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Pulse-width-tunable 0.7 W mode-locked Cr:
forsterite laser
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A mode-locked chromium forsterite laser with output power in excess of 0.7 W, a central wavelength of 1.25 pm, a
pulse repetition rate of 29 MHz, and an output pulse-width-tunable from 40 to 200 fs is demonstrated. The dynamics
behind the buildup of ultrashort light pulses in this laser is shown to involve spectral and temporal breathing due to
the interplay of gain, Kerr nonlinearity, and dispersion effects. The pulse-width-tunable 1.25 pm output delivered by
the developed laser source suggests a powerful tool for nonlinear-optical bio-imaging and offers an advantageous

front end for extreme-power laser technologies.
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Mode-locked chromium forsterite laser systems [1-5] are
gaining prominence as advantageous sources of ultra-
short pulses offering unique options for a broad class
of optical technologies. With the spectrum of a short-
pulse Cr: forsterite laser output centered at 1.25 pm, such
lasers help achieve larger penetration depth in biological
tissues [6] and allow third-harmonic generation [7,8] in
the spectral region where the attenuation of the third
harmonic is not as dramatic as it is for Ti: sapphire laser
pulses. Mode-locked Cr: forsterite lasers integrated with
photonic-crystal fiber wavelength shifters and supercon-
tinuum sources have been shown to provide a powerful
tool for time-resolved studies of ultrafast processes in
molecular aggregates and carbon nanotubes [9], as well
as for the coherent excitation and probing of optical
phonon modes in solid-state photonics [10].

Chromium forsterite lasers also promise to fill their
niche in ultrafast optical technologies. With specially
designed chirped mirrors, a Cr: forsterite laser oscillator
can deliver light pulses as short as 14 fs [5], which cor-
respond to approximately three field cycles at 1.3 pm. An
average power as high as 1.4 W has been achieved for a
sub-100 fs output of a Cr: forsterite laser oscillator [11],
and peak powers as high as 425 kW have been demon-
strated [12].

Here we demonstrate a mode-locked Cr: forsterite
laser that combines 40-t0-200 fs pulse-width tunability
with a peak power of 0.6 MW and an output average
power in excess of 0.7 W at a pulse repetition rate of
29 MHz. We show that the dynamics behind the buildup
of ultrashort light pulses in this laser involves spectral
and temporal breathing due to the interplay of gain, Kerr
nonlinearity, and dispersion effects. The pulse-width-
tunable 1.25 pm output delivered by the developed laser
source offers a powerful tool for nonlinear-optical bio-
imaging and suggests attractive solutions for extreme-
power laser technologies.

Our chromium forsterite laser oscillator employs a
z-fold cavity design (Fig. 1), which is intended to increase
the cavity length for higher output energy. A 17 mm long
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Crt :Mg,SiO, crystal is pumped with an 8 W laser-
diode-pumped ytterbium fiber laser output at 1030 nm.
The laser crystal, cooled down to 278 K, is located
between a pair of 100 mm curvature-radius focusing
mirrors. In agreement with the earlier studies [11,13],
an increase in the temperature of the forsterite crystal
in our system reduced the lifetime of the upper laser state
and decreased the quantum yield of fluorescence. A semi-
conductor saturable-absorber mirror (SESAM) with a
response time of 2 ps and modulation depth of 0.025 is
used as a rear reflector of the laser cavity. Radiation is
coupled out of the cavity through a 10% mirror. The
net cavity dispersion is adjusted with a pair of SF57
prisms, separated by distance d and placed either in front
of the SESAM rear mirror (scheme 1) or in front of the
output coupler (scheme 2).

