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Abstract. We describe the state of the art of mirror-dispersion-
controlled (MDC) Kerr-lens mode-locked (KLM)Cr:LiSGaF
and Cr:LiSAF lasers. Such lasers, in comparison to their
prism-controlled forerunners, are distinguished by high re-
producibility, stability, and quality of the pulses, as well as
compactness of the cavity. The shortest pulses of∼ 18 fsdu-
ration and nearly bandwidth-limited quality (∆τ∆ν = 0.33)
have been produced inCr:LiSGaFlasers, which have an av-
erage output power of100 mW. In both lasers, krypton-laser
was used as an ideal pump source. The effect of a red-shift of
the operating wavelength (from850 to 880 nm) when short-
ening of the pulse width (from∼ 50 fs to ∼ 20 fs) has been
observed and discussed.

PACS: 42.55.Rz; 42.60.Mi; 42.65.Re

The last decade has been marked by the rapid development
of femtosecond solid-state laser technology. The discovery of
Kerr-lens mode-locking (KLM) [1], coupled with advances
in high-power diode laser arrays, paved the way to com-
pact all-solid-state femtosecond lasers, which have the ad-
vantage of low cost, high stability, and robustness. Most of
the progress achieved in generation of ultimately short puls-
es has been made with KLMTi:sapphire, pumped either by
an Ar-laser or a frequency-doubled neodymium laser. How-
ever, the only major shortcoming ofTi:sapphire which has
absorption in the blue-green spectral region, is the fact that
it still cannot be directly diode-pumped due to the absence
of sufficiently powerful blue-green semiconductor lasers at
the present time. Therefore,Cr3+-doped colquiriite crystals,
such asCr:LiSGaF[2, 3] andCr:LiSAF [4] which possess ab-
sorption bands that overlap the wavelength range of red diode
laser arrays (630–690 nm) and emission bandwidths compa-
rable to that ofTi:sapphire (∼ 220 nm), are of special inter-
est. At first sight,Cr:LiSGaFandCr:LiSAF are very similar
with respect to basic spectroscopic properties [5] and there-
fore should exhibit similar lasing and ultrashort-pulse oper-
ation characteristics. However, comparing the performance

of Cr:LiSAF and Cr:LiSGaF in the same resonator config-
uration (conventional astigmatically compensated X-cavity),
one should note thatCr:LiSGaFdemonstrates higher output
power in cw (900 mW) and in mode-locked (200 mW) opera-
tion thanCr:LiSAF [5]. In the Q-switched regime,Cr:LiSGaF
produced four times more energy (12µJat10 kHzrepeteition
rate) thanCr:LiSAF under the same conditions [6]. Based on
these considerations, we anticipate that the application of the
concept, recently suggested in [7], toCr:LiSGaF, allowing
for the better diode-pump-resonator beam mode-match and
thus higher output power (1.1 W in Cr:LiSAF, the highest
value achieved up to now in cw-regime), would also enable
even higher cw output powers. In any case, we believe that
Cr:LiSGaF, along with the well-establishedCr:LiSAF crys-
tal, coupled with advances in670 nm GaInP/AlGaInPdiode
lasers and in chirped dielectric mirror technology, offers the
potential for the most compact all-solid-state femtosecond
laser sources in the future. At this point it is worth stress-
ing that not only the semiconductor pump source but also the
prismless dispersion compensation design essentially con-
tributes to the compactness of the laser. In this paper and at
this stage of research, we concentrate on the latter aspect,
keeping in mind the possibility of a combination of a prism-
less resonator design with diode-pumping at the very next
stage.

Nowadays Kerr-lens mode-locked (KLM)Cr:LiSAF
(e.g., [8–10]) andCr:LiSGaFlasers [5, 11–13] routinely pro-
duce pulses below50 fs [9, 14–19]. However, the shortest
pulses obtained inCr:LiSAF lasers (18 fs[15] and24 fs[16])
were achieved at the expense of the output power which is
negligible in both cases, and at the expense of pulse quali-
ty, i.e., which has a relatively large (> 0.4) time-bandwidth
product.

