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Abstract—We demonstrate self-starting 6.5-fs pulses from a key features for an ultrafast laser technology which approaches
Kerr-lens-mode-locked Ti:sapphire laser with an average output the requirements for “hands-off” operation. We give a compre-
power of 200 mW at a pulse repetition rate of 86 MHz. We have hangive description of the generation of 6.5-fs pulses with an

achieved a mode-locking buildup time of only 60us, using a . - : .
broad-band semiconductor saturable absorber mirror to initiate improved mode-locking buildup time of 60s. The average

the pulse formation. The dispersion has been compensated with Output power is 200 mW, at a pulse repetition rate of 86 MHz.
a prism pair in combination with improved double-chirped mir- ~ Without KLM, the limited modulation depth of the SESAM
rors. The prism pair allows for the flexible adjustment of both  supports sub-20-fs pulses over the full cavity stability regime.
the duration and the center wavelength of the pulse. The double- \ye only obtain self-starting 6.5-fs pulses when we combine
chirped mirrors show a high reflectivity better than 99.8% over the SESAM with KLM. Th itv stability adiust t
the full bandwidth of 300 nm and a controlled group delay over e - wi - € cavity stability adjustments are
more than 250 nm. The choice of a proper output coupler turns less critical when SESAM'’s are used Compared to KLM alone.
out to be critical for ultrashort pulse generation directly from To date, shorter pulses &f4.5 fs have only been generated
the laser. by external pulse compression of cavity-dumped Ti:sapphire
Index Terms—Chirped mirrors, dispersion control, femtosec- laser pulses at pulse repetition rates up to a megahertz [9],
ond phenomena, laser resonators, pulsed lasers, semiconductof10], and by compression of amplified high energy pulses at

saturable absorbers, solid lasers, ultrafast optics. pulse repetition rates in the kilohertz regime [11], [12]. The
latter approach resulted in 4.5-fs pulses with a pulse energy
I. INTRODUCTION up to 70 J [12] and, more recently, in 5-fs pulses with

gn energy of 0.5 mJ [13]. These large peak powers will be
g%dremely interesting for high harmonic generation [14], [15],
articularly for coherent “water window” X-rays [16], [17].
he water window lies between 2.2 and 4.4. nm, where water

were ge_znerat\_ed directly fro'?" a Iaser_ for the first time [2]'3 transparent, but carbon strongly absorbs. This makes it an
Novel dispersion compensation techniques haye led t_o pu'?gésal wavelength range for the microscopy of living cells.

as short as 7.5 fs [3]1 The currently shortest T|:sqpph|re Iaserln contrast, ultrashort pulses like the ones described here
pu!ses have a dgratlon .Of 6.5 fs, aqd are obtained fromi_g_, at lower pulse energies in the nanojoule regime and at
reliable, self-starting oscillator [4]. This latest result will bethe repetition rate of the oscillator, are very interesting for
discussed in more detail in this paper. '

The continuing improvements in ultrafast laser technolo pow-excitation-level” laser spectroscopy. The higher pulse
9 1mp .%petition rates substantially improve the signal-to-noise ratio

havg Ied.to many new anq fascinating applicgtions in_ phySIZ%NR) of such measurements. A broad coherent spectrum of
engineering, chemistry, biology, and medicine. While theutrashort pulses at high repetition rates can contribute to

applications are the major driving force for the development . C 2 S . .
wide range of applications in information processing and

of novel laser sources, the specific requirements are rathel 2 . . g
. i . o ' communications, such as high-density wavelength-division
diverse. It is obvious that all applications benefit from a . . . .
. B . multiplexing [18], interconnects and networking [19], as well
reliable, stable and “hands-off” ultrafast laser. Our IatestS optical coherence tomography [20]. Ultrashort pulses with
developments of broad-band semiconductor saturable absorg)er P grapny P

. \ : . urations well below the dephasing time in atomic systems
mirrors (SESAM's) [5], [6] and controlled dispersion COMPEN: nd solid state media are needed for the investigation of co-

sation with double-chirped mirrors (DCM’s) [7], [8] are th ) . . -
P ( ) 171, 18] ®herent dynamics. They might become interesting for quantum
Manuscript received October 10, 1997; revised February 9, 1998. This wgmputing as well [21].
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couplers, the mode-locking mechanism (e.g., KLM) and the

self-starting mechanism (e.g., a SESAM) have to be designed
for optimum performance over this wavelength range. The

main issue in the development of sub-10-fs lasers is the proper
control of the wavelength-dependent cavity round-trip time, or

group delay. In order to balance the SPM effects, the group
delay dispersion(GDD) of the laser material needs to be

slightly overcompensated for soliton pu|3e formation [22] anfdg. 1. The Ti:sapphire laser cavity, which consists of two double-chirped
soliton mode-locking [23]_[25] mirrors (DCM1, DCM2) and a fused-silica (FS) prism pair for compensation

