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Abstract. We achieve.5-W and110fs pulses from a diode- inside the gain medium is matched to the cavity mode of
pumped mode locke@r:LISAF laser, pumped by a 1200- similar size and ellipticity. This achieves the smallest pos-
times diffraction-limited0.9-cm-wide 15-W diode-laser ar- sible beam cross-section in the medium at sufficiently small
ray. Pulses as short &0fs at 0.34 W are obtained, and pump beam divergence across the absorption length, result-
a continous-wave output power %2 W. These high-power ing in optimized small-signal gain. The experiment is based
results are based on an optimized mode-matching technigua a1200times &-times) diffraction-limited pump beam in

for good pump beam to cavity mode overlap, combined witithe tangential plane (sagittal direction) fron0#® cm wide

a specialized crystal size and cooling geometry. A semicont5W diode-laser array. The tangential (sagittal) axis is also
ductor saturable absorber mirror (SESAM) with low insertionreferred to as the slow (fast) axis, which corresponds to the
loss is used to start and stabilize the mode locking. Usinglifferent divergence of the pump diode array. We compare
this device has the advantage that the mode locking dynanthis approach with the previous, standard diode-pumping
ics are decoupled from the cavity layout, which is import-scheme based on lower-power, high-brightness pump diodes
ant for the design of the high-power resonator. In compari{Sect. 1.2). These earlier experiments were commonly based
son to this high-power approach, we obta6mW, 60-fs, on a pump arrangement which uses, for example, two (or
and 105mW, 45fs pulses from a standard diode-pumpedmore) diode lasers with a beam quality abdi#-times
femtosecondCr:LiSAF laser using two 12-times diffraction- (1-times) the diffraction limit in the tangential (sagittal) direc-

limited high-brightnes8.5-W, 100-..m pump diodes. tion.
The benefits ofCr.LiSAF, i.e. the broadband emission
PACS: 42.55R; 42.60F; 42.60D and the absorption arouré70 nmfor diode pumping, are

accompanied by several difficulties summarized in Sect. 1.1
which resulted in limited output power in previous sys-
Diode pumping of ultrafast lasers has been one of théems. In comparison, the related materials Cr:LISGAF [9]
key technical advances in the field of all-solid-state laserand Cr:LiCAF [10] typically have not shown improved out-
of the last few years. For femtosecond pulse generatiomput power to date but may turn out to be attractive alterna-
Cr.LiSAF [1] and related materials are attractive solid- statelives. To start and stabilize the mode locking, we use a low-
laser media because they are broadband and laser-diodess semiconductor saturable absorber mirror (SESAM) [11—
pumpable. However, the power levels typically obtained fronl 3], which simply replaces one of the flat cavity mirrors.
standard diode-pumped mode locked femtosec@mdSAF  Semiconductors are inherent intensity-dependent saturable
lasers are on the order df00 mW ([2—8] and Sect. 2.2). absorbers, allowing for reasonably large flexibility in the
This paper discusses a novel diode-pumping approach faavity configuration, as opposed to Kerr-lens mode lock-
Cr.LiISAF and compares it with the standard setup. The exing (KLM) [14—17], which requires more constraints on
periments presented show that mode locked output powéhe cavity design. Using SESAMs allows more freedom
of 0.5W is possible from a diode-pumpéct:LiSAF laser to design the cavity following the guidelines for the high-
Sect. 2.3, thus providing a potentially more compact angower diode pumping, which would be very difficult if the
lower-cost replacement fofmi:sapphire lasers, which are Kerr-lens design constraints were also applied. To date, the
usually pumped byAr-ion or frequency-doubletid-doped SESAM-basedr:.LiSAF mode locking experiments [2, 3,7,
solid-state lasers. 18] have tended to show higher output power (i.e. as high

Our diode-pumping approach is based on optimizeds 125 mW [3]), whereas the KLMCr:LISAF [4-6,8, 19]
mode-matching (OMM) combined with a specialized crys-and Cr:.LISGAF [20] lasers have demonstrated shorter puls-
tal geometry for cooling. A strongly asymmetric pump beames.
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Such compact, easy-to-use, turnkey femtosecond laseTsble 1. Properties
are interesting for a number of applications. These lasers are
useful as a research tool in physics, chemistry, and biolo- CrLiSAF CrLiSGAF CrLICAF
gy, where they support ultrafast time-resolved studies, pump 0 2
probe characterizations, nonlinear optical experiments, and g C'tisg'r'log Er%ij) 10Fem™) 48[ 33[]  13[9]
on. They can be used as a pulse seed source for femtos% orescence S 67 [9] 88 [9] 170 [9]
ond optical parametric oscillators or high-power amplifica-time
tion systems, which are again used in research and nonline rrna”_Signal (0 2em 2.9 32 29 22
optics. Forthcoming applications are anticipated in the medgiin FOM ’ '
ical area [21], in two-photon microscopy [22, 23], and ma-&

ritical temperature

terials processing [24,25]_, which could make femtoseconghr upper-state ©) 69 [27] 255 [27]
sources even more attractive. lifetime quenching