Recent achievements in the technology of compact mirror
dispersion controlled (MDC) ultrashort pulsedTi:sapphire
lasers generating around- and sub-10 fs pulses ([20–23])
stimulated recent research, which aims towards the develop-
ment of similar performing chirped mirror dispersion con-
trolled Cr:LiSGaF andCr:LiSAF lasers. However, this task
has remained unsolved at the first stage. This is mainly due to
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an order of magnitude lower gain in theCr3+-doped materials
in comparison to that inTi:sapphire and correspondingly low-
er tolerance to relatively high losses (∼ 0.3% per reflection)
introduced by the chirped mirrors (CM) of the first genera-
tion [24]. Besides, owing to the lower thermal conductivity
and the presence of upconversion in these crystals, one has to
work with low doped (Cr-concentration should be kept below
1.5–2% [5] in order to avoid upconversion losses and win in
the output power) and therefore relatively long crystals. Typ-
ically, the length of these crystals is a fewmm as compared
to 1.5–2 mm in Ti:sapphire, thus leading to the necessity of
compensating for more material dispersion. In order to pro-
vide the necessary dispersion compensation (even though it is
lower than inTi:sapphire), a larger number of reflections from
dispersive mirrors is required. This increases the intracavity
losses, which become larger than the maximum small-signal
gain, making laser action practically impossible.

In order to solve the described problem, we suggested
another type of dispersive dielectric mirror in the form of
the Gires–Tournois (GT) interferometers for intracavity dis-
persion control in KLMCr:LiSGaF lasers [19, 25]. In fact,
the first prismless diode-pumpedCr:LiSAF laser based on
a semiconductor saturable absorber mirror (no KLM action)
with GT-type coating was realized by Kopf et al. [26, 27],
which produced160 fspulses at25 mW output power. Soon
after, we demonstrated the first prismlessKr+-pumped KLM
Cr:LiSGaF laser [19, 25], with low-loss GT structured di-
electric mirrors replacing conventional cavity mirrors. This
laser produced stable, reproducible44 fs pulses at200 mW
of output power [19]. GT mirrors (GTM) have the advan-
tage of negligibly low intrinsic loss, and relatively high and
adjustable negative GDD. In this work we report the further
shortening of the pulses down to37 fsat the expense of out-
put power (100 mW), which indicates that we approached the
ultimate limits achievable with GTMs.

Opposite to GTMs, chirped mirrors (CM) exhibit near-
ly constant GDD over a much larger bandwidth than can be
obtained by using GTMs for dispersion control. It was a chal-
lenging task to improve the technology of dielectric chirped
mirrors in order to make them suitable for the lower gain
Cr:LiSAF andCr:LiSGaFlasers as compared toTi:sapphire
lasers. This has been successfully accomplished recently, and
novel low-loss chirped mirrors, differing from the old genera-
tion of chirped mirror through its design and new evaporation
materials, could be manufactured [24, 28].

In this paper, we describe the state of the art of MDC
Cr:LiSGaF/Cr:LiSAF lasers. Both crystals were of compara-
ble good quality (∼ 0.1%/cm scatter loss). Sub-20 fs pulses
with relatively high average output power (up to100 mWin
Cr:LiSGaFand50 mWin Cr:LiSAF) were generated in both
types of lasers. We present analysis of the optimization of the
MDC KLM Cr:LiSGaFandCr:LiSAF oscillators, operating
with both hard and soft apertures. We also discuss phenomena
that accompany pulse formation connected with higher-order
dispersion, as well as the effect of a red shift in the operating
wavelength, observed at shorter pulse durations. Comparing
the advantages and drawbacks of each type of laser (GTM or
CM dispersion controlled), we are trying to circle out applica-
tion areas for each of them. Finally, we analyze the potential
of the present setup, based on CMs, and try to determine
whether sub-10 fspulse generation is feasible in this type of
laser.

