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STABILIZATION OF FEMTOSECOND PULSE GENERATION
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ON A Mg,SiO, : Cr** CRYSTAL DUE TO SPECTRAL UNLOADING
OF THE RESONATOR INTO KELLY SIDE COMPONENTS
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Abstract. Increasing the efficiency and stability of femtosecond pulses generation in solid-state lasers
has great significance for technological processes. At the same time, there is a need for research into
a number of physical issues. The variable action of the instantaneous Kerr nonlinearity in the crystal,
necessary for passive mode locking of the resonator, and the dispersion of the prisms, providing gener-
ation of ultrashort pulses, inevitably leads to regular perturbation of the shape of the generated pulses.
In our work, we study the loss transformation regimes in a passive mode locking femtosecond laser pulses
oscillator on a Mg,SiO,:Cr** crystal (chromium-forsterite) when the intracavity peak field power of the
order of 2 MW, close to the critical self-focusing power. Analysis of the spectra and pulse durations
in various parts of the cavity shows that the quasi-soliton pulse generation regime with the maximum
peak power for the laser is supported by removing excess energy from the cavity through the generation
of spectral Kelly sidebands and broadening the pulse spectrum beyond the gain of the active medium.
A strong broadening of the pulse spectrum in the crystal upsets the balance of dispersive and nonlinear
phase shifts and leads to deformation of the generated pulse shape. Additional passive losses arising due
to nonlinear transformation in the crystal significantly reduce the efficiency of laser generation and limit

peak power of the pulses.
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1. INTRODUCTION

Ultra-short laser pulses have been widely used for
two decades in fundamental physical research: in the
field of interaction of extreme electric fields with matter
[1, 2], material sciences [3], astronomy [4], and metrol-
ogy [5]. The development of femtosecond pulse sourc-
es has led to new methods of noninvasive visualization
of biological tissues with subcellular spatial resolution
based on classical phenomena of nonlinear optics: gen-
eration of optical harmonics and two-photon excitation
of fluorescence [6, 7]. Combining several techniques
into a multimodal imaging tool opens up a wide range
of possibilities for optical biopsy [8], intraoperative

histology [9], and lifetime markerless imaging [10, 11],
but places high demands on the parameters of the laser

source. Femtosecond pulse generators on Mg28104:Cr4Jr
(chrome forsterite) crystal [12] occupy a special place
in multiphoton microscopy and nonlinear spectros-
copy of living systems due to the fact that radiation
at a central wavelength of 1.25 um has a relatively large
penetration depth into biological tissues, which makes
it possible to reconstruct the spatial distribution of flu-
orescent markers from a great depth under two-pho-
ton excitation, and the generated second and third
harmonics fall into the tissue transparency regions
near 630 nm and 420 nm [13, 14, 15, 16]. Increasing
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the peak power of oscillator pulses is particularly im-
portant for increasing the sensitivity of nonlinear op-
tical spectroscopy and radically increasing the depth
of microscopy imaging due to three-photon excitation
of fluorescence [17, 18, 19, 20].