In Sect. 1, we discuss standard and high-power diod@ntrinsinc slope (%) 53 [9] 52 [9] 67 [9]
pumping approaches for continous-wave (c@):.LISAF  efficiency
lasers: compare the related materi@tsLiSAF, Cr:LiISGAF,  Thermal conductivity — \\V/mK) 33 36 514
andCr:LiCAF and summarize the standard diode-pump setalongc-axis @-axis) (3.0) [28] (3.4) [28] (4.58) [28]
up; and discuss the concept and experiment of the high-powa&hermal expansion 1076 /°C) -10 0 36
diode-pumped cwCr:LiSAF laser based on OMM. Sect. 2 coefficient along @500 @@P (@)
describes the corresponding femtosecond cw mode lockirg™'® (a[Z-X's) on 1060 10 16

i i ermal dispersion ° —4. —4.

results, which use the SESAM. We conclude in Sect. 3. dn/dT. P (25 [31] (—42) 28]

alongc-axis (@-axis)

1 Diode-pumping of cwCr :LISAF

1.1 Difficulties of Cr:LiSAF, Cr:.LiISGAF, and Cr:LiCAF provided the scatter losses [28] can be reduced to those
of Cr.LiSAF or Cr.LiSGAF. Despite Cr:.LICAFs slightly

Diode-pumpedCr:LiSAF is subject to the following diffi- smaller (.5 times) small-signal gain compared with that of
culties which tend to limit the available output power. TheCr.LiSAF/Cr.LiISGAF, the main advantages @r:LiCAF
gain of Cr:.LiSAF [26] is relatively low compared with other would be that the critical temperature for upper-state life-
diode- pumped laser media, e3 times less than that of time quenching is much highe2%5°C) [27] and the in-
Nd:YAG. FurthermoreCr:LiSAF has poor thermal conduc- trinsic slope efficiency67% [10] as compared witth3%
tivity [9], about 10 times smaller than that ofi:sapphire. in Cr:.LiSAF [1] and 52% in Cr.LiISGAF [9]. Moreover,
Additionally, it exhibits upper-state lifetime quenching with Cr:.LiICAF was reported to show only a little thermal lensing
a critical temperature d67°C [27] which results in a rapid compared withCr:LiSAF [31], as experimentally verified in
decrease in gain at temperatures thereabove. Finally, tteeflash-lamp-pumped rod [32].
diode-laser pump beam quality is highly non-diffraction-
limited at the multiple-watt power level, which calls for
a short absorption length to improve the overlap to the laset.2 Standard diode-pumping approach
mode (i.e. mode matching). However, the desired short ab-
sorption length results in an increased temperature rise at tfigne above difficulties are the main reasons standard diode-
pump spot and thus typically leads to a stronger decrease pumpedCr:LiSAF lasers have not yet shown more than ap-
gain due to upper-state lifetime quenching. proximately230 mWoutput power in cw mode ant?5 mW

