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ABSTRACT We report stable self-starting near-transform-
limited 26-fs pulses at 250-mW output power from a Kerr-lens
mode-locked (KLM) Cr**:YAG laser using chirped mirrors in
combination with prisms. The highest output power achieved
in KLM regime was 600 mW at 55-fs pulse duration. The ex-
perimental results agree well with the results of theoretical
analysis with respect to KLM self-starting ability and stability
against continuous-wave and multi-pulse operation. Parameter
ranges for stable transform-limited KLLM pulses as well as the
shortest achievable pulse durations are established. Using an
InGaAs-InP semiconductor saturable absorber mirror we could
obtain self-starting 57-fs pulses at the average output power
of 200 mW. Two-photon absorption was found to be the main
mechanism favoring the multiple-pulse operation.

PACS 42.70.Hj; 42.55.Rz

1 Introduction

Cr**-doped YAG crystals [1, 2] have attracted a lot
of attention of researchers since the late 1980s due to their
capability to operate in the wavelength range around 1.5 pum,
which is very interesting for many applications, and produce
broadly tunable ultra-short pulses [3—5]. Among the funda-
mental advantages of Cr:YAG lasers are robustness, good
thermal properties, the high small-signal figure of merit [6],
defined as the ratio of attenuation at the maximum of absorp-
tion to attenuation at the lasing wavelength, suitability for dir-
ect diode pumping with InGaP/GaAs/InGaAs laser diodes [7,
8], and finally, the broad amplification bandwidth, offering
a wide tuning range between 1.34 and 1.6 um [2] and ex-
tremely short pulse durations at high peak powers [9—12]. The
broad absorption band of Cr*+:YAG is centered around 1 pm
and makes this material attractive for pumping with diode
lasers [7,8] as well as with high-power diffraction-limited
sources based on diode-pumped Nd: YAG, Nd:YVO4 [13-15],
or Yb-fiber lasers [16]. Compact mode-locked sources of tun-
able femtosecond pulses are especially interesting for test-
ing fibers in telecommunications, dense wavelength division
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multiplexing technique, for optical coherence tomography in
medicine, and for remote sensing and trace-gas monitoring
via overtone molecular analysis.

1.1 Background results

Passive mode locking of Cr**:YAG has been
achieved using various techniques such as Kerr-lens mode
locking (KLM) [9-13,15,17-19], regeneratively initiated
mode locking [10], synchronous pumping [12], as well as
using a semiconductor saturable absorber (SESAM) [14, 20—
24]. The KLM scheme allowed generation of pulses as short
as 43 fs at 200 mW of average power [15], a result that has
remained unsurpassed for some years. The pulse duration
was limited by the high third-order dispersion (TOD), which
amounted to ~ 9000 fs [15]. We should note that especially
in the case of the prism-dispersion-compensated Cr:YAG
laser the TOD is significant and practically unavoidable.
Although they have some asymmetry, introduced by TOD to
the pulse spectra [28,29] and the increased side-band gener-
ation [30, 31], these pulses were near-transform-limited and
self-starting [17]. Very recently, the 40-fs barrier has been
overcome and a pulse duration of 20 fs has been demon-
strated [32], using only double-chirped mirrors for dispersion
compensation [33]. The maximum output power reached
400 mW in these experiments. The SESAM-based devices al-
low developing practical self-starting sources of ultra-short
pulses. The shortest pulses obtained so far in Cr**:YAG
using the broad-band gold-reflector-based SESAM are 44 fs
at 65 mW at 1520 nm [22,23]. High-repetition-rate (up to
2.7GHz) femtosecond Cr**:YAG lasers have also been
demonstrated [24—27] using both techniques.

1.2 Aims and outline

The present work is aimed at the development
and investigation of possibilities of the compact self-starting
Cr:YAG laser source, generating only few optical cycle
pulses. Both approaches to self-starting — a pure KLM as well
as a SESAM-assisted self-starting — were successfully im-
plemented. The investigation included experimental as well
as numerical studies of the parameter limits of the system
in terms of self-starting, stability, achievable output power
levels, and pulse durations at good pulse quality. The latter
implies a possibly chirp-free pulse envelope with a smooth
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spectrum, the maximal pulse energy, and the minimal CW
contribution.