High peak power of the laser output pulses
is achieved with increasing energy and decreasing pulse
duration at careful tuning of the total dispersion of the
resonator group delays (GDD), equal to the sum of the
dispersion of the second-order group delays of each
resonator element, over the entire wavelength range
of the crystal gain bandwidth. In a typical soliton-like
laser with passive mode synchronization, the added
energy that the pulse receives at each resonator bypass
in the active medium does not fully correspond to the
temporal and spectral profile of the fundamental soli-
ton. Periodic perturbations of dispersion, nonlinearity,
and amplification of the pulse during its propagation
in the laser resonator lead to the fact that, due to phase
matching and different group velocities of the soliton
pulse and dispersion waves [21] (DW, low-intensity
light waves), part of the soliton energy inevitably flows
into dispersion waves in the process of the amplified
pulse acquiring the necessary shape to realize the bal-
ance of the effect of nonlinearity and dispersion on the
pulse. This is most clearly manifested in fiber pulse
lasers as the formation of symmetric Kelly spectral
components due to the physical processes of nonlinear
phase modification and relatively weak amplification
stretched along the bulk of the resonator [22, 23, 24].
The exponential growth of such parasitic components
at the edges of the soliton spectrum leads to competi-
tion for pump energy and nonlinear cross-interaction
with the main pulse, manifested in power instability
and loss of generation of soliton-like pulses [25]. The
limited effect of the Kelly spectral components in fi-
ber lasers on generation is explained by the relatively
small gain width of light guides doped with rare-earth
metal ions [26]. However, the introduction of addition-
al losses at Kelly component wavelengths using spec-
tral filters can improve laser stability: reduce power
noise, time jitter, and increase the time contrast of the
intensity envelope [27, 28]. In solid-state lasers, Kel-
ly components can also have a negative effect on the
stability of pulsed laser generation, although it is more
difficult to observe them due to the spaced nonlin-
ear effects on the pulse and its compensation in the
prism compressor or chirped mirrors. In femtosecond
lasers on chrome forsterite crystals, nonlinear phase
raid is more pronounced than in other solid-state la-
sers because of the use of longer active elements due
to the relatively low pump absorption coefficient [29,
30]. This inevitably leads to spectrum broadening,

nonlinear optical conversion of the pulse, and addi-
tional passive losses. Selective removal of radiation
from the resonator at the frequencies of the generated
Kelly components can increase the energy of the sup-
ported quasi-soliton pulse.

In this work, we study the effect of unloading the
resonator of a laser on a chromium-forsterite crystal
with passive mode synchronization on the Kerr non-
linearity, generating quasi-soliton pulses with duration
up to 30 fs and intracavity peak power up to 2.2 MW,
accompanied by strong Kelly components, on the
ability to maintain a stable mode of generation under
strong pumping. The spectra and durations of radia-
tion at different points of the resonator at varying the
transmission coefficient of the output mirror have been
investigated. The influence of phase self-modulation
of pulses on the limiting intensity of generated pulses
was shown. It is shown that at generation of extremely
short pulses of high intensity in the chromium-forster-
ite crystal there is a spectral transformation of puls-
es leading to the growth of passive losses in the laser
resonator.

2. MATERIALS AND METHODS

Experimental studies of the peculiarities of the for-
mation of Kelly spectral components in a solid-state
laser were carried out on a mockup of a femtosecond
chromium-forsterite laser with passive mode synchro-
nization on the Kerr nonlinearity, assembled accord-
ing to a standard Z-shaped scheme to compensate
for beam aberrations in the active element with the
possibility to vary the output mirrors M1 (Fig. 2 a).
The pump radiation of a 14 W ytterbium fiber laser
(IRE-Polus, Russia) was focused by a lens with a focal
length of 15 cm through a spherical mirror M2 into

a 15 mm long MgZSiO4:Cr4+ crystal maintained

at +5°C with the ends cut at a Brewster angle. The
absorption coefficient of the crystal at a wavelength

of 1064 nm was 1 cm™!. Collimation of luminescence
from the crystal was accomplished by spherical mir-
rors M2 and M3 with a radius of curvature of 15 cm.
A pair of nearly equilateral prisms made of SF14 glass,
spaced 35 cm apart, was used to compensate for the
normal dispersion of the group delays of the resonator
and to fine-tune the dispersion. The flat mirror M5,
outputting the long-wavelength radiation from the res-
onator, had a transparency boundary at a wavelength
of 1490 nm.