The related material€r.LiISGAF [9] andCr:LiCAF [10]  in mode locked operation (Sect. 2 and [3]). The “standard”
have not shown improved output power [20,28] ot  diode-pumping approach, used in most previously reported
LiISAF experiments to date. However, some works re-Cr.LiSAF experiments [2—6, 18] was typically based on (at
port thatCr.LISGAF shows less upconversion and excited-least) two high-brightness pump diodes, e.g. diodes emit-
state absorption [29,30] and reduced thermal lensing [2Q]ng 400-500 mW from a 100m stripe width, or similar.
than Cr.LiSAF. However, to date the thermal properties of This corresponds to a beam quality [33,34] approximate-
Cr.LiSGAF are not yet fully reported, and thus its ther-ly 12 times the diffraction limit, corresponding tel; ~ 12
mal lensing cannot be compared with that ©f.LiSAF.  (x denotes the tangential or slow axisthe sagittal or fast
Fortunately, thermal lensing is not yet an issue in standardxis). We model the non-diffraction-limited beam propaga-
diode-pumped systems, nor was it critical in the high-powetion assuming a Gaussian beam with an effective wavelength
approach of Sect. 1.3 or Sect. 2.3. In Table 1 we give a listing/? times the optical wavelength [33]. In our experiment,
of all known and relevant parameters of these laser materiwe focus the diode laser pump light from sucb@0-mW,
als. Upconversion irCr:.LiSAF [26] was found to limit the 100wm diode to a spot-size diameter @Opum x 60pum
laser performance in Q-switched operation [29], but usualat the position of the laser crystal (see pump-focusing optics
ly not in cw mode locking, where the excitation density isin Fig. 1). Figure 2 shows the resulting beam profile at the
pinned at a several times lower level. The excitation densiposition of the laser crystal, as measured with a moving-slit
ty is further decreased due to the longer absorption length ineam scan. The confocal parameter of the pump beam in the
the high-power experiment of Sect. 1.3 at equivalent pumpangential plane isz 0.5 mm This is well matched to the ab-
intensity, which reduces upconversion to a negligible effectsorption lengthL = 0.5 mm of the 3 %-dopedCr.LiSAF at
Cr:LiCAF would be the best choice for the laser medium,» = 670 nmpump wavelength, as required for mode matching
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Cr:LiSAF, 3% doped, 2 mm

Ednode laser \;:'J ))
cyl. microlens /
¢ spherical doublets f=200,f=120 mm

output
coupler
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aperture

Fig. 1. Standard-diode-pumped femtosecd®dLiSAF resonator with a cavity repetition rate 876 MHz The SF10 prisms are Brewster-cut for minimum
insertion loss. For cw operation (indicated by dashed lines), a high-reflector is used instead of the SESAM, and the prism pair is removed. R®C, radius o
curvature; SESAM, semiconductor saturable absorber mirror

of the pump to the mode in the tangential plane (see next set-3 High-power approach:(OMM) and cooling

tion). In the sagittal direction, the pump beam is diffraction-

limited and assumes a focus ®®-60.m diameter (Fig. 2). The approach described in the previous section is only con-
The cw cavity (Fig. 1 without the SESAM and the prism pair)cerned about the tangential plane where the diode beam
has a resonator mode with a focus/@um x 55umdiam-  is non-diffraction-limited. Optimized mode- matching goes
eter in the laser medium which is reasonably well matchead step further and optimizes the overlap of pump beam and
to the pump beam. The pump slightly overfills the mode inlaser mode in both transverse directions, independently. This
the tangential plane, since we have to take into account tha¢quires the ability to choose the waist in both the tangential
the pump beam is stretched in the tangential plane by a faplane and the sagittal direction for both the pump beam and
tor of n = 1.4, refractive index, inside the medium due to thethe laser mode. The pump focusing requirement is governed
Brewster surfaces. In cw operation, a maximum output powby [35—-37].

er of approximatel\230 mWis typically obtained at a total

absorbed pump power @0 mWifrom the two pump diodes bx=by =1L, (1)

and al % output coupler. . . :
where L is the Cr.LiISAF pump absorption lengthy, and

by are the pump confocal parameters, given the pump waists
wy andwy inside the laser crystal in the tangential plarg (
I and the sagittal directiony). Criterion (1) ensures that the
pump beam will not significantly diverge over the dimension
of the absorption length. Thus, the pump beam for typical
diode-laser arrays witiv2 > Mf, = 1 is strongly asymmet-
ric, because

150

tangential
(x-axis)

f

B bx,yAMZ

100 Wiy =—"%—

()
Equation (1) serves to achieve the smallest possible cross-
B e VUV sectional area of pump and mode over the entire absorption
sagittal length. This optimizes the small-signal gajp achieved in
(y-axis) the gain medium. Sincgp scales with the inverse of the
cross-sectional area, the resulting small signal gain is [37]

Ok 1 | | | | i P
-04 -02 00 02 04 06 08 0o X ——F———,
Position, mm (L\/ MgM%)