1 Experimental setup

1.1 Gires–Tournois vs. chirped mirrors: Advantages and
drawbacks

Basically, two types of dispersive dielectric mirror are known
to be implemented at the moment: Gires–Tournois interfer-
ometers [29, 30], which are essentially étalons, and chirped
dielectric mirrors [24, 31]. The first suggestions for the com-
pression of chirped optical pulses by means of interferometer-
like structures go back to 1964 [32, 33]. Enhanced inter-
est toward dielectric cavity-mirror dispersion compensation
evolved in connection with colliding-pulse mode-locked cw
dye lasers in the middle of the 1980’s. However, at that
time, such mirrors failed to support pulses shorter than
50 fs [29, 34]. Based on this idea, the technology of GT
structured dispersive dielectrical mirrors has been recently
developed [19, 24]. On the one hand, GTMs have the advan-
tage of negligible transmission loss, and relatively high and
adjustable (via change of the angle of incidence) group delay
dispersion, thus being well suited for intracavity applications
in femtosecond lasers. On the other hand, the bandwidth of
the parabolic dispersion curve of GTMs is limited to a few
tens ofnm, hence making the generation of sub-20 fs pulses
practically impossible. The other candidate for non-prismatic
dispersion compensation, i.e., chirped mirrors, exhibits near-
ly constant group delay dispersion (GDD) over a much larger
bandwidth (typically100–200 nm) than can be obtained by
using GT interferometers.

In Fig. 1 we compared the group delay and GDD of
a chirped mirror and of a GT interferometer. The dispersion
of the GT structure may surpass that of the chirped mir-
ror, with both designed for850 nmas a central wavelength
(Fig. 1).However, the chirped mirror exhibits about a50%
higher group delay per reflection. It has been shown in [35]
that in the case of dielectric high reflectors the losses in the
layers are proportional to the group delay per reflection, when
we assume absorption and scattering in the dielectric layers to
be frequency and material independent. Based on this consid-
eration, we expected at least a30% reduction of intracavity
losses when using GT-type mirrors. Indeed, we observed the
scattering loss of less than0.1% (vs.0.1–0.3% in CMs) and
negligible transmission loss (< 0.01% vs.0.2–0.4% in CMs),
which was actually even lower than in the high-reflective
mirrors used by us.

Fig. 1. Comparison of GDD and group delay per reflection of GT mirrors
(solid line) and chirped mirrors (dashed lines)
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Fig. 2. Comparison of electrical field distribution within GT mirror (solid
line) and chirped mirror (dashed lines). Inset shows index of refraction
change within the GT structure

An additional advantage of GT structures with respect to
the losses is that the electric field can easily be concentrated
in the low refractive index material placed in the spacer region
(Fig. 2) which has lower losses than high-index materials.

Dispersion of the Gires–Tournois and the low-loss chirped
mirrors has been measured by the spectrally resolved white-
light interferometer technique described in [36]. We found
however that this method cannot be easily applied to mea-
suring the dispersion of the laser crystals since the plane
wave approximation we used earlier is not valid, mainly be-
cause of the relatively poor flatness of the used crystal sample
surfaces.

Therefore, we adopted the measurement arrangement of
Sainz et al. [37, 38], which requires practically the same
measurement apparatus but is not sensitive to the problems
mentioned above.

There are two main differences in the two methods: (i) in
Sainz’s arrangement, the mirrors of the Michelson interfer-
ometer are set parallel, while in the other set-up, one of the
mirrors is tilted around a horizontal axis; (ii) for evaluation
of the experimental data, only one horizontal line of a 2D
CCD array has to be used in Sainz’s arrangement, whose da-
ta is not affected by the poor quality of the crystal surface.
In our practice, we measured the group delay of the crystal
rather than the retrieved phase [37] by measuring the change
in the periodicity of the spectrally resolved interferometric
pattern, which is just the inverse of the group delay when the
period is expressed in angular frequency units (ω= 2πc/λ).
The accuracy of Sainz’s method was found to be much low-
er than in the arrangment published in [36], which can easily
be explained by the much higher number of data points pro-
cessed in the latter technique. Details of the technique will be
published elsewhere [39].

Reliability of our dispersion measurement on the crystal
has been experimentally verified by measuring the dispersion
of the GT mirrors by using both Sainz’s [37] and Bor’s [36]
arrangement. The measured GD and GDD values were the
same within the error bar of the data obtained by the for-
mer arrangement. The measured dispersion of aCr:LiSGaF
crystal is shown in Fig. 3. Our assumptions were experimen-
tally verified by reflectance measurements on the mirrors. We
found that reflection losses are proportional to the measured
group delay functions of the mirrors:5 fs group delay per
reflection corresponds to' 0.2% of scattering loss.

Two sets of chirped mirrors have been tested consecu-
tively in the process of working out of the technology of

Fig. 3. GDD per centimeter of aLiSGaFcrystal

novel low-loss mirrors. The first fabricated set exhibited un-
tolerably high losses of0.2–0.3% per reflection and therefore
could hardly be employed successfully. The second set was
considerably improved in this respect with0.1–0.2% losses.