. . . . . . of second and higher order dispersion. A standard HR focuses onto the
The history of KLM Ti:sapphire lasers illustrates the limitasesam, which self-starts the mode-locking process. The Ti:sapphire crystal

tions due to intracavity dispersion. The standard compensati®#-3 mm long and has a doping of 0.25% wit.
technique used in sub-100-fs lasers involves prism-pairs [26],

which simultaneously allow for wavelength tunability anging the saturation intensity of the absorber. Both parameters
continuous adjustments of the pulse width. Unfortunately, thgyve been improved in a new SESAM design which reduces
different higher orders of prism dispersion cannot be controllgge mode-locking buildup time from 3 ms [4] to 6p0s.
independently [27]-{30]. The first Ti:sapphire laser that gefrhis paper gives insight in the properties of the broad-band
erated sub-10-fs pulses [2] avoided higher order dispersion §sam, the DCM's, and the output coupler which supported
using silver mirrors and a thin laser crystal, and by lasing|f-starting 6.5-fs pulses from the Ti:sapphire laser. The
at 850 nm, where the third-order dispersion of the fusegser is characterized in terms of mode-locking buildup time,

quartz prism pair vanishes. In this way, pulses as short &sectrum, and interferometric autocorrelation (IAC).
8.5 fs were achieved, with an output power of up to 30

mW. The laser was not self-starting. The next major progress I
produced pulses as short as 7.5-fs duration, with a higher
average output power of a few hundred milliwatts [3], [31]A_ Cavity Design
The main reason for this advance was the development of i ] o ] )
chirped mirrors [32], [33]. In a chirped mirror, the longer 1h€ experimental setup is shown in Fig. 1. The Ti:sapphire
wavelengths penetrate more deeply into the mirror structf&/Stal plate, with a thickness of 2.3 mm and a titanium
than do the shorter wavelengths. This leads to a negatf@Ping of 0.25% wt., is inserted at Brewster's angle. The
GDD that compensates for the positive GDD of the lasé?Ser is pumped by all lines of an argon ion laser with a
crystal. Using chirped mirrors, negative GDD can thus g¥Pical pump power of 6-W and a focused beam diameter
obtained with hardly any additional higher order dispersiofff 4° #m (tangential) and 2m (sagittal). All mirrors have
Though dispersion compensation with chirped mirrors aloffel0 ¢m radius of curvature and the flat output coupler (OC)
supports compact oscillators, the fixed cavity dispersion limi&'0WS an average transmission of 3%. The total cavity length
the tunability of the pulse parameters [3], [32], [34]. Withou?f @Pproximately 1.75 m corresponds to a pulse repetition
using prisms, we can only adjust the negative dispersion bga&e of 85 MHz. The linear reso_nator includes a fused quartz
fixed, discrete amount per reflection. prism pair at an apex-to-apex distance of 40 cm. The DCM’s
Continuous adjustment of the intracavity GDD using prisfRomPensate for the higher order dispersion of the prism pair.
pairs is necessary for optimized performance. Therefore, W8€ total cavity GDD can be varied by changing the insertion
prefer to use the prism pair in combination with chirpedf the Prisms into the beam. For self-starting of the KLM

mirrors, that compensate for the higher order dispersion of tHEPC€SS, We focused the laser mode to a spot diameter of about

prism pair. We have developed new analytic design guidelindd #m onto a broad-band SESAM at one end of the linear

