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Femtosecond pulse generation beyond photon
lifetime limit in gain-switched semiconductor lasers
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Femtosecond semiconductor lasers are ideal devices to provide the ultrashort pulses for

industrial and biomedical use because of their robustness, stability, compactness and

potential low cost. In particular, gain-switched semiconductor lasers have significant

advantages of flexible pulse shaping and repetition rate with the robustness. Here we first

demonstrate our laser, which is initiated by very strong pumping of 100 times the lasing

threshold density, can surpass the photon lifetime limit that has restricted the pulse width to

picoseconds for the past four decades and produce an unprecedented ultrashort pulse of 670

fs with a peak power of 7.5W on autocorrelation measurement. The measured phenomena

are reproduced effectively by our numerical calculation based on rate equations including the

non-equilibrium intraband carrier distribution, which reveal that the pulse width is limited by

the carrier–carrier scattering time, instead of the photon lifetime.
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Femtosecond lasers and amplifiers provide high field energy
densities by concentrating optical fields in both the temporal
and spatial domains, which induces novel light–matter non-

linear interactions, enabling innovative applications such as non-
thermal laser processing, super-resolution multi-photon three-
dimensional microscopy and biomedical microsurgery. Currently,
mode-locked (ML) fibre lasers are the most useful for these
applications due to their high stability and durability. However,
under severe environmental conditions with temperature fluc-
tuations, vibrations and other disturbances, crucial instabilities
occur in their ML operation, because non-linear effects in the
laser cavities such as non-linear-polarization rotation are sensitive
to these perturbations. Degradation of saturable absorbers is
another serious problem.

Femtosecond semiconductor lasers should be the ideal choice
for industrial and biomedical use because of their robustness,
stability, compactness and potential low cost.

Mode-locked semiconductor lasers in monolithic and external-
cavity architectures have been developed since 1980s and
demonstrated stable femtosecond pulse generation with high
repetition rates corresponding to the cavity length. So far, various
types of mode-locked semiconductor lasers have been studied,
such as monolithic passive-colliding-pulse-mode-locked
quantum-well lasers1,2, quantum-dots lasers3–7 and external-
cavity active-mode-locked buried-heterostructure lasers8,9.
Recently, intra-cavity spectral shaping and dispersion control
technologies enabled ultrashort pulses within a few hundred
femtoseconds10–12.

Gain-switched semiconductor lasers provide an alternative
solution, which have performed shortest pulses of picoseconds
duration since 1970s. Although the shortest pulses have been
longer than that of the ML semiconductor lasers, the flexibility of
the pulse shaping and also repetition rate and their high
robustness are their unique strength13–15. In particular, gain-
switched semiconductor lasers combined with rare-earth-doped
fibre linear amplifiers in a master-oscillator-power-amplifier
configuration have significant advantages because of the highly
controllable optical pulses, such as variable repetition rate, arbi-
trary timing operation, flexible pulse duration, waveform spectral
control and synchronization to electrical triggers, in addition to
the robustness and stability16–20. It was recently reported that
additional non-linear pulse shaping in optical fibres can generate
femtosecond pulses21,22.

However, direct femtosecond pulse generation in gain-
switched semiconductor lasers has never been achieved thus far
for two reasons: (1) short-pulse generation via gain switching has
been limited by the picosecond photon lifetime in laser cavities,
and (2) the ultrafast non-linear carrier dynamics in semi-
conductors are complicated and difficult to control.

Here, we report novel gain-switched semiconductor-laser
operation via an extreme optical pump, which can surpass the
photon lifetime limit and generate unprecedented ultrashort
pulses with a pulse width of 670 fs and peak power of 7.5W. We
analysed the intraband carrier inversion dynamics in semi-
conductor lasers under extreme excitation enabling short-pulse
generation beyond the photon lifetime limit. The present
experiment demonstrates the possibility of achieving practical
femtosecond lasers based on gain-switched semiconductor
technology.

Results
Overview of previous and present studies. Figure 1a numerically
describes the conventional behaviour of gain switching on elec-
trical stepwise and optical impulsive pumping, represented as
blue and red curves, respectively. Regarding the stepwise electrical
pumping that injects carriers continuously from t= 0, the optical
gain increases gradually towards a saturation level23. Meanwhile,
the emission intensity increases and consumes massive carriers,
which decreases the emission intensity. An oscillatory tail
recognized as a relaxation oscillation to steady-state operation
occurs because of the continuous pumping. In contrast, impulsive
pumping, represented as red curves, generates the main
pulse without a relaxation oscillation and, therefore, simplifies the
pulse dynamics. The optical pumping is important to investigate
the fundamental short-pulse limit in each device independently of
the electrical frequency bandwidth limit on the current injection.