Using the measured dispersion data for the mirrors and
for the crystals, we optimized the net GDD of the resonator
(Fig. 4). It can be seen that the overall GDD is still far from
approaching the zero line. This can be partially explained
by our observation that in the presence of excessive negative
GDD, the pulses tend to be more stable than in a completely
optimized regime.

Finally, let us summarize the advantages and the draw-
backs of GT and CMs. In the case of GT mirrors, the ad-
vantages are negligible transmission loss, lower group delay
than in CMs and hence lower scattering losses, and higher and
adjustable (by tuning the angle of incidence) GDD. The ob-
vious drawback is the unavoidable presence of higher-order
dispersion, which may easily lead to sideband generation and
pulse splitting [40], unless special care is taken to avoid these
effects. In the case of CMs, the major advantage is the broad-
er (and constant) useful bandwidth at the expense of lower
GDD and higher losses. Expanding on this, the following ap-
plication areas may be circled out for GT MDC lasers: they
could form a source for tunable50–100 fspulses of appre-
ciable output power for many “real-world” applications in
physics, medicine, chemistry, and biology. Researchers in-
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Fig. 4. Net GDD per round-trip in a CM dispersion-controlled laser oscilla-
tor
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terested in investigating various ultrafast phenomena would
naturally prefer a sub-20 fsMDC laser source.

1.2 Resonator design

The relatively low nonlinear index of refraction ofCr:LiSAF
andCr:LiSGaF[8] and the necessity to minimize the nega-
tive GDD to obtain shorter pulses both tend to increase the
starting threshold of the mode-locked operation and reduce
pulse stability. We found experimentally that the resonator
designs suggested forTi:sapphire lasers, e.g., in [41, 42]
are suitable forCr:LiSGaFlasers with relatively high nega-
tive GDD and correspondingly long pulses, e.g., in prism-
and GTI-mirror-controlled lasers [5, 19], but did not provide
enough self-amplitude modulation (SAM) with optimized
GDD. We therefore performed a theoretical analysis, aimed
toward achieving the highest possible SAM and resulting in
a cavity design different from those previously suggested.

In all realized laser oscillators, we used a generic X-folded
cavity (see Fig. 5) with two curved (radius of curvature
100 mm) folding mirrors, output coupler varying from0.4 to
2.3%, and dispersive mirrors in different combinations.

The optimization of the cavity for KLM has been per-
formed on the basis of paraxial Gaussian beam approxima-
tion. Outside of the nonlinear crystal, we used the ABCD
matrix formalism, while the nonlinear propagation was treat-
ed in the first-order aberrationless approximation. This ap-
proach has been successfully used for theTi:sapphire oscilla-
tors [41–43] and found to be quite satisfactory for explaining
experimental observations.

Our main parameter of interest is the small-signal SAM at
the aperture inside the resonator, which is proportional to the
modulation coefficient

δSAM =
(

1

w

dw

dp

)
p=0

, (1)

wherew is the spot size,p= Pic/Pcrit is the normalized pow-
er, Pic is the instantaneous intracavity power, andPcrit is the
critical power for self-focusingPcrit = λ2/2πnn2, whereλ is
the wavelength in vacuum,n is the linear, andn2 is nonlin-
ear refractive indices, respectively. Taking typical values for
Cr:LiSGaF and Cr:LiSAF (λ= 860 nm, n = 1.4, and n2 ≈
8×10−17 cm2/W [44]), we obtainPcrit = 10 MW, which is
about 6 times higher thanPcrit in Ti:sapphire.

647 nm
Kr+-laser 

LiSAF/LiSGaF

OC

R2 R1 

Slit

z

Fig. 5. Generic scheme of the experimental setup. OC, output coupler, vary-
ing between0.4 and2.3%; z, optical distance between folding mirrors;R1,
R2, radii of curvature. Optional flat dispersive mirrors not shown

To find the most favourable resonator configuration (with
highestnegativevalue of the SAM coefficient), we computed
δSAM for the whole stability range and physically reasonable
crystal displacements.

