
Ultrashort Sources II: Examples 

In the previous chapter the elements of passive mode-locking and their 
function for pulse shaping were described in detail. Analytical and numerical 
methods of characterizing mode-locked lasers were presented. Passive mode-
locking is indeed the most widely applied and successful technique to produce 
pulses whose bandwidth approaches the limits imposed by the gain medium of 
dye and solid-state lasers including fiber lasers. Passive mode-locking was the 
technique of choice to produce sub 50-fs pulses in dye lasers and, today, is rou
tinely applied in solid-state and fiber lasers. Sub 5-fs pulses have been obtained 
from Ti:sapphire lasers without external pulse compression [1] using this method. 

In this chapter we will review additional techniques of mode-locking and 
discuss examples of mode-locked lasers. The purely active or synchronous mode-
locking will be covered first, followed by the hybrid passive-active technique. 
Other techniques not discussed in the previous chapter are additive mode-locking, 
methods based on second-order nonlinearities, and passive negative feedback. For 
their important role as saturable absorbers we will review the relevant properties 
of semiconductor materials. The later part of this chapter is devoted to specific 
examples of popular lasers. 

6.1. SYNCHRONOUS MODE-LOCKING 

A simple method to generate short pulses is to excite the gain medium at a 
repetition rate synchronized with the cavity mode spacing. This can be done by 
using a pump that emits pulses at the round-trip rate of the cavity to be pumped. 
One of the main advantages of synchronous mode-locking is that a much broader 
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range of gain media can be used than in the case of passive mode-locking. This 
includes semiconductor lasers and, for instance, laser dyes such as styryl 8, 9, 
and 14, which have too short a lifetime to be practical in cw operation, but are 
quite efficient when pumped with short pulses. 

Ideally, the gain medium in a synchronously pumped laser should have a short 
lifetime, so that the duration of the inversion is not larger than that of the pump 
pulse. An extreme example is the case of optical parametric oscillators (OPO) 
where the gain lives only for the time of the pump pulse. 

Synchronous pumping is sometimes used in situations that do not meet this 
criterion, just as starting mechanism. This is the case in some Ti.sapphire lasers, 
where the gain medium has a longer lifetime than the cavity round-trip time, and 
therefore synchronous pumping results in only a small modulation of the gain. 
The small modulation of the gain coefficient ag{t) is sufficient to start the pulse 
formation and compression mechanism by dispersion and SPM [2]. The initial 
small gain modulation grows because of gain saturation by the modulated intra-
cavity radiation, resulting in a shortening of the function ag{t), and ultimately 
ultrashort pulses. 

The simple considerations that follow, neglecting the influence of saturation, 
show the importance of cavity synchronism. If the laser cavity is slighdy longer 
than required for exact synchronism with the pump radiation (train of pulses), 
stimulated emission and amplified spontaneous emission will constantly accu
mulate at the leading edge of the pulse, resulting in pulse durations that could 
be even longer than the pump pulse. Therefore, to avoid this situation, the cavity 
length should be slightly shorter than that required for exact synchronism with 
the pump radiation. Let us assume first perfect synchronism. The net gain factor 
per round-trip is 

(̂ (̂ ) ^ ^K(rK,-Z^]^ (6.1) 

where L is the natural logarithm of the loss per cavity round-trip. After n 
round-trips, the initial spontaneous emission of intensity Isp has been amplified 
sufficiently to saturate the gain a^, and thus the pulse intensity is approximately 
I{t) ^ Isp X {eKo(0^s-^]}" = /̂ ^ X [Goit)]". The pulse is thus ^ times narrower 
than the unsaturated gain function Go{t). 

For a cavity shorter than required for exact synchronism, in a frame of refer
ence synchronous with the pulsed gain agit), the intracavity intensity of the / 
round-trip is related to the previous one by: 

Ij(t) = Ij^iit + (5)̂ 1^^ '̂̂ -̂̂ -̂ ^ (6.2) 

where S is the mismatch between cavity round-trip time and the pump pulse 
spacing. The net gain for the circulating pulse l̂̂ '̂ ^^K"^! exists in the cavity for 
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Figure 6.1 Net gain (gain minus loss) temporal profile as it appears at each periodicity of the 
pump pulse. If the round-trip time of the laser cavity is slightly shorter (by 8) than the pump period, 
radiation emitted at the right edge of the gain profile will reappear shifted to the left by that amount 
8 at each successive round-trip. A pulse will experience gain for a maximum of n passages, given by 
the ratio of the duration of the net gain to the mismatch 8. 

a time n8 only, as can be seen from Figure 6.1. The laser oscillation will start 
from a small noise burst Isp(t). The intracavity pulse after n round trips can be 
approximated by: 

/(r) = /,^(r + A25)p^-^^'-^^]\ (6.3) 

where Isp(t + n8) is the spontaneous emission noise present in the cavity in the 
time interval (n—l)8 -> n8, and a^v = -^ f otg{t)dt is a gain coefficient averaged 
over the n round-trips. 

