
Appl. Phys. B 58, 347-363 (1994) 
Applied 
Physics B ,asor, and Optics 

© Springer-Verlag 1994 

Ultrafast All-Solid-State Laser Technology 
U. Keller 

Institute of Quantum Electronics, Swiss Federal Institute of Technology (ETH), CH-8093 Ziirich, Switzerland 
(Fax: + 41-1/3712072, e-mail: Keller @ iqe.phys.ethz.ch) 

Received 22 February 1994/Accepted 1 March 1994 

Abstract. Passively mode-locked diode-pumped solid- 
state lasers can provide practical high-power laser 
sources with pico- and femtosecond pulse durations. We 
use semiconductors not only to optically pump but also 
to cw mode-lock or Q-switch a solid-state laser. A novel 
saturable absorber design, the Antiresonant Fabry-Perot 
Saturable Absorber (A-FPSA), allows of using semicon- 
ductor saturable-absorber materials even though they 
are generally not well-matched to the characteristics re- 
quired for diode-pumped solid-state lasers, i.e., the semi- 
conductors tend to have too much optical loss, a too low 
saturation intensity, and a too low damage threshold. 
This paper gives an overview of passively mode-locked 
ion-doped crystalline solid-state lasers. In particular, we 
present a quantitative discussion of A -FPSA mode lock- 
ing, and compare A-FPSA mode locking with other 
passive mode locking techniques such as KLM (Kerr 
Lens Mode locking). 

PACS: 42.55R, 42.65, 42.80 

The goal of an all-solid-state laser technology is motivat- 
ing many research efforts world-wide. The replacement 
of the gas-filled lamps typically used to pump solid-state 
crystalline lasers with high-power diode lasers, which can 
be precisely tuned to match the absorption of many 
solid-state lasers, results in very efficient pump sources 

a n d  more compact, reliable lasers with other benefits 
such as simpler and reduced utility requirements. This 
technology allows of new applications in areas ranging 
from materials research and processing to medical diag- 
nostics and surgery. 

Our research is pushing the goal of an all-solid-state 
laser technology even further with the development of 
semiconductor passive-control elements for short-pulse 
generation. Passively mode-locked diode-pumped solid- 
state lasers have a great potential to become practical 
ultrafast laser sources with high average power (> 1 W) 
and high pulse-repetition rates. We use semiconductors 
not only to optically pump but also to cw mode-lock or 

Q-switch a solid-state laser. To generate ultrafast pulses 
passively, a saturable absorber with a fast recovery time 
is required for solid-state lasers. We use novel semicon- 
ductor devices, for which we can custom-engineer the 
appropriate physical parameters, such as saturation in- 
tensity, absorption wavelength, losses, impulse response, 
etc. due to the availability of advanced Molecular-Beam- 
Epitaxy (MBE) technology. Depending on the design 
parameters, these control elements can be used as passive 
Q-switchers or mode-lockers, and the resulting pulses 
range from the microsecond to the femtosecond regime. 

Normally, however, semiconductor materials are not 
well-matched to the characteristics required for diode- 
pumped solid-state lasers, i.e., the semiconductors tend 
to have too much optical loss, a too low saturation 
intensity, and a too low damage threshold for typical 
solid-state lasers such as Nd:YAG.  These issues are 
solved by use of the recently-developed A-FPSA [1] 
(Antiresonant Fabry-Perot Saturable Absorber), which 
integrates the semiconductor saturable absorber inside a 
Fabry-Perot cavity that is operated at antiresonance. 
Antiresonance means that the intensity inside the Fabry- 
Perot is smaller than the incident intensity, which de- 
creases the device loss and increases the saturation inten- 
sity. The damage threshold is determined by the top 
reflector which is typically an evaporated dielectric mir- 
ror similar to other mirrors inside the laser cavity. 

The A-FPSA is a nonlinear mirror, typically 
400 lam thick, which simply replaces one of the laser- 

cavity end mirrors to passively mode-lock a cw pumped 
laser. This A-FPSA (Fig. 4a) has passively mode-locked 
successfully many different Nd-doped solid-state lasers 
such as Nd :YLF [1, 2], Nd: YAG [2, 3], Nd: fiber [4] and 
Nd: glass [5, 6] lasers with ps to sub-100 fs pulses. So far, 
the A-FPSA is the only intracavity saturable absorber in 
an all-solid-state ultrafast laser technology for which the 
mode locking is always self-starting and stable against 
Q-switching. The main reason is that the operation pa- 
rameters, such as saturation intensity, losses, and im- 
pulse response of the A-FPSA can be custom-designed 
and adapted to the requirements of solid-state lasers. 
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A full theoretical understanding of the laser dynamics 
using a bitemporal A-FPSA is in progress. The results 
of this research should be a basic understanding allowing 
of optimization of these devices and extension to lasers 
at key wavelengths such as 850 nm, 1.3 pm, 1.55 pm, and 
2 gm. The ultimate practicability of solid-state control 
elements for pulsed lasers should allow of new genera- 
tions of compact reliable pulsed solid-state lasers, open- 
ing many new possible applications and uses of such 
ultrafast laser systems. 

1 Historical Background: Revolution in Ultrashort-Pulse 
Generation 

The commercial availability of high-power semiconduc- 
tor (diode) lasers in the early 1980's lead to a major 
technology leap for solid-state lasers - the replacement 
of gas-filled flash or arc lamps used to excite the solid- 
state laser material, with diode lasers [7]. This resulted in 
a number of technical improvements. First, diode lasers 
have lifetimes of greater than 10000 h compared to 
lifetimes of several hundreds of hours for lamps. This 
means that lasers with much longer lifetimes and lower 
service requirements can be built. Because the 
wavelength of diode lasers can be precisely adjusted to 
match the absorption bands of many typical solid-state 
lasers (for example, Nd :YAG absorbs at 810 nm + 1 nm), 
very efficient and compact lasers can be designed. Also, 
typical diode-pumped solid-state laser generate fre- 
quency-coherent light with very good diffraction-limited 
(TEMoo) spatial quality compared to the frequency in- 
coherence and poor spatial quality typical for high- 
power diode laser arrays. A highly efficient cw diode-end- 
pumped N d : Y A G  laser has been demonstrated with 
60 W average power in a TEM0o mode and >90 W 
average power in multimode operation [8], for example. 
Thus, these new diode-pumped solid-state lasers offer 
performance characteristics not possible with any other 
laser technology. 

The revolution in ultrashort-pulse generation with 
solid-state lasers was rooted in materials research of laser 
media in the late 1970's and early 1980's leading to the 
demonstration of the continuous-wave (cw) Ti: Sapphire 
laser in 1982 [9, 10]. This solid-state laser had the neces- 
sary bandwidth for amplification (i.e., 670 nm to 1100 nm) 
to support femtosecond-pulse generation. This material 
shows absorption at green wavelengths (~550 nm or 
smaller) which is not yet possible to achieve directly with 
diode lasers. To allow for laser-diode pumping, addition- 
al broadband solid-state materials such as Cr :LiSAF 
have been developed [11, 12]. The research efforts to find 
new solid-state laser materials is still very active and 
ongoing. 