for chirped mirrors by chirping both the Bragg wavelengtﬁav'ty' _Thls incident spot size on the SESAM determines the
and the thickness of the high-index layer [7], [8]. Thesgaturation power of the absorber.
“double-chirped mirrors” (DCM’s) show an extended high . )
reflectivity range of more than 300 nm, resulting in 6.5-f8- Broad-Band SESAM for Self-Starting Mode-Locking
pulses directly from the laser. The intracavity pulse w&sfs Semiconductor saturable absorbers have been successfully
and, thus, considerably longer than the output pulse. The 6used to passively mode-lock laser diodes [35], [36]. In 1992,
fs pulses have been obtained due to the special transmisfmnthe first time, an intracavity SESAM continuous-wave
characteristic of the output coupler, which lifts the wings ofCW) mode-locked a solid-state laser with a longer upper
the spectrum. state lifetime (i.e., greater than about ops) without Q-
Another key-issue for reliable operation of sub-10-fs lasessvitching instabilities [37]. Since then, many different solid-
is the mode-locking starting mechanism, obtained with state lasers have been successfully CW mode-locked with
broad-band SESAM. A KLM-laser without a SESAM usuallyarious intracavity SESAM’s. A recent review is given in [38]
has to be operated near one limit of the resonator stabileypd in a book chapter [39]. To date, the shortest pulses which
regime. Furthermore, the pulse formation process needs touse only SESAM'’s for mode-locking without the assistance
started by a brief physical perturbation, such as a shakioff KLM are 13 fs in duration [25]. Presently, we do not
mirror inside an external coupled resonator. The startup beave saturable absorbers with a sufficiently large modulation
havior of the laser critically depends on the modulation depttepth over a bandwidth broad enough to directly mode-lock

SESAM

. THE LASER SETUP
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Fig. 3. Measured and calculated low intensity reflectivity of the SESAM,
plotted over the whole fluorescence spectrum range of Ti:sapphire. The steps,
which are due to transitions from the heavy hole bands of the two QW'’s
(@) 20 nm and (b) 10 nm, are indicated in the design. The smoothed curve
was obtained from the designed curve by applying a 40-nm-wide smoothing
-100 0 100 200 filter. The reflectivity for full saturation was calculated by setting the GaAs

z (nm) absorption to zero.

(b)
Fig. 2. (a) The SESAM structure, which consists of two GaAs quantum welgonfinement. In a simplified model for the quantum well, we
(QwW's) of 20 and 10 nm thickness, separated by a barrier of 10-nm A'Aﬁeiplace the bulk absorption with a step function that changes
Between the thinner QW and the GaA_s cap Iayer,_there is anothe;l_’ 20-nm-th|¢:t . . .
AlAs layer. The evaporated bottom silver mirror is glued to a silicon holdé? the specific energies of the transition between the heavy
with silver epoxy. (b) The refractive indexes (left axis) and the standing wattole and the conduction band. At each transition energy the
pattern (right axis), calculated for low intensity light at wavelengtlisom absorption simply takes the Corresponding bulk value, and then
600 to 900 nm. . . K .
remains constant with decreasing wavelength until the next
transition energy is reached. The position and thickness of

sub-10-fs lasers. However, we have demonstrated broad-b#me GaAs absorber layers as well as the exact wavelength
saturable absorbers that are strong enough to start Klibt antiresonance are chosen such that the standing wave
pulses in the sub-10-fs regime, with sub-1@9mode-locking profile partially compensates for the wavelength-dependent
buildup times [5], [6]. absorption in GaAs. This takes into account that an absorber

The SESAM structure used in this work is shown itayer located in a node of the standing wave at a given
Fig. 2(a). The saturable absorber consists of two GaAs quavavelength has reduced absorption at that wavelength.
tum wells located inside an antiresonant Fabry—Perot. An-Fig. 2(b) shows the calculated standing wave pattern for
tiresonance is important in order to minimize wavelengtiarious wavelengths from 600 to 900 nm. The 20-nm-thick
dependent reflections of the Fabry—Perot structure, and GaAs quantum well in the front, with an absorption edge at
adjust the saturation energy. The Fabry—Perot structure880 nm, is located at the maximum of the standing waves for
formed by a lower silver mirror and the Fresnel reflection at titbe longer wavelength. The 10-nm-thin quantum well in the
semiconductor/air interface. The much lower partial reflectiomsmck with an absorption edge at 840 nm does not introduce
at the AlAs—GaAs interface are negligible compared to thabsorption for the long wavelengths and is located in the
top and bottom mirror reflection. The total thicknegsof maximum of the standing waves for the short wavelengths.
the Fabry—Perot structure is adjusted for antiresonance foflfae third GaAs layer is too thin to significantly add to the
wavelength=700 nm with two transparent AlAs spacer layergabsorption. Fig. 3 shows the resulting calculated and measured
between the GaAs absorbers. The antiresonance conditiomois-intensity reflectivity, together with the fluorescence of
fulfilled for a Fabry—Perot round-trip phasg; of (2m+ 1)x, Ti:sapphire. The reflectivity step around 860 nm corresponds
wherem is an integer. The round-trip phase is then given by the band edge of the thick absorber layer. The confinement
the phase shift at the silver mirrar,, a phase shifty, = 0 energies for the quantum wells were calculated with standard
at the semiconductor/air interface, and a material phase shiéind parameters for the effective masses and the energy
2kmd, resulting iny,, = 2kad + ¢, = 3w, wherew is the gaps [40]. Absorption edges due to the transitions from the
average refractive index of the GaAs and AlAs layers. THeht hole or split-off band have not been considered in the
penetration depth into the silver mirror is taken into accoustmplified absorption model. At room temperature, the discrete
with the phase shiftp,. edges due to the transitions between the heavy holes and