The results for the anastigmatic case are plotted both for
the asymmetrical (Fig. 6) and the symmetrical cavity arrange-
ments (Fig. 7), taking crystal lengthlcryst= 5 mm, radii of
curvature of the folding mirrors100 mm, and typical experi-
mental arm lengths. The stability variablez′ is equal toz′ =
z− (R1+R2)/2 (see Fig. 5) and is normalized by the width of
the stability rangeS, while the crystal displacementx is nor-
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Fig. 6. Plot and corresponding contour-line diagrams of the SAM coefficient
δSAM vs. normalized stability parameter and relative crystal displacement.
Asymmetrical cavity with arm lengths of87 and109 cm. Positive values of
x correspond to displacement towards the shorter arm containing the slit
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Fig. 7. Plot and corresponding contour-line diagrams of the SAM coefficient
δSAM vs. normalized stability parameter and relative crystal displace-
ment. Symmetrical cavity with arm lengths of95 cm. Positive values ofx
correspond to displacement towards the arm containing the slit
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malized by the crystal lengthlcryst. The important distinction
of the plots in Figs. 6 and 7 from those published in the lit-
erature [42, 43, 45] is that the crystal position is measured as
a displacement of the crystal center from the waist location,
rather than quite an abstract distance from one of the mirrors.
The beam waist radius and its position relative to the crystal
faces completely define the nonlinear interaction of the beam
with the crystal. Making additional use of the normalized
coordinates thus leaves only the asymetry of the cavity and
lcryst/S ratio as independent parameters. In practical terms,
the plots in Figs. 6 and 7 represent all relevant features of an
arbitrary X-folded cavity. Consistent with previous publica-
tions [43, 45], these plots predict that it is possible to obtain
higher values of SAM in the symmetrical configuration. How-
ever, these maximum values are obtained at crystal displace-
ments approachingx/lcryst=±0.5, i.e., when the beam waist
lies at the crystal surface. This means that in order to make
use of the high SAM in this configuration, the beam waist
must be shifted in the crystal toward one of the surfaces, away
from the optimal position. On the contrary, even a slightly
asymmetric cavity exhibits an extended region of relatively
high SAM coefficient at crystal displacement around zero,
i.e., including the optimal configuration.

Both Figs. 6 and 7 show only the first stability range. It is
possible to show that within the anastigmatic approximation,
the SAM coefficient function in the second stability range is
always a centrosymmetrical image of the first stability range.
The center of symmetry is located in the middle of the stabili-
ty gap with crystal displacement equal to zero. Moreover, this
result is valid also for the astigmatic cavity, provided that ev-
ery folding mirror compensates one half of the crystal length
and that the exact compensation is done for the middle of the
stability gap. This implies that KLM action should be equal-
ly easy to obtain in both stability ranges. In practice, however,
we found that most stable pulses are obtained in the sec-
ond stability range, where hard-aperture KLM is substantially
aided by the soft-aperture KLM action. Contrary to the hard-
aperture KLM, soft-aperture KLM behaves differently in the
two stability ranges even in the anastigmatic approximation
and reaches appreciable values only in the second stability
range [46]. The laser may also be mode-locked using the soft-
aperture mechanism alone, but in this case, the mode-locking
behaviour is almost uncontrollable and output mode quality is
rather poor.

Taking into account all the above considerations, we be-
lieve that the optimal configuration is a slightly asymmetric
cavity, operated in the second stability range. The most favor-
able mode of operation is the combination of soft and hard
aperture KLM.

2 Experimental results and discussion

In the experimental setup described above we realized both
the soft and hard aperture KLM. The self-mode-locked op-
eration was intitiated by moving the output coupler either
manually or with the help of a piezoelectric driver.

2.1 GTI-basedCr:LiSGaFlaser

As a first step, we replaced the prism pair of a former X-cavity
resonator [5] by a multiple-reflection GTM pair so that the
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Fig. 8. Spectrum of the mode-locked GTM dispersion-controlled laser and
calculated net GDD per round-trip