The excellent optical and thermal properties of the 
Ti: Sapphire laser and its early availability as a commer- 
cial product in 1989 was the trigger for the "revolution" 
in ultrashort laser physics [13, 14], which was previously 
dominated by dye lasers (Fig. 1). Only three years after 
the Ti: Sapphire laser's introduction, many new mode- 
locking techniques had been discovered and demon- 
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Fig. 1. Revolution in ultrafast laser technology. New solid-state 
lasers such as Ti: Sapphire lasers using novel mode-locking techni- 
ques generate ~ 10 fs pulses direct out of the laser with > 100 mW 
of average output power. A CPM dye laser produced pulses as short 
as 27 sf with ~ 1 mW of average output power [81]. Only with 
external fiber grating pulse compression pulses as short as 6 fs were 
generated [82] 

Table 1. Gain cross section ~g, and the laser's upper-state lifetime 
Z- 2 (i.e., fluorescent lifetime of the upper laser niveau). The product 
crgT 2 is a figure of merit for an efficient laser because the threshold 
pump power is inversely proportional crgr 2. Consequently, a small 
ag will generally require a long r2- 

Laser material Gain cross section Upper-state lifetime 

S e m i c o n d u c t o r s  ~ 10 ~4 c m  2 ~ 1 ns  

Dyes ~ 10 - 1 6  c m  2 ~ lO ns  

Ti: Sapphire 3.8 x 10-19 cm 2 2.5 ps 
Nd:YAG (1.06 pm) 6.5x 10-19 cm 2 250gs 
Nd:YLF (1.047 gm) 1.8 x 10-19 cm 2 450 gs 
Nd:glass (phosphate) 4 x 10-2° cm 2 350 gs 

strated. The latest world-record in ultrashort-pulse 
generation directly from a laser, around 11 fs pulse 
width, was obtained in 1993 independently by two re- 
search groups [15, 16]. 

New mode-locking techniques are necessary for 
Ti: Sapphire and other solid-state laser materials because 
their gain cross sections for stimulated laser emission ag 
are approximately 1000 times smaller than for dye lasers 
(Table 1). The product O-gT2, where r2 is the laser's upper- 
state lifetime, is a figure of merit for an efficient laser 
because the pump threshold is proportional to (agZ2)-1. 
Therefore, a small gain cross section generally requires 
a longer upper-state lifetime (Table 1). A long upper- 
state lifetime means that pulse-to-pulse dynamic gain 
saturation of the laser medium is negligible and does not 
support pulse formation. Thus, a fast saturable absorber 
is required to support short pulses. Such an effective fast 
saturable absorber, Kerr-Lens Mode locking (KLM), 
was discovered in 1990 by Spence et al. [17], which trig- 
gered a world-wide research activity to explain and ex- 
pand their results [14, 18-20]. The 11 fs pulse-width 
world record mentioned earlier was obtained with KLM.  
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Previously, because of the lack of a suitable fast intra- 
cavity saturable absorber, the Ti:Sapphire laser was 
mode-locked with coupled cavity mode-locking tech- 
niques such as Additive Pulse Mode locking (APM) [21- 
24] using a reactive nonlinear coupled cavity with a fiber, 
and coupled-cavity Resonant Passive Mode locking 
(RPM) [25, 26] using an amplitude nonlinearity. The 
interest in coupled-cavity mode locking schemes declined 
very soon after the discovery of KLM which was a much 
simpler technique and generally produced shorter pulses 
with superior stability [27, 28]. The high average power 
of KLM Ti: Sapphire laser drastically improved the per- 
formance of synchronously pumped femtosecond OPOs 
(Optical Parametric Oscillators) providing tunable fem- 
tosecond pulses from the visible to the infrared [29]. 

Significant new progress has also been made in fem- 
tosecond fiber lasers with pulses as short as 38 fs [30]. 
However, femtosecond fiber lasers typically produce low 
average power ( < 10 roW) because the peak intensity and 
the pulse energy density tend to saturate the saturable 
absorber very fast or cause soliton instabilities. New 
techniques based on stretched-pulse additive-pulse mode 
locking [31] produced sub-100 fs pulses at a higher av- 
erage power of 24 mW [32]. A more detailed discussion 
of these all-solid-state laser sources is beyond the scope 
of this paper, which puts the emphasis on bulk lasers with 
potentially much higher average output powers. 

2 Kerr Lens Mode Locking 

The KLM method relies on self-focusing of the laser 
beam due to the Kerr effect in the gain medium to guide 
the laser beam at high intensity more efficiently through 
an aperture within the laser cavity. This saturable ab- 
sorber is not produced by the Kerr effect alone, but 
together with an aperture, producing lower loss for 
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Fig. 2. Kerr Lens Mode locking (KLM) using a hard intracavity 
aperture. An effective fast saturable absorber is formed because the 
high-intensity part of the pulse has lower losses than the low-inten- 
sity part. The Kerr effect produces an intensity dependent lens due 
to an intensity dependent refractive index An = yI which focuses the 
high-intensity part of the laser beam more strongly through the 
aperture. The Kerr effect is a non-resonant nonlinearity with an 
estimated response time in the femtosecond regime and only a weak 
wavelength dependence enabling ultrashort pulse generation 

higher pulse intensities [18, 19] (Fig. 2). This saturable 
absorber is very fast, since the Kerr effect is produced by 
electronic polarization in the laser crystal resulting in a 
response time estimated to lie in the femtosecond regime. 

Even without a hard intracavity aperture, self-focus- 
ing can produce a nonlinear gain increase if the gain 
varies spatially as for laser-pumped solid-state lasers [33]. 
As we will discuss later, especially in the picosecond 
regime, KLM is much smaller than the nonlinear reflec- 
tivity change of an A FPSA. 

The round trip small-signal gain coefficient go in a 
laser-pumped cavity depends on the overlap of the cavity 
mode with the pump beam and is given by [34] 

P 1 
go = ~thgo, tu~A,+A----  p (1) 

where A1 is the laser cavity mode area ,  Ap is the pump 
area inside the laser gain material, P the pump power, Pth 
the threshold pump power, and go,th the round trip small- 
signal gain coefficient at threshold. Equation (1) assumes 
constant A~ and Ap through the gain medium. The un- 
saturated gain coefficient then determines the round-trip 
gain G = exp (g) and the round-trip saturated gain coef- 
ficient g: 

t 
is the cw saturation intensity of the gain where /~a~. ~ 

medium: 

I~at, g = hV/%T2, (3) 

and hv is the photon energy, c% is the gain cross section, 
and r2 is the upper state lifetime of the gain medium. At 
steady state the saturated gain equals the total laser loss: 

Gto t = exp (g-  l) = 1 *~ g = I, (4) 

where l is the total round-trip loss coefficient. Similar to 
hard-aperture KLM, self-focusing produces a mode-size 
reduction A &  and an increase of the intensity in the gain 
medium. Therefore, the gain is more strongly saturated 
by the short pulses than by cw oscillations (2), which 
discriminates at steady state against cw oscillations that 
do not reach threshold in the pulse-saturated laser cavity. 
In addition, the effective fast saturable absorber due to 
mode size reduction (1) discriminates instantaneously 
against cw oscillations. This "gain aperturing" can be 
sufficient to form a fast saturable absorber. The gain 
difference Ag between the pulsed operation and the cw 
oscillations in the pulse-saturated laser cavity Ip,lsod/I~,,, o 
is given by: 

g O ,  pulsed - -  g 0 ,  cw 
Ag = gpulsed-- gcw = , (5) 

sat, e 

where Ip.l~ed is the average intensity inside the gain 
medium at pulsed laser operation. With (1) and the 
steady-state condition that epu~,od is equal to l follows for 
"gain aperturing" KLM: 
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Ag Al, pulsed-- Al, ow _ - AAI 
- , + , ( 6 )  

l AI cw+Ap Al, cw Ap 

where Al, cw is the mode size in the laser crystal in the cw 
cavi ty,  AAl=Al,  pulsed-A],ew is the mode-size reduction 
due to self-focusing which can be determined with ABCD 
matrix calculations [20, 35]. For AAI<0 self-focusing 
produces an effective fast saturable absorber with Ag > O. 
Gain aperturing is sufficiently large for femtosecond 
pulse duration and when the laser cavity is operated near 
the stability limit. For example, the world record of 11 fs 
is based on KLM with gain aperturing [15]. 