The radiation characterization was carried out
behind the output mirror M1 and mirror M5. The
spectra were recorded by an InGaAs spectrometer
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Fig 1. a — Optical scheme of the laser resonator: M1 — output mir-
ror, M2, M3 — spherical mirrors with radius of curvature 15cm;
M4, M5 — flat mirrors; P1, P2 — prisms made of SF14 glass; Cr —
crystal MgZSiO4:Cr4+; Pump — collimator of ytterbium fiber pump
laser PYL15-LP; L — pump radiation lens with focal length 15cm;
SP — spectrometer; FD — FD-2G avalanche-mode LED. b5 —
Spectral characteristics of 10%, 5%, and 0.2% output mirrors.

SDH-IV (SOLAR LS, Republic of Belarus). The cor-
relation functions of pulses were recorded with a scan-
ning autocorrelator AA-M (Avesta-Project, Russia).
The average radiation power was registered by a 407-
A thermal power meter (Spectra-Physics, USA). The
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pulse repetition rate was 100 MHz and was con-
trolled by an avalanche-mode germanium photodiode
FD-2G (USSR). In this work, we analyzed the pulse
generation features and Kelly spectral components
during passive mode synchronization in the laser
at a fixed pump level and varying the transmittance
of the M1 output mirror from 10% to 0.2% in the
1200-1350 nm window (Fig. 1 b). For each output
mirror, the laser resonator was tuned to the maximum
average power in the stable pulse generation mode. The
output average laser power in the femtosecond genera-
tion mode was approximately 5-10% higher than in the
continuous generation mode for the same alignment
of the optical elements of the resonator. Discrimina-
tion of such a level between continuous and pulsed
modes ensured stable operation of the laser in the
pulsed mode. The laser switched from continuous
to pulse mode spontaneously or at a slight fluctuation
caused by a light impact on the optical table.

3. CALCULATING THE RESONATOR
DISPERSION

Soliton solid-state lasers with passive synchroniza-
tion, including those on a chromium-forsterite crystal,
provide stable generation of ultra-short pulses in the
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Fig 2. Calculated dependences of GDD (black lines) and TOD (blue lines) of the crystal (@), prisms (b), prism compressor (c), and the en-
tire resonator (d). The GDDs and TODs of the individual resonator elements are shown for a single pulse traversal through the resonator.
The GDDs (b, d) are plotted for the prism contribution Dpr =1 100 fs? (solid line), 1 200 £s? (dashed line), and 1 300 fs? (dot-and-dash
line) at a wavelength of 1260 nm, corresponding to effective prism thicknesses / pr = 0f6.6,7.2, and 7.8 mm, respectively.
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regime of anomalous total GDD of the resonator (Fig. 2),
which we will call “solitons” for short.

Formation of such a pulse is due to the effects
of nonlinear phase increment mutually compensating
for the full bypass of the resonator

¢nl = ZYP lcr’
where
_ 0nyn
c A’
[, ny, ny are the length, linear and nonlinear refractive

indices of the crystal, respectively, 4 is the effective
nonlinear mode area in the crystal, and the total dis-
persive phase overlap

_1 5
(l)d _EOJSZDI"

where

is the spectral width of the soliton, and t is the half-
height duration, D is the group delay dispersion of the
i-th element of the resonator. The condition for the ex-
istence of the soliton

>D,=D,+D, +D, <0, (1)
where
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describe the contributions of the material dispersion
of the crystal and prisms, as well as the angular dis-
persion of the prism compressor, respectively [31]. The
contribution of the third-order group delay dispersion
(TOD), the analysis of which allows us to estimate the
supported spectral width of the formed pulses, is cal-
culated by the formula