These simple considerations indicate that in the absence of any spectral 
filtering mechanism and neglecting the distortion of the gain curve ag{t) by 
saturation, the pulse should be roughly ^ times shorter than the duration of 
the gain window. The timing mismatch 8 is an essential parameter of the oper
ation of a synchronously mode-locked laser. The shape of the autocorrelation 
(see Chapter 9) is typically a double-sided exponential, which—as pointed out 
by Van Stryland [3]—is a signature for a possible random distribution of pulse 
duration in the train. The interferometric autocorrelation also indicates a ran
dom (Gaussian) distribution of pulse frequencies [4]. These fluctuations in pulse 
duration and frequency have also been observed in theoretical simulations by 
New and Catherall [5] and Stamm [6]. 
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Gain saturation—neglected in the elementary model discussed so far—does 
play an essential role in pulse shaping and compression for synchronously 
pumped lasers. We refer to a paper by Nekhaenko et al. [7] for a detailed review of 
the various theories of synchronous pumping. In a typical synchronously pumped 
laser, the net gain (at each round-trip) is "terminated" by gain depletion at each 
passage of the circulating pulse. The shortening of the gain period results in a 
laser pulse much shorter than the pump pulse. This mechanism was analyzed in 
detail by Frigo et al. [8]. It has been verified experimentally that the shortest 
pulse duration is approximately Xp ^ yJ^pumpTig [9]. This result illustrates the 
fact that the finite spectral width of the gain profile, hv^ ^ 77 ^ ultimately limits 
the shortest obtained pulse duration. Numerical simulations have been made to 
relate the number of round-trips required to reach steady state to the single-pass 
gain [10]. 

Regenerative Feedback 

As we have seen at the beginning of the previous section, the laser cavity 
should never be longer than the length corresponding to exact synchronism with 
the pump radiation to generate pulses shorter than the pump pulse. This implies 
strict stability criteria for the pump laser cavity, its mode-locking electronics, 
and the laser cavity (invar or quartz rods were generally used for synchronously 
pumped dye laser cavities). Considerations of thermal expansion of the support 
material and typical cavity lengths clearly shows the need for thermal stability. 
Indeed, the thermal expansion coefficient of most rigid materials for the laser 
support exceeds 10~^/°C. Because the cavity length approaches typically 2 m, 
even a temperature drift of 0.5°C would bring the laser out of its stability range. 
However, because it is the relative synchronism of the laser cavity with its pump 
source that is to be maintained, a simpler and efficient technique is to use the noise 
(longitudinal mode beating) of the laser itself, to drive the modulator of the pump 
laser [11] if the latter is actively modelocked. This technique, sometimes called 
"regenerative feedback," has been applied to some commercial synchronously 
pumped mode-locked lasers, and even to a Ti:sapphire laser [2]. 

Seeding 

Even if somewhat oversimplified, the representation of Fig. 6.1 gives a 
clue to an important source of noise in the synchronously pumped dye laser. 
The seed Upit) has a complex electric field amplitude l(t) with random phase. 
As pointed out in Catherall and New [12] and in Stamm [6] it is this spontaneous 
emission source that is at the origin of the noise of the laser. Could the noise 
be reduced by adding to 6 a minimum fraction r]E{t) of the laser output, just 
large enough so that the phase of r]E{t) -h l{t) is equal to the phase of the output 
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Figure 6.2 Typical synchronously pumped dye laser. The length of the dye laser cavity has to be 
matched to the repetition rate of the pump pulses. The noise in a s> nchronously pumped laser can 
be reduced by reinjection of a portion of the output ahead of the main intracavity pulse. A thin glass 
plate on the output mirror intercepts and reflects part of the beam into the cavity, with the desired 
advance. The fraction of energy reflected (of the order of 10~^) is determined by the overlap of the 
aperture and the glass plate. (Adapted from Peter et al. [13].) 

fields E(t) (which essentially implies jjEit) > 6)? Both calculation and experi
ment have demonstrated a dramatic noise reduction by seeding the cavity with 
a small fraction of the pulse in advance of the main pulse [13]. The emphasis 
here is on small; only a fraction of the order of 10"'̂  (not exceeding 10"^) of 
the output power should be reinjected. A possible implementation would consist 
of reflecting back a fraction of the output pulse delayed by slightly less than a 
cavity round-trip. This amounts to a weakly coupled external cavity. A much 
simpler implementation demonstrated by Peter et al. [13] consists in inserting a 
thin glass plate (microscope cover glass for instance) in front of the output mirror 
(Figure 6.2). The amount of light reinjected is adjusted by translating the glass 
plate in front of the beam. The timing of the reinjected signal is determined by 
the thickness of the plate. 

6.2. HYBRID IVIODE-LOCKING 

Synchronous pumping alone can be considered as a good source of ps rather 
than fs pulses. The disadvantages of this technique, as compared to passive 
mode-locking, are: 

• a longer pulse duration, 
• larger amplitude and phase noise. 

the duration of the pulses of the train are often randomly distributed, [3] and 



346 Ultrashort Sources II: Examples 

• when attempting to achieve the shortest pulse durations, the pulse frequen
cies are randomly distributed [4]. 

One solution to these problems is to combine the techniques of passive and 
active mode-locking in a hybrid system [14,15]. Depending on the optical thick
ness of the absorber, the hybrid mode-locked laser is either a synchronously 
mode-locked laser perturbed by the addition of saturable absorption or a pas
sively mode-locked laser pumped synchronously. The distinction is obvious to 
the user. The laser with little saturable absorption modulation will have the noise 
characteristics and cavity length sensitivity typical of synchronously pumped 
lasers, but a shorter pulse duration. The laser with a deep passive modulation 
(concentrated saturable absorber for a dye, or a large number of MQW for a 
semiconductor saturable absorber) shows intensity autocorrelation traces identi
cal to those of the passively mode-locked laser [16]. The sensitivity of the laser 
to cavity detuning decreases. The reduction in noise can be explained as being 
related to the additional timing mismatch introduced by the absorber, which par
tially compensates the pulse advancing influence of the gain and spontaneous 
emission [17]. 