Fig. 2. Pump beam profile measured with a moving-slit beam scan at the . . .
position of the laser crystal in the standard diode-pumPediSAF laser whereP'|s the total absorbed pump power. For 'prmal high-
setup. The pump diode is a commercially availabt®mw, 100umred  power diode-laser arrays, the pump beam quality factors are
diode laser array with &2-times diffraction limited beam in the tangential M)% > 1 and |\/|§ =1, and the beam quality ir scales lin-

plane (i.eM)z( ~ 12), and a diffraction-limited beam in the sagittal direction . . 2 . .
(i.e. M§ ~ 1). The confocal parametérof the pump beam is in good agree- early with the emitted powely o P. This is confirmed by

ment with the absorption length 6f5 mm The sagittal beam profile has an th_e argument that inde arrays were ShOWf_] to be eXFended to
uncritical divergence wider arrays and higher power while keeping the brightness

Beam diameter, um

[
(@]
I

3)
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constant, i.e. both the divergence and the emitted power pgain despite the highly non-diffraction-limited beam, provid-
unit stripe width [38, 39]. Simplifying (3) we obtain a figure- ed that OMM is applied. High-power diode arrays can even

of-merit (FOM) for OMM-based diode pumping [37] produce higher small-signal gain than diode lasers of equiv-
D alent brightness but lower power. However, this scaling can
FOM= ——— /M2 /P, (4) be traded off by thermal effects, which were not taken into

/MZM2 account in the FOM of (4).
For the case o€r:LiSAF, thermal issues need to be tak-

The scaling of (4) assumes a constant absorption lebhgth en into account because Gf:LiSAF's thermal difficulties
This FOM tells us that high-power diode-laser arrays car{Sect. 1.1). Therefore, we choose a specialized crystal size
pump solid-state laser media without trading off small-signabnd cooling geometry (Fig. 3a) which reduce the tempera-

ture rise at the pump spot. A vertically thih ihm) Cr:LiSAF

crystal and a relatively long absorption lenghnim) estab-

lish a mainly one-dimensional heat flow. The resulting tem-
AX= perature rise is then only a few tens of degrees centigrade
even at several watts of deposited heat, as numerical heat flow
simulations show [37]. Assuming homogeneous heat depo-

y  heatflow

Cr:LiSAF sition over the absorption length and two-dimensional heat
Tom flow in thex-y-plane, we can calculate the resulting tempera-
—_— ture profile along the-andy-direction (Fig. 3b) which shows

a maximum temperature rise 8 °C at a total deposited heat
pump beam of 3 W, which approximately corresponds to the experimen-

& laser mode tal conditions of Fig. 4a. Figure 3c confirms the assumption
for a mainly one-dimensional heat flow. The maximum tem-

: : ; times diffraction-limited in the tangential plane. In the sagittal
5 : ] — direction, the diode beam is strongly divergent (“fast” or y-
: ‘ i 5 axis) but diffraction limited. After the cylindrical microlens,

3 perature rise is calculated as the pump spot diaméiem
50 thex-direction (Fig. 3a) is increased while keeping a constant
& ' pump intensity at the pump spot. This results in a linear in-
- 40 | crease of pump power. For spot widths larger tBanm, we
o) X . . .
k7] observe predominantly one-dimensional heat flow which re-
; 30 sults in no significant increase in temperature rise despite the
5 increased total amount of deposited heat.
©20 The first experiments tended to optimize the pump-to-
o 10 mode overlap according to this OMM and were demonstrated
£ § ; _ with either Nd:YAG or Nd:YLF as the laser medium [40—
2 o) . I i I i I 42]. However, simpler diode-pumping techniques such as
-3 2 -1 0 1 2 3 side pumping provide enough small-signal gain for efficient-
it ly achieving high average powers in these materials. For
b) Position, mm Cr:LiSAF, which has considerably lower gain, OMM remains
O T an important technique in achieving efficient diode pumping.
') ; ; The high-poweCr:LiSAF laser experiment (Fig. 4) uses
° as pump source & = 0.9 cmwide diode-laser array with a
o 25 maximum emitted power df5 Wati = 690 nm[38, 39]. The
2 power density is about twice as low as that of the commer-
@ cially available500-mW diode used in Sect. 1, thus indicating
5 20 N that long-term reliability may be expected [43]. The diode
® beam has a tangential beam divergencéyof +3.5°, and
@ 15 _— thus the beam is
£ W o
e M2 =7 — . = = 1200, (5)
10 . 2
E
3
E
x
o
=