In this paper we report what is to our knowledge the
first self-starting KLM Yb-fiber laser pumped Cr*":YAG
laser, generating highly stable near-transform-limited pulses
at down to 26-fs pulse duration at 250—450-mW output power.
The maximum average output power of 55-fs pulses was
600 mW, which is the highest reported mode-locked output
power for a Cr**:YAG laser so far.

As an alternative, we also realized a self-starting regime
using a SESAM, where 57-fs pulses at 200-mW output power
and ~ 70-fs pulses at 230-mW output power could be rou-
tinely obtained. This output power level compares with the
results reported in [22,23] (180 mW, ~ 60 fs) and is notice-
ably higher than that of the lasers with the semiconductor
Bragg-mirror SESAMs (40-90 mW, ~ 110 fs [14,20, 21]).

Finally, we present the results of the theoretical analy-
sis of our laser with respect to KLM self-starting ability and
stability against CW and multi-pulse operation. The analysis
is based on numerical simulations using the real experimen-
tal parameters and provides the insight on the theoretically
achievable pulse durations and the spectral position of the
pulse within the gain curve and defines stability limits for
transform-limited pulses. The results of numerical optimiza-
tion are in good agreement with experimental results.

2 Experimental setup

The experimental setup is shown in Fig. 1. As
a pump source we used a 30-W CW polarized single transver-
sal mode diode-pumped Yb-fiber laser (IPG Laser GmbH)
operating at 1070 nm. To control the overlap of the pump
mode with the resonator mode we used a telescope consisting
of 75-mm and 70-mm lenses. The total throughput of the fo-
cusing system was 93%. One of the lenses was mounted on
a translation stage, so that by varying the distance between
the two lenses one could change the pump spot size inside the
active medium. Using the knife-edge technique we measured
the pump spot size in the laser crystal. The optimum pump
spot size was adjusted each time experimentally and varied
between 110 x 200 and 130 x 235 pm?.

2.1 Resonators for KLM experiments

For the initial KLM mode-locking experiments we
used an astigmatically compensated X-fold four-mirror cav-
ity design as shown in Fig. la. A 20-mm-long, 5-mm diam-
eter, Brewster-cut Cr**: YAG crystal was mounted on a water-
cooled brass block and kept at ~ 12°C. The crystal had
a small-signal absorption of 1.1cm™! at the pump wave-
length, and passive losses of ~ 1.7% per pass. At typical
pumping levels the real absorption was less due to the satura-
tion. The real absorbed power, which is referred to throughout
the paper, was therefore measured directly. The cavity con-
sisted of the two concave mirrors, M1 and M2, with 100-mm
radius of curvature, the high-reflective (HR) end mirror M3,
and the output coupler (OC). The pump light was focused
through the dichroic concave resonator mirror M2 by a 10 cm
focal length lens. The HR mirrors were centered at 1500 nm
and were ~ 350-nm broad. Each HR mirror had losses less
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FIGURE 1 Scheme of KLM X-cavity Cr**:YAG laser design (a). Mirrors
M1 and M2 are 100-mm radius of curvature (ROC). M1 is a chirped mirror,
M2 and M3 are standard dielectric mirrors and OC is the output coupler with
transmission 0.5%—1.5%. Mode locking with SESAM (b). Mirror M3 is re-
placed by the concave focusing mirror with ROC 50-200 mm and a SESAM
on a heat sink

than 0.05% at the laser wavelength and transmitted approxi-
mately 95% at the pump wavelength. The total cavity losses
(excluding those due to the output coupler) were measured
to be ~ 4%. The OC transmission varied between 0.5% and
1.5% of the nominal transmission (OC spectra can be seen in
Fig. 7a).

In the course of the experiment, in order to reduce the
pulse-repetition rate and to increase the pulse energy, we in-
creased one of the resonator arm lengths up to 2 m. In order
to keep the resonator mode waist the same as in the shorter
resonator the chirped mirror M1 was exchanged by a high
reflector with 150-mm radius of curvature. In order to pre-
serve the net cavity group-delay dispersion (GDD) we in-
serted a chirped folding mirror M3.