KLM has become a very successful and broadly used 
mode-locking technique for femtosecond solid-state 
lasers. However, KLM has also some significant disad- 
vantages compared to other mode-locking techniques. 
One is the weak starting mechanism for the mode-locking 
process [18], because self-focusing becomes important 
only at high peak intensities. Thus, the normal fluctua- 
tions due to laser noise in continuously pumped lasers are 
typically not intense enough to start pulse generation 
with KLM. Self-starting KLM Ti:Sapphire lasers have 
been demonstrated under certain cavity designs operated 
close to the cavity stability limit [36, 37]. To initiate more 
reliable self-starting for a broad range of cavity designs 
one of several techniques are used: intracavity dye satu- 
rable absorber [38, 39], RPM [18], acousto-optic modula- 
tors [40, 41, 42], shaking mirrors [43], and synchronous 
pumping [44]. All of these techniques basically amplify 
the effect of initial noise bursts in the laser to get the pulse 
formation started. However, these starting mechanisms 
either increase the complexity and cost of the laser or are 
not practical for industrial applications. In addition, 
KLM is rather weak for picosecond pulse generation and 
generally not sufficient for stable reliable mode locking. 
Therefore, it would be desirable to have another solid- 
state saturable absorber which fulfills all the require- 
ments for solid-state lasers and removes the limitations 
of KLM. 

3 Antiresonant Fabry-Perot Saturable Absorber 
(A-FPSA) 

Semiconductor saturable absorbers have the advantage 
that they provide a compact bulk nonlinearity without 
any critical alignment, and that their bandgap 
wavelength and their nonlinearity can be custom-design- 
ed with bandgap engineering. They have previously 
mode-locked diode [45M7] and color-center [48] lasers. 
However, in rare-earth (i.e., Nd:YLF) and transition- 
metal (i.e., Ti: Sapphire) solid-state lasers, intracavity 
semiconductors introduce too much loss, have a too 
small saturation intensity and have problems withstand- 
ing the high intracavity peak intensities. Also, the long 
upper-state lifetime of many solid-state lasers (Table 1) 
increases the tendency of the laser to self-Q-switching 
(see Sect. 7). The saturation intensity of the semiconduc- 
tor saturable absorber needs to be sufficiently high such 
that the absorption is not already bleached at cw inten- 
sities. Thus, the laser can lower its losses by going into 
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Fig. 3. An Antiresonant Fabry-Perot Saturable Absorber (A-FPSA) 
integrates the saturable absorber inside a Fabry-Perot cavity with 
a large tree spectral range. Antiresonance transforms the saturable 
absorber to a device with low loss, high saturation intensity, and 
low damage threshold, because the intensity inside the Fabry-Perot 
I t is always much smaller than the incident intensity Io. The top 
reflector is typically an evaporated dielectric SiO2/TiO2 mirror 

a pulsed mode of operation where the saturable absorber 
is more strongly bleached. 

Our solution was the invention of the Antiresonant 
Fabry-Perot Saturable Absorber (A-FPSA) [1] where the 
semiconductor saturable absorber is integrated inside a 
Fabry-Perot which is operated at antiresonance (Fig. 3). 
At antiresonance the intensity inside the Fabry-Perot 
cavity is always smaller than the incident intensity, which 
increases the effective saturation intensity (observed be- 
fore the top mirror) and the damage threshold of the 
device. Therefore, the antiresonance transforms the semi- 
conductor saturable absorber to a device with high sat- 
uration intensity, low losses (top reflector typically 

95 %), and low damage threshold (top reflector is typi- 
cally a TiO2/SiO2 dielectric mirror), as required for solid- 
state lasers. 

An A-FPSA designed for Nd-doped lasers operating 
near a wavelength of 1.05 gm (Fig. 4a) uses a low- 
temperature MBE-grown (i.e., 380 ° C) InGaAs/GaAs 
saturable absorber [49] with a bandgap wavelength at 

1.05 gm (Fig. 4b, trace 1). The low-intensity reflectivity 
measurements of the AR-coated A-FPSA (Fig. 4b, trace 
2) and the A-FPSA (Fig. 4b, trace 1) sample clearly show 
that the Fabry-Perot is operated in the range of anti- 
resonance. In addition, we grew simultaneously a re- 
ference saturable absorber sample directly on a GaAs 
wafer without the bottom reflector (Fig. 4b, trace 3). The 
final A-FPSA (Fig. 4b, trace 1) has a high reflectivity 
bandwidth of ~ 70 nm limited by the lower GaAs/A1As 
mirror. Such an A-FPSA can support femtosecond pulse 
durations because the group-delay dispersion at anti- 
resonance is near zero with only a small variation of 
< 0.5 fs within a 70 nm bandwidth. 

The A-FPSA usually has negligible bandwidth limita- 
tions at antiresonance, because the free spectral range is 
much larger than the gain bandwidth of many solid-state 
lasers. Additionally, the antiresonance operation is in- 
sensitive to thermal loading, and provides loose design 
tolerances. In contrast, a Fabry-Perot saturable absorber 
operated at resonance has a higher intensity inside the 
Fabry-Perot cavity, has very critical design tolerances, 
and can exhibit bistability effects, which are all detri- 
mental for our application. 
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described in a grown at ~380 ° C with a carrier lifetime of ~40 ps. 
Trace 1 shows the reflectivity of the final A-FPSA,  trace 2 of the 
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Around antiresonance within the high reflectivity 
band we obtain negligible group-delay dispersion using 
a sufficiently high top reflector. The low group-delay 
dispersion can support sub-100 fs pulse durations and is 
a clear advantage of an antiresonant Fabry-Perot struc- 
ture with a large free spectral range and a sufficiently 
high top reflector [50]. The free spectral range has to be 
larger than the bandwidth of the laser to prevent multiple 
pulses reflected from the A-FPSA. In contrast, at re- 
sonance we observe a strong group-delay dispersion and 
a group delay that is typically many times longer than the 
Fabry-Perot round trip period due to the constructive 
interference of the reflected fields in the Fabry-Perot. For 
example, the resonance enhancement of the group-delay 
dispersion has been used by the Gires-Tournois Inter- 
ferometers (GTI) [51] which is a low-Q non-absorbing 
Fabry-Perot reflector with a large group-delay dispersion 
optimized to compensate positive dispersion in short- 
pulse generation [40]. 

The nonlinear reftectivity change in the A-FPSA is due 
to bandfilling where the absorption is bleached with the 
photo-excited carriers due to the Pauli exclusion principle. 
The measured impulse response of the A-FPSA shows a 
bitemporal behavior (Fig. 4c) with a fast component due 
to intraband thermalization and a slow component due 
to interband recombination (i.e., carrier recombination). 
The carrier lifetime in semiconductor materials grown at 
normal MBE temperatures (~  600 ° C) is in the nanose- 
cond regime, however, at a lower growth temperature it 
can be reduced continuously (Fig. 4d). We can control 
the stability and starting mechanisms for the passive 
mode-locking process directly by changing the dynamic 
properties of the semiconductor material. For example, 
by adjusting the carrier recovery time, we can control the 
pulse build-up time and create a device that causes the 
laser to either Q-switch or mode-lock without affecting 
intracavity losses. Generally, a longer carrier lifetime 
improves self-starting of passive mode locking without 
affecting intracavity losses but with an upper limit deter- 
mined by the onset of self-Q-switching. 

The passive mode locking starts from mode-beating 
noise spikes because the laser can more strongly bleach 
the saturable absorber with pulses. Absorption bleaching 
can be modeled with a nonlinear absorption coefficient: 

%/(1 + x) + ~s, (7) 

where :~s is the part of the absorption coefficient that can 
be saturated, c~ is the part that cannot be saturated (such 
as scattering losses), and x determines the absorption 
bleaching. In the case of a cw mode-locked laser, the 
average power does not significantly change between cw 
and mode-locked operation. For cw lasing, Xcw is given 
by 

Xow = I/!~t, (8) 

where I is the average intensity incident onto the satura- 
ble absorber, and /sat is the cw saturation intensity given 
by 

-/sat = hv/~a72e, (9)  

where hv is the photon energy, aa is the absorption cross 
section, and ~o is the carrier lifetime. The saturable ab- 
sorber has a carrier lifetime re typically longer than the 
pulse duration Zp and much shorter than the pulse repeti- 
tion period T~ 1 ns to 10 ns. Therefore, under mode- 
locked operation, the absorption bleaching, and hence 
the reflectivity, is increased due to the increased numbers 
of carriers generated within the duration of one laser 
pulse. For Tp < ~o (i.e., no significant carrier recombina- 
tion during the pulse duration), and T~>% (i.e., the 
saturable absorber fully recovers between consecutive 
pulses), Xp is given by 

Ep I T T 
- x ~ -  > X~w, ( 1 0 )  

Xp ~ Esat /sat rc re 

where Ep is the pulse energy density, and Esat = hv/aa is the 
saturation fluence. Equation (10) expresses that the ab- 
sorption is more strongly bleached at pulsed than at cw 
lasing provided that at cw intensities the absorption is 
not bleached. A stronger bleached absorber increases the 
reflectivity of the A-FPSA. The nonlinear reflectivity 
(i.e., difference between cw and mode-locked reflectivity) 
decreases with increased pulse-repetition rate and in- 
creases with a shorter carrier lifetime, as long as ro > ~Cp. 