6.3. ADDITIVE PULSE JVIODE-LOCKING 

6.3.1. Generalities 

There was in the late 1980s a resurrection of interest in developing additive 
pulse mode-locking (APML), a technique involving coupled cavities. One of the 
basic ideas—to establish the mode coupling outside the main laser resonator— 
was suggested in 1965 by Foster et al. [18] and applied to mode-locking a He-Ne 
laser [19]. In that earlier implementation, an acousto-optic modulator is used to 
modulate the laser output at half the intermode spacing of the laser. The frequency 
shifted beam is reflected back through the modulator, resulting in a first-order 
diffracted beam, which is shifted in frequency by the total mode spacing, and 
reinjected into the laser cavity through the output mirror. The output mirror of 
the laser forms, with the mirror used to reinject the modulated radiation, a cavity 
with the same mode spacing as the main laser cavity. If the laser is close to 
threshold, a small extracavity modulation fed back into the main cavity can be 
sufficient to lock the longitudinal modes. 

Unlike this technique more recent APML implementations are based on pas
sive methods. In the purely dispersive version, pulses from the coupled cavity 
are given some phase modulation, such that the first half of the pulse fed back 
into the laser adds in phase with the intracavity pulse, while the second half 
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Figure 6.3 A typical additive pulse mode-locked laser (a). At the output mirror MQ, the pulse of 
the main cavity [(b), top left] adds coherently to the pulse of the auxiliarv cavity [(b), bottom left], 
to result in a shortened pulse [(b), right]. (Courtesy E. Wintner.) 

has opposite phase [20]. At each round-trip, the externally injected pulse thus 
contributes to compress the intracavity pulse, by adding a contribution to the 
leading edge and subtracting a certain amount from the trailing edge, as sketched 
in Figure 6.3. This technique has first been applied to shortening pulses gen
erated through other mode-locking mechanisms. A reduction in pulse duration 
by as much as two orders of magnitudes was demonstrated with color-center 
lasers [21-24] and with Ti:sapphire lasers [25]. 

It was subsequently realized that the mechanism of pulse addition through 
a nonlinear coupled cavity is sufficient to passively mode-lock a laser. This 
technique has been successfully demonstrated in a Ti:sapphire laser, [26] 
NdiYAG [27,28] Nd:YLF [29,30], Nd:glass [31], and KCl color-center 
lasers [32]. A detailed description of the coherent addition of pulses from the 
main laser and the extended cavity which takes place in the additive pulse mode-
locking has been summarized by Ippen et ai [33]. 

Coherent field addition is only one aspect of the coupled cavity mode-locked 
laser. The nonlinearity from the coupled cavity can be. for example, an amplitude 
modulation, as in the ''soliton" laser [34], or a resonant nonlinear reflectivity via 
a quantum well material [35]. 
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6.3.2. Analysis of APML 

Analysis of APML [23,33] has shown that the coupHng between a laser and an 
external nonlinear cavity can be modeled as an intensity-dependent reflectivity 
of the laser end mirror. Let r be the real (field ampHtude) reflection coefficient of 
the output mirror. The radiation transmitted through that mirror into the auxiliary 
(external) cavity returns to the main cavity having experienced a field amplitude 
loss y (y < 1) and a total phase shift -[(p + ^U)]. The nonlinear phase shift 
<P(t) induced by the nonlinearity is conventionally chosen to be zero at the pulse 
peak [33] so that the linear phase shift 0 includes a bias because of the peak 
nonlinear phase shift. Therefore, if r£{t) is the field reflected at the mirror, the 
field transmitted through the output mirror, the auxiliary cavity (loss y) and 
transmitted a second time through the output mirror is 
If d is the length of the nonlinear medium, and assuming a ^2 nonlinearity, 
according to Eq. (3.149): 

^(t)=^^^[IaAn-Ia.(0)]d (6.4) 

where laxiO is the intensity of the field in the auxiliary cavity. For a qualitative 
discussion we determine the total reflection by adding the contribution of the 
reinjected field from the auxiliary cavity to the field reflection r of the output 
mirror, which leads to a time-dependent complex ''reflection coefficient" T: 

f(r) :=r-\-y(\- r )^ - ' ^ [ l - mt)]. (6.5) 

In Eq. (6.5), it has been assumed that O is small, allowing us to substitute for 
the phase factor e~'^ its first-order expansion. There is a differential reflectivity 
for different parts of the pulses. If one sets 0 = - . T / 2 , then |f| has a maximum 
value at the pulse center where 0 = 0, and smaller values at the wings: 

f (r) = r -h y d - r-)cD(r) -h i[y(\ - r^)]. (6.6) 

The reflection is thus decreasing when <t> becomes negative in the wings of 
the pulse, which is the "coherent field subtraction" sketched in Fig. 6.3. The 
compression factor is determined by the ratio of y(l — r^) to r, which can be 
related to the ratio of energy in the auxiliary cavity to that in the main cavity 
[note that y{\ ~ r^) is the maximum amount of energy that can be subtracted 
from the pulse in the main cavity at each round-trip]. 

This dynamic reflectivity can be adjusted for pulse shortening at each reflec
tion, until a steady-state balance is achieved between the pulse shortening and 
pulse spreading because of bandwidth limitation and dispersion. 
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6A MODE-LOCKING BASED ON NONRESONANT 
NONLINEARITY 

Various techniques of mode-locking using second-order nonlinearities have 
been developed. A first method is a direct extension of Kerr lens mode-locking, 
which has been analyzed in the previous chapter. A giant third-order susceptibility 
can be found near phase matching conditions in SHG not unlike the situation 
encountered with a third-order susceptibility, which is seen to be enhanced near 
a two photon resonance [36,37]. In this method, called cascaded second-order 
nonlinearity mode-locking, the nonlinear crystal is used in mismatched conditions 
with a mirror that reflects totally both the fundamental and SH waves. The cascade 
of sum and difference frequency generation induces a transverse focusing of the 
fundamental beam in a way similar to Kerr self-focusing. This method has been 
applied to sohd-state lasers by Cerullo et al. [38] and Danailov et al [39]. The 
resonance condition (the phase matching bandwidth) implied in this method does 
not make it applicable to the fs range. 

