases, the broadening slows down and can pause briefly (grey
area in Fig. 2d and Supplementary Information).

Although the initiation of passive mode-locking remains the
subject of current research39–44, a basic picture of the process has
been established. A successful transition requires a minimum
initial fluctuation intensity and growth rate, which necessitates a
pump power threshold beyond that of c.w. operation. The fact
that mode-locking is only achieved under rather specific conditions
has been attributed to different mechanisms, including dynamic
gain reduction18, finite mode coherence times13,17,45 and spurious
backreflections46,47. The present data set allows us to directly visual-
ize the entire build-up process, leading to two main observations.

First, despite a rapid spectral broadening phase spanning about
10 µs, the dominant fluctuation seeding the femtosecond pulse
evolves on a comparatively long millisecond timescale. This evol-
ution is evident in an expanded view of the data from Fig. 2c,
shown in Fig. 3a. The dominant picosecond fluctuation (blue
arrow) can be traced back for more than 1.5 ms. The long coherence
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Figure 2 | Three transitions from quasi-c.w. to mode-locked operation. a–c, Each plot contains a subset of 3,500 continuously recorded single-shot spectra
(38.5 µs time interval). The wavelength scale applies to the mode-locked state and its precursor, as sketched in Fig. 1. In the first stage, multiple picosecond
fluctuations traverse the cavity while the bandwidth of a single picosecond pulse increases moderately over 300–400 roundtrips. Following this phase,
nonlinear broadening develops rapidly and a femtosecond pulse forms within 200 roundtrips. d, Cut lines from the data set in c, indicating the normalized
power of the decaying background picosecond fluctuations (green) and the growing dominant fluctuation (blue). The spectral evolution is evaluated by
means of the FWHM of the emerging dominant fluctuation (red). Multiple stages of rapid spectral broadening begin at the maxima of the power oscillation,
indicated by grey arrows. In between, the spectral broadening process slows and can pause momentarily (grey shaded area).
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time of this critical fluctuation is much longer than the lifetimes one
would infer from RF spectra, which represent the ensemble-average
over all fluctuations. Notably, these long timescales are consistent
with build-up times of multiple milliseconds as found in optimized,
self-starting Ti:sapphire cavities. Hence, the present measurements
immediately connect the different timescales observed in earlier
frequency- and time-domain measurements20–22.

Second, we can identify previously undescribed features of the
mode-locking mechanism, as outlined in the following. Overall,
the expanded view of the pre-mode-locking dynamics in Fig. 3a is
characterized by complex interference patterns with frequencies
ranging from several kilohertz to tens of megahertz. Specifically,
we observe an oscillation originating from interference between
two picosecond fluctuations, out of which one develops into the
femtosecond pulse. The amplitude dynamics of the dominant
picosecond fluctuation are shown in Fig. 3b (for three different

mode-locking transitions). Near the mode-locking transition, the
power of the dominant picosecond fluctuation oscillates increasingly
rapidly (for close-ups see Fig. 3c,d). Following the establishment
of a stable femtosecond pulse train, the undulation settles (after
an overshoot) at an oscillation frequency of 8 MHz, meaning that
11 cavity roundtrips occur within a full period of the oscillation.

The momentary beat frequency follows the trend in the intra-
cavity energy (Fig. 3d, black and blue curves), suggesting a direct
link between these observables, which can be explained via the Kerr
effect: the momentary refractive index of the Ti:sapphire crystal
depends on the peak power of the growing femtosecond pulse. As
a result, the two pulses experience a different effective optical
cavity length, leading to a temporal walk-off that accumulates over
many roundtrips. The interference between the two pulses can
assist or frustrate the onset of mode-locking by altering the transient
intensity in the Ti:sapphire crystal, a process that may be described
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as ‘auxiliary pulse mode-locking’ (not to be confused with ‘additive
pulse mode-locking’12). The auxiliary pulse is also apparent in the
corresponding single-shot spectra as a transient narrow feature in
the otherwise broadband femtosecond spectrum (Fig. 3c). This
narrow spectral feature continues to beat with the nascent femto-
second pulse after the latter is established, but then decays quickly
within ∼200 roundtrips. The mode-locking transition dynamics
are presented in the Supplementary Movie, providing another
view of auxiliary pulse mode-locking dynamics. Remarkably, the
beating period serves as a direct probe of the time-dependent intra-
cavity nonlinearity. Linking our observations to the literature on the
steady state17, we note that the nonlinear phase delay of 0.3 rad per
roundtrip observed just before the decay of the auxiliary pulse
agrees with established values. The overshoot in the intracavity
energy is a well-known consequence of gain relaxation dynamics17