The saturation fluence Esat and the non-saturable 
background losses A R a b - - 1 - R ( E ~ o c )  (Fig. 4e) have 
been determined from the measured reflectivity as a func- 
tion of incident pulse energy density on the AR-coated 
samples using a theoretical fit based on a traveling-wave 
rate-equation model [50]. For this measurement we chose 
to increase the pulse duration to ~ 1.4 ps in order to 
determine the saturation fluence of the thermalized car- 
rier distribution at a wavelength of 1.06 pro. The cw 
saturation intensity/sat = Esat/rc (9) follows then directly 
from the carrier lifetime rc. Because the measurements 
are performed on AR-coated samples the effective sat- 
uration fluence of the A-FPSA at antiresonance is in- 
creased by a factor of 1/~ [50]: 

1 1-Rt  
gsat, eff ~ E~t, with ~ (1-1- R~t~be-2ed) 2 '  (l 1) 

where R t and Rb are the reflectivities of the top and 
bottom mirror, respectively, and d, n, and c~ the thickness, 
refractive index, and amplitude absorption coefficient of 
the absorber. Thus, it is possible to choose the proper 
saturation fluenee by varying Rt, d, or the absorption 
edge. We typically used a 95 % top reflector which yields 
a ~ of 0.018, causing an increase of the saturation fluence 
by a factor of 56. With the measured reflectivity changes 
of AR-coated A-FPSA samples we can calculate the 
nonlinear reflectivity change AR=Row-Rpulsea for the 
final A-FPSA [50]. This nonlinear reflectivity change 
produces a loss-coefficient reduction Al given by 

Al = A R / R  ~- AR for R--- 1. (12) 

Equations (6) and (12) can be used to compare the contri- 
butions of KLM and A-FPSA mode locking. 

The dominant mode-locking mechanism of the 
A-FPSA is the nonlinear reflectivity change due to band- 
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Fig. 5a, b. Nonlinear reflectNity AR(1) of the A-FPSA: (a) due to 
absorption bleaching, and (b) due to a reactive nonlinearity such as 
the free-carrier-induced refractive-index change. A reactive non- 
linearity produces only a wavelength shift of the resonance but does 
not change the reflectivity at antiresonance 2a as long as the non- 
linear shift is much smaller than the free spectral range 

filling. Reactive nonlinearities inside the A-FPSA such 
as nonlinear phase shifts due to free carriers, Kerr-effect, 
etc., do not result in any significant change in reflectivity 
at antiresonance (Fig. 5). However, such reactive effects 
form a nonlinear lens that can lead to self-focusing of the 
cavity mode in the gain medium which results in higher 
gain similar to KLM. The most significant reactive con- 
tribution in the A-FPSA is the refractive-index change 
due to the photo-generated carriers. However, the self- 
focusing effect of the A-FPSA is much smaller than the 
nonlinear reflectivity change due to bandfilling because 
of the rather thin absorber layer of < 1 gm and because 
of the antiresonance operation of the Fabry-Perot satu- 
rable absorber with an Rt typically above 90 % [50]. 

Even though the non-saturable background losses 
AR,~ (Fig. 4e) increase with lower MBE growth tem- 
perature, its effect on intracavity losses is strongly re- 
duced for an A-FPSA with a high top reflector. The 
measured fast component [50] also depends on the MBE- 
growth temperature (Fig. 4f). The intraband thermaliza- 
tion is faster for samples grown at higher temperature 
and for higher energy densities. The measurements are 
done on AR-coated samples, thus for an A-FPSA device 
the energy density E seen by the saturable absorber 
corresponds to the energy density used in Fig. 4f and is 
a factor ~ (11) smaller than the incident energy density 
E~ (i.e., E = ~E~n). 

4 Picosecond Mode-Locking Regime 

The bitemporal impulse response of the A FPSA 
(Fig. 4c) provides efficient self-starting due to the longer 
carrier lifetime but also supports pulse durations shorter 
than the carrier lifetime due to the fast sub-picosecond 
component [2]. The obtained pulse duration is predomi- 
nantly limited by the gain bandwidth of picosecond 

R 2 
L 2 

Nd:YLF or Nd:YAG 
crystal 

Total Out rou t 

A-FPSA 

i 

L 1 

R. 

b Nd:YLF or Nd:YAG 
crystal 

' L I 
re L3-'  c R 

R 2 ~ 3 

R 1 

Output Coupler 

Fig. 6a, b. End-pumped astigmatically compensated linear 
Nd:YLF or Nd:YAG cavity: a Gain-at-End cavity, called GE 
cavity, b Gain-in-Middle cavity, called GM cavity 

lasers such as Nd:YLF and Nd:YAG. We did not use 
any GVD compensation in the picosecond regime. 
Generally, strong nonlinearities and low intracavity 
losses minimize pulse durations. 

The main challenge in passive cw mode locking of 
Nd:YLF and Nd:YAG is the suppression of self-Q- 
switching instabilities which are enhanced with a long 
upper-state lifetime [52]. The main advantage of the 
A-FPSA is that the parameters such as saturation inten- 
sity and loss can be adjusted as required. We have dem- 
onstrated that the A-FPSA, used as a compact nonlinear 
end-mirror in a cw-pumped linear cavity (Fig. 6), starts 
and sustains passive mode locking without self-Q-switch- 
ing [1, 2, 3]. 

Other self-starting passive mode-locking techniques 
have been unable to suppress self-Q-switching instabili- 
ties [53, 54]. KLM is very weak in the picosecond regime 
(see detailed discussion in Sect. 6), and needs a starting 
mechanism such as an acousto-optic mode-locker [55, 
56]. Under certain conditions, once mode locking is start- 
ed, the acousto-optic mode-locker can be turned off 
without affecting the pulse train. A KLM-diode-pumped 
Nd:YLF laser with the gain medium at the end of the 
linear cavity produced pulse durations of 6 ps, but to 
enchance KLM, an additional Kerr medium such as a 
1 cm Brewster-angled rod of SF57 was placed at an 
intracavity focus of ~30 ~tm [55]. A KLM-Nd:YAG 
laser produced 8.5 ps pulse duration [56]. In comparison, 
actively mode-locked diode-pumped Nd:YLF lasers 
[57-59] using an acousto-optic modulator produce pulses 
as short as 7 ps [58], and a diode-pumped Nd: BEL laser 
produced pulses as short as 2.9 ps [60]. These results were 
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achieved in the middle of the stability regime where 
K L M  is negligible. Therefore, the combination of K L M  
and an acousto-optic modulator as a starting mechanism 
does not bring a big advantage over simple active mode 
locking in the picosecond regime. However, a simple 
passive technique alone, such as an A-FPSA, reduces the 
complexity of mode-locked picosecond solid-state lasers 
which have the potential to produce more than 1 W 
average power at high repetition rates. 