The exact position and thickness of the GaAs absorbiéie conduction band are washed out. This can be simulated
layer is numerically optimized using a transfer matrix calcwith a smoothing filter (Fig. 3). When fully saturated, the
lus, with complex refractive indices that include absorptiomeflectivity should be nearly flat, to avoid any additional
The absorption of thin layers of GaAs embedded betweartracavity filtering. However, intervalley scattering will limit
AlAs barriers differs from the bulk value due to quantunthe saturation for wavelengths shorter than 715 nm [6], [41].

0 —= [.—‘II;IIIIIIIIIII
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Fig. 4. Reflectivity of the SESAM as a function of incident laser fluencd;S Prism pair, calculated for a tip-to-tip prism separation of 40 cm and for
measured with 100-fs pulses. The saturation of the SESAM absorption occgiféerent prism insertions from 6 to 9 mm in steps of 2pf. The target

at a fluence of about 3@J/cn?. The modulation depth, i.e., the amountfunction of the design for the double-chirped mirrors is calculated such that
of saturable absorption, is 3.5%. The residual nonsaturable losses are Sthbounces compensate for the GDD at 6 mm insertion and 28-cm separation
Similar curves have also been measured with shorter pulses, but those ar@fite only four bounces were used in the final laser setup. The desired total

less relevance for the pulse buildup. cavity GDD is flat and slightly negative.
of about 50 ps, which is somewhat longer compared with 12
10 - : P
— o ps in [4]. The modulation depth of the fast recovery time is
£ i Thermalization still not large enough to support sub-10-fs pulse generation
S - 50 fs . .
£ i alone, but the longer absorber recovery time improves the
© i mode-locking buildup time.
D
» 0.5 Trapping and Recombination . . . . .
2 L Pping ~50 ps C. Dispersion Compensation Using a Combination
2 L of DCM'’s and a Prism Pair
e B For optimum soliton formation of a sub-10-fs pulse inside
g r the laser, only a very small amount of negative total intracavity
0.0 — | | | | | dispersion is necessary [22], [42]. This amount |GDD| can be
1| 1111 L1 1] 1111 11 1 I

0.0 05 10 15 20 55 determined from the balance of the chirp due to self-phase
' ' ) ' ’ ' modulation with the chirp due to the negative dispersion. The

resulting estimate for the dispersion is then given by [43]
Fig. 5. Pump probe transients measured with 20-fs pulses. The response

Delay (ps)

shows a short decay time of 50 fs due to intraband thermalization of the GDD = dTy, — 94 (TFWHM)2
excited carriers. The long recovery time, on the order of 50 ps, is due to 1.76
carrier trapping and recombination. with

The fabrication process consists of the following main steps
and is discussed in more detail in [5]: First, the absorber layer

is grown on a GaAs substrate. Then a silver layer is depositgflereT,, is the total intracavity group delay within one round-
on top of the absorber. A silicon wafer is glued to this silvqrrip' $o is the nonlinear phase shift of the soliton pulse per
reflector. Finally, the GaAs substrate is etched away USiﬂﬁUnd-trip,TFWHI\q is the pulse durations is the self-phase
bromine and HCI. Thus, in the final structure the absorber sigodulation coefficient andAo|? is the soliton peak power.
on a silver mirror fixed to a silicon wafer holder. SESAM'swjith a peak power of 11 MW and an estimated self-phase
with the structure described above were also used in earligbdulation coefficient of about 0.07/MW, we estimate the
experiments [6]. However, the improved SESAM shows afecessary dispersion to be GBD—10 fs2. However, the self-
extended wavelength range of constant linear absorption, giithse modulation (SPM) coefficient is not known precisely,
the standard temperature MBE growth of the absorber structitscause it is inversely proportional to the effective area of
leads to a larger modulation depth and a longer absorhie laser mode in the laser crystal and, therefore, can only be
recovery time. A modulation depth @ik = 3.5% has been estimated from ABCD-matrix calculations of the laser cavity.
measured using 100-fs pulses (Fig. 4) compared with 1% e strength of SPM also depends on the actual pulsewidth
[4]. The measured saturation fluence decreased to a third fromthe laser crystal. Ideally, this small amount of negative
E... = 100 mJ/cm [4] to E... = 30 mJ/cd. The measured total intracavity dispersion, which is approximately zero on the
impulse response (Fig. 5), using 20-fs pulses, exhibits a fasale shown in Fig. 6, should be constant over a wavelength
decay with a 50-fs time constant followed by a recovery timmnge as large as possible.