Another technique was introduced by Stankov, [40,41] who demonstrated 
passive mode-locking in a Q-switched laser by means of a nonlinear mirror con
sisting of a second harmonic generating crystal and a dichroic mirror. Dispersion 
between the crystal and the dichroic mirror is adjusted so that the reflected SH 
is converted back to the fundamental. 

A third method, based on polarization rotation occurring with type II second 
harmonic generation, is the equivalent of Kerr lens mode locking in fiber lasers. 
It has also been applied to some solid-state lasers. The last two methods will be 
discussed in more detail in the following subsections. 

6.4.1. Nonlinear Mirror 

The principle of operation of the nonlinear mirror can be understood with the 
sketch of Figure 6.4, showing the end cavity elements that provide the function of 
nonlinear reflection. A frequency doubling crystal in phase matched orientation 
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crystal H " , " ^ . " 

- ^ B / " 
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Figure 6.4 End cavity assembly constituting a nonlinear mirror. The end mirror is a total reflector 
for the SH and a partial reflector for the fundamental. 



350 Ultrashort Sources II: Examples 

is combined with a dichroic mirror output coupler that totally reflects the SH 
beam and only partially reflects the fundamental. These two elements form a 
reflector, whose reflectivity at the fundamental wavelength can either increase or 
decrease, depending on the phases of the fundamental and SH radiation. These 
phase relations between the first and second harmonics can be adjusted inserting 
a dispersive element between the nonlinear crystal and the dichroic mirror. The 
dispersive element can be either air (the phase adjustable parameter is the distance 
between the end mirror and the crystal) or a phase plate (of which the angle can 
be adjusted). 

At low intensity, the cavity loss is roughly equal to the transmission coefficient 
of the output coupler at the fundamental wavelength. At high intensities, more 
second harmonic is generated, reflected back and reconverted to the intracavity 
fundamental, resulting in an increase in the effective reflection coefficient of the 
crystal output coupler combination. The losses are thus decreasing with intensity, 
just as is the case with a saturable absorber. Figure 6.5 shows the variation of 
intensities of the fundamental and second harmonic in the first (left) and second 
(right) passage through the second harmonic generating crystal. Depletion of the 
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Figure 6.5 Variation of intensity of the fundamental (F, solid line) and the second harmonic 
(SH, dashed line) for two successive passages, A and B, through the nonlinear crystal. The entrance 
and exit surfaces a and b are labeled in Fig. 6.4. A fraction R = 10% of the fundamental intensity 
is reflected back into the crystal, together with the entire second harmonic. After propagation for a 
distance B in air, the phase of the second harmonic with respect to the fundamental has undergone a 
shift of 7T, resulting in a reconversion of second harmonic into fundamental at the second passage. 
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fundamental through SHG reduced the intensity to 30% of its initial value. Only 
10% of that fundamental is reflected back through the second harmonic generating 
crystal. However, because the full SH signal that was generated in the first 
passage is reflected back, and because it has reversed phase with respect to the 
fundamental, 30% of the initial fundamental is recovered. At the first passage, the 
conversion to second harmonic should be sufficient to have a sizeable depletion 
of the fundamental. Therefore, this method works best for high-power lasers. The 
theoretical framework for the SHG has been set in Chapter 3 (Section 3.4.1) and 
can be applied for a theoretical analysis of this type of mode-locking. A frequency 
domain analysis of the mode-locking process using a nonlinear mirror can be 
found in Stankov [42]. Available software packages, such as—for example— 
SNLO software can be used to compute the transmission of fundamental and 
second harmonic at each passage [43]. 

The electronic nonlinearity for harmonic generation responds in less than a 
few femtoseconds. However, because of the need to use long crystals to obtain 
sufficient conversion, the shortest pulse durations that can be obtained by this 
method are limited to the picosecond range by the phase matching bandwidth. 
The method has been applied successfully to flashlamp pumped lasers [44] and 
diode pumped lasers [45-48]. A review can be found in Kubecek [49]. 

The same principle has also been applied in a technique of parametric mode-
locking, which can be viewed as a laser hybridly mode-locked by a nonlinear 
process [50]. The third-order nonlinearity of a crystal applied to sum and differ
ence frequency generation is used in the mode-locking process. The nonlinear 
mirror can also be used to provide negative feedback instead of positive feedback 
by adjusting the phase shift between fundamental and second harmonic by the 
dispersive element [51]. 

6.4.2. Polarization Rotation 

Nonlinear polarization rotation because of the nonlinear index associated with 
elliptical polarization has been described in Section 5.4.2 as an example of a 
third-order nonlinear process. Again, a second-order nonlinearity can also be 
used for polarization rotation. As is the case when phase matched SHG is used, 
the minimum pulse duration is determined by the inverse of the phase matching 
bandwidth. 

Under type II phase matching, the orientation of the fundamental field polar
ization (assumed to be linear) at the output of the nonlinear crystal is directly 
dependent on the relative intensity of the two orthogonal polarization compo
nents. The crystal cut and orientation is assumed to perfectly fulfill the phase 
matching conditions for SHG If the linearly polarized incoming field is split into 
two orthogonal components with strongly unbalanced intensity, then the wave of 
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smallest initial amplitude may be completely depleted because the SHG process 
diminishes each component by the same amount. If the nonlinear propagation 
continues beyond that point the SHG is replaced by difference frequency genera
tion between the generated harmonic and the remaining fundamental component. 
The new fundamental field appears on the polarization axis where the fundamen
tal had disappeared but the phase of the created field is now shifted by n with 
respect to the initial field. Difference frequency generation then goes on with 
propagation distance until the power of the second harmonic goes to zero. If we 
assume that the crystal behaves in the linear regime like a full-wave or half-wave 
plate then the output polarization state remains linear in the nonlinear regime, 
but the orientation of the output is intensity dependent. Two properly oriented 
polarizers placed on either side of the nonlinear crystal permit us to build a device 
with an intensity dependent transmission. 