We have investigated two types of cavity designs 
(Fig. 6). In one case, the gain medium is placed at the end 
of the linear laser cavity, referred to by "Gain-at-End" 
(GE) cavity (Fig. 6a). In the other case, the gain medium 
is placed approximately in the middle of the laser cavity, 
referred to by "Gain-in-Middle" (GM) cavity. Using an 
A-FPSA for passive mode locking, the GE cavity 
achieved pulses as short as 2.8 ps for Nd: YLF (Fig. 7a) 
and 6.9 ps for N d : Y A G  (Fig. 7b), while the GM cavity 
had pulses only as short as ~ 1 0 p s  for Nd :YLF.  
Broader pulses are also expected for the GM N d : Y A G  
cavity. For the GE cavity, the mode-locked time-band- 
width product is typically ~ 1.5 to 2.2 times above the 
ideal product for a sech 2 pulse shape due to enhanced 
Spatial Hole Burning (SHB) [61]. In contrast, the GM 
cavity has nearly ideal time-bandwidth limited perfor- 

mance. The extension to diode pumping was demon- 
strated with both a N d : Y L F  and a N d : Y A G  laser 
producing pulse durations as short as 5.1 ps and 8.3 ps, 
respectively [3]. 

Independent of the mode-locking mechanism the ef- 
fects of SHB significantly reduce the pulse width in end- 
pumped lasers when the gain region is at one end of the 
laser cavity and when its length is on the order of the 
pulse length (Fig. 6a, GE-cavity) [61]. This occurs be- 
cause the frequency separation between modes that fill 
the available spatial holes increases as the gain region is 
moved from the middle of the cavity to the end of the 
cavity. This results in an increase of the effective inho- 
mogeneously-broadened line width which allows for 
shorter pulse generation and shorter mode-locking build- 
up time for both active mode locking and A-FPSA mode 
locking [61]. Because of the extra axial modes already 
running cw in the GE cavity, the mode-locker or the 
saturable absorber only needs to fill in the missing modes 
between the available running modes until they overlap 
and phase-lock together. With the GM cavity however, 
the mode-locker or the saturable absorber must force 
energy from one or two axial modes at line center into 
all of the other modes. The effects of SHB persist even 
in steady state for the GE cavity because the pulse over- 
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laps itself at the end mirror, allowing for SHB within 
the gain region, whereas the GM cavity has no SHB 
when running mode-locked at steady state. It is interest- 
ing to note that for KLM lasers SHB in a GM cavity can 
be responsible for self-starting difficulties [36, 62]. For 
example, self-starting KLM was demonstrated with a 
ring cavity [36]. In 'contrast, we observed a reduced 
mode-locking build-up time with enhanced SHB in a 
GE-cavity. 

The top reflector of the A-FPSA is a critical parame- 
ter for stable modelocking. Therefore, special care was 
taken to measure the absolute reftectivity of the top 
coating using the "VW-technique" of a Varian Cary 5E 
spectrophotometer. In addition, we confirmed this mea- 
surements with insertion loss measurements in a 
Nd :YLF laser. Using the more accurate VW-technique 
we measured slightly lower top reflectivities than 
previously reported [1-3, 5]. For the Nd :YLF laser we 
obtained stable modelocking without self-Q-switching 
with an A-FPSA using an R t of 95%. Self-Q-switching 
could not be prevented for an R, of 91%. For the 
Nd: YAG laser self-Q-switching was suppressed for both 
top reflectors due to the lower upper-state lifetime of 
N d : Y A G  (Table 1). The larger nonlinearity obtained 
with a lower top reflector can overcome the expected 
pulse increase with higher intracavity losses [63] (Fig. 12) 
and still produce shorter pulses. For example with a 
Nd :YAG laser we routinely obtained ~10 ps pulse 
durations with a 95% top reflector (i.e., unbleached inser- 
tion loss of _< 1%) and ~7  ps pulse durations with a 91% 
top reflector (i.e., unbleached insertion loss of _<2%). 
The lower small-signal gain in diode-pumped lasers typ- 
ically required a higher top reflector to prevent self-Q- 
switching [3]. The Self-Q-switching operation will be 
further discussed in Sect. 7. 
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Fig. 8. A-FPSA mode-locked Nd:YLF laser in the GE- and GM- 
cavity configuration. Enhanced Spatial Hole Burning (SHB) of the 
GE cavity produces shorter but not time-bandwidth transform- 
limited pulses. For a GM cavity the pulse duration shows a stronger 
carrier-lifetime dependence and is typically longer but time-band- 
width transform-limited 

The final pulse duration shows an interesting depen- 
dence on the carrier lifetime. In the case of a GE 
Nd: YLF cavity we obtain significantly shorter pulse 
durations than the carrier lifetime of the A-FPSA and 
the final pulse duration does not strongly depend on the 
carrier lifetime (Figs. 8, 12). Even in the case of a less 
inhomogeneously broadened gain, such as in a GM 
Nd:YLF cavity, we obtained pulse durations shorter 
than the response time of the saturable absorber, i.e., the 
carrier life time (Figs. 8, 12). However, we observe a 
stronger dependence on the carrier lifetime with, sur- 
prisingly, a shorter pulse duration with a longer carrier 
lifetime. The results shown in Fig. 8 cannot be explained 
by current existing theories for fast absorber mode lock- 
ing [63, 64] which requires a saturable-absorber recovery 
time, i.e., a carrier lifetime, much shorter than the pulse 
duration. Consequently, the mode-locking theory with- 
out any dynamic gain saturation, such as the fast absor- 
ber mode-locking theory, needs to be extended for a 
bitemporal saturable absorber and inhomogeneous 
broadening. 

5 Self-Starting Dynamics of A-FPSA Mode-Locking 

The semiconductor A-FPSA has a bitemporal absorp- 
tion response. The slow component provides the self- 
starting mechanism [2] and without significant Kerr-lens 
contribution the fast component is necessary to support 
further pulse shortening [5]. The carrier lifetime of the 
bitemporal A-FPSA (Fig. 4a) was varied by the MBE- 
growth temperature to characterize its influence on the 
self-starting and self-Q-switching dynamics of a cw mode- 
locked Nd:YLF. The absorption at 1.047 I~m is approxi- 
mately the same for all samples (Fig. 9). The small varia- 
tions in the reflectivity for the AR-coated samples have 
only a negligible effect on the final A-FPSA with a top 
reflector of 95 %. All samples produced an unbleached 
insertion loss of 1.0% + 0.1%. Because small variations of 
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Fig. 9. Low-intensity reflectivity of AR-coated A-FPSA samples 
grown at different MBE-growth temperatures 
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the top reflector have, however, a strong influence on the 
final nonlinearity, we coated all of the ~ F P S A  samples 
at the same time with the same coating run. 

The mode-locking build-up time was measured with 
a GE-cavity Nd : YLF laser operated in the middle of the 
cavity stability regime as described before [1]. The slope 
efficiency for a 1.5% output coupler was 35% (both out- 
put beams) and the pump threshold was ~ 40 mW. We 
used an intracavity mechanical chopper to study the 
self-starting dynamics and monitor both the average 
power and the Second-Harmonic Generation (SHG) sig- 
nal of the Nd: YLF laser. The transient starting behavior 
o f a  N d : Y L F  laser is shown in Fig, 10a, at 0.37 W cw 
pump power using the A-FPSA grown at 260 ° C and a 
1.5% output coupler. After ~ 600 gs delay the SHG sig- 
nal sharply increases and indicates that short pulses have 
formed because the second-harmonic signal increases 
inversely proportional to the pulse duration assuming 
constant pulse energy. Therefore, the delay of the 
second-harmonic signal determines the mode-locking 
build-up time. At this low pump power the average 
build-up time is 1.1 ms with a standard deviation of 
0.5 ms. At higher pump powers the standard deviation 
becomes much smaller. The average buildup time of a 
stable cw mode-locked Nd :YLF laser (no self-Q-switch- 
ing) is summarized in Fig. 10b. A mode-locking build-up 
time of ~1 ms corresponds to ~200000 cavity round 
trips. Both the laser mode inside the gain medium and 
on the saturable absorber are kept constant for each 
A-FPSA sample. No other cavity parameters were 
altered while changing from one A-FPSA sample to the 
others, because the output power was peaked up by 

adjusting the alignment of the A-FPSA mirror alone and 
by maintaining the same pulse-repetition rate. In com- 
parison, similar measurements determined a 200 bts 
build-up time for passively mode-locked Ti:Sapphire 
lasers [65, 66] and a 15 gs build-up time for a CPM dye 
laser [67]. 