1
b0 = 5 6l40f?
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The higher order dispersion of the prism pairs is dominated 50
by the prism spacing which is not significantly changed when < designed (—)
we adjust GDD. At a prism spacing of 40 cm the tota@ )
dispersion that is produced by a double pass through the LI
prism geometry amounts to GDB —862 f¢ and a third
order dispersion of TOD= d3¢/dw® = —970 fs* at a center
wavelength of 800 nm, assuming zero prism insertion int@
the beam. We can reduce the negative GDD by moving th&
prisms into the laser cavity mode: Each additional millimete ~ -50
of prism insertion produces a positive GDD of 10F tsut §
only a TOD of 78 f§ per cavity round-trip. Therefore, we ¢
have sufficient flexibility to overcompensate for the dispersion I Y P TR TR FATRR TR R W1
of the Ti:sapphire crystal, which for a double pass is GDD 600 700 800 900 1000
= 4302 f¢ and TOD= +219 f$ at 800 nm.

The target function to be matched by the designed double-
chirped mirors i given by the inverse of the dispersion A . S0 f 1 de536 Ty sty Smpares v e s
to a round-trip through the crystal and the prism pair. Th&rement accuracy is about % fs
detailed theory for the DCM-design is presented in [8]. We

first assumed that the target dispersion should be accomplished ) e . . . .
by six bounces on DCM's. For reasons that are discussed¥ifms and finally applied fiftyfold binomial smoothing, which

Section 1lI-B, we have later used only two DCM'’s along Witf{em.m.e.d the spectral resolution to about 20 nm. The repro-
a standard high-reflector instead of three DCM'’s, in order E)UCIblhty of the GDD between wo subsequent megsuremgnts
obtain a total cavity GDD as flat as possible over awavelendte'nabOUtjES fs®. We checked the result by comparison with

range as broad as possible. The custom-designed DCM'’s, tﬂl&i)ther independent measurement setup [47], that delivered

: . : the same GDD within the measurement accuracies. Fig. 7
were fabricated by ion-beam sputtering [44], [45], produce . .
GDD of —50 f$® at 800 nm per reflection, which results in isplays the measured, the desired, and the designed GDD

a GDD of —400 & per cavity round-trip for two DCM’s. A of the DCM. The designed GDD is close to the desired value

small variation of the prism insertion controls the second ord‘é’r'thln +10 fs*, and the observed deviation is due to the finite

dispersion of the prism pair and continuously adjusts the to ll‘mber_Of Ia_ye_r p_alrs._ln total, the_ mirror has 25 TRIO,
amount of net negative GDD in the cavity. ayer pairs. Limitations in the precision of the layer growth led

Although we use a prism separation of 40 cm in our cavi deyiations of the measured GDD from the designed GDD,
(see Section II-A), the DCM’s were originally designed for ee Fig. 7. For short wavelengths, the designed and measured

prism separation of 28 cm. When we used three DCM's in t& DD are sufficiently close. However, for wavelengths above

measured (—)

spersiol

.
R, /

.

.

desired (---)

Wavelength (nm)

cavity, as assumed in the DCM design, the energy content | 0 nm, the average GDD of the fabricated mirrors is too low.

spectral spike located around 860 nm became very strong a sensitivity to fabrication errors is larger for the longer

the pulse width was longer than 7 fs. The shortest pulse aW?velength components because they penetrate more deeply

the broadest overall spectrum was generated with two DCMS}O the dielectric multilayer structure and, therefore, are more

and one remaining standard high-reflector, as shown in Fig. ?Rglﬁzziﬁt;% tr)é/flaergiv?tgocr)? t'ﬁetrgcll\aﬂyfsr grzz\\l/vvt:'in Fig. 8.