2.2 Dispersion-compensation schemes

For dispersion compensation we used both disper-
sive ‘chirped’ mirrors (CMs) and a conventional pair of fused-
silica prisms in order to provide the possibility of fine tun-
ing of the dispersion on the one hand, and reduce the effect
of the oscillations of the GDD on the other hand. These re-
sidual oscillations are practically unavoidable for CMs [33].
Invented in 1994 [34], dispersive CMs are multi-layer dielec-
tric stacks capable of providing high reflectance and accu-
rate control of the group delay and higher-order dispersion
over extended bandwidth. Initially, CMs were designed by
means of computer optimization [34] and had limited band-
width (e.g. ~ 200 nm at 800 nm). With the advent of quasi-
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FIGURE 2 Dispersion characteristics of the intracavity elements (a): the
Cr:YAG crystal, the prism pair (apex distance 50 mm), and the chirped mir-
rors (two bounces). Calculated round-trip cavity dispersion (b). Open dots for
prism separation 50 mm (optimum), solid dots for prism separation 35 mm.
Decrease of the prism dispersion causes the pulse spectrum to shift to red
wavelengths in order to remain within negative dispersion values

analytical pre-design methods [35, 36], the properties of CMs
could be largely enhanced: the bandwidth could be extended
up to 160 THz (more than 300 nm) and dispersion could be
engineered up to the fourth order. Using the design method de-
scribed in [36], a CM design tailored for a Cr: YAG oscillator
was realized. To reduce scatter loss the mirrors were evap-
orated using the ion-beam-sputtering technique. The mirrors
were designed to have a negative second-order dispersion of
approximately —80 fs” per bounce at 1500 nm. The calculated
GDD of the mirror is given in Fig. 2a. The CM compensates
the cavity dispersion up to the third order and provides high re-
flectance (> 99.9%) in the wavelength range 1320-1670 nm.
For comparison the GDD of a Cr:YAG crystal and the prism
pair is given in the same figure separately.

2.3 Setup using a SESAM

Alternatively to KLM, we have also implemented
an InGaAs/InP semiconductor saturable absorber mirror [37]
as a starting mechanism for passive mode-locking operation.
The SESAM consists of a 6-nm InGaAs quantum well (ab-
sorbing around 1.5 pwm) sandwiched between A /4 and A layers

high-absorbing sample had the double-peak excitonic band
with maxima around 1450 and 1500 nm, respectively, and
initial absorption of 3.5% at 1500 nm. The cavity design is
shown in Fig. 1b with the HR mirror M3 replaced by a con-
cave focusing mirror and a SESAM, attached to the aluminum
heat sink at room temperature.

3 Results and discussion

Self-starting mode-locking operation of the system
was one of the primary goals of this work. Self-starting can
build up from spontaneous fluctuations in a KLM scheme or
can be ensured by using a SESAM as a starting mechanism.
We have investigated both these approaches. Initiation of the
KLM without a saturable absorber usually requires some ex-
ternal perturbation such as, for example, tapping on one of
the mirrors. However, it is possible to achieve self-starting in
a symmetrical laser cavity [38] although cavity adjustment
becomes quite critical. The use of a SESAM conveniently pro-
vides mode-locking operation, but relatively high insertion
losses of a SESAM reduce the average output power of the
mode-locked laser.

3.1 CW operation

The laser has been first optimized in CW opera-
tion, where it demonstrated an output power of up to 2.1 W
at 20 W of incident power. The OC transmission was 1.5%
and the threshold pump power 2 W. The arm lengths were
set to 45-50 cm, providing a waist diameter in the crystal
of ~ 80 wm (in the saggital plane), close to the pump waist
diameter of ~ 100 pm. Increasing the pump power resulted
in a decrease of the output power, caused by the thermal run-
off. With the birefringent quartz plate the laser wavelength
could be tuned over 300 nm (from 1335 to 1635 nm) in the
case when all mirrors were high reflectors and over 220 nm
(from 1355 to 1575 nm) with a 1.5% output coupler.