: | ; : which collects the light in the fast direction, the beam was
) e e measured to bb times diffraction-limited. This is attributed
1 2 3 4 to a slight misalignment of the microlens.
: ; Itis very difficult to keep the microlens aligned across the
0 Spot width - ax (diameter), mm entire diode stripe width, which results in varying vertical ex-
Fig. 3. a Schematic cross-sectional view of the laser crystal pumped byit angles across the stripe. To reduce this beam distortion, we
a strongly asymmetric diode laser beam. The crystal geometry causeg|it the diode pump beam into two parts (Fig. 4b). Addition-

a mainly one-dimensional heat flow to the copper heat sinkSalculated 2
temperature profile foB W deposited heat Calculated maximum tempera- a"y’ each half beam has EMX reduced by a factor d. The

ture rise with increased pump spot widtt at constant pump intensity, i.e. PUMp-focusing OptiQS further consist of two Cylindrica! lenses
increased total pump power followed by a spherical doublef (= 80 mn) and a meniscus
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HR@830nm
HT @690nm

Cr:LiSAF 0.8%

diode-laser array

microlens —— cylindrical
/ mirror

f,= 60 mm ROC=200 mm (y)

y

f, =300 mm
fxy= 80 mm
pump
Output coupler
a) ROC=200 mm (x,y)
/beam splitter
diode-laser f =300 mm ROC,,,~20 cm
array (0.9 crm X Xy
o
cyl. microlens /

fy=80 mm

e
fx=300 mm : 0.8% Cr CW Output

7 ROC,=7.5 cm

b)

Fig. 4. aHigh-power cwCr:LiSAF cavity pumped by ®.9-cm-wide 15-W diode-laser arrayb By splitting the pump beam in two beams we can reditge
by a factor of2

lens (Melles Griot, 01LMP003 = 100 mm 50 mmdiame- andM2 = 2.8 at1.4 W output power. In the sagittal plane the
ter). The beam is imaged into the crystal to a spot-size diameutput beam was diffraction-limited(Z ~ 1). We anticipate
ter of less thari.25 mmx 100wm over the absorption length that further optimization of the pump focusing will lead to
of 4 mm Figure 5 shows the beam profilesxrandy at the  higher output powers.

position of the laser crystal, and that they are in reasonable

agreement with the OMM requirements of (1). The strong-

ly asymmetric pump beam, as required by (2), is due to the

strongly asymmetric pump beam quality factM% > Mf,.

The cw laser (Fig. 4b) has a cavity mode of asymmetry 300
and size £ 1 mmx 80um diameter) similar to that of the g , 2000 ¢
pump beam in th€r:LiSAF crystal, such that they overlapin = 25° ;i’_"g;;g;'a' &
the gain medium over the entire absorption lengtaccord- £ 200 - 11500 B
ing to OMM. This strongly asymmetric mode is achieved by £ > g
the use of a cylindrical cavity mirror with a vertical radius of = 90, = 1000 32
curvature ROG =75 mmin Fig. 4b. The restof the cw cavity £ 100 - <> =on L g
consists of a curved folding mirror and a fle% output cou-  §, sagittal gt 1800 E
pler; the cavity mode is relatively round with an aspect ratio§ 50 - {y-axis) 3
less than 21. ok ‘ , ‘ ‘ ‘ ‘ 4o

The results of the cw experiment using tleLiSAF 8 9 10 11 12 13 14 15
laser cavity shown in Fig. 4b are shown in Fig. 6. We achieve Position, mm

a maximum cw output Power df.42 W at a total absorbed Fig. 5. Pump beam profile of splitted pump beam (i.e. half-beam) taken at
pump power 0f9.3 W. Slightly lower cw output power was the position of the laser crystal in the high-power diode-punPetiSAF
achieved with theCr:LiSAF cavity shown in Fig. 4a [37]. laser setup (Fig. 4b). The pump diode i&W, 0.9-cm-wide red diode-
The output power as a function of absorbed pump powelpser array with al200times diffraction-limited beam in the tangential