Details on the use of nonlinear polarization in a type II SHG for mode-locking 
of a cw lamp pumped Nd:YAG laser are given in Kubecek et al. [52]. 

6.5. NEGATIVE FEEDBACK 

In this section we will describe a technique that limits the peak power of 
pulses circulating in the cavity. This can be accomplished by a combination of an 
element producing nonlinear defocusing and an aperture. Negative feedback has 
gained importance in Q-switched and mode-locked solid-state lasers because it 
tends to lengthen the pulse train by limiting the peak power and thereby reducing 
the gain depletion. Moreover, a longer time for pulse formation usually leads to 
shorter output pulses and more stable operation.^ 

We have seen that the pulse formation—in passively mode-locked lasers—is 
associated with a positive feedback element (Kerr lensing, saturable absorber) 
which enhances positive intensity fluctuations (generally through a decrease of 
losses with increasing intensity). Although a positive feedback leads to pulse 
formation, it is inherently an unstable process, because intensity fluctuations 
are amplified. Therefore, it is desirable, in particular in high-power lasers, to 
have a negative feedback element that sets in at higher intensities than the positive 
feedback element. 

Pulses of 10, 5, and less than 1 ps have been generated with this technique 
with NdiYAG, NdiYAP, and Nd:glass lasers, respectively. More importantly for 
the fs field, the pulse-to-pulse reproducibility (better than 0.2% [53]) makes these 
lasers ideal pump sources for synchronous or hybrid mode-locking. The flashlamp 
pumped solid-state laser with negative feedback provides a much higher energy 

^ Note that in high-power solid-state lasers the typical Q-switched pulse is not much longer than 
a few cavity round-trips. 
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per pulse, at shorter pulse duration, than the cw mode-locked laser used con
ventionally as pump for fs systems. The use of negative feedback to effectively 
pump a fs dye laser was demonstrated by Angel et al. [10]. 

In semiconductor laser pumped solid-state lasers, negative feedback can be 
used to suppress Q-switched mode-locked operation, in favor of cw mode-locked 
operation [54]. The mechanism is the same as for the flashlamp pumped laser; 
the energy limiting prevents the total gain depletion that ultimately interrupts the 
pulse train. 

Electronic Feedback 

A typical flashlamp pumped, mode-locked Nd laser generates a train of only 
5 to 10 pulses of all different intensities. In the first implementation of "negative 
feedback," an electronic feedback loop increases the cavity losses if the pulse 
energy exceeds a well-defined value. Martinez and Spinelli [55] proposed to 
use an electro-optic modulator to actively limit the intracavity energy in a pas
sively mode-locked glass laser. They demonstrated that the pulse train could be 
extended. A fast high voltage electronics led to the generation of ixs pulse trains 
in a passively mode-locked glass lasers [56] and in hybrid Nd:glass lasers [57]. 

Electronic Q-switching and negative feedback has the advantage that the tim
ing of the pulses is electronically controlled. This is important in applications 
where several laser systems have to be synchronized. However, there is a mini
mum response time of one cavity round-trip before the feedback can react [57]. 

Passive Negative Feedback 

A passive feedback system can provide immediate response—i.e., on the time 
scale of the pulse rather than on the time scale of the cavity round-trip. We will 
here restrict our description to the Nd laser using a semiconductor (GaAs) for 
passive negative feedback. The semiconductor used in a passive feedback system 
produces nonlinear lensing. The analysis of the beam focusing is identical to that 
of the Kerr lensing, except that the sign of the lensing is opposite. The nonlinear 
index change is initiated by electrons generated by two photon absorption into 
the conduction band. Various processes then contribute to the index change. The 
index change by free electrons, for example, can be estimated with the Drude 
model and is negative: 

-) 
A/i^(x, V, t) = ^^^^—^N(x, y, r), (6.7) 

where Â  is the electron density, m* is the electron's effective mass and AZQ is the 
linear index. We refer to the literature for additional contributions to An such as 
the interband contribution [58] and an additional electronic contribution [36,59]. 
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Other implementations of passive negative feedback have used a SH crystal 
near phase matching ('̂ cascaded nonlineary'') to produce a large nonlinear index 
required for the energy limiter [60]. 

A typical laser using passive negative feedback generally includes a saturable 
absorber for Q-switching and mode-locking and an energy limiter. An energy 
limiter that can be used for passive negative feedback is illustrated in Figure 6.6. 
A two photon absorber (typically GaAs) is located near a cavity end mirror. 
After double passage through this sample, the beam is defocused by a self-
induced lens originating mainly from the free carriers generated through two 
photon absorption. The defocused portion of the beam is truncated by an aperture. 
Self-defocusing in the semiconducting two photon absorber sets in at a power 
level that should be close to the saturation intensity of the saturable absorber used 
for Q-switching and mode-locking. Because the pulse intensity is close to the 
pulse saturation intensity, there is optimal pulse compression at the pulse leading 
edge by saturable absorption. Because of self-defocusing in GaAs, the pulse 
trailing edge is clipped off, resulting in further pulse compression and energy loss. 

The stabilization and compression of the individual pulses result from a del
icate balance of numerous physical mechanisms. Details of the experimental 
implementation and theoretical analysis can be found in the literature [61-63]. 