4 2 3
7= AT 38n+k8n 3)
w3 oAd

for optical elements with thickness / and

2
7 = —61* o, | on, .\ la n, @
O 2B oA | oA o2

for the prism compressor for a complete bypass of the
resonator. The material dispersion of SF14 prism glass
and forsterite crystal was calculated using the refrac-
tive index data in [32, 33]. Taking into account the
thicknesses of optical elements and distances between
the prisms measured on the bench, the GDD and TOD
of the key nodes of the resonator: crystal, prisms, and
compressor were plotted (Fig. 2 a-c). The total GDD
was adjusted by moving prism P2 inside the resonator,
i.e., by varying the amount of positive dispersion in-
troduced by the material of prism P2. The minimum
positive GDD introduced by the material of the two
prisms when the pulse double-passed the laser resona-
tor and the beam traveled through the prisms was ap-
proximately 1100 f® ata wavelength of 1260 nm (solid
black line in Fig. 2 b). Fig. 2 d shows the calculated
group delay dispersion curves for the circular pulse tra-
versal of the entire resonator, corresponding to three
P2 prism positions spaced 0.5 mm apart in the di-
rection perpendicular to the beam propagation in the
prism, which adds 100 fs? per shift. As will be shown
later, all stable modes of pulse generation in the la-
ser corresponded to an anomalous GDD of the or-
der from —600 fs* to =300 fs? in the wavelength region
of the crystal gain band, which satisfies the necessary
condition for the existence of soliton-like pulses in the
resonator.

4. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

As the experience of practical application shows,
the highest output average power of the chromophor-
sterite laser is achieved at the transmission coefficient
of the output mirror of about 10% [29, 30, 34, 35],
so the studies were started with this mode. Fig. 3 shows
spectra 2 and 4 (dashed lines) of the radiation after the
output mirror M1 at values of the positive GDD of the

prisms at a wavelength of 1260 nm, respectively 1180 fs?

and 1270 fs. Spectra 1, 3, and 5 (solid lines in Fig. 3),
recorded after the M5 rotating mirror, at GDD prism
values of 720 fs?, 1180 fs?, and 1270 fs*, contain
a broad spectral shoulder in the 1400-1500 nm region
well outside the gain band of the chromium-sterite la-
ser element.

This feature of the spectrum does not appear after
the output mirror M1. When tuning the GDD prisms
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Fig. 3. a — Emission spectra of the chrome forsterite laser be-
hind the blanking mirror M1 (dashed lines) and breaking mirror
M35 (solid lines) with M1 transmittance of 10% at GDD prisms
of 720 s (black line), 1180 fs? (blue lines) and 1260 fs? (red lines).
b — Interference autocorrelation function of pulse intensity (IA)
at 1180 fs? prism dispersion. ¢ — Dependences of average power
and product AvAT of pulses on resonator dispersion.

in a wide range from 720 fs? to 1270 fs2, which corre-
sponded to a shift of 3 mm in the direction perpen-
dicular to the beam, the resonator maintained a stable
mode of femtosecond pulse generation without addi-
tional alignment of optical elements, changes in pump
power and crystal temperature. Fig. 3 b shows the
autocorrelation function of the pulse after the output
mirror M1, which has a duration of about 43 fs, close
to the limiting duration (Fig. 3 b), at a prism dispersion
value of 1180 fs%. The product of the spectrum width
and the duration of the autocorrelation function AvAT
is an important quantity that characterizes the pulse
shape. Indeed, for the autocorrelation function shown
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in Fig. 3 b, the product of the spectral width and dura-
tion AvAt = 0.48, which is close to the value for a spec-
trally-limited Gaussian-shaped pulse AvAt qaus 0.44.

Reducing the prism contribution to 720 fs? leads
to the formation of a pulse of about 63 fs duration with
more gentle fronts, the shape of which is closer to the
shape of the fundamental soliton. This shape is con-
firmed by the ratio AvAt = 0.37, which is close to the
ratio for the hyperbolic secant AvAt , , = 0.32 of the
fundamental soliton. On the contrary, increasing the

contribution of GDD prisms to 1270 fs? leads to the
formation of radiation with a duration of only about
34 fs with a spectral width of up to 91 nm. Compensa-
tion for nonlinear and dispersive phase overlap is very
difficult to maintain over such a wide frequency range
without residual chirp, which is reflected in the product
AvAT = 0.54 (Fig. 3 ¢) and distortion of the symmetric
pulse shape. Increasing the total GDD of the resonator