With only two DCM'’s, the prism sequence had to be stretch or i : .
to 40 cm to generate enough negative GDD. Fig. 6 shoﬁe top 1% is expanded to demonstrate a high reflectivity

0,
the wavelength dependent GDD of a double path through tﬂreeater tha_n 99.8% from almost 650 to 950 nm. The argon
.. . . . 1on pump light has to pass through one of the mirrors. Thus,
Ti:sapphire crystal and the prism pair, calculated for 40-cm o . .
. . oo . . god transmission around 500 nm is very important. Note that
apex-to-apex separation and different prism insertions into tfie . . ) .
: : . . e backside of the mirrors has not been antireflection (AR)-
beam. The increased higher order dispersion for the Iar%er . - . .
: o ; . ated for the pump light. Anticipated improvements in the
prism separation is obvious compared with the GDD th?f) o . . .
. . brication process will most likely also increase the GDD
would be generated by four reflections from the des'gn%%ccurac of our DCM's
DCM’s. The maximum of the GDD shifts only slightly, even y '
when the prism insertion is increased considerably. Also the
parabolicity of the GDD remains nearly constant. Therefore,
we can adjust the GDD by changing the prism insertion ) ) )
without adding much higher order dispersion. A. Mode-Locking Buildup Time
We measured the GDD of the fabricated DCM'’s using a To examine the startup behavior of the laser, we put a
white-light interferometer [46]. The interferogram is recordedhopper wheel inside the cavity between the SESAM and
for varying path differences, and the data acquisition is trighe high reflector. The laser is switched on every time a
gered by the interferences of a HeNe laser beam, that travdis in the wheel unblocks the cavity. However, due to the
parallel to the white light. Fast Fourier transform yields thimited frequency of the chopper$00 Hz), it takes about
spectral phase as a function of frequency. Double differeB® us until the whole beam can pass, leading to a chopper

tiation finally gives the GDD. We averaged 1024 interferdimited slow rise time for the average laser output power

[ll. CHARACTERIZATION
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Fig. 8. Measured reflectivity of the fabricated DCM's, compared with thesg_cm separation), in combination with the material dispersion of Ti:sapphire;
reflectivity expected from the design. measured GDD of two DCM's combined with one high reflector and the
output coupler; resulting GDD of all cavity components. The peak of the
pulse spectrum at 860 nm coincides with the dip of the net cavity GDD.

1.0~

and the total cavity dispersion. The spectrum consists of a
broad, almostsech?-shaped main part, and two additional
spectral components at 680 nm and around 860 nm. The latter
feature also shows sch?-shape. This peak was much more
pronounced in the spectrum obtained with the initial setup
using three DCM'’s. Apparently it is caused by the deviation
| from the ideal dispersion around 850 nm and could possibly
Second Harmonic | be eliminated with better mirrors.
7 .11...11,.|.il.u L The interferometric autocorrelation trace (IAC) has been
0 25 50 75 100 measured using a KDP crystal, which is wedged from 50 down
Time (us) to about 7um, sufficiently thin to exhibit a flat conversion
Fig. 9. Mode-locking buildup time, measured with an intracavity cho eeﬁiCiency over the whole laser spectrum. Thin gold coated
Tr?é siow rise of the gIJaser oul?put af the fundamental frequency is dueptg !Rgamsplltters were us?d to avoid o_llspersmn in the aUtOForrela'
limited speed of the chopper wheel. The sharp rise of the frequency doubléd. The delay was calibrated by simultaneously recording the
output indicates the onset of stable pulsing. The mode-locking buildup timgterference of a collinear HeNe laser beam. Fitting the IAC of
IS 60 ps. asech?-pulse to the measured IAC leads to a full width at half
maximum (FWHM) of 6.5 fs and a center wavelength of 810
(Fig. 9). The laser output is focused onto a KDP crystal am [Fig. 11(a)]. The agreement of the fit with the measured
generate frequency doubled light. The intensity of the secopslC is excellent in the center part. Additional wings in the
harmonic increases sharply as soon as the laser starts emitfx@ are generated due to the limited contrast ratio of the
short pulses. Therefore, the time delay between the onsety@fashort pulse. In contrast, the ideath?-pulse produces an
the average power and the second harmonic light determinge without wings. For lasers with solitary pulse formation, it
the mode-locking buildup time. For 6-W pump power, W@as been common practice to determine the soliton parameters
determined a mode-locking buildup time of only 66 in our jn this manner. Even with spectra that deviated from an ideal

Output Power

0.5 —

Power (normalized)

0.0

current setup (Fig. 9) compared to 3 ms in [4]. sech?-shape, the pulse duration has normally been calculated
from the autocorrelation assuming an ideal soliton pulse [2],
B. Pulse Spectrum and Interferometric Autocorrelation [31], [48].