and, interestingly, the observed beat frequency mirrors this behav-
iour. We observe very similar starting dynamics for two alternative
KLM laser systems, suggesting a broad applicability of the
present findings.

In summary, we have demonstrated the application of real-time
spectroscopy for tracing the evolution of mode-locking from initial
noise fluctuations. This method provides the first single-shot, spec-
trally resolved view of the onset of Kerr-lens mode-locking and elu-
cidates the conditions for successful femtosecond pulsing. In
particular, we are able to resolve a complex mixture of transient
picosecond fluctuations with different lifetimes, tracing the rise of
the critical seed fluctuation over a millisecond duration and the
final stage of rapid broadening within 10 µs. Moreover, beating
dynamics at the onset of mode-locking are observed, which we
describe as ‘auxiliary pulse mode-locking’. These oscillations
govern the progression of the pulse formation and, via quantifi-
cation of the beating period, provide a real-time window onto the
process. Furthermore, we expect that long-recording-length
single-shot acquisition schemes will find further applications in
diagnosing the spectral and spatial dynamics of ultrashort sources.
Such real-time techniques may have an impact on a wide variety
of laser systems based on, for example, novel saturable absorbers48,
direct diode pumping49 and Fourier-domain mode-locking50. The
presented findings may provide new insights into laser design and
applications51,52. Based on real-time spectral measurements, we
observe that transient multipulse dynamics can appear at the
onset of mode-locking under certain conditions and we plan to
explore these effects in future work.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
The laser is a commercial Kerr-lens mode-locked Ti:sapphire oscillator (soft
aperture) generating 6 nJ, 20 fs pulses centred at 800 nm with a repetition rate of
90 MHz. Mode-locking is initiated by automated shaking of one intracavity
prism. Time-averaged optical spectra are recorded with a compact grating–CCD
spectrometer and an optical spectrum analyser. Time-domain signals are acquired
with a fast photodetector (∼20 GHz bandwidth) and a real-time high-speed
oscilloscope running at 25 GSa s–1 (where GSa refers to gigasamples). The time
series are typically recorded over a duration of up to 10 ms and contain about
900,000 consecutive pulses (11 ns per spectrum). The oscilloscope continuously
samples the input and the acquisition is stopped at the trigger event given by the
power overshoot at the onset of mode-locking. The time-continuous data stream
exhibits a short-term periodicity given by the cavity roundtrip time Trep. We
therefore segment the time series into intervals of length Trep, yielding the
temporal (spectral) information within a single roundtrip and the dynamics
across consecutive pulses. Real-time spectra are recorded following linear
dispersion in a spool of fibre with a dispersion of 83.4 ps nm–1 at 800 nm. The
coupling to the dispersive fibre is optimized for the mode-locked state (there is a

minor reduction in coupling efficiency for c.w. operation). In real-time
measurements, a spectral resolution better than Δλ = 1 nm is achieved at
800 nm. For reference, TS-DFT spectra are compared with conventional spectral
measurements for the mode-locked state and show good agreement with no
further processing (see Supplementary Information). For the data shown in
Fig. 3a, we corrected for minor systematic changes in the effective repetition rate
by ensuring proper alignment of the spectra from pulse to pulse. The systematic
effect arises from the known prism motion and is easily discernible from the
fluctuation dynamics. Sample timing jitter and the time base accuracy of the
electronic backend were negligible in the present study. The spectral resolution in
time-stretch acquisition and the impact of various forms of noise have been
discussed in detail in the literature29,53.
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