At the end of this section we will discuss an experiment that illustrates the 
saturation and focusing properties of a particular nonlinear element. Often the 
nonlinear element is just the substrate of a multiple quantum well [64]. In that 
case, one has combined in one element the function of saturable absorber (the 
MQW, excited by one photon absorption) and energy limiter (the substrate, 
excited by two photon absorption). The properties of the MQW on its substrate are 
well demonstrated by the measurement illustrated in Figure. 6.7 and 6.8. A diode 
pumped microchip YAG laser is used to focus pulses of 3 |iJ energy and 1 ns 
duration at a repetition rate of 15.26 kHz into a sample consisting of 100 quantum 

Active medium 
mode-locker 

output coupler 

Widened 
beam 

Input 
beam 

Pinhole 

Figure 6.6 Passive negative feedback is typically achieved by inserting in the cavity an energy 
limiter, which can consist of a GaAs plate (acting as two photon absorber and subsequent defocusing 
element) and an aperture (pinhole). 
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Figure 6.7 Experimental setup to observe the saturable absorption, two photon absorption and self-
lensing in a sample of 100 quantum wells on a GaAs substrate located in front of a CCD camera 
(from Kubecek et al. [64]). 

Figure 6.8 Spatial beam structure versus longitudinal position of the sample along the axis of the 
beam, after the lens. The distances from focus are indicated (in mm). The upper part of the figure 
corresponds to the positions left of the focus: the lower part right of the focus. (Adapted from Kubecek 
et al. [64].) 
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wells on a GaAs substrate. The lens has a focal distance of 50 mm. The output 
power from the laser was attenuated not to damage the MQW. The maximum 
power density in the focal point was 10 MW/cnr. The spatial profile of the radi
ation transmitted through the sample was analyzed, using a CCD camera, as a 
function of the position of the sample. The various profiles are shown in Fig. 6.8. 
From this picture we can see that the initial low power transmission of 23% far 
from the focal point increases to 45% close to the focal point. The transmission 
of the GaAs plate alone is 52%, indicating that the nonsaturable losses in the 
MQW are about 10%. The increase in transmission reflects the saturation of the 
quantum wells. Close to the focal point, the transmission drops and significant 
defocusing is observed. This is a region of large two photon absorption, creat
ing an electron plasma sufficiently dense to scatter the beam. Self-defocusing is 
observed with the sample positioned to the left of the focus, self-focusing to the 
right of the focus. 

6.6. SEMICONDUCTOR-BASED SATURABLE 
ABSORBERS 

Progress in the fabrication of semiconductors and semiconductor based struc
tures, such as MQWs, has led to the development of compact and efficient 
saturable absorbers whose linear and nonlinear optical properties can be cus
tom tailored. These devices are particularly suited for mode-locking solid-state 
lasers, fiber lasers and semiconductor lasers. They can conveniently be designed 
as laser mirrors, which makes them attractive for initiating and sustaining mode-
locking in a variety of solid-state lasers and cavity configurations, for a review 
see Keller et al. [65]. 

In semiconductors a transition from the valence to the conduction band is 
mostly used. In MQWs an excitonic resonance near the band edge can be 
utilized [66], which leads to a lower saturation energy density [67]. 

As discussed in the previous chapter an important parameter is the relaxation 
time of the absorber. The recovery rate is the sum of the carrier relaxation rate 
\/T\ and the rate of diffusion out of the excited volume l/r^: 

(6.8) 

For a beam waist WQ at the absorber the characteristic diffusion time can be 
estimated by 

1 1 
— = — 
^A T\ + 

1 
—. 
Td 
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where D is the diffusion constant, which is related to the carrier mobihty // 
through the Einstein relation D = hgT^le. For a beam waist of 2 M.m and 
D = 10 cm^/s for example, the diffusion time TJ ~ 500 ps. 

Typical carrier lifetimes in pure semiconductors are ns and thus too long for 
most mode-locking applications, where the cavity round-trip time is of the order 
of a few ns. Several methods are available to reduce the effective absorption 
recovery rate of bulk semiconductors and MQWs: 

1. tight focusing and 
2. insertion of defects. 

A commonly used technique to insert defects is proton bombardment with 
subsequent gentle annealing. For example, the bombardment of a MQW sample 
consisting of 80 pairs of 102 AGaAs and 101 AGao.71Alo.29As wells, with 
200-keV protons resulted in recovery times of 560 ps and 150 ps, respec
tively [67]. Structures with thinner wells (70 to 80 A) separated by 100 A barriers 
yield broader absorption bands [68], with the same recovery time of 150 ps after 
a XO^^Icvc? proton bombardment and annealing. 

Another technique to introduce defects is to grow the semiconductor at rela
tively low temperature. This can lead to a relatively large density of deep-level 
defects that can quickly trap excited carriers. As an example. Figure 6.9 shows 
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Figure 6.9 Carrier lifetime of GaAs versus MBE growth temperature. The inset shows the transient 
reflection measured in a pump probe experimental, for a 200°C grown unannealed sample. (Adapted 
from Gupta et al. [69].) 
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Table 6.1 
Semiconducting materials with carrier lifetimes and 

mobilities. (Adapted from Gupta et al. [69].) 

Material 

Cr-doped GaAs 
Ion implanted InP 
Ion-damaged Si-on-sapphire 
Amorphous silicon 
MOCVD CdTe 
GaAs (MBE. 200°C) 
Ino.42Alo.48As (MBE. 150°C) 

Carrier lifetime T\ 
(ps) 

50-100 
2 - ; 
0.6 

0.8-20 
0.45 
0.3 
0.4 

Mobility ii 
(cm-/Vs) 

1000 
200 
30 
1 

180 
150 
5 

a plot of the carrier lifetime versus MBE growth temperature. The measurement 
is performed by focusing a 100 fs pump pulse onto a 20-30 |j,m spot on the 
semiconductor. A 10 times attenuated (as compared to the pump) probe pulse is 
focused into a 10 [im island within the pumped region. Both pump and probe 
are at 620 nm. The reflectance of the probe is measured as a function of probe 
delay (inset in Fig. 6.9). The carrier lifetime is defined as the initial decay (Me) 
of the reflectance versus delay. 