calculated amount of GDD was at least as high as that of
the prism pair. This required 6 reflections of≈ −50 fs2 per
bounce. The laser could be mode-locked, achieving≈ 50 fs
pulse duration. The typical spectrum of the mode-locked laser
is shown in Fig. 8. Assuming a sech2 pulse shape, we ob-
tained a pulse length of47 fs from the interferometric auto-
correlation, corresponding to a∆τ∆ν product of≈ 0.33. The
interesting characteristic feature of the pulse spectrum is the
presence of a narrow side-band aroundλ= 880 nm. Using the
measured GDD of theCr:LiSGaFcrystal and the calculated
GDD of GTMs at actual angles of incidence, we were able to
calculate the overall net GDD of the resonator per round-trip.
Since the measured GDD of the GTMs at normal incidence
followed the theoretical curve very closely, use of the calcu-
lated GDD at oblique incidence is justified. Comparison of
both curves in Fig. 8 shows that the side-band occurs close to
the position of the spectrum, where the GDD function cross-
es the zero line, while the third-order dispersion (TOD)D3 is
relatively high. Under this perturbative influence of the TOD,
a strong resonance peak may develop in the spectrum. The
frequency shift from the central frequency of the pulse in this
case should also satisfy the phase-matching condition [47]:

∆ω2+ D3

3D
∆ω3=− 1

T2 , (2)

where D is the second-order dispersion,T = τ/1.76, andτ
is the solitary pulse duration. The calculated∆ω corresponds
within measurement accuracy to the experimentally observed
value. This provides strong evidence for the assumption that
the side-band originates from nonlinear energy dissipation
of the solitary pulse due to the TOD perturbation. Experi-
mentally, the dispersive wave could be suppressed by either
increasing the self-amplitude modulation (closing the slit) or
modifying the net GDD of the laser to avoid the resonance
condition (2) close to the pulse spectrum.

However, the high number of GT reflections in the above
experiment introduced appreciable losses into the cavity, so
that the maximum output power was limited to100 mW.
Since we measured the transmission through the GT mirrors
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Fig. 9. Schematic of the KLMCr:LiSGaF laser with GT mirrors replac-
ing resonator mirrors. OC, output coupler; GT, Gires–Tournois mirrors; HR,
high reflector

to be below0.01%, less than that of our conventional high re-
flector (≈ 0.02%), we attribute the additional losses (≈ 0.1%
per bounce) to scattering, as described above.

Therefore, we attempted to reduce the number of reflec-
tions to a minimum, by combining GT mirrors produced with
different technologies and nominal GDD. Our final laser de-
sign is shown in Fig. 9 and incorporates 3 GT mirrors, one of
them being curved. This design is characterized by its com-
pactness and excellent long-term alignment stability. With
this laser, we routinely reproduced mode-locked operation at
pump powers of1.5–1.8 W from a Kr-ion laser at647 nm
(0.95–1.15 W absorbed in the crystal) and mode-locked out-
put powers of150–200 mWwith 2.3% output coupling. Pulse
durations were typically45–50 fs, with the shortest meas-
ured pulse duration being44 fs (Fig. 10). The pulses were
nearly transform-limited, with a time-bandwidth product of
∆ν∆τ ≈ 0.33–0.36. By varying the angles of incidence at
the flat GT mirrors between5◦ and 20◦ and choosing dif-
ferent GT mirror combinations it was possible to tune the
central wavelength between833 and857 nm. In Fig. 11 the
values of the pulse lengths are plotted; they were obtained
in the resonator with2.3% OC and depend upon the oper-
ation wavelength. Although the variation in the pulse dura-
tion is minimal, one can see a clear tendency for the pulses
with shorter durations to operate near the maximum of the
gain spectrum. With the repetition rate being approximately
80 MHz, the output and intracavity pulse energies were found
to be2.5 nJand110 nJ, respectively.

We found that increasing the intracavity pulse energy
above100–110 nJwas often accompanied by a reproducible
double-pulse oscillation regime, with typical pulse separation

Fig. 10. Autocorrelation trace of a mode-lockedCr:LiSGaFlaser. The inset
shows the output spectrum
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Fig. 11. Pulsewidth vs. wavelength in a GTM dispersion-controlled laser.
The laser was tuned by changing the angle of incidence upon the GTMs.
Dashed lineis an eye-guide
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Fig. 12.Mirror dispersion-controlledCr:LiSGaF(Cr:LiSAF) laser. OC, out-
put coupler; DM, dispersive mirror, either GT-type or chirped (see text)

300–500 fs. Both pulses appeared to be more or less identi-
cal and the separation stable over indefinite time. Theoretical
analysis of this phenomenon in solid-state lasers was very re-
cently given in [40]. To suppress this double-pulse regime, it
was necessary to decrease slit width, increase the SAM, and
reduce the output power, eventually bringing the intracavity
pulse energy below100 nJ.