Figure 1b shows the shortest pulses of the gain-switched
semiconductor lasers achieved in the past 40 years both via
electrical and optical pumping24–39. Even with optical pumping,
short-pulse generation has been restricted to picoseconds. Standard
theories of gain-switched semiconductor lasers attribute this to the
fall-time limit due to the photon lifetime, which is determined by
the cavity length and reflectivity of the cavity mirrors35–39.

According to our most recent observation, a non-linear fast
pulse component appears in the high-energy region of the pulsed
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Fig. 1 Gain switching on electrical and optical pumping. a Conventional dynamics of gain switching operation with electrical stepwise and optical impulsive
excitation numerically described as blue and red curves, respectively, in terms of the pump pulse, emission intensity and gain. b Record pulse widths of
gain-switched semiconductor lasers reported in the last 40 years. The blue triangles and red circles indicate the electrical and optical pulsed excitation,
respectively
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spectrum on extreme intense excitation. Here, we study the gain
switching dynamics initiated by the very strong pumping of 100
times the lasing threshold density and undoubtedly observe an
unprecedented ultrashort-pulse width of 670 fs with a peak power
of 7.5W via autocorrelation measurement. The measured
phenomena are reproduced effectively by our numerical calcula-
tion, which reveals the physical mechanism and true fundamental
limit of the short-pulse generation.

Experimental setup. Figure 2a shows a schematic of the gain-
switched semiconductor laser used in this study. It has a double-
hetero (DH) structure consisting of a 1-μm-thick GaAs active
layer sandwiched between Al0.18Ga0.82As cladding layers grown
by molecular beam epitaxy. We additionally tested several
multiple-quantum-well structures, but the best result was
obtained for the DH structure, which we report here. The cavity
length was 250 μm, which gives a free spectral range and round-
trip time of 0.6 meV and 6.9 ps, respectively. The photon lifetime
τph evaluated from the cavity length and reflectivity of 0.3 at the
cleaved edge mirrors was 3.4 ps, and that including a cavity
internal loss of 20 cm–1 was 2.3 ps.

We performed the impulsive excitation by optical excitation via
our homemade ML fibre laser system, which provides a pulse
width of 0.36 ps, photon energy of 1.59 eV, repetition rate of 10
MHz and average power of 0.33W (see Methods, overview and
basic elements of the fibre laser system for the configuration and
characterization). The sample temperature was set at 5 K.
Pumping light, with a 30% reflection loss at the top Al0.18Ga0.82As

surface, was incident on the sample in a filament shape with a
spatial half-width of 1.7 μm along the cavity, by cylindrical and
objective lenses. The uniformity of the excitation was within
±15% along the cavity. The average power of the pumping light
before the reflection loss is referred to as the excitation power.
The excitation light selectively pumped the GaAs layer because
the band gap energies of the GaAs and Al0.18Ga0.82As layers were
1.52 and 1.74 eV, respectively. The GaAs active layer absorbed
80% of the impulsive excitation light power instantaneously,
giving rise to strong population inversion.

Femtosecond pulse generation. Figure 2b presents time-resolved
measurements of the full spectral emission (red curves) with the
pump pulses (green curve) scattered at the sample edge. It indi-
cates that the laser emitted pulsed light because of the gain
switching, where the zero on the time axis corresponds to the
peak position on the green curves; the time resolution was 3 ps.
The pulse width was tuned from 49 to 7 ps by increasing the
excitation power from 1.0 to 94 mW.

Figure 2c plots the measured average output power of the gain-
switched emission pulses per facet versus excitation power. The
output power is almost proportional to the excitation power,
which reaches 2.4 mW with an excitation power of 100 mW. The
inset in Fig. 2c shows the near-threshold range from excitation
powers of 0–3 mW, showing a lasing threshold of 0.9 mW.