Because Esat (Fig. 4e) and E~,t.off (11) do not vary dras- 
tically with the growth temperature above the absorption 
edge, Isat, erf basically scales inversely with the carrier 
lifetime (7). Thus, a longer carrier lifetime produces a 
smaller Isat, eff, therefore a shorter mode-locking build-up 
time (Fig. 10b). Heating of the A FPSA samples due to 
nonradiative relaxation processes will red-shift the ab- 
sorption edge and therefore slightly increase the effective 
saturation intensities. The larger nonsaturable back- 
ground losses A R ,  s (Fig. 4e) at lower growth temperature 
will further decrease the nonlinear reflectivity change but 
because of the high top reflector it has no significant 
effect. A more detailed characterization of the A-FPSA 
samples is given in [50]. 

A shorter mode-locking build-up time is obtained 
with a longer carrier lifetime or a smaller I~t, erf. However, 
for a given top reflector the upper limit of the carrier 
lifetime is set by the onset of self-Q-switching [2]. As 
expected, the mode-locking build-up time becomes long- 
er with a lower small-signal gain (Fig. 10b) and a larger 
output coupler corresponding to a smaller photon cavity 
lifetime. The small-signal gain was determined with re- 
laxation frequency measurements [68]. In addition, we 
also measured a shorter mode-locking build-up time with 
a N d : Y A G  laser which has a larger gain cross section 
(Table 1) and therefore a larger small-signal gain. 
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From the measured nonlinear reflectivity change, we 
can calculate for the A FPSA samples a mode-locking 
driving force d(AR)/dI with I - > 0  which is inversely 
proportional to I~,t,~ff [50]. For our samples with a 95% 
top reflector at a wavelength of 1.047 gm, the mode-lock- 
ing driving force d(AR)/dI with I - > 0  is approxi- 
mately 0.4x 10 -11 cm2/W, 2.3 x 10 -1~ cm2/W, and 
4 . 4 x l 0 - ~ c m 2 / W  for the A-FPSA samples with 
R,=95% and an MBE-growth temperature of 260 ° C, 
315 ° C, and 340 ° C, respectively [50]. As expected, a 
larger mode-locking driving force reduces the mode- 
locking build-up time (Fig. 10b). In comparison, the 
analogous mode-locking driving force d(Ag)/dI with 
I - > 0  for K L M  is ~10-ZScm2/W (see Sec. 6). The 
K L M  driving force in comparison to the A-FPSA mode- 
locking driving force is even more reduced because the 
mode size in the laser crystal is typically more than 
10 times larger than the focused mode on the A-FPSA. 

6 Representative Example:  Passively Mode-Locked 
Nd: Y A G  Laser 

As a representative example we discuss a Ti:Sapphire- 
Laser-Pumped N d : Y A G  laser in more detail. Similar 
results, however, were achieved with a Nd: YLF laser 
and with diode-laser pumping. In this section we present 
a detailed quantitative discussion of A-FPSA mode lock- 
ing and set it in comparison to KLM. 

The parameters of the GE N d : Y A G  cavity are 
(Fig. 6a): A F P S A  with an Rt~  95% (Figs. 4a, b), carrier 
lifetime ~40 ps. The cavity parameters are given by 
01 = 8 °, L2 = 53 cm, 02 = 10 °, R2 = 20 cm, L3 = 9.9 cm, 
Lo=4 ram. To vary the spot size on the A-FPSA we 
chose in one case R~ = 10 cm, L~ = 5.3 cm giving a pulse- 
repetition rate of 218 MHz, and in the other case 
R~ = 5 cm, L~ = 2.56 cm giving a pulse-repetition rate of 
227 MHz. In both cases L~ is adjusted for the middle of 
the cavity stability regime which was confirmed experi- 
mentally by moving the A-FPSA sample in both direc- 
tions until it stopped lasing. The calculated beam radius 
using ABCD matrix formalism are shown in Fig. 11. 

The Nd: YAG crystal is on one side cut at Brewster's 
angle and on the other side cut fiat with an AR-coating 
for the pump wavelength of 808 nm and an HR-coating 
for the lasing wavelength 1.06 ~m. The N d : Y A G  laser 
is pumped with a cw Ti: Sapphire laser at a wavelength 
of 808 nm and a measured pump radius of 20 gin. 74% 
of the incident pump power is absorbed in the Nd: YAG 
crystal. The slope efficiency with respect to the absorbed 
pump power (both output beams) for Tout = 1.5% is 43% 
with a pump threshold of ~20 mW and for Tout=2.8% 
is 50% with a pump threshold of ~25 roW. The low- 
intensity unbleached insertion loss of the A-FPSA sam- 
ple is ~ 1%, which is reduced by < 0.5% when the laser 
is mode-locked. 

Figure 12 shows the pulse width as a function of pump 
power or intracavity average power for both cavities and 
two different output couplers To~. The mode locking is 
always self-starting and the threshold for pulse formation 
depends on the incident energy density on the A-FPSA 
(Fig. 12). Therefore, for the extension to high-power 
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(dashed lines) and the tangential (solid lines) planes. For a smaller 
mode size on the A FPSA using R~ = 5 cm (Jar lines) we observe 
a stability range for Lt ~2.51 cm to 2.65 cm. For a larger mode size 
on the A FPSA using R~ = 10 cm (thin lines) we observe a stability 
range for L~ ~ 5 cm to 5.7 cm 
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Fig. 12. GE-cavity N d : Y A G  laser. Pulse duration as a function 
of pump power, laser mode size on A-FPSA, and different out- 
put couplers. The mode locking is always self-starting using an 
A-FPSA with Rt= 95%, and a carrier lifetime of 40 ps 

lasers the mode area on t h e  A-FPSA mirror can be 
increased to prevent damage without degrading self- 
starting und mode locking. With a smaller spot size of 
8.1 x 10 -6 cm 2 on the A-FPSA using R l = 5 c m ,  the 
mode-locking starts at ~ 6 W average intracavity power 
or at ~ 3.3 mJ/cm 2 pulse-energy density. Increasing the 
spot size to 3.5 x 10- 5 cm 2 using R1 = 10 cm increases the 
pulse formation threshold to ~ 14 W average intracavity 
power with ~ 2 mJ/cm 2 pulse-energy density. The slight- 
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ly lower pulse-energy density for the onset of mode-lock- 
ing can be explained with the higher small-signal gain at 
higher pump power, which produces a shorter mode- 
locking build-up time (Fig. 10b). 

The pulse width decreases with higher intracavity 
power because of the larger nonlinear rettectivity change 
in the A~FPSA (Fig. 13). The final pulse duration is 
limited by the gain bandwidth of  the Nd: YAG laser and 
the total intracavity losses. Haus's fast saturable absorb- 
er theory [63] predicts that with increased intracavity 
losses the pulse duration increases. Indeed, we observed 
that the steady-state pulse duration is 10.5 4-0.2 ps with 
a 1.5% output coupler and 12.34-0.2 ps for a 2.8% out- 
put coupler (Fig. 12). An intracavity loss of ~2% with- 
out the output coupler would predict the observed in- 
crease in pulse duration assuming that the steady-state 
pulse duration is proportional to/ /([63],  eq. A6). With- 

out the A-FPSA we typically determined an intracavity 
loss of ~ 1% without the output coupler. This result 
confirms how important it is to minimize intracavity 
losses to not only obtain high output power but also 
short pulses. 