Further optimization of the resonator and the active medi-
um led to a simplification of the laser cavity, which finally
yielded the simple five-mirror X-cavity shown in Fig. 12, with
all but the output coupler and dichroic pump coupler mirrors
providing dispersion compensation. The pulses, produced in
such a scheme, were nearly transform-limited37 fs pulses
with a time-bandwidth product of0.34 and an output pow-
er of about100 mW. These pulses are obviously limited by
the GDD bandwidth of GTMs and are the shortest pulses ev-
er achieved with GT mirrors. Further reduction of the pulse
duration is only possible with broadband chirped mirrors.

2.2 Chirped MDCCr:LiSGaFand Cr:LiSAF lasers

In order to achieve the broader and flatter dispersion spec-
trum, we first used a combination of chirped and GT mir-
rors. The laser could be easily mode-locked, with a sech2

pulse shape fit to the measured autocorrelation trace, yield-
ing a pulse length of33 fs and a time-bandwidth product
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Fig. 13. Measured GDD spectrum (lower curve) of the first version of the
low-loss chirped mirrors designed forCr:LiSAF andCr:LiSGaFlasers and
spectrum (upper curve) of the mode-locked pulses obtained by using these
mirrors

of ∆τ∆ν = 0.4. The losses in the chirped mirrors were low
enough to allow a mode-locked output power of up to90 mW
at 1 W of absorbed pump power. As can be seen, this pulse
duration far from fully exploits the available bandwidth of the
active medium. The non optimized dispersion curve of the
first chirped mirrors forCr:LiSAF andCr:LiSGaFeffectively
cut a substantial part of the gain spectrum in its infrared part
(Fig. 13).

The curious form of the dispersion curve showing posi-
tive values atλ around870 nmand becoming negative again
at 885 nmcaused the double-peaked pulse spectrum, corre-
sponding to a modulated autocorrelation trace with accompa-
nying sidelobes (Fig. 14). This resembles the recently report-
ed double-peaked pulses [48–50], generated in prism disper-
sion controlledTi:sapphire lasers. In the latter case the dip
in the center of the spectrum was explained by the positive
dispersion at850 nm, implying worse conditions for mode-
locking near the center of the spectrum [50]. Similar situ-

Fig. 14. Autocorrelation trace, corresponding to the spectrum in Fig. 13
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Fig. 15. Interferometric autocorrelation trace and spectrum of24 fs pulses
from a mode-lockedCr:LiSAF laser, using an improved version of chirped
mirrors

ation takes place in our case, when the optimum conditions
for mode-locking are being achieved symmetrically around
the maximum of the mirror GDD spectrum, i.e., at840 and
900 nm. Rough estimations of the observed effective band-
width allowed the conclusion that proper dispersion com-
pensation provided by improved chirped mirrors would even
support the generation of sub-20 fs. The optimization of the
dispersion of the CM and of the overall GDD of the resonator
has led to the actual realization of sub-20 fspulse durations of
both Cr:LiSAF andCr:LiSGaFlasers. Mode-locked opeara-
tion of both lasers was compared in the same resonator. The
typical pulses obtained in theCr:LiSAF laser are24 fs long
(Fig. 15) and have an output power of60 mWwith 2.3% out-
put coupling at about800 mWof absorbed pump power, and
a time-bandwidth product of∆τ∆ν = 0.36. In theCr:LiSGaF
laser, even shorter pulses (18 fs) (Fig. 16a) were obtained
with 0.9% output coupling at100 mW output power and
1.1 W of absorbed pump power with a time-bandwidth prod-
uct of∆τ∆ν= 0.33. The shorter pulse duration inCr:LiSGaF
may be explained by the operation of this laser at a higher in-
tracavity power and relatively smaller net GDD in this case.
In order to raise the intracavity power in theCr:LiSAF laser,
we reduced the output coupling down to 0.4% and increased
the absorbed pump power to 1.08 W. In this way,19 fspulse
duration could be achieved also in aCr:LiSAF laser, however,
at the expense of output power (50 mW) and an increased
time-bandwidth product of∆τ∆ν = 0.44(Fig. 16b).