from —910 fs® to —365 fs? results in a nearly threefold
spectral broadening of the pulse from 32 nm to 91 nm,
a decrease in its duration from 63 fs to 34 fs, and in its
energy from 9.4 nJ to 6 nJ, giving estimates of the tun-
ing peak radiated power inside the chrome forsterite
crystal of 1.5 MW, 1.8 MW, and 1.7 MW. These peak
powers come very close to the critical self-focusing
power in the forsterite crystal P, = 7 MW calculated
fromn, =2- 107" wlem™ [36]. Thus, the increase
in the intensity of components in the region of 1350-
1500 nm in the experiment and the decrease in the
average power of the output laser pulses behind the
M1 mirror are explained by the arising additional
sources of losses in the resonator due to effective non-
linear-optical transformations of radiation. Note that
the typical value of energy losses bypassing the resona-
tor due to synchronization of the laser modes by a Kerr

lens is about 10~ of the pulse energy [37].

The different position and shape of the spectra after
mirrors M1 and M35 at the same value of the resonator
dispersion can be caused both by the spectral charac-
teristics of mirrors M1 and M5 and by the different
divergence of the spectral components of the main
band with the central wavelength of 1260 nm and
the Kelly components in the region of 1150 and
1450 nm. The spectra after mirror M1 were record-
ed in the far zone, and after M5 directly behind the
mirror. The measurements of the spectra at different
distances from the mirrors M1 and M5 showed that
the ratio of the intensities of the bands in the region
of 1450 nm and 1250 nm behind the mirror M5 does
not depend on the distance from the mirror to the in-
tegral sphere of the spectrometer, while the intensity
of the band in the region of 1150 nm behind the mirror
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Fig. 4. a — Emission spectra of a chrome forsterite laser behind
ablanking mirror M1 (dashed line) and a breaking mirror M5 (sol-
id lines) with M1 transmittance of 5% at GDD prisms of 1120 fs?
(black and green lines), 1220 £s? (blue line), 1270 £s? (red line), and
1300 fs? (purple line). b — Interference autocorrelation function

of pulse intensity (IA) at 1300 fs prism dispersionz. ¢ — Depen-
dences of average power and ratio AvAt of pulses on resonator
dispersion.

M1 decreases with respect to the intensity of the band
in the region of 1250 nm with increasing distance from
the mirror. This indicates that the emission in the gain
band and the Kelly component in the 1150 nm region
have different divergence. The appearance of spectral
components in the region of 1150 and 1450 nm is due
to the extremely high peak power of radiation in the
crystal, leading to the appearance of Kelly peaks
in the resonator. Thus, when the GDD of the resona-
tor approaches zero, an additional loss channel of the
generated radiation grows in the resonator as a result
of energy pumping from the main band to the 1150 and
1450 nm bands. It can also be seen that the maximums

in the spectra recorded after mirrors M1 and MS5 shift
to the long-wavelength region as the prisms’s GDD in-
creases, which can be explained by the change in the
GDD of the resonator (the total GDD of all elements
of the resonator) as the GDD of the prism material in-
creases (Fig. 2).

We then proceeded to analyze the resulting puls-
es in the laser when the output mirror transmittance
was reduced to 5%. The prism dispersion varied from

1120 fs? to 1300 fs? . Figure 4 shows the pulse spec-
tra in the resonator after the rotating mirror M5 and
after the output mirror M1. With the increase of the
total GDD of the resonator in the recorded spectra
(Fig. 4), there is an increase of components in the
1400-1550 nm band and a decrease of the average laser
output power from 500 mW to 320 mW, which corre-
sponds to pulses with energies of 5 and 3.2 nJ. In the
correlation functions of the output pulses for all the
presented spectra, a positive frequency chirp in the
form of “wings” at the edges of the main peak of the
correlation function was observed (Fig. 4 b) [38]. In-
creasing the prism dispersion by moving the prisms
into the laser beam results in a small duration varia-
tion from 47 fs to 35 fs, which corresponds to a vari-
ation of the peak pulse power in the resonator from
1.9 to 2.1 MW. The generated pulses have a very large
chirp, which is reflected in the variation of the product
AvAT from 0.43 to 0.7 (Fig. 4 ¢) and is explained by the
impossibility of perfect phase overlap compensation
for pulses with spectral widths up to 80 nm. The in-
terferometric autocorrelation function of such pulses
acquires a small “pedestal” (Fig. 4 b).