We investigated the unique gain-switched lasing phenomenon
for the extreme intense excitation power of 100 times the
threshold. Figure 2d presents a time-integrated spectrum (red
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Fig. 2 Femtosecond pulse generation from the gain-switched semiconductor laser. a Schematic of the present gain-switched semiconductor laser
consisting of an active GaAs layer (white) sandwiched between Al0.18Ga0.82As layers (grey). A pulsed laser (green) of 1.59 eV is used for intense impulsive
pumping. The pulsed emission (red) is due to the gain switching, where the high-energy component (blue) of the pulsed emission is extracted by a high-
pass filter. b Time-resolved spectrally integrated emission (red curves) depending on the excitation power associated with the pump pulse waveforms
(green curves). The emission is not spectrally resolved but includes its whole spectrum. c Excitation power dependence of the average output power of the
full spectral waveguide emission. d Time-integrated energy spectra of the full waveguide emission and high-energy component after spectral filtering under
an excitation power of 94mW, plotted as red and blue curves, respectively. e Autocorrelation function of the high-energy component at an excitation
power of 94mW
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curve) of the gain-switched pulses with an output of 2.4 mW and
excitation power of 94 mW. The spectral resolution in the
measurement was 3 meV. The spectrum is centred at 1.51 eV and
anomalously broadened over 80 meV from 1.48 to 1.56 eV. The
blue-dotted curve in Fig. 2d indicates the high-energy component
above 1.52 eV extracted from the red curve by a high-pass filter
inserted between the sample and detector. The centre of mass of
the extracted spectrum is 1.53 eV and the integrated average
power is 50 μW. The blue solid curve in Fig. 2d represents the
normalized spectrum for the blue-dotted curve with a full width
at half-maximum (FWHM) of 12.1 meV. This spectral filtering is
one of the key points in extracting ultrashort pulses beyond the
photon lifetime limit. The reason or the mechanism enabling the
ultrashort-pulse extraction by the spectral filtering will be shown
later on the basis of pulse spectral dynamics.

Figure 2e shows the intensity-autocorrelation function mea-
sured after spectral filtering. The FWHM of the function is 1.04
ps, which ensures sub-picosecond pulse generation. The pulse
width was estimated to be 670 fs from the sech2 of the pulse shape
on the time waveform. Consequently, the peak power was
attained to be 7.5W. Thus, we successfully demonstrated
femtosecond pulse generation with a watt-class peak power by
a gain-switched bulky Fabry–Perot semiconductor laser.

In the present measurements, the sample temperature was set
at 5 K, because the sample cooling exaggerates characteristic
features of the gain-switched pulses, which is helpful for clarifying
the pulse dynamics and underlying physics breaking the photon
lifetime limit. At 300 K, our gain-switched semiconductor laser
generated 1.2 ps pulse width. Experimental data at 300 K, in
comparison with those at 5 K, are summarized in Supplementary
Table 1 (see also Supplementary Note 1 for the pulse dynamics at
300 K in details).

Pulse spectral dynamics. Table 1 summarizes the pulse widths,
round-trip times and photon lifetimes of the present study
compared with those of previous experiments. It can be seen that
the pulses in previous reports are shorter than the round-trip
times and close to the photon lifetimes, consistent with the short-
pulse limitation of gain-switched semiconductor lasers or con-
ventional theoretical models of single-mode rate equations.
Interestingly, the pulse width of 670 fs in our present experiment
is far shorter than the photon lifetime limitation of 3.4 ps. In this
respect, the present femtosecond pulse generation is essentially
different from conventional gain switching or those reported in
other studies40,41. Thus, we further investigated the full pulse
spectral dynamics.

Figure 3 shows the excitation power dependence of the pulse
spectral dynamics measured by a synchronous-scan-mode streak
camera with a time and energy resolution of 3 ps and 3 meV,
respectively (see Methods, time- and energy-resolved measure-
ment system for the configuration and characterization).

The spectra of Fig. 3a, b measured, respectively, at the weak
excitation densities of 1 and 1.5 mW exhibit narrow bandwidths
and featureless structures. The pulse widths and delay time
decrease with excitation power. We note that conventional gain-
switched lasing in single-mode rate-equation models can explain
the spectral dynamics at low carrier densities, i.e., up to several
times the lasing threshold density.

As shown in Fig. 3c at an excitation power of 12 mW (10 times
higher than the lasing threshold), a fast component in the high-
energy region of the spectrum appears and extends towards the
high-energy region, particularly with the increase in excitation
power. Finally, at an excitation power of 94 mW (100 times
higher than the lasing threshold), we obtain a significantly
broadened spectrum, as shown in Fig. 3d, where the fast
component down-chirps from 1.56 to 1.48 eV, resulting in the
bandwidth spread of 80 meV in Fig. 2d.