Table 6.1 lists carrier lifetimes and mobilities of some representative semi
conductor materials. 

6.7. SOLID-STATE LASERS 

6.7.1. Generalities 

Most common solid-state lasers used for ultrashort pulse generation use mate
rials with a long lifetime (compared to typical cavity round-trip times) as gain 
media. The laser efficiency can be high if pumped by other lasers, for example 
semiconductor lasers, tuned to the pump transition. This is especially the case 
for lasers such as Ytterbium YAG that have a small quantum defect.^ 

Because these solid-state lasers have small gain cross sections as com
pared to dye lasers and semiconductor lasers, gain modulation is ineffective 

^The quantum defect is the difference in energy of the pump photon and the laser emitting photon. 
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for mode-locking. With an upper state lifetime many orders of magnitude longer 
than the round-trip time, synchronous pumping is seldom used/^ 

The relatively low gain calls for longer lasing media, of the order of several 
mm, as opposed to the typical 100 |im used with dye and semiconductor lasers. 
The long gain crystal in turn supports large SPM. Therefore, mode-locking will 
most often occur through Kerr lensing and chirping in the gain medium. Some 
exception where saturable absorbers are used are: 

• Long pulse generation, tunable in wavelength. 
• Mode-locking of LiCAF lasers, where the Kerr effect is small. 
• Bidirectional mode-locking of ring lasers (Kerr lensing in the gain medium 

favors unidirectionality). 

Also because of the longer gain medium, (as compared to dye and semiconductor 
lasers), the laser will be sensitive to any parameter that influences the index of 
refraction. These are: 

• Laser pulse intensity—an effect generally used for passive mode-locking 
(Kerr lensing). 

• Temperature dependence of the index of refraction, which leads to thermal 
lensing and birefringence. 

• Change in index of refraction associated with the change in polarizability 
of optically pumped active ions. 

The latter effect was investigated by Powell et al [70] in Nd doped lasers, and 
found to be of the order of 50% of the thermal change in index. 

Pumping of solid-state lasers is done either by another laser (for instance 
argon ion laser, or frequency doubled vanadate (YV04) laser, for Ti:sapphire) or 
by a semiconductor laser (Cr:LiSAF, Nd:vanadate) or by flashlamps (Nd:YAG). 
Diode laser pumping is the most advantageous from the point-of-view of wall 
plug efficiency. 

Mode-locked solid-state lasers tend to specialize according to the property 
that is desired. So far Ti:sapphire lasers have been the choice for shortest pulse 
generation and stabilized frequency combs. Diode pumped Cr:LiSAF lasers can 
reach pulse durations in the tens of fs and are the preferred laser when extremely 
low power consumption is desired. Nd:YAG lasers are most convenient for gen
erating high-power Q-switched mode-locked ps pulse trains and are generally 
flashlamp pumped. Nd:vanadate is generally used as diode pumped Q-switched 
mode-locked source, although it is possible to achieve cw mode locked operation 
too. Both Nd:YAG and vanadate have a bandwidth that restricts their operation 

^Synchronous pumping has been used with some Ti:sapphire lasers to provide the modulation 
necessary to start the Kerr lensing mode-locking, but not as a primary mode-locking mechanism. 
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to a shortest pulse of approximately 10 ps. The laser with the lowest quantum 
defect is sought for high power application where efficiency is an issue. Yb:YAG 
can be pumped with 940 nm diode lasers, to emit at 1.05 micron. An optical to 
optical conversion efficiency of 35% has been obtained [71]. 

6.7.2. Tirsapphire Laser 

The Ti:sapphire laser is the most popular source of fs pulses. The properties 
that make it one of the most attractive source of ultrashort pulses are listed in 
Table 6.2. Ti:sapphire is one of the materials with the largest gain bandwidth, 
excellent thermal and optical properties, and a reasonably large nonlinear index. 

Table 6.2 
Room temperature physical properties of Tirsapphire. The gain cross-section 

increases with decreasing temperature, making it desirable to operate the laser rod 
at low temperatures. The values for the nonlinear index from Smolorz and Wise [73] 

take into account the conversion factor of Eq. (3.140). Some data are given for a 
(perpendicular to the optical axis) and n (parallel to the optical axis) polarization. 

Property 

Index of refraction at 800 nm 
Nonlinear index (electronic) 

Raman shift 
Damping time Tj^ 
Raman contribution to ^2 

Raman shift 
Damping time 7/? 
Raman contribution to hi 

Dispersion {k") at 800 nm 

Peak absorption at 

(^n 
c^a 
Number density of Ti^+ 
at a concentration of 

Peak gain at 

(^7T 

(^a 

Fluorescence lifetime Tf 
dzf/dT 

Value 

1.76 
10.5- 10"-'^ 

419 
6 

1.7- 10-'^ 

647 
6 

0.8- 10-'^ 

612 

500 
6.510-20 

2.5-10-20 
3.3.1019 

0.1 

795 
5-10-20 
1.7-10-20 

3.15 
-0.0265 

Units 

cm2AV 

cm- ' 
ps 

cm2AV 

cm"' 
ps 

cm2AV 

fs"/cm 

nm 
cm*-
cm" 

cm"-^ 
wt.% Ti203 

nm 
7 

cm 
-> 

cm-

lls 
|ls/K 

Reference 

[72] 
[73] 

[73] 
[73] 
[73] 

[73] 
[73] 
[73] 

[74] 
[74] 

[74] 
[74] 

[74] 
[74] 
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Figure 6.10 Typical Ti: sapphire laser cavity consisting (from the right) of an end mirror, an aperture, 
a prism pair, folding mirrors at both sides of the laser crystal, and an output coupler. The various 
controls that are possible on this laser are indicated. 