In the case when a highly reflective mirror M1 was
installed in place of the output mirror M1, the spectra
shown in Fig. 5 were recorded.

Here, putting the prisms into the beam changed the

dispersion from 1120 fs? to 1320 fs°. Fig. 5 b shows the
characteristic autocorrelation function of a pulse with
a spectral width of about 90 nm formed at a disper-

sion of 1280 fs2. It can be seen that a double-humped
pulse structure is formed here, which recognizes the
successive strong effects of phase self-modulation and
group velocity dispersion, leading to a strong disper-
sion of the red and blue wings of the spectrum [31].
The passive loss of generated radiation in the forsterite
crystal by absorption of radiation at 1250 nm wave-
length was about 7%, and the total loss by transmission
of radiation at the M1-MS5 resonator mirrors was about
1%. It can be seen that the components in the 1400-
1550 nm region in the resonator increased significant-
ly, and the energy transfer from the generation band
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Fig. 5. a — Emission spectra of a chrome forsterite laser behind
an M5 breaking mirror (solid lines) with an M1 transmittance
0of 0.2% at GDD prisms of 1120 fs? (green line), 1160 fs? (blue line),
1200 fs? (blue line), 1240 fs? (maroon line), 1280 fs? (red line), and
1320 fs? (violet line). b — Interference autocorrelation function
of the pulse at 1280 fs? prism dispersion.

to the Kelly side components increased. In four-wave-
length nonlinear optical interaction, as in phase
self-modulation of the pulse, new spectral components
are formed on both sides of the central wavelength
of the pulse. The intensity of the long-wavelength
components in the spectrum is much stronger than
the short-wavelength components; this is explained
by the presence of strong absorption of chrome for-
sterite in the range up to 1150 nm [39]. For our crystal
at the wavelength of 1150 nm, the absorption is 27%.
The spectral components in the 1150 nm range, aris-
ing from the pumping of pulse energy from the main
band at 1250 nm in the process of four-wave interac-
tion and spectral broadening of the generated puls-
es, also undergo strong absorption in the crystal and
do not appear in the spectra behind the M5 mirror
against the background of strong bands in the 1250 and
1450 nm region.

To better understand the peculiarities of the pulse
energy flow into the lateral components, a theoretical
analysis of pulse generation in a laser with passive mode
synchronization operating in the quasi-soliton mode
of pulse formation was carried out. The excess energy,
which arises at the pulse each pass and cannot be en-
capsulated in the fundamental soliton, can be directed
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to amplify the dispersive wave located at the frequency
®,,, at the periphery of the soliton ,, = o, * Ao, ,
if its phase ¢, differs from the phase of the soliton ¢,
at ¢4, — ¢, = 2mm, where k ; is the dispersion of group
velocities j-th order, and the product k,,/; is the GDD
of different sections of the resonator. Soliton phase
at the dispersive wavelength

o (0, T Aw, ) = Z(ko(ooo) * kAo, -k, /(21:?))11. )
and the phase of the DW itself

q)dm((DO + A(Dm) =

(6)
= (ky(®y) £ k;A0,, + Ky A0L, [ 2 £ kA / 6)),.