3.2 Kerr-lens mode locking

Efficient KLM action could be obtained with the
symmetrical resonator, when the arm lengths were increased
to 70cm and made equal within 1-cm accuracy [38]. In
CW operation this resonator yielded more than 1 W of out-
put power for approximately 7 W of absorbed pump power
(9.2-W incident power), limited by thermal effects. The res-
onator mode waist size for efficient soft-aperture KLM [39]
was optimized experimentally and was calculated to be
~ 60 x 110 um?, i.e. noticeably less than the pump spot size,
thus explaining the efficiency decrease. In the mode-locked
regime the laser yielded up to 450 mW of output power
through a 1.5% output coupler with the pulse duration ~ 35 fs.
Increasing the intracavity power by reducing the output-
mirror transmission to 0.5%, we obtained pulses as short as
26 fs at 250 mW of output power for 6 W of absorbed pump
power (Fig. 3a,b). The experimental autocorrelation trace is
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FIGURE 3 Spectrum (a) and interferometric autocorrelation (b) of a 26-fs pulse. Absorbed pump power 6 W, output power 250 mW, including the CW
component at 1450 nm. Spectrum (c¢) and interferometric autocorrelation (d) of a 29-fs pulse, at 5.5 W of absorbed pump power and 60 mW of output power

well fitted with the calculated fringe-resolved autocorrela-
tion trace, with close to the sech’ pulse shape. The time—
bandwidth product of 0.34 indicates that generated pulses are
near-transform-limited. The mode locking was self-starting,
easily reproducible, and remained stable for hours. The CW
component at 1450 nm was caused by the excess energy in-
side the resonator, and could be reduced by lowering the pump
power, to obtain a clean spectrum at lower output power and
somewhat longer pulse duration of 29 fs (Fig. 3c,d). The rea-
son for this behavior is described in more detail in conjunction
with Fig. 7 (see below).

It is worth mentioning that purging of the resonator with
dry nitrogen led neither to shorter pulses nor to any signifi-
cantimprovement in the mode-locking stability. Therefore, all
the results described in this paper were obtained without the
purging of the cavity.

The chirped mirrors were designed to have negative
second-order and negative third-order dispersion to compen-
sate for positive dispersion of the laser material. After taking
into account the two bounces on the chirped mirror and disper-
sion of the laser crystal and prisms we estimate the net GDD
per round trip to be zero at 1.45 um and —400 fs at 1.55 pm

(Fig. 2b). By varying the prism separation we could finely
control the second-order dispersion (Fig. 2b).

Figure 4a shows the dependence of the pulse spectrum
width (FWHM) on the prism apex-to-apex separation. One
can see that the optimum separation is 50 mm, corresponding
to the spectrum width of more than 100 nm, and the corres-
ponding pulse duration is ~ 26 fs. According to the theoretical
predictions, described in Sect. 4, the Kerr-lens modulation
depth had to be increased in order to maintain stable KLM
operation while reducing the prism separation beyond the op-
timum value. In a soft-aperture KLM scheme, this could be
achieved by changing the pump beam focusing and cavity
readjustment. The shortest distance between prisms, at which
stable mode locking was still achievable, was 35 mm. Inter-
estingly, reduction of the net GDD did not lead to further
pulse shortening as expected. The spectral bandwidth of the
pulse drastically decreases during the attempt to further re-
duce the net GDD below the optimum value. This may be
due to the shift of the negative-GDD region further into the
infrared with decreasing prism separation, as illustrated in
Fig. 2b. Although within the soliton theory the TOD in the first
order cannot lead to significant pulse spectral shifts [40]; in
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FIGURE 4 Pulse spectrum width (a) and central wavelength (b) depend-
ence on prism separation. X axis is shown on logarithmic scale. 25-nm
spectrum corresponds to 150 fs pulses and 105 nm spectrum to 25 fs pulses.
Prism separation is measured from apex to apex

our case we deal with the indirect effect of the TOD. As will
be shown in Sect. 4, there always exists a certain minimum
negative net GDD, allowing for stable KLM. Therefore, the
contribution of the high-order dispersion may effectively shift
this minimum net GDD, thus changing the spectral position of
the pulse [41] (compare Figs. 2b and 4b). For the same rea-
son, in the presence of the fourth-order dispersion, the pulse
spectrum follows the dip in the cavity dispersion curve. This
effect can be especially clearly observed in Gires—Tournois
interferometer mirror dispersion controlled resonators [42].

However, although the above explanation is straightfor-
ward, there may be still several other mechanisms of the
pulse shift [41], the induced Raman scattering being one of
them [40, 43]. At the same time, we could exclude the expla-
nation of the shift that is common in the literature, as being due
to the water absorption in the resonator, since purging the cav-
ity with dry nitrogen did not produce any noticeable change
either in the pulse duration or in its spectral position. Besides,
the longer picosecond pulses are always generated in our cav-
ity at the maximum of the Cr:YAG gain (~ 1.45 pm).