: - : ane and a diffraction-limited beam in the sagittal direction. The confo-
(Fig. 6) shows no significant saturation, as expected from th | parameter of the pump beam is in good agreement with the absorption

temperature prqfile c'alcu'lat'ions (Fig. 3). The output beankngth of 4mm in both transverse directionsand y, simultaneously, as
quality is near-diffraction-limited with amf =17atl.2W  required for OMM
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Fig. 6. Continous-wave output power obtained from the diode-pumped
Cr:LiSAF laser (Fig. 4b) as a function of absorbed pump power
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] 0.2
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2 Diode-pumped femtosecon®r :LiISAF experiments " d=Ajz 1 Absorer Layer
2.1 Semiconductor saturable absorber mirrors Fig. 7. Semiconductor saturable absorber mirror (SESAM) used throughout

this paper. The structure is a low-finesse antiresonant Fabry—Perot saturable

We pioneered and established semiconductor saturable @_’sorber (A-FPSA) which is optimized for broad wavelength tunability [3].
ottom Expanded view of the top layers of the structure. The standing

sorber m|rror_s [11' 13] for pass_|vely mOde'IOCked S_Ol'd'Stathave patterns of the three wavelengths are plotted with equivalent intensity
lasers. The first device used in a diode-pum@ediSAF incident on the device. The twhlAs spacer layers and tH@aAssaturable
laser demonstrated picosecond pulses [44] with a resonaaisorber layer (plus the two cap layers) have a total thickness of a half wave
passive mode-locking arrangement (RPM) [45,46, and lath 50,im wich orespncs i Sniosoranter el Shors e |
er an intracavity SESAM also generated sub-picosecon turable absorbger layer, g%d the E:ap Iayper are grown. L'?, Iow—te)r/npeyrature
pulses [44], but at very low average powers. In 1994, Weyrown; z, position vertical to sample surface
demonstrated considerably improved output power, using
a high-finesse A-FPSA as the SESAM to start and stabi-
lize the mode-locking. We obtaines 100fs pulses with ter wavelength of850 nm On top of the whole structure
50 mW of average output power [2,47]. Shortly following is a 5-nm-thick GaAs cap layer, which avoids oxidation
these results, diode-pump€d LiSAF lasers based on KLM of the underlyingAlAs layer to air. The absorber layer is
showed the first femtosecond mode-locking results [48], delow-temperature400°C) MBE-grown, which broadens the
spite the low nonlinear refractive index @:LiISAF com- absorption edge. Additionally, the position of the absorber
pared withTi:sapphire. In comparison, the SESAM-basedayer is chosen in a way that the standing wave intensity is
systems generally generated self-starting pulsing, whereas temaller for shorter wavelengths, where the material-given ab-
KLM lasers typically were not self-starting (except [6]). Fur- sorption ofGaAsis stronger. This results in a relatively flat
ther improved results include self- starting pulses4bffs  wavelength dependence of the low-intensity reflectivity of the
at 60 mW [3,49] and60fs at 125 mW [3] from standard structure [3], which is approximate§8.5%+0.7 % across
systems (next section). Other groups have reported on dioda-wavelength range &0 nm(Fig. 9). The low insertion loss
pumped femtosecond results sucti@6 fs 11 mWJ[18] and is important to achieve high average output power levels,
70fs 100 mW 7], also employing a SESAM, theiOfsat and the relatively small variation in reflectivity allows broad
70mW [5], 70fs at 50 mW [6], 100fsat 35 mW [20], and  wavelength tunability. This is significant f@r:LiSAF as the
94 fs at 50 mW [8], all based on KLM. The shortest puls- laser medium because of its low gain.
es were also obtained from a KLM diode-pumpgercLiSAF The nonlinear reflectivity of the SESAM is due to absorp-
with &~ 20-fs pulses at a feunW output power [4, 50]. tion bleaching at high pulse energy densities. In our SESAM,
The SESAM used throughout this paper is a broadbandie measured a fast time constantofl00 f§ and a slow time
low-finesse A-FPSA [3] with the structure shown in Fig. 7. constant of several picoseconds (Fig. 8a) in a standard non-
The Bragg mirror (B 99.5%) and the semiconductor-to-air collinear degenerate pump-probe measurement u<idds
interface (Re 31%) are the two dominant reflecting surfacespulses from aTi:sapphire laser. These measurements were
which define the low-finesse Fabry—Perot. In the earlier dedone with excitation levels slightly below the saturation flu-
signs, we evaporated on top of the structure a highly reflectingnce, and at the three waveleng880, 845 and 862 nm
mirror (R> 95%) which define a high-finesse Fabry—Perot.with similar results at all wavelengths. We determined a sat-
In this work, al5 nmthick GaAsabsorber quantum well with uration fluence ofL60wJ/cn? at 830 nm (Fig. 8b) for the
a bandgap wavelength of approximat880 nmis positioned SESAM which does not significantly change at other wave-
within a half-wavelengti\lAs spacer layer (Fig. 7) which is lengths. A theoretical fit in Fig. 8b is based on traveling—wave
transparent for the laser wavelength. The total thickness afte equations [12] and determines a maximum modulation
a half-wavelength (optical thicknes®l = 1/2) corresponds depth of1.4% and a nonsaturable loss b%. The bleached
to the antiresonance condition of the Fabry—Perot structurearriers recover on a time scale which can be varied by the
Underneath is an MOCVD-grown Bragg mirror with a cen-low-temperature MBE growth.