Using the phase synchronism condition for energy
transfer ¢, —¢, = 2mm, we have

3D,(A0E, +1.2) = D AW, = 12mm, )

where D; = 2k3l.ll.. Here we have passed to the total
GDD (D,) and total TOD (D;) over all elements of the
resonator. The case m = 0 is not observed in experi-
ments, so we will consider m = +1,+2. When the total
third-order dispersion is negligible, D;Am,, / | D, [<<1,
the expression for the nearest position of the Kelly
component turns out to be

po =L [T @®)
@ t\ D,

N

The minimum Kelly peak frequency detuning
observed in experiments from the center of the laser
pulse, at which stable pulse generation is still observed,

is at least two inverse pulse durations A(;)lmi” =2/1,
which gives an estimate for the minimum half-height

pulse duration Tsmi” = 1.1\/D>2 . The influence of the
peak power of the pulsesP on the position of the Kelly
side components can be seen if we substitute the con-
dition for the existence of the fundamental soliton

© 2
2D, yP

into equation (8):

4l
Aw, = 4 [TMer . ©)
T\ YP

In the experiment, it is possible to influence the to-
tal GDD of the resonator by pushing prisms into the
laser beam inside the compressor.
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Fig. 6. Calculated (solid line) and experimentally determined
by formula (8) through the position of the Kelly spectral com-
ponents (Aoy) total GDD of a resonator with an output mirror
M1 of 0.2% (black squares), 5% (red circles) and 10% (purple
triangles).

In Fig. 6 dots plot the values of the total GDD
of the resonator (D,) calculated by formula (8) from
the experimental positions of the Kelly components
(Aw,) shown in Fig. 3-5 at different prism GDDs and
output mirror transmittance of 10%, 5%, and 0.2%.

This calculation also required measurement
of pulse durations. The accuracy of the dispersion cal-
culation was affected by the large width of the spec-
trum, which complicates the determination of the
central wavelength, the error in determining the pulse
durations, and the prism dispersion values. At the same
time, for all output mirrors a linear dependence with
a uniform slope and slightly different vertical detun-
ings is observed. Also, the calculated total GDD of the
resonator, which passes near all experimentally ob-
tained values, was superimposed on this graph. In this
way, the connection of the formed narrow spectral
lines with the Kelly components was confirmed and
the possibility of estimating the total dispersion of the
resonator by accurately measuring their position while
varying the prism position was shown.

As follows from the experiments, the efficiency
of energy pumping from the main band to the 1350-
1550 nm range is determined by the total GDD of the
resonator and the peak power of pulses in the resona-
tor. The intensity of intracavity pulses is responsible
for the efficiency of spectral broadening at soliton dy-
namics of the pulse in the resonator, and the dispersion
of the laser resonator determines the spectral position
of the generated pulses and Kelly peaks. Thus, both the
growth of the resonator GDD and the growth of the
intracavity intensity lead to an increase in the pumping
of pulse energy into spectral ranges with low resona-
tor gain. These processes are clearly expressed in the
spectra of pulses inside the laser resonator and do not

appear in the spectra of pulses after the output mirror
due to the spectral characteristics of the mirrors and
different divergence of spectral components in the la-
ser gain band and spectral components arising in the
resonator as a result of the processes of nonlinear-op-
tical interaction of radiation in the crystal of the active
element. Registration of pulse spectra inside the laser
resonator allows us to understand which nonlinear-op-
tical processes prevail in the laser and to limit their
influence on the generation efficiency when designing
the optical scheme of the resonator and pumping pa-
rameters. Thus, our work analyzes the measured spec-
tra and durations of radiation at different points of the
resonator when varying the transmittance of the laser
output mirror. It is shown that at generation of ex-
tremely short pulses with duration up to 30 fs with peak
power up to 2 MW, spectral broadening of the soliton
occurs in the chromium-forsterite crystal, which is the
cause of additional passive losses in the laser resona-
tor and limits the obtaining of pulses of the ultimate
minimum duration with maximum output power. The
presented results are of importance for choosing opti-
mal modes of operation of femtosecond laser oscilla-
tors with passive mode synchronization, in particular,
on a chrome forsterite crystal.
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