In order to increase the pulse energy we reduced the pulse-
repetition rate from 100 MHz to ~ 65 MHz by increasing the
resonator length as described in Sect. 2.1. However, the in-

creased pulse energy did not lead to pulse shortening. This
may be due either to the remaining uncompensated third-
order dispersion or to the limiting effect of the output-mirror
transmission at the red side.

Figure 5 summarizes the output characteristics in CW and
mode-locked regimes. To achieve the maximum output power
we adjusted the spot size of the pump beam for the optimal
overlap with the resonator mode. In this way pulses as short
as 55 fs at 600-mW output power have been produced (open
dots in Fig. 5). This is to our knowledge the highest reported
average output power in the mode-locked Cr**:YAG laser so
far. The pulse energy was 9.4 nJ, corresponding to the peak
power of 170kW. In CW regime the laser yielded 760 mW
of output power. A tighter focusing of the pump beam allows
for stronger mode discrimination, making pulses more stable
but, as was mentioned above, in the case of Cr:YAG it re-
duces the output power. A compromise solution lies between
the two poles: increased mode-locking stability at the cost of
the somewhat reduced average power (solid dots in Fig. 5).
One can notice that thermal loading limits the output power
of the laser for absorbed pump powers above 6 W. When the
laser was optimized for a lower KLLM threshold, stable pulses
could be achieved at an absorbed pump power down to 3 W
(this corresponds to 4.8 W of the incident pump power).

By increasing the pump power within the stable mode-
locking range we were able to shorten the pulse duration from
33fs at 5 W of absorbed pump power to 26 fs at 6 W of ab-
sorbed pump power without compromising the pulse stability.
The corresponding pulse spectrum broadened from 71 nm to
113 nm (Fig. 6). The spectrum broadening occurs mainly on
the blue side, because on the red side the spectrum is limited
by the transmission of the output coupler. In the pulse spec-
trum one can notice a CW component. Noticeably, but sim-
ilarly to Tong et al. [17], the self-starting of our laser was
also always accompanied by a CW component in the spec-
trum. Without the CW component the laser required tapping
on the mirror for starting of mode locking. In Fig. 7 the pulse
spectra taken using the 1.5% and 0.5% output couplers are
compared for two cases: outside the resonator (Fig. 7a) and
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FIGURE 5 Output characteristics in CW (squares) and mode-locked (cir-
cles) regimes. Open dots correspond to best pump and resonator mode
overlapping. Solid dots were with mode-overlapping optimized for KLM
stability
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inside the cavity (Fig. 7b). Since all the other parameters ex-
cept for the output transmission were kept the same, we could
expect that a higher intracavity pulse energy would lead to
broadening of the intracavity pulse spectrum. On the contrary,
no change in the spectral shape inside the resonator could be
observed (Fig. 7b). The laser obviously shed all the excess
energy into the CW component, which served as a reservoir
for the remaining energy. To understand that, we recall that
the self-starting regime requires a very high self-amplitude-
modulation (SAM) coefficient at low intensity. This leads to
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FIGURE 7 Pulse spectra with different output couplers. Output spectra to-
gether with OC transmission curves (a). Spectra inside the cavity (b). On
both plots thick line corresponds to the 1.5% OC, thin line to the 0.5% OC

easy saturation of the SAM at high intensities, corresponding
to the ultra-short pulse, thus allowing the CW component to
coexist alongside with the pulse. This operation regime has
been theoretically described [44], where it was predicted that
an increase of the pumping rate over a certain value should
cause CW component growth at constant pulse energy (see
Fig. 4cin [44]). This description fits very well to what we have
reproducibly observed in the experiment (Fig. 7; also compare
Fig. 3b,d).

Another result of the saturation of the SAM at excess pulse
energy may be the pulse break-up. We have repeatedly ob-
served the multiple-pulse mode-locking regime, when there
are two or more pulses in the resonator per round trip. Atalow
pump rate there is a single pulse per round trip, but with in-
creasing pump power the pulse would split into two, three, or
more pulses (Fig. 8). It is interesting to note that, within ex-
perimental error, the multiple pulses have equal energies, but
in the case of three or more pulses the time delays between
pulses are not equal (Fig. 8d). At the same time, the pulses
maintain fixed time delays and phase relations with respect to
each other for tens of seconds, evidenced by the stable inter-
ferometric autocorrelation signal and spectrum, respectively
(Fig. 8).