To estimate the contribution of K L M  we can calculate 
the gain increase A9 due to "gain aperturing" (6) alone 
because there is no hard aperture present inside the laser 
cavity. The ABCD matrix calculations are very simple 
because the mode radius, the mode change due to self- 
focusing, and the pump-beam radius is approximately 
constant along the N d : Y A G  crystal. Therefore, we can 
use a simple astigmatic Gaussian duct [20, 69] to model 
self-focusing: 

cos YiLc (noYi)-1sin YiLc~ 
- no?Tisin ~iLc COS ~;iLc J . (13) 

A parabolic approximation was made for the radial 
dependence of the refractive index given by 
n(r) = no-fi2r2/2. L~ is the crystal length, no = 1.82 the 
refractive index of Nd: YAG, and '7~ is given by 

71 = ~ with fi2~ = 4 Anmax/W 2, (14) 

where w~ is the mode radius either in the tangential or in 
the sagital plane, and Anmax = Y/peak with /peak the peak 
intensity, ?=  6.2 x10-16 cm2/W for N d : Y A G  [70]. 
Note, that only at cw we obtain an increase of the Kerr 
effect by a factor of 2 due to the standing wave in a linear 
cavity. The matrix (13) determines with ABCD matrix 
calculations the nonlinear radius changes due to self- 
focusing and with (6) the gain increase, assuming a con- 
stant 10 ps pulse duration, an l of 4.8% (for the larger 
2.8% output coupler), and a pump radius of 20 gin. The 
assumption of a constant pulse duration with increased 
intracavity power is clearly an upper limit for the contri- 
bution of K L M  (Fig. 13). 

In comparison, (12) determines the loss reduction of 
the A-FPSA between cw and pulsed oscillations [50] 
(Fig. 13). In the measurements of Esat we used a low duty 
cycle acousto-optic modulator to prevent any heating 
effects. At low intensities the lasing wavelength of 
1.06 gm is right at the absorption edge (Fig. 4b). Heating 
produces a continuous red shift of the absorption edge 
with increasing intensity so that the exciton peak 
wavelength is >1.06 pm for incident intensities of 
> 2 x  10 5 W / c m  2 which corresponds to an intracavity 
average power of > 8 W for R1 = 10 cm and >_2 W for 
R1 = 5 cm. Therefore, the measured nonlinear reflectivity 
change at 1.047 pm is more appropriate for our samples 
because the measurements of AR were done without any 
heating effects. 

In the middle of the cavity stability regime, K L M  is 
much weaker than the nonlinear loss reduction from the 
A-FPSA (Fig. 13a). At an average intracavity power of 
35 W we determined a nonlinear gain increase Ag of only 
0.0006%. At the stability limit with a longer L~ we cal- 
culate a mode increase due to self-focusing which actu- 
ally produces a gain reduction and therefore does not 
lead to saturable absorber action. However, for a shorter 
L1, close to the stability limit, we obtain a larger K L M  
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(Fig. 6a). KLM does not affect the final pulse duration which is 
further confirmed by an approximately constant pulse duration as 
a function of LI: For L~_<2.56 cm self-focusing produces a fast 
saturable absorber with dg>O because Al, p~l~d<A~.ow (6). For 
Lt _> 2.56 cm self-focusing actually prevents any saturable absorber 
action because A~,v,~ed > AI ..... thus Ag < 0 

contribution of  Ag__0.03% at Po= 35 W, which is, how- 
ever, still much weaker than the A-FPSA contribution 
(Fig. 13b). 

In our simple case the K L M  driving force d(Ag)/dI 
with I -  > 0 or d(Ag)/dPc with P o -  > 0 follows directly 
from (6) and the ABCD matrix calculations, where I is 
the intracavity intensity and Pc the intracavity average 
power. The latter one is more important  for comparison 
because of  the strongly different mode sizes on the 
A - F P S A  and in the N d : Y A G  crystal (Fig. 11). The 
mode-locking driving force for K L M  d(Ag)/dPc in the 
middle of  the cavity stability regime is ~ 8 x 10-lo W-1  
and close to the stability limit ~ 3  x 10 -8 W -1. In com- 
parison, the mode-locking driving force for the A-FPSA 
is ~ 1 0 - s W  -1 for R l = 5 c m  and ~ 1 0 - 6 W  -1 for 
R1 = 10 cm [50]. 

Besides the negligible mode-locking starting force, 
K L M  also does not  contribute to the final pulse forma- 
tion. This was confirmed with pulse-width measurements 
as a function of  L1 (Fig. 14). The final pulse duration 
does not shorten the pulse with stronger K L M  (i.e., 
smaller L~) and also does not broaden the pulse with 
"negative K L M "  (i.e., longer LI). 

The above given discussion is representative for other 
picosecond lasers such as N d : Y L F  which actually has 
a smaller Kerr  nonlinearity than N d : Y A G ,  i.e., 
7 = 1.43 x 10 -16 cm2/W [71]. The contribution of  K L M  
is even more reduced for diode-pumped solid-state lasers 
where the mode area in the laser crystal is typically larger 
than discussed above [3]. 

7 Self-Q-Switching 

Self-Q-switching means that the stable mode-locked 
pulse train at the repetition rate of  the cavity round-trip 
time is strongly amplitude modulated producing stable 
Q-switched macropulses typically of  gs duration at repe- 
tition rates close to the relaxation oscillations. For  exam- 
ple, a semiconductor saturable absorber such as an 
InGaAsP film passively Q-switched a Nd: YAG laser 
[53], and a GaAs wafer passively mode-locked and 
Q-switched a N d : Y A G  laser [54]. Using solid-state sat- 
urable dye films also self-Q-switched Nd: glass lasers [72]. 
For  solid-state lasers with shorter upper-state lifetimes 
self-Q-switching is less of  an issue. But even if self-Q- 
switching can be prevented, semiconductor saturable ab- 
sorbers still introduce too much loss or tend to be bleach- 
ed at cw intensities, which results in much lower available 
output power. For  example, an intracavity AR-coated 
proton-implanted GaAs/A1GaAs saturable absorber was 
used to passively mode-lock a Cr:LiSAF laser, but the 
available output  power was reduced to 5 mW for 
480 mW of absorbed pump power from a Ti: Sapphire 
laser [73]. 

In addition, stable mode-locked Q-switched operation 
can be achieved with the A-FPSA.  Figure 15 shows a 
typical Q-switched pulse train. Each macro pulse con- 
tains a train of  mode-locked pulses. The exact pulse- 
repetition frequency can be numerically calculated from 
the rate equations, but  typically has as a perturbation to 
passive mode locking approximately the same value as 
the small-signal relaxation oscillation frequency. The 
condition for Q-switching alone is given by [52] 

d(~R) go Tr 
Pc > --'g (15) 

where AR is the saturated reflectivity change of the 
A-FPSA within one roundtrip, Pc is the average intra- 
cavity power, go is the unsaturated gain coefficient g is 
the saturated gain which is equal to the total losses l, Tr 
is the round-trip time of the laser, and z2 is the laser's 
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Fig. 15. Self-Q-switched Nd:YLF laser. Q-switched macro pulses 
typically a few gs long at the repetition rate approximately given by 
the small-signal relaxation oscillation frequency. The macro pulses 
are envelope pulses superposed on the cw mode-locked pulse train 
(not shown) with a pulse repetition rate given by the cavity round- 
trip time 
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upper-state lifetime. This equation is essentially compar- 
ing the reduction in the loss per round trip from the 
absorber (left-hand side) to the amount  that the gain 
saturates per round trip (right-hand side). When the 
differential decrease of loss due to the absorber is larger 
than the decrease in the saturated gain, the intensity 
increases each round trip, driving the laser into Q-switch- 
ed macro pulses (Fig. 15). For a given laser material and 
A-FPSA parameters, there exists, typically, a range of 
pump powers between cw and cw mode-locked where 
stable Q-switching and simultaneous mode-locking is 
observed. 

Equation (15) qualitatively confirms our experimental 
observations that stable cw mode-locked performance 
without Q-switching is obtained by pumping the laser 
harder (i.e., increasing the small-signal gain), decreasing 
intracavity losses, or decreasing the laser-mode and 
pump-mode size to increase the laser's small-signal gain. 
Also, lasers with a larger upper-state lifetime and a high- 
er repetition rate show a stronger tendency for self-Q- 
switching instabilities which was experimentally con- 
firmed with a N d : Y A G  (r2~250 ps) and a N d : Y L F  
laser (T2~450 gs). We have demonstrated previously 
that a longer carrier lifetime of the A-FPSA increase the 
tendency for self-Q-switching because d(AR)/dPo is in- 
creased [2]. With the carrier lifetime we can optimize the 
A-FPSA design for stable cw mode locking even though 
the working-parameter range is rather small [52]. 