Figure 3e shows the spectral component filtered spectrally
above 1.52 eV by a high-pass filter. Its energy-integrated wave-
form exhibits a FWHM of 3 ps on the streak camera, which is
limited by its time resolution, and its proper pulse width
was measured to be 670 fs by the autocorrelation experiment
in Fig. 2e. The pulse width of the low-energy component at 1.50
eV is 17 ps, which is longer than the cavity photon lifetime of
3.4 ps.

Theoretical modelling. To interpret the observed phenomena, we
performed theoretical calculations based on the rate equations,

dfαðε; tÞ
dt

¼ f cfα δ ε� εex; tð Þ � fα ε; tð Þ � f thα ε;T tð Þ; μα tð Þ� �

τr

� vgG ε; tð Þϕ ε; tð Þ
D εð Þ ; α ¼ e; h

ð1Þ

dϕðε; tÞ
dt

¼ vgG ε; tð Þϕ ε; tð Þ � ϕ ε; tð Þ
τph

: ð2Þ

for the non-equilibrium intraband carrier distribution fα(ε,t) (α=
e for electrons and h for holes) and multi-mode laser photon flux
ϕ(ε,t) at energy ε and time t. The symbols in Eqs. (1) and (2) have
usual meaning.

All the terms except for the second term in the right hand side
of Eq. (1) are justified as necessary and/or usual terms: since the
observed pulse dynamics depend both on energy ε and time t, we
must at least introduce rate equations for the intraband carrier
distribution fα(ε,t), and laser photon flux ϕ(ε,t), as functions of
both energy ε and time t. As in usual laser rate equations, we
introduced the coupling terms via the gain coefficient G∝ fe+
fh – 1, a cavity loss term with photon lifetime τph, and a pumping
term proportional to δ ε� εex; tð Þ.

The second term in the right hand side of Eq. (1) represents
carrier thermalization term. Here, we assumed carrier thermali-
zation via the carrier–carrier scattering mechanism, which
thermalizes carriers among them with a finite carrier–carrier-
scattering time constant τr (=100 fs)42. We also assumed that
carrier cooling via phonon emission is irrelevant, and is omitted
in Eq. (1).

This assumption was not the only choice. Indeed, in an early
model36 by Koch et al., they made opposite assumptions of
infinitely fast carrier–carrier-scattering and finite carrier cooling
due to optical-phonon emission mechanism. We first tested such
assumptions, but we failed to reproduce our experimental results,
showing a pulse width of 670 fs in a high-energy part shorter than
the photon lifetime. Therefore, we now try our present model
assuming the non-equilibrium carrier distribution with finite

Table 1 Summary of the pulse widths, round-trip times and
photon lifetimes in comparison to previous measurements

Pulse width
(ps)

Round trip
(ps)

Photon lifetime
(ps)

Duguay et al. [35] 2.0 0.08 0.8
Koch et al. [36] 1.2 2.1 0.5
Arakawa et al. [38] 1.8 4.1 2.1
Present study 0.67 6.9 3.4

The pulse widths for previous reports are shorter than the round-trip times and close to the
photon lifetimes with the short-pulse limit in the gain-switched semiconductor lasers.
Remarkably, the pulse width measured in the present study is five times shorter than the photon
lifetime and thus greatly exceeds the limitation
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thermalization rate via carrier–carrier scattering time τr (see
Supplementary Note 2 for the formulation, symbol definition and
discussions on difference from previous theories).

Figure 4a–c present the calculated pulse dynamics ϕ(ε,t) after
impulsive excitation at t= 0 with different initial carrier densities,
where ε measures the photon energy relative to the band gap
energy. For the low-density excitation shown in Fig. 4a, the
spectrum is featureless and exhibits a narrow width. The pulse
width was long. As the excitation power increases, the pulse
gradually decreases in width and delay, as shown in Fig. 4b. The
spectrum starts spreading to the high-energy region. Eventually, a
fast high-energy component appears, as shown in Fig. 4c.

Therein, the blue and red arrows indicate the high- and low-
energy components of the pulse spectrum at ε= 0.149 and 0.040
eV, respectively, for which the time profiles of ϕ are presented in
Fig. 5a, b, respectively.

Note that the pulse width at the blue arrow is 1.1 ps, which is
far shorter than the photon lifetime τph= 3.4 ps. The pulse width
at the red arrow is 14 ps. The present simulation reproduces
effectively the experimental features in the excitation density and
photon energy dependence.