We can conclude, therefore, that the self-starting KLM
regime, although convenient for applications, is prone to in-
stabilities against the CW component and multiple-pulse op-
eration, except for the relatively narrow range of pump rates
above the mode-locking threshold.

33 SESAM mode locking

As an alternative to self-starting KLM we have also
investigated a SESAM-initiated mode locking. In the setup of
Fig. 1b, several focusing mirrors between 50- and 200-mm ra-
dius of curvature were tried in order to optimize the spot size
on the SESAM. The best results were obtained with mirrors of
100- and 150-mm radii of curvature.

Self-starting mode locking could be achieved with both
SESAMs. The low-absorbing SESAM was prone to Q-
switched operation, which could be avoided at higher pump
power and smaller spot size. With optimized dispersion and
the spot size on the SESAM of ~ 100-wm diameter, the laser
could provide up to 230 mW of average output power with
pulses of about 100-fs duration. Such short pulses, however,
could be obtained only in the multi-pulse regime, with a pulse
train of up to 10-30-ps duration, with three or more pulses in
the train.

The high-absorbing SESAM behaved quite differently.
Due to the high initial absorption, the oscillation threshold
was significantly higher than with the HR mirror. At the same
time, when started, the laser always operated in the mode-
locked regime, without Q-switching at any pump power and
spot size. With this SESAM, the laser delivered pulses as
short as 57 fs at 200 mW of average output power (Fig. 9a).
Further increase of the output power to 230 mW was accom-
panied by the increase of the pulse duration to 70 fs. Mode
locking occurred in a wide range of pump powers (between
3.5 and 13 W of the incident power), even close to the laser
threshold (1.8 W absorbed power, corresponding to 3.5 W of
incident power), although in the latter case the pulse dura-
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tion increased significantly. The laser typically demonstrated
hysteresis behavior: after oscillation started, the pump power
could be reduced to 50%—70% of its threshold value with-
out interrupting the operation. With this SESAM, as with
the low-absorbing one, the ultra-short-pulse oscillation was
typically observed in the multiple-pulse regime. The single-
pulse regime could only be guaranteed with longer (up to
picosecond-duration) pulses, obtained with large intracav-
ity dispersion. At low pump power, the laser operates at
1460 nm, corresponding to the short-wavelength maximum
of the excitonic band. By increasing the absorbed pump
power we observe the shift of the pulse spectrum towards the
second maximum of absorption of the SESAM structure at
1.5 wm (Fig. 9b). The pulse cleans up from the continuum and
the periodic modulation due to multi-pulsing becomes more
visible.

The tendency to multiple-pulse operation has been ob-
served before in the SESAM-mode-locked Cr: YAG lasers [20,
24] and attributed to the saturation of the SAM when the
instantaneous intensity of the pulse becomes too high as a re-
sult of the pulse shortening. In a separate study, two-photon
absorption (TPA) was found to play a significant role at inten-

sities about 1—10 GW /cm? in similar SESAM structures [45].
At moderate intensities the TPA can play a stabilizing role
against Q-switching instability, but at high intensities the ef-
fect of the TPA is to limit the pulse-intensity growth, i.e.
provoking the pulse break-up. In our laser, the intensity of
a single 100-fs pulse having the energy fluence of up to
4mJ/cm? exceeds the above value by an order of magni-
tude and would have experienced prohibitively high losses.
For a given SESAM design, however, the ratio of the SAM-
incurred gain to the TPA-induced loss cannot be changed by
cavity design or dispersion optimization. As the peak pulse in-
tensity inversely scales with the pulse width (if a soliton-like
pulse-shortening mechanism prevails, the peak pulse intensity
scales as an inverse square of the pulse width), the TPA-
induced pulse break-up may become a major obstacle to pulse
shortening.