Short-pulse operation of the laser cavity was analyzed
in the framework of the 1D pulse-evolution model [14,15],
which includes dispersion, saturable gain, Kerr nonli-
nearity, self-steepening, and saturable absorption inside
the laser cavity. The buildup of the laser pulse in the laser
crystal is described by the equation
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where A(, 2) is the field amplitude, A(w, 2) is its Fourier
transform, 7z is the time in the retarded frame of
reference, w is the frequency, z is the coordinate
along the cavity, P(z) = |A(y.2)|? is the power, W(2) =

_T;i /22 |A(5, 2)|>dy is the energy, Ty is the cavity round-
trip time, D(w) = ko(w — 0)2/2 + k3(w — w,)? /6 is the
dispersion operator, @, is the central frequency,
ky = 0°k/0w?|,, . k3 = 0’k /0w?|,,, are the second- and
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third-order dispersion coefficients, k(w) is the wave num-
ber, y, is the nonlinear coefficient at the frequency w, ¢
is the speed of light, y, is the nonlinear coefficient,
T =1+iw;'d/on, g(w)= go[l - (w0 - y)*>/Aw?] is the
gain, g, is the small-signal gain, Aw is the gain bandwidth,
W is the gain saturation energy, q, is the mode-locking
parameter, and Pg; is the mode-locking saturation
power. Dispersion of the laser crystal is included in
the model through the data from [16]. The dispersion
of the prism pair was included [15] by adding a spectral
phase A'(w,2) = A(w,2) exp{i[fs(w - wy)* + f3(@ - @)’}
where f; and f; are the coefficients [17] in the terms
accounting for the quadratic and cubic phase induced
by a round trip through the prism pair. The saturable
absorber was included in simulations through the model
developed in [18].

The interplay of the gain with nonlinear optical and
dispersion effects translates into characteristic breathing
dynamics of the key parameters of the laser pulse build-
ing up inside the laser cavity. This dynamic is clearly seen
in Figs. 2 and 3, showing how the pulse width, the band-
width, and the pulse energy change along the laser cavity.
When passing through the laser crystal from point A to
point B (shown in Fig. 1), the laser pulse experiences
amplification and self-phase modulation (SPM) due to
the Kerr nonlinearity of the laser crystal, giving rise to
the increase in the energy [Fig. 2(b)], field intensity
[Figs. 3(a) and 3(b)], and the bandwidth [Figs. 2(a),
3(e), and 3(f)] of the laser pulse. The positive chirp
induced by SPM is then compensated by the prism pair
[cf. Figs. 3(f) and 3(g)], giving rise to the shortest pulse
width inside the cavity [Figs. 2(a) and 3(c)], which is
observed at point C (Fig. 1). When the net dispersion
of the cavity is set at S, ~ —1560 fs?, the pulse width
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Fig. 1. Diagram of the Cr: forsterite laser with spectrograms
calculated for reference points inside the laser cavity: Cr: F,
Cr: forsterite crystal; P1 to P2, prisms; M1 to M8, mirrors;
Yb, ytterbium fiber pump laser.
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Fig. 2. Pulse width (solid line) and the bandwidth (dashed
line) of the laser pulse (a) and the pulse energy (b) and (c)
at different points inside the Cr: forsterite laser cavity in
scheme 2 (b) and scheme 1 (¢) with yy = 0.45 MW cm™,
ky =490 fs?/em, kg = 1680 fs?/cm, f, = -3220 £s%, f5 =
-6270 fs*, d =39 cm, q=04mm, Py, =25MW, g,=
4cm !, W, =78n], and P, = -1560 fs>. The spectral-
bandwidth and spectral-width curves in panel (a) for schemes
1 and 2 are almost indistinguishable.

of a laser pulse at point C is 47 fs [Figs. 2(a) and
4(b)], which is only 3 fs longer than the transform-limited
pulse width [cf. the solid and dashed lines in Fig. 4(b)]
supported by the entire spectrum of the pulse behind
the laser crystal [Fig. 4(d)].