To obtain a quantitative measure for self-Q-switching 
we use a photodetector with a microwave spectrum 
analyzer. In the frequency domain the detected intensity 
of the mode-locked laser produces harmonics at multi- 
ples of the pulse repetition rate and the relaxation oscilla- 
tions produce noise side bands which peak at the relaxa- 
tion oscillation frequency with a certain attenuation with 
respect to the laser harmonic [74-76]. With increasing 
pump power a solid-state laser with an A-FPSA goes 
typically through three stages, which are demonstrated 
with a N d : Y L F  laser [1, 2]. First, the A-FPSA produces 
strong self-Q-switching instabilities with dominant noise 
side bands around the enhanced axial mode beating- 
noise peak which later becomes the first-harmonic signal 
at the pulse-repetition rate (Fig. 16a). No stable pulse 
formation is observed on any diagnostic system such as 
autocorrelation and sampling scope. Second, self-Q- 
switching becomes stable producing typically gs-long 
envelope pulses or macro pulses over the mode locked 
pulse train. The self-Q-switching produces very strong 
modulation side bands (typically around - 1  dBc) at 
around the relaxation oscillation frequency (Fig. 16b). 
Third, the laser moves into stable cw mode locking with 
the relaxation oscillation-noise side bands typically 
___ 50 dB below the first harmonic of the mode-locked 
pulses (Fig. 16c) [2]. The strength of the relaxation os- 
cillation-noise side bands with respect to the first har- 
monic gives a quantitative measure of how well self-Q- 
switching instabilities are suppressed and how stable the 
laser is cw mode-locked. Our experimentally determined 
condition for the onset of self-Q-switching instabilities is 
not in agreement with the predicition of (15). This may 
be explained by the fact, that (15) describes the case of 

MICROWAVE SPECTRUM ANALYZER 

(a) PUMP POWER 0.6W 

> 

m 

,O 

(b) PUMP POWER 1.4W 

.>_ 

"O 

O 

(c) PUMP POWER 2W 

._> 
7:J 

"O 

O v,- 

CENTER FREQUENCY 219.4 MHz 
SPAN 1 MHz, RES BW 10 kHz 

Fig. 16a-c. An A-FPSA mode-locked GE-cavity Nd : YLF laser as 
a function of pump power monitored on a microwave spectrum 
analyzer, a Self-Q-switching instabilities without any pulse forma- 
tion, b stable self-Q-switching of the mode-locked pulse train with 
strong modulation side bands at the repetition rate of the Q-switch- 
ed macro pulses at ~150 kHz, c stable cw mode locking at a 
pulse-repetition rate of 219.4 MHz with an ~ 50 dB supression of 
self-Q-switching instabilities 

pure Q-switching, whereas we are in the case of both 
passive mode locking and Q-switching. 

8 Femtosecond Mode-Locking Regime 

A Fabry-Perot saturable absorber with a large free spec- 
tral range and a rather high top reflector has a negligible 
group-delay dispersion around antiresonance in the high 
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Coupled cav i t y  r e s o n a n t  pass ive  mode lock ing  (RPM): 
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Fig. 17. Coupled-cavity Resonant  Passive Mode locking (RPM) is 
formally equivalent to "monolithic" RPM using an intracavity 
A-FPSA.  An A - F P S A  has the advantage that  no cavity-length 
stabilization is required 

reflectivity band [50]. Therefore, such an A-FPSA can be 
used for sub-100 fs pulse generation. The bitemporal 
A-FPSA (Fig. 4c) in the femtosecond regime both starts 
mode locking with its slower recovery time constant 
(Fig. 4d) and supports sub-picosecond pulse durations 
with its faster recovery time constant (Fig. 40. Further 
pulse shortening can be achieved in combination with an 
even faster saturable absorber such as KLM. 

We have demonstrated that RPM can start a KLM 
Ti: Sapphire laser. In this case, RPM has no effect on the 
final pulse duration. After the mode locking is started the 
pulse formation is dominated by KLM because once 
mode-locked the coupled cavity can be blocked without 
affecting the femtosecond pulse duration [14, 18]. More 
recently, similar results were obtained with a KLM Cr: 
LiSAF laser where RPM was also used as a starting 
mechanism [73, 77]. 

We expect to obtain similar results with a correctly 
designed A-FPSA sample. In fact, modelocking with an 
A-FPSA is equivalent to "monolithic" RPM (Fig. 17). 
In this case, the A-FPSA determines the end mirrors for 
the two coupled cavities that spatially overlap. The top 
mirror of the A-FPSA forms the end mirror of the main 
cavity of length L and the dielectric mirror underneath 
the saturable absorber layer forms the end mirror of the 
nonlinear coupled cavity of length L'. Because of mono- 
lithic integration of these two end mirrors within the 
same element, no relative cavity length fluctuations exist. 
Thus, there is no need for an active cavity-length sta- 
bilization. Although this formal relation with RPM ex- 
ists, it is simpler and equally correct to view the entire 
A-FPSA as an intracavity saturable absorber. 

A N d :  glass laser at a lasing wavelength of ~ 1.05 gm 
has been passively mode-locked with an A F P S A  [5, 78] 
and pulses as short as 90 fs have been generated [78]. 
Without negative GVD compensation, the pulse dura- 
tion was limited to a few picoseconds, shorter than the 
carrier lifetime but longer than the fast thermalization 
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Fig. 18. GM-cavity Nd-doped phosphate glass laser at different 
dispersion compensation using two SF10 prisms. The pulse width 
increases with an excess of negative dispersion. A shorter ther- 
realization time of the ~FPSA (Fig. 40 produces a shorter pulse 
duration 

time of the A-FPSA. In contrast to the results before, 
where RPM was just used to initiate KLM, the final pulse 
duration of the Nd: glass laser depends on the A-FPSA 
sample (Fig, 18). Shorter pulses were generated with an 
A-FPSA sample with a longer carrier lifetime and a 
faster thermalization time constant (Fig. 40. The mode- 
locking is clearly started by the A-FPSA which produces 

t00 times stronger initial mode-locking driving force 
than KLM. Further work is in progress to study in 
more detail the different contributions of self-focusing, 
A-FPSA, self-phase modulation, etc. to the final pulse 
formation. 

Future Directions 

From a theoretical point of view there exist well-estab- 
lished mode-locking theories which cover the two limit- 
ing cases of mode locking with a fast [63, 64, 79] and slow 
[47, 80] saturable absorber. The theory of the slow satu- 
rable absorber is based on dynamic saturation of the gain 
medium as an essential part for pulse formation. How- 
ever, this is not the case for typical solid-state lasers due 
to their long upper-state lifetimes. Using a bitemporal 
~ F P S A  the usual mode-locking theories do not ade- 
quately describe our observed results. Therefore, the 
existing theories need to be extended. 

We plan to extend and demonstrate our A-FPSA 
mode locking technique to passive mode locking of long- 
er wavelength lasers such as Nd:YAG at 1.3 gm, 
Er:YAG at ~ l . 6 g m ,  and Tm:YAG at ~ 2 g m ,  for 
example. The even larger upper-state lifetime of those 
lasers, typically in the ms regime, will produce an in- 
teresting challenge in preventing self-Q-switching in- 
stabilities. The sub-100 ITs and even sub-10 fs mode-lock- 
ing regime using an A F P S A  is currently under inves- 
tigation and will certainly reveal interesting phenomena. 
Another more applied direction is the development of 
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compac t  monol i th ic  mode- locked  solid-state lasers which 
should be now possible with the A - F P S A  as a reliable 
start ing and mode- locking  force rigidly a t tached to the 
laser crystal. In  cont ras t  to K L M ,  the A - F P S A  provides 
a reliable mode- locking  driving force over the full stabil- 
ity regime o f  a laser cavity. This will allow o f  useful 
flexibility and reasonable tolerances in the design o f  com-  
pact  practical  ultrafast-laser sources. 
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