First, three DCM'’s were tested in the cavity, and a prism Another approach estimating the pulse duration follows
separation of 28 cm was used, as assumed in the mirror desfg@m the measured power spectrum, assuming in first approx-
With three mirrors, however, it was impossible to modémation that the entire spectrum is phase locked. So far, this
lock a spectrum broad enough to support a sub-7-fs pulse¢hnique has mainly been used for pulses that were spec-
as noted in Section II-C. As we exchanged one DCM with tsally broadened by nonlinear effects outside the cavity [10].
standard high-reflector, we were also forced to increase thssuming a constant phase, we Fourier transform the square
prism separation from 28 to 40 cm, in order to supply faioot of the measured power spectrum (Fig. 10), which yields
the additional negative GDD that was originally generatdtie complex electric field of the pulse. The intensity envelope
from the removed DCM. Fig. 10 shows the measured aiwd this calculated field has a FWHM of 6.7 fs, which is in
calibrated pulse spectrum, obtained with this configuratioreasonable agreement with the value obtained fronsdtie’-
together with the dispersion of the different cavity elementfit. While an ideal 6.5-fs;ech?-pulse fits slightly better to the
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— 81— R o measured 5 ) / \= -— Extracavity
Eo) J — ideal 6.5 fs sech L ! i Spectrum
o - Ll : \ (x 50)
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© 6 s ( ) . - - Intracavity
£ . Cro M : Spectrum
o] f~ 3 ] . ! ' ( )
< A '
c . 1
'(% g - "‘ < Fit: (sech,+sech,)’
© S Qo \ (-oeeee )
= 8 o
3 1% B )
8 . \
5 I N Y
< [ 6.5 fs sech? B \
a 4 sech,® 8fs > k
O = f J I | 1111 | 1 1§ 1 [\I\l‘-}—k N O
Delay (fs) 700 750 800 850 900 950
@ Wavelength (nm)
81— o measured Fig. 12. Extracavity and intracavity spectrum. The intracavity spectrum is
— calculated from spectrum calculated by dividing the measured pulse spectrum by the transmission of
B the output coupler, see Fig. 13. The intracavity spectrum can be fitted to the
61— sum of an ideal 8-fsech-pulse centered at 770 nm and a 21-fs pulse centered

at 860 nm. The spectrum of an ideal 6.5+sh-soliton and the fluorescence
I~ . of Ti:sapphire are shown for comparison with the measured pulse spectrum.

[53]. Both parameters determine the slope of the saturable
absorption as a function of incident energy. The growth rate of
neighboring modes is proportional to this slope. Our current
SESAM shows a modulation depth increased by a factor of

“"":'..'-. U

Autocorrelation (normalized)

= il _ LOT .
\N\/\N\/W\N\/\/\/W V\/\NV\/\/\N\/VV\W 3.5 and a carrier saturation intensity decreased by a factor
URAASR AR SRR AR A A L TR A of 14 compared to the one used in [4], see Section II-C (the
-40 -20 Dela(; (fs) 20 40 saturation intensity is the saturation fluence divided by the

absorber recovery time). This explains the improvement by a

(®) factor of 50 in the mode-locking buildup time in comparison
Fig. 11. (a) IAC. The squares denote the IAC, measured with a thin KQR; ; ;
crystal. The IAC of an ideal soliton of 6.5-fs duration centered at 810 nmql}svlth the results achieved earlier.
shown for comparison. (b) The measured IAC, and the IAC computed from
the pulse which is calculated from the measured spectrum, assuming Z8/o Pulse Spectrum and Duration
phase. The delay is calibrated with the interference of a HeNe laser beam.
The spectrum of the extracavity laser pulse covers al-

ost the whole fluorescence bandwidth of the gain material

center part of the measured IAC, the IAC derived from th ig. 12). To understand the origin of the spike at 680 nm, we

calculated field gives a much better fit to the wings [Fig. 11(a . :
)] uThus ;he gé\;umptioun of a conlstant phV;Isé:]fc}r L%e w§1 éjst look at the influence of the output coupler on the emitted
i ' ectrum. Division of the output spectrum by the transmis-

pulse spectrum seems to be surprisingly accurate. The undie ) . i .
sired narrow spectral components at 680 nm and around gu" of the OUtqu COl_Jpler (F'g‘ 13) results in the intracavity
ctrum shown in Fig. 12. Fig. 12 clearly demonstrates that

nm (Fig. 10) correspond to longer subpulses that do not charfﬁee i | oul ¢ ; wall h broader th
the FWHM of the pulse but add to the pulse pedestal. € external pulse spectrum 1S aclually much broader than
the intracavity spectrum. From the Fourier transform of the