To understand the origin of the short-pulse generation beyond
the photon lifetime limit in Fig. 4c, we depict the corresponding
gain coefficient G in Fig. 4d. The time profiles of G at the blue and
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red arrow energies are presented in Fig. 5a, b, respectively. At the
red arrow or low-energy ε= 0.040 eV, G slowly changes from
gain (G > 0, orange) to transparency (G= 0, white) in picose-
conds. However, at the blue arrow or high-energy ε= 0.149 eV, G
changes rapidly from gain to absorption (G < 0, cyan) in less than
a picosecond. When the laser cavity is transparent (G= 0), the
decay time of laser emission should be equal to the photon
lifetime τph. As G at low-energy ε= 0.040 eV is always positive
(G > 0), the decay time is longer than τph and the pulse width is
limited by τph. However, G at high-energy ε= 0.149 eV rapidly
becomes negative or absorptive (G < 0), which extinguishes
photons in the cavity. Therefore, the decay time becomes shorter
than τph and the pulse width can surpass the photon lifetime
limit.

Discussion
As for the mechanisms that make G change rapidly from gain to
absorption only at high-energy ε= 0.149 eV, our interpretation is
illustrated in Fig. 5c, where we divide the carrier dynamics into
four regimes from (I) to (IV). In regime (I), the high-density
carriers are excited into the active layer by impulsive excitation at
t= 0. In regime (II), ultrafast carrier–carrier scattering induces
intraband thermalization among the carriers, by which

population inversion (fe ~ fh ~ 1) and, thus, a gain form over a
wide energy region covering E1 and E2. In regime (III), significant
stimulated emission occurs rapidly and consumes carriers in the
wide energy region covering E1 and E2, which is just the typical
gain switching operation. Note here that the gain switching
reduces the carrier population only to a transparent density (fe ~
fh ~ 0.5). In regime (IV), ultrafast carrier–carrier scattering also
induces intraband thermalization. As the total carrier density is
lower than that in (II), absorption (G < 0) at high-energy E1 and
gain (G > 0) at low-energy E2 are generated. In reality, (III) and
(IV) occur simultaneously and repeatedly. However, these pro-
cesses reasonably explain the mechanisms that make G change
rapidly from gain to absorption at high energy and slowly from
gain to transparency at low energy (see Supplementary Note 3 for
more detailed explanations).

The above-explained mechanism under extremely intense
excitation includes ultrafast non-linear carrier dynamics and is
beyond conventional gain switching. Therein, the pulse width is
limited by the amplitude of the gain coefficient and
carrier–carrier scattering time, instead of the photon lifetime.

In conclusion, we first demonstrated femtosecond pulse gen-
eration with a pulse width of 670 fs and peak power of 7.5W
directly from a gain-switched semiconductor laser. It was
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performed in a Fabry–Perot laser with a thick bulky active layer
under extremely dense excitation. It differs from conventional
gain switching in that the obtained pulse width of 670 fs is far
shorter than the photon lifetime limit of 3.4 ps. Our theoretical
analysis has demonstrated that carrier consumption by stimulated
emission and ultrafast thermalization among the carriers by
carrier–carrier scattering occur simultaneously and rapidly switch
the gain to absorption in the high-energy region in the emission
spectrum and enable short-pulse generation beyond the photon
lifetime limit. The pulse width is limited by the carrier–carrier
scattering time.

We believe the present study provides feasible designs for
achieving practical femtosecond lasers at various photon energies.
For instance, an electrically driven femtosecond gain-switched
semiconductor laser operating at 1.24 eV (1.0 μm in wavelength)
may be performed with our design strategy and combined with
Yb-doped fibre linear amplifiers in the future. Such a novel
master-oscillator-power-amplifier system based on the gain-
switched semiconductor technology will inherit the highly con-
trollable optical pulses with the robustness and stability (variable
repetition rate, arbitrary timing operation, flexible pulse duration,
waveform spectral control and synchronization to electrical
triggers) and play a key role in prospective non-linear applica-
tions for industrial and social development.