The largest contribution to the TPA comes from the sur-
rounding InP layers, with the overall thickness of 590 nm [37].
On the contrary, the absorbing InGaAs layer has a thickness
of about 6 nm, thus providing a negligible contribution to
the TPA. This enables a certain design freedom, making it
possible to reduce the TPA contribution by growing thinner
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FIGURE 9 Intensity autocorrelation trace and pulse spectrum (inset) of

mode-locked laser with SESAM (a). Pulse duration 57 fs assuming a Gaus-
sian pulse shape. Pulse spectrum shift for different absorbed pump pow-
ers (b). Waist radius on SESAM ~ 50 pm.

surrounding InP layers, or by substituting InP with a material
having a lower TPA coefficient, e.g. GaAs [46]. In our experi-
ment, the TPA was roughly equal for both SESAM samples,
while saturable losses differed by approximately a factor of
two. Correspondingly, the balancing of the SAM by the TPA
occurred at higher intensity in the high-absorbing sample,
thus allowing higher pulse energy and shorter pulse duration
(60-701fs vs. > 100 fs with a low-absorbing sample).

We can conclude that in spite of the stronger tendency
to multi-pulsing and high insertion losses of a SESAM in
comparison to the pure KLM the use of the semiconduc-
tor saturable absorber may be attractive in case of a di-
rectly diode-pumped Cr*+:YAG laser [7] due to the lower
mode-locking threshold. The multi-pulsing can be reduced by
proper SESAM design.

4 Numerical modeling

In order to estimate the limits and ways to improve
the stable self-starting operation at the highest achievable
average and peak output power and mode-locking quality, i.e.

a chirp-free pulse envelope with smooth spectrum and mini-
mum CW contribution, we performed a numerical modeling
of our setup. Such analysis requires a multi-parametric op-
timization based on the numerical simulation of the KLM.
A number of approaches to KLM modeling exists (for a re-
view, see [47]), which can be divided into two general classes:
(i) 2+ 1-dimensional simulation taking into account the de-
tails of the spatial field evolution and thereby considering
the exact configuration of the laser and (ii) 1 4 1-dimensional
simulation based on the generalized Landau—Ginzburg non-
linear equation considering KLM as a result of the effective
fast saturable absorber action. We choose the latter approach
as it is quite general and physically meaningful.

The basic model, which we use in this work, was described
in [41] and proved its validity for the KLM Cr:LiSGaF laser.
It takes into account such lasing factors as the relaxing gain
saturated by the full ultra-short-pulse energy (for our Cr:YAG
system the maximum unsaturated gain coefficient is 0.28 in
double pass, the active crystal double length is z =4 cm,
the relaxation time is 4 s, and the absorption and emission
cross sections are 7 x 10718 cm? and 3.3 x 107! cm?, respec-
tively); the linear loss involving the intracavity loss (2%) and
the output loss with the coefficient o = 1.5% and 0.5%; the
spectral filtering with the band coinciding with the gain band
(inverse bandwidth ¢y = 5.4 fs); the second-order group-delay
dispersion with the coefficient D = dg/dw? |w=w (p(w) is the
linear phase retardation of the field, w is the freqouency, wy =
1.26 PHz corresponds to the maximum of the gain band);
the self-phase modulation defined by the nonlinear refraction
coefficient 1, = 5.7 x 107'® cm?/W; and, finally, the Kerr-
lens fast saturable absorber with the modulation depth 2%
and the inverse saturation intensity o. It is convenient to nor-
malize the o parameter to the self-phase-modulation coeffi-
cient 2wtnyz/An (A = 1.5 um is the central oscillation wave-
length, n = 1.82 is the linear refraction coefficient), making it
dimensionless.

The saturation parameter o is governed by the laser cavity
alignment: the approach to the edge of the laser cavity stabil-
ity zone increases o [47]. The o values can be estimated from
the comparison of the experimental KLM output powers with
those obtained from the quasi-soliton model [48]. In our case
this results ino = 1.5 —2.5.

In the modeling, we consider the pump power P, the GDD
parameter D, and o to be the main parameters that are con-
trolled in the experiment. The output loss o and the spectral
bandwidth 1/¢; can be varied by the choice of the output
mirror.