On its way back from point C to point D, the pulse
acquires a negative chirp due to the dispersion of the
prisms [Figs. 3(d) and 3(h)]. Amplification of such a neg-
atively chirped pulse in the laser crystal is accompanied
by spectral narrowing due to the Kerr nonlinearity of the
laser crystal [the DA section in Fig. 2(a)], which recovers
the pulse we started with at point A. For f,.; ~ —1560 fs?
(Figs. 2—4), the pulse at this point has a pulse width of
106 fs [the solid line in Fig. 4(a)], while the transform-
limited pulse width supported by the entire spectrum
of the pulse in this section of the laser cavity [Fig. 4(c)]
is 54 fs [the dashed line in Fig. 4(a)]. The output pulse
widths and energies measured in experiments for both
laser schemes agree well with the results of simulations
[Figs. 4(c) and 5(a)]. Within this range of parameters, the
SESAM mirror serves to suppress the cw radiation com-
ponent and increases the threshold for the two-pulse
regime, but does not have any noticeable influence on
the evolution of the pulse width and spectral width along
the laser cavity.

The shortest pulse width and the highest peak power
of the laser output are achieved when the nonlinear
phase shift acquired by the light pulse inside the laser
cavity is precisely balanced by the dispersion-induced
phase shift. This argument is illustrated by simulations
presented in Fig. 3, showing the temporal shapes and
spectra of the laser pulse along with its temporal and
spectral phase at the key points inside the laser cavity.
The gain, nonlinearity, and dispersion inside the cavity
are adjusted in such a way that, at the points A and C,
i.e., on the cavity mirrors, the laser pulse has an almost
flat phase [Figs. 3(a), 3(c), 3(e), and 3(g), where an
ideally flat phase is shown by the dashed-dotted line).
The nonlinear phase ggpy = 7|A|?L due to SPM inside
the laser crystal with length L [dashed-dotted line in
Fig. 3(b)] is accurately compensated, as can be seen from
Fig. 3, as well as from the spectrograms in Fig. 1, by the
phase induced by intracavity dispersion, which is domi-
nated by the tunable dispersion of the prisms [shown by
the dashed-dotted line in Figs. 3(f) and 3(h)] and in-
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Fig. 3. Evolution of (a)-(d) the pulse envelope (navy solid
line) and temporal phase (pink dashed line), as well as (e)
through (h) the spectrum (navy solid line) and the spectral
phase (pink dashed line) at the points A (a) and (e); B (b)
and (f); C (c) and (g); D (d) and (h) in the Cr: forsterite laser
cavity with parameters as specified in Fig. 2. Blue and green
dashed-dotted lines show an ideally flat phase (a), (c), (e),
and (g), the phase ¢gpy (b) and —¢gpy (d) induced by SPM
in the laser crystal, and the phase induced by the dispersion
of the prisms (f) and (h).

cludes a constant component due to the dispersion of the
laser crystal. With the dispersion of the Cr: forsterite
crystal fixed, dispersion compensation by a prism pair
is possible only for moderate field intensities.

When the nonlinear phase profile becomes too compli-
cated so that it can no longer be approximated by a
low-order polynomial, more sophisticated dispersion
compensation components, e.g., specially designed
chirped mirrors [5], would be necessary.

Overall, the pulse dynamics in our laser was consistent
with the dispersion-management scenario [19], with the
TBP of the laser pulses with the shortest pulse width
and maximum peak power being close to the TBP of a
hyperbolic-secant pulse, indicating an optimal balance
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Fig. 4. Pulse width (a) and (b) and spectra (c) and (d) of the
laser pulse at points A (a) and (c) and C (b) and (d) in the Cr:
forsterite laser cavity with parameters as specified in Fig. 2.
Transform-limited pulses are shown by the dashed line. The
experimental spectrum (red line) is shown versus simulations
(blue line) in panel (c).