Methods
Overview of the fibre laser system. Supplementary Figure 1a shows a schematic
of our homemade chirped pulse amplification fibre laser system consisting of a 10-
MHz-repetition-rate ML Er-doped fibre laser oscillator, pulse stretcher, Er-doped
fibre amplifier as a pre-amp, ErYb-codoped fibre amplifier as a main amp, pulse
compressor and second harmonic generator. Supplementary Figure 1b and c
present the measured energy spectrum and intensity-autocorrelation function of
the output from the laser system. The peak photon energy and spectral width of the
FWHM are 1.589 and 4.28 meV, equivalent to 1.03 THz, respectively. The time
width of the FWHM of the autocorrelation function is 550 fs, which corresponds to
a pulse width of 360 fs. The maximum average output power is 0.33W. Hence, the
pulse energy per pulse, peak power and time-bandwidth product are 33 nJ, 90 kW
and 0.37, respectively.

Supplementary Table 2 summarizes the output from the laser system with
fundamental waves of 0.795 eV before photon energy conversion, which is
explained in detail in Methods, basic elements of the fibre laser system, in
comparison with a conventional ML Ti:Sapphire oscillator, which indicates that the
output of the fibre laser system is three times as intense as that of the oscillator in
terms of the energy per pulse.

Basic elements of the fibre laser system. As for the basic elements involved in
Supplementary Figure 1a, the Er-doped fibre laser oscillator, which utilizes the
passive mode-locking of non-linear polarization rotation, generates 830-fs pulses at
a photon energy of 0.795 eV with a spectral width of 8.1 meV. The average output
power is 2 mW. The pulse stretcher of a dispersion compensating fibre stretches the
femtosecond pulse width to 88 ps to reduce the peak power and avoid non-linear
effects in the following fibre amplifiers. The pre-amp based on an Er-doped single-
mode fibre pumped by a laser diode at 1.27 eV, equivalent to 976 nm, amplifies the
pulse intensity to an average of 29 mW. After the isolation blocking from backward
pulses, the main amp, based on an ErYb-codoped single-mode-core double-
cladding fibre and pumped at 1.27 eV, further increases the pre-amplified intensity
and yields an average output power of 0.82W. The pulse compressor consists of
transparent-grating pairs in free space and compensates chromatic dispersion in
the chirped pulses by compression to 450 fs with an average output power of 0.61
W and spectral width of 5.34 meV. The peak power is 140 kW. The second har-
monic generator of a periodically poled lithium niobate crystal up-converts the
fundamental waves of 0.795 eV to second harmonics of 1.589 eV. The average
power and spectral width of the harmonics are 0.33W and 4.28 meV, respectively.
Thus, the conversion efficiency is 53%. Supplementary Table 2 summarizes these
pulse characteristics.

Time- and energy-resolved measurement system. Supplementary Figure 2a
shows a schematic of the time- and energy-resolved measurement system based on
the fibre laser system of 10MHz combined with a synchronous-scan-mode streak
camera operating at 80MHz, which enables the dynamical emission to be precisely
characterized with time and energy resolutions of 3.4 ps and 3.0 meV, respectively.
To synchronize the internal clock of 80 MHz installed in the streak camera with the
laser system, we converted a small amount of output from the seeding ML oscil-
lator to electric signals via a photodetector, which has a frequency comb structure

over a THz bandwidth in 10-MHz steps. A bandpass filter extracts the 80-MHz
component from the comb and a radio-frequency amplifier increases the extracted
signal voltage to an appropriate level for the external trigger. Supplementary Fig-
ure 2b presents the timing chart of the measurement, where the green and
black curves represent the external triggers and synchronized sweeps in the
streak camera, respectively. It should be noted here that the emission pulses ori-
ginate from the sample at a repetition rate of 10MHz, as shown by the orange
curve.

Supplementary Figure 2c presents a time- and energy-resolved measurement
for output pulses from the fibre laser system (pulse width of 360 fs and spectral
width of 4.28 meV), where the sample in Supplementary Figure 2a is replaced
with a mirror, which reflects pulses into the streak camera. Supplementary
Figure 2d and e show an energy-integrated time waveform and time-integrated
energy spectrum, respectively. In Supplementary Figure 2d, the FWHM of the time
waveform including timing jitters of the external trigger is 3.4 ps, defined as the
time resolution of the measurement system. The energy resolution has been
determined to be 3.0 meV via the measurement of the bright line at 1.67 eV in the
Ne lamp. As for Supplementary Figure 2e, the FWHM of the energy spectrum is
5.6 meV and is broader than the original spectral width of 4.28 meV because of the
convolution with an energy resolution of 3.0 meV.

Data availability. The data that support the findings of this study are available
from the corresponding authors upon request.
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