The simulations demonstrate a strong dependence of the
ultra-short-pulse stability on these parameters. Figure 10
shows the pulse-stability regions on the D—o plane and rep-
resents the typical optimization procedure due to the change
of the prism separation (or their insertion into the laser beam)
and the cavity realignment. For the fixed GDD, there is a mini-
mum value of the saturation parameter required for the transi-
tion from the CW operation to the stable KLM. Its value can
be estimated in the framework of the soliton model (dotted
curves, see [49]). For fixed D, the higher saturation parameter
corresponds to shorter pulses, but the pulse shortening eventu-
ally stops due to the transition to multi-pulsing at some higher
o value. The pulse-stability region is confined on o [50]. Ad-
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ditionally, the pulse loses its stability in the vicinity of the
zero GDD due to the transition to the regular or irregular
multi-pulsing. As the minimal pulse durations correspond to
|D| — 0, this destabilization prevents the pulse shortening.
Hence the main goals are the extension of the pulse-stability
region on D and o. The approach of the stability-region edge
to zero GDD allows the shorter pulses and the extension of o
provides the KLM without thorough cavity optimization.

The described goals can be achieved by the variation of P.
One can see that the pulse-stability zone for the pump power
P =3.4W (Fig. 10a), which is close to the minimal pump
level required for the KLM of our laser, is narrow, requiring
very fine cavity alignment. Moreover, the relatively low intra-
cavity pulse power is not sufficient for the pulse to become
shorter than 25 fs (the parameters corresponding to the numer-
ically estimated minimal pulse duration are marked by the
circles in Fig. 10). For comparison, dashed curves show the
parameters corresponding to the chirp-free pulses, obtained
on the basis of the soliton model [48]. The minimal pulse du-

ration = 18 fs, which is predicted by the soliton model (the
square in Fig. 10), is too low an estimate for this pump level.

Atahigher pump power of 6.8-W the zone of stable single-
pulse KLM becomes broader (Fig. 10b). This favors the op-
timization procedure and shortens the numerically predicted
pulse duration down to 12 fs. However, the comparison with
the soliton model suggests that the shortest pulse is chirped
and the shortest chirp-free pulse duration is about 18 fs. Fur-
ther pump increase (Fig. 10d) leads to stronger multi-pulsing,
narrowing the pulse-stability region. The minimum pulse du-
ration gets longer and the pulse acquires a growing chirp. The
pulse duration obtained from the soliton model is underesti-
mated in this case, too.

Hence, there is an optimal pump level (which is close
to 7W in our particular case) that allows generation of the
chirp-free pulses with the minimum duration ~ 18 fs. The
stability region is the widest for this pump level. The ten-
dency to multi-pulsing can be suppressed by the ¢, increase
(Fig. 10c). In order to prevent the pulse broadening, the in-
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tracavity power has to be increased by lowering the output
loss. This allows the 18-fs pulse generation with the maximum
stability.

The crucial characteristic of KLM is not only the pulse sta-
bility but also the KLLM self-starting ability. To investigate the
latter we used the simpler model, which considers the mode-
locking self-starting as the destabilization of the CW due to
the auto-oscillations with angular frequencies 2wm / Tioy (Tcay
is the cavity period, m is an integer) [51]. The corresponding
minimal saturation parameters are shown in Fig. 11 in depen-
dence on the pump rate. One can see that the pump powers
below 3.5 W do not provide KLM self-starting. The mini-
mum o, which provides the self-starting KLLM, corresponds to
the optimal pump level ~ 7 W and is close to the experimen-
tally observed value.

5 Conclusion

Summarizing, we demonstrated the first self-
starting KLM Cr:YAG laser, pumped by a compact diode-
pumped Yb-fiber laser and generating stable high-quality
optical pulses at down to 26-fs pulse duration and at
250-450 mW of output power, and ~ 55-fs pulses at the so
far highest reported output power of 600 mW, without use
of nitrogen purging of the cavity. The theoretical analysis
yields the self-starting conditions and stability limits of ex-
istence of such transform-limited pulses. It also predicts the
shortest achievable pulse durations at the given set of ex-
perimental parameters and provides an explanation of the
spectral shift of the pulses observed in several experimen-
tal reports. Our experimental pulses are close to the shortest
stable self-starting transform-limited pulses, which are the-
oretically achievable at the given experimental parameters.
Even shorter pulses are possible, however, provided that the
third- and the higher-order dispersions are taken into account
and a significantly different set of experimental cavity param-
eters is chosen.
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NOTE ADDED IN PROOF Recently we were able to obtain
self-starting passive mode-locking of the directly diode-pumped Cr**:YAG
laser using a SESAM, and obtaining 50-fs transform-limited pulses with
15 mW average output power.
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