[VV. DISCUSSION intracavity spectrum, we obtain an intracavity pulse duration
of slightly less than 9 fs. The enhanced output coupling at short
wavelengths lifts the spectral components in that wavelength
To date, no sub-50-fs KLM laser has been demonstratemhge considerably. This leads to a much broader spectrum
without the use of additional starting mechanisms. Even fand, therefore, to a shorter pulse. The spectral spike located
pulses longer than 50 fs, typical mode-locking buildup times et 680 nm is generated by the substantially higher output
self-starting KLM pulses amount to several milliseconds [49¢oupling at wavelengths below 690 nm close to the cutoff
[50]. This is due to the fact that the Kerr nonlinearity is strongf the output coupler (Figs. 10 and 13). The spike is even
only for the high peak intensities of ultrashort pulses. Therther enhanced by phase matching of the solitary pulse and
low intensity of CW light is much too weak to initiate mode-the continuum that also occurs close to the cutoff limit of the
locking via the Kerr effect. Additional starting mechanismsutput coupler [54].
such as an external shaker [3], [51] or a saturable absorber aréhe net average GDD at short wavelengths supports an
necessary to initiate KLM for shorter pulses. intracavity soliton-like pulse centered at 770 nm, which con-
The mode-locking buildup time in a laser started by a sahins roughly 60% of the total pulse energy in the cavity.
urable absorber is approximately proportional to the saturatitie bandwidth of about 40 THz corresponds to an ideal
intensity of the absorber divided by its modulation depth [52$oliton of sub-8-fs duration. The narrowch?-shaped spectral

A. Mode-Locking Buildup Time
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200 mW and a pulse repetition rate of 86 MHz. Two key
components were responsible for this result. First, a broad-
band SESAM reliably started the mode-locking process and
produced a mode-locking buildup time of only 6. Second,
controlled dispersion over the full bandwidth was obtained
with a combination of DCM’s and a fused quartz prism pair.
We demonstrated that a properly designed output coupler can
lead to shorter extracavity pulses when its transmission shapes
the intracavity spectrum accordingly. Improvements in the
fabrication of the DCM’s should lead to a cleaner spectrum
and possibly even shorter pulses. However, new approaches
will be necessary in the SESAM design in order to mode-lock
even broader pulse spectra. The dispersion compensation with
DCM’s and the very efficient starting mechanism will be the
basis for a compact and reliable sub-10-fs laser technology in

Fig. 13. Measured reflectivities of the cavity mirrors, revealing the bro%e
bandwidth of the DCM compared to the standard dielectric HR and the 3%
OC. The OC shows a slightly increased transmission around 800 nm and a
high transmission ok85% at 670 nm.

(1]
feature around 860 nm is caused by the long-wavelength GD
error of the fabricated DCM’s (Figs. 7 and 10). This error
results in a second soliton-like pulse with 21-fs duration
that contains the remaining 40% of the pulse energy. W
want to point out that cutting off the spectrum of the ideal
8-fs sech’-pulse at the margins of our observed spectrunt?l
considerably increases the FWHM of the pulse to 10 fs.
This effect is less severe for the spectrum of the 21-fs
pulse. As noted above, the IAC computed from the spectrunt®!
assuming zero phase, fits the measured IAC remarkably well
[Fig. 11(b)]. This indicates that the two pulses are phasé]
locked together, forming a single ultrashort pulse with some
pedestals. Proving this more directly is only possible if the
phase over the total pulse spectrum is investigated in mofél
detail, using, for example, frequency resolved optical gating
[55]. Noncollinear autocorrelation techniques, however, suffer
from an inherent smearing-out of the derived pulse shape [S6!
The collinear technique of spectral shearing interferomet%]
provides a promising alternative. It requires no moving parts, it
has a rapid noniterative pulse retrieval algorithm, and it cousl?
thus be used for a real-time observation of the pulse shape [ ?]

The broad central dip of the output coupler reflectivity
considerably lifts the central part of the spectrum as welft
(compare Figs. 12 and 13). While tlech?-like part of the
extracavity spectrum readily corresponds to a 7-fs laser pul§&]
the two additional spectral peaks decrease the FWHM of
the pulse even further due to constructive interference at the
peak of the ultrashort pulse and destructive interference at {Ad
half width. Unfortunately, the spectrally narrow spikes also
lead to an undesirable background. This would limit the timja4]
resolution of an ultrafast measurement. Further improvements
of our DCM’s should eliminate these problems in the futurgys;
However, the described pulses have the shortest FWHM that
has been demonstrated directly from a laser to date.

3]

[16]

V. CONCLUSION

We have generated self-starting KLM pulses as short as élg]
fs from a Ti:sapphire laser with an average output power of

near future.
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