241

8 T T T T
3 10k T 45fs
«© ’ : 6L u
[«b) = - B
S 0.8 5 ° I
C g a4t il ]
g 4 3
o 0.6 g 3r 1
..2" ; <C oL ]
S 04 o i
5 ‘
O 1 I 1 | 1
Q .
% 0.2k 2 80 40 Dol aOy « 40 80
o : ‘
. - = I ‘\\ o 200
-1 0 1 2 E 120 \ g 2
. =L | e 4150 &
Time delay, ps g \ 3
3 80 v . £
a Ve / —4 100 &
1.00 i 5 40' g‘g - A =
) T T T 2 L . - lso =
' : 5 *----e -£3- Output power @
(b) : : 830 nm o] r - Pulse width
\ 100 fs 0 °
3 1.0
> 0.99 - 0 08
Q 3 0.6 )
S . & 2
 0.98 8 04 <
B E ~<
0.2
097 il oy p g g 0.0 .
4 6 > 4 6 ) 4 6 800 8 840 860 880 900
0.1 1 b) Wavelength, nm
Energy Density (pd/ Mm2) Fig. 9. aInterferometric autocorrelation measurement of the shortest pulse

(45 fs 105 mW) obtained from the standard diode-pump@dLiSAF laser.
Fig.8. a Pump probe measurements indicating the impulse response dfhe time bandwidth product i8.31. b Lower graph Reflectivity of the
the SESAM of Fig. 7 The three wavelengths show similar behavior. SESAM used in the experiments (dotted curve, right scale). The constant
b Measured nonlinear reflectivity of the SESAM as a function of inci- reflectivity and low loss across more th&0 nm allows for tunability of
dent pulse energy density. The data are fitted assuming a saturation fluenself-starting femtosecond generation, as the various pulse spectra show (left
Esat = 160pJ/cm- [12] scale). Upper graph Measured output power and pulse duration corre-
sponding to the pulse spectra in the lower graph. The highest output power
obtained is125 mWat a pulse duration a0 fs

2.2 Standard diode-pumped femtosec@rd.iSAF laser

The standard mode-lockeg:LiSAF configuration (Fig. 1) the constant reflectivity and low loss of the SESAM across
uses the same pump scheme as that of Sect. 1.2. The cathis range. Over the total wavelength range, self-starting
ty consists of two curved folding mirrors (radius of curvaturefemtosecond mode locking was obtained (Fig. 8b). During
ROC= 10 cmspherical), @3 cmlong SF10 prism sequence steady-state pulsing, the pulse energy density incident on the
followed by a flat0.8% output coupler, and the SESAM SESAM is~ 800uJ/cm? which is abou times the satura-
described in the previous section at the other end of the caton fluence of the SESAM (see Sect. 1), thus causing strong
ity. The distance between the two curved laser mirrors igbsorption bleaching.
12.6 mm, which results in a laser mode 800pm x 110um
Qiameter on thg SESAM. The mode waist at the laser crystag_g High-power diode-pumped femtosecdrcLiSAF laser
is the same as in the cw experiment of Sect. 1.2. based on OMM

Figure 9a shows the shortest pulses withifs dura-
tion obtained from this laser at an average output power dfor mode-locked operation, we extend the cw cavity of
105 mW (absorbed pump power00 mW). The highest av- Sect. 1.3 to include the SESAM and a prism sequence for dis-
erage output power obtained 125 mW with 60-fs pulses persion compensation (Fig. 10). This does not significantly
at a slightly shifted wavelength (Fig. 9b). This is the high-change the laser mode in the gain medium, and thus provides
est reported output power from a diode-pumped femtosecortie same OMM as in the cw case. The cavity is terminated
Cr.LiSAF laser, except for the results of Sect. 2.3, whereby the SESAM of Sect. 2.1 where the laser mode size di-
we have used a different pump approach. We could tune theemeter is300pum x540m. This results in a pulse energy
laser wavelength over a range of more tH#hnm due to  density of~ 330p.J/cn? incident on the SESAM (assuming
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Fig. 10. High-power femtosecon@r:LiSAF cavity pumped by d@5W diode-laser array. The cw cavity of Fig. 4 is extended in such a way that a prism
sequence and the SESAM for mode-locked operation are included. The pump optics stays unchanged. The cavity mode dimension inside the laser crystal
remains virtually unchanged in comparison with the cw setup of Fig. 4. a knife edge is inserted to avoid higher spatial modes and ensure staké&glmode-loc
operation