between dispersion and nonlinearity. However, a
periodic perturbation of the laser pulse by the gain
and saturable absorption inside the cavity at this level
of peak powers and pulse widths was found to induce
a parametric instability, which can lead to a breakup
of the laser pulse [20]. In the frequency domain, this
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Fig. 5. (a) Output pulse width (solid and dashed lines) and the
time-bandwidth product (dotted and dashed—dotted lines) for a
Cr: forsterite laser as a function of the net cavity dispersion for
scheme 1 (dashed and dotted lines) and scheme 2 (solid and
dashed-dotted lines) with laser parameters as specified in
Fig. 2: (lines) simulations, (dots) experimental results. (b) Ex-
perimental (solid line) and theoretical (dashed line) output
spectra for f, = -8860 fs?, f; = -15850 fs®, d = 83 cm, and
Pret = —7200 fs> and (c) The laser output spectra for (curve
1) fy=-32201s%, B3 =-62701s?, and p = 1560 fs?,
d=39cm, (curve 2) fy=-4630fs%, 3 = -8670 fs>,
d=50cm, and pfpe =-46301s?, and (curve 3) f, =
-8860 fs?, B3 = 15850 fs?, d =83 cm, and e = 7200 fs?
with 7, =0.54MW-!cm™!, k,=490fs?/cm, ks=1680fs?/cm,
¢g=10mm, P, =25MW,g,=4cm! and Wy, = 17.8 nJ.
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modulation-instability-type effect is manifested in well-
resolved spectral sidebands observed on either side of
the maximum in the laser spectrum. The frequencies
of these sidebands, often referred to as the Kelly side-
bands, which are clearly seen in experimental laser
spectra [Figs. 4(c) and 5(b)] and accurately reproduced
by our simulations [cf. the solid and dashed curves
in Fig. 5(b)], are highly sensitive to the net cavity
dispersion. Decreasing the cavity dispersion in its abso-
lute value [from -7200 fs? to —1560 fs? in Fig. 5(c)],
we increase the frequency offset of the Kelly sidebands
from the central laser frequency from 5.5 to 10.5 THz [cf.
curves 1 to 3 in Fig. 5(c)], thus extending the stability
range of laser pulses toward shorter pulse widths.

The pulse width on the mirrors of the laser cavity, that
is, at points A and C (Fig. 1), can be smoothly tuned by
varying the cavity dispersion. In particular, as the abso-
lute value of the net cavity dispersion f,; is tuned from
-1200 fs? to —8800 fs2, the pulse width increases from
90 to 200 fs at point A and from 40 to 125 fs at point
C [Fig. 5(a)], with the time-bandwidth product (TBP)
of these pulses varying as shown by the dotted and
dashed-dotted lines in Fig. 5(a). With an appropriate ad-
justment of the pump power, the output laser energy
could be kept almost constant at least in the range of
net cavity dispersion values from -1500 fs? to
-9500 fs?, yielding a maximum energy of about 245 nJ
at point C in a laser with a 10% outcoupling mirror. Such
a laser delivers output pulses with energy above 24 nJ at
a pulse-repetition rate of 29 MHz, corresponding to an
average output power above 0.7 W. In scheme 2, where
the output pulse width is 40 fs in this regime [solid line in
Fig. 5(a)], the output peak power is 0.6 MW, which is sub-
stantially higher than the level of peak powers achieved
in the earlier work. Typical results of autocorrelation
pulse-width measurements performed at this level of
Cr: forsterite laser output energies [rectangles in
Fig. 5(a)] agree well with the results of simulations [solid
and dashed lines in Fig. 5(a)].

In its output peak power, pulse repetition rate, and
the attainable range of pulse widths, the Cr: forsterite
laser demonstrated in this work is ideally suited for a
broad class of nonlinear-optical bio-imaging applications
[6,7], including nonlinear-optical brain imaging [8]. Pulse
and bandwidth tunability of the short-pulse Cr: forsterite
laser output drastically enhance the versatility of such
lasers, allowing, e.g., a single compact mode-locked
Cr: forsterite oscillator to be used in multiphoton/
harmonic-generation and coherent Raman modes of
imaging. Such field waveforms can be further broadened
and wavelength-shifted using photonic-crystal fibers [21],
enabling the creation of practical sources for nonlinear-
optical imaging and opening the ways toward the
development of compact single-cycle waveform synthe-
sizers. In extreme-power laser technologies, the central
wavelength of short-pulse Cr: forsterite laser output
hits an ultrabroadband phase-matching region for
nonlinear-optical crystals [22], enabling optical paramet-
ric chirped-pulse amplification of extremely short-field
waveforms.
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