The feasibility of sub-20 fs pulses generation inCr3+-
doped materials, without sacrificing output power and pulse
quality, determines the challenging task of approaching the
values, which is typical forTi:sapphire systems. In order to
estimate the limitations of present systems, we made a plot
of generated pulsewidths vs. amount of net intracavity GDD
(Fig. 17). According to the theory [51], pulse width should
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Fig. 16a,b. Interferometric auto-
correlation traces and spectra of
sub-20 fs pulses fromCr:LiSGaF
and Cr:LiSAF lasers, containing
an improved version of chirped
mirrors.
a Cr:LiSGaF laser, pulse width
18 fs, output power 100 mW;
b Cr:LiSAF laser, pulse width
19 fs, output power50 mW
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Fig. 17. Pulse width inCr:LiSAF vs. net intracavity GDD. All measure-
ments have been made in the same setup (0.9% output coupling)

linearly depend upon the residual amount of second-order
dispersion:

τ = 3.53|D|
φW

+αφW , (3)

whereφ is a maximum phase shift due to self-phase modu-
lation, W is pulse energy,D is the net negative second-order
dispersion, andα is a coefficient in the range of0.1–0.3,
depending upon the position at which the pulse is extracted
from the cavity. For the cavities with symmetrized disper-
sion,α is close to its lower value at the ends of the resonator.
Comparison of this expression with Fig. 17 suggests that
in our setup, optimization of the GDD alone may lead to
pulsewidths of about15 fs in Cr:LiSAF and probably even

less withCr:LiSGaF. Further pulse shortening would require
control of higher-order dispersion as well as an increase of
the bandwidth of the CMs. Currently, although the CM losses
have been dramatically decreased, we still had to trade band-
width with GDD to achieve the lowest possible number of
reflections. We believe that advances in mirror-coating tech-
nology will allow the use inCr3+-based systems of CMs with
the same bandwidths as is now possible inTi:sapphire lasers.
Another simple estimation shows that at a70 MHz repeti-
tion rate and10 W of average intracavity power, the18 fs
pulse has peak power of8 MW, close to the above-mentioned
Pcrit. The laser is operating in the regime of strong non-
linear spatial-temporal interaction[52], typical for sub-20 fs
Ti:sapphire lasers. We therefore see no fundamental obstacles
to approaching the10-fs barrier.

Another interesting phenomenon, which was observed
in these experiments, is the reproducible infrared shift of
the operational wavelength, when pulse duration approach-
es 20 fs mark (see Fig. 16). This effect can be observed in
both Cr:LiSAF and Cr:LiSGaF crystals. For comparison,
∼ 40–50 fs pulses are centered spectrally around850 nm,
i.e., around the maximum of the gain curve. Looking at
the corresponding spectra of the shortest pulses obtained in
Cr:LiSAF [15, 16], one can easily see that in both references
the operation wavelength lies between870 and 880 nm. So
far, three different groups have recorded this red-shift of the
operational wavelength of pulses with durations close to20 fs
in Cr:LiSAF. It would be interesting to investigate further
this finding in order to understand whether there is some
fundamental physical mechanism that gives rise to this phe-
nomenon, or whether it is a mere coincidence, and whether
the shift occurs in each case for different reasons. At least
in the prism-controlled resonator this can be explained by
the fact that the third-order dispersion in fused silica be-
comes zero around900 nm. However, if this red shift is due to
a nonlinear effect in the active medium, then induced Raman
scattering could be a possible explanation.
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Finally, comparing the operation of a fused silica prism-
pair controlled mode-locked laser and the MDC laser with the
same amount of intracavity dispersion under similar condi-
tions, we may conclude that in the sub-40 fsregime the latter
demonstrates, according to our experience, much better pulse
stability and higher pulse quality. As we understand, even
a slight misalignment of cavity mirrors in a prism-containing
resonator, caused, e.g., by the environmental perturbation,
changes the in-glass optical distance, consequently influenc-
ing the pulse width, if not totally prohibiting mode-locking.

3 Conclusion

In conclusion, we described the state of the art of com-
pact MDCCr:LiSAF andCr:LiSGaFlasers, producing high-
quality sub-20 fspulses with substantial average output pow-
er of 100 mW. We made the effort of optimizing the cavity
by several considerations, heading finally towards the aim of
realizing a really compact femtosecond MDC laser.
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Note added in proof

Recently we obtained14 fs(100 mW) pulses in a simple four-
mirror cavity.
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