500 mW output power), which corresponds to twice the sat- 8
uration fluence of the SESAM. The spot size on the SESAM
is the only parameter that the cavity design has to take intG 6
account. Therefore, the cavity design is merely subject to thg
requirements of OMM (Sect. 1.3) but not, for example, tos 4
the additional constraints of KLM. The cavity repetition rate g
is 150 MHz One of the curved turning mirrors €R99.6%) 2 2
serves as af.8 % output coupler, which results in two output ' {
beams. A single output beam carrying the full output pow- 9 50 0 50 0.85 0.90
er could be obtained if the flat side of the laser crystal were Time Delay, fs Wavelength, um
chosen to be th8.8% output coupler instead of the curved
mirror. This would cause no changes to the cavity mode and
only minor changes to the pump optics, which would then
have to include a dichroic beam splitter to separate the output
from the pump.

The modelocking experiments are shown in Fig. 11. We
generate self-starting10-fs pulses at a total output power
of 500 mW(split between tw@®50-mW beams) aB.3 W ab-
sorbed pump power, and self-start®i@fs pulses at a total of
340 mWat 6.4 W absorbed pump. A knife edge was inserted
into the beam (Fig. 10) to suppress higher order spatial modes , , ,
and to obtain stable pulsing. This was also verified on a mifig- 11. Mode-locking results of high-power diode-pumped femtosecond

L - Cr.LiSAF laser.Upper graphsThe shortest pulses obtained are self-starting
crowave spectrum analyzer monitoring the output S'gnal 0Bpfs pulses at an output power &40 mW, measured with an inter-

Pulse spectrum

8.5 nm
—>

Autocorrelation
Pulse spectrum

0.875

| L
-0.4 -0.2 00 02 04 0.850
Time delay, ps Wavelength, pm

a photodiode. The center wavelength is=e875 nm ferometric autocorrelation (left) and the spectrum (rightywer graphs
Noncollinear autocorrelation and spectrum of self-startidg-fs pulses at
2.4 Modelocking mechanism a total output power 0500 m\W

Soliton mode-locking [51-53] is assumed to be the dominant

mode-locking mechanism in our SESAM-based femtosecon8 Conclusion

lasers. The cavity was operated close to the middle of the

stability regime without any critical cavity alignment neces-We demonstratd25mW, 60-fs and 105mW, 45fs puls-

sary for KLM. Stable femtosecond pulse generation can bes from a standard diode-pump€dLiSAF laser based on

achieved with a relatively weak (i-e.1%) nonlinear reflec- a SESAM which is optimized for low insertion loss. With

tivity due to semiconductor saturable absorption, provideé diode-pumping configuration utilizing OMM and a spe-

that SPM and GVD are the dominant pulse-shaping effectgialized crystal geometry for cooling, we show that we can

Additionally, the absorber recovery time may be approxiproducel.4 W cw and0.5 W mode-locked output power from

mately 10 times slower than the steady-state pulse duratiamdiode-pumpe@r.LiSAF laser. We generat@5 W of 110fs

(depending on the actual amount of SPM and GVD), as verpulses an@.34 W of 50-fs pulses started by the SESAM. We

ified in [52]. Therefore, this SESAM can be used to generpump theCr:LiSAF laser medium with &.9-cm-wide high-

ate pulses with durations down to the tens-of-femtosecondsower diode-laser array which emit§ 20Gtimes diffraction-

regime. limited beam in the tangential plane. The technique of OMM
gives guidelines for the pump-focusing and cavity mode pa-
rameters in the crystal for optimum small-signal gain. The use



of the SESAM as the mode-locking element, in contrast to25
KLM, facilitates the design of the cavity with respect to the

OMM requirements because the mode-locking dynamics ar&®:

decoupled from the cavity layout. We think that these laser re-

sults show that a compact and cost-effective replacement fos7.
Ti:sapphire lasers is feasible without trading off output power.28.
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