A typical configuration is sketched in Figure 6.10. The pump laser is typically 
either a cw Ar ion laser or a frequency doubled Nd:vanadate laser. The operation 
of the Ti:sapphire laser is referred to as "self-mode-locked" [75]. The cavity con
figuration is usually linear, containing only the active element (the Ti:sapphire 
rod), mirrors and dispersive elements. The latter can be a pair of prisms (cf. 
Section 2.5.5), or negative dispersion mirrors (cf. Section 2.3.3), or other inter-
ferometric structures. Dispersion control by prisms [76] and by mirrors [77] led 
to the generation of pulses shorter than 12 fs in the early 90s. The output power 
typically can reach hundreds of mW at pump powers of less than 5 W. Some
times, to start the pulse evolution and maintain a stable pulse regime, a saturable 
absorber, an acousto-optic modulator, a wobbling end mirror, or synchronous 
pumping is used. 

The mode-locking mechanism most often used in the cavity of Fig. 6.10 is Ken-
lens mode-locking. The cavity mode is adjusted in such a way that the lensing 
effect in the Ti:sapphire rod results in a better overlap with the pump beam, hence 
an increased gain for high peak power pulses (soft aperture). Another approach 
discussed in Section 5.4.3 and Appendix E is to insert an aperture in the cavity, at 
a location such that self-lensing results in reduced losses [increased transmission 
through the aperture (hard aperture)]. 

While Kerr lensing in conjunction with a soft or a hard aperture initiates the 
amplitude modulation essential to start the mode-locking, the succession of SPM 
and quadratic dispersion is responsible for pulse compression. The prism pair 
provides a convenient means to tune the dispersion to an optimal value that will 
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compensate the SPM, by translating the prism into the path of the beam, as shown 
in Fig. 6.10. 

The shortest pulse duration that can be achieved is ultimately determined 
by higher-order dispersion, which includes a contribution from the prism mate
rial, from the Ti:sapphire crystal, and the mirror coatings. To minimize the 
third-order dispersion from the gain medium, short crystal lengths (2 to 4 mm) 
with the maximum doping compatible with an acceptable optical quality of the 
Tiisapphire crystal are generally used. If the shortest pulses are desired, quartz 
prisms are generally preferred because of their low third-order dispersion. How
ever, because the second-order dispersion of quartz is also small, the shortest 
pulse is compromised against a long round-trip time, because the intra prism dis
tance has to be large (>1 m) to achieve negative dispersion. Another choice 
of prism material is LaK16, which has a sufficient second-order dispersion 
to provide negative dispersion for distances of the order of 40 cm to 60 cm. 
Highly dispersive prisms such as SFIO or SF14 are used when a large number 
of dispersive intracavity elements has to be compensated with a large negative 
dispersion. 

Several "control knobs" are indicated on the Ti:sapphire laser sketched in 
Fig. 6.10. After traversing the two prism sequence from left to right, the various 
wavelengths that constitute the pulse are displaced transversally before hitting 
the end mirror. An adjustable aperture located between the last prism and the end 
mirror can therefore be used either to narrow the pulse spectrum (hence elongate 
the pulse) or tune the central pulse wavelength. A small tilt of the end mirror— 
which can be performed with piezoelectric elements)—can by used to tune the 
group velocity (hence the cavity round-trip time, or the mode spacing) without 
affecting the optical cavity length at the average pulse frequency (no translation 
of the modes). The position of the modes—in particular the mode at the average 
pulse frequency—can be controlled by translation of the end mirror with piezo
electric transducers. Such a motion also affects the repetition rate of the cavity. 
Ideally, orthogonal control of the repetition rate and mode position requires two 
linear combinations of the piezo controls just mentioned. 

Cavities with Chirped Mirrors 

Instead of intracavity prisms, negative dispersion mirrors are the preferred 
solution for the shortest pulses, provided a short Ti:sapphire rod is available, 
and there is no other dispersive intracavity element. Continuous tuning of the 
dispersion is not possible as was the case with the intracavity prism pair. Dis
crete tuning however is possible, through the number of multiple reflection at 
the dispersive mirrors. The minimum increment of dispersion is the dispersion 
associated with a single reflection. 

As we saw in Chapter 5, one of the applications of mode-locked lasers is to 
generate frequency combs for metrology. We will discuss such examples, and the 
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Figure 6.11 Ti:sapphire laser cavity with chirped mirrors for 5-fs pulse generation. Two wedges 
of BaF2 are used for continuous dispersion control. The intracavity group velocity is tuned through 
the pump intensity. The servo loop takes the signal from the measurement of the CEO. and feeds it 
back to an acousto-optic modulator. Adapted from Ell et al. [1 ]. 

lasers applied in more detail in Chapter 13. For these applications it is desirable 
to have an octave spanning pulse spectrum, which implies pulses as short as 5 fs, 
or about two optical cycles [1]. This allows one to mix the second harmonic of 
the IR part of the mode comb with a mode from the short wavelength part of 
the fundamental spectrum—a technique to determine the carrier to envelope off
set [78-81]. An example of such a 5-fs laser is sketched in Figure 6.11. Mirrors 
with a smooth negative dispersion over the whole spectrum have been developed 
(see Section 2.3.3) and double-chirped mirrors have been used for this laser [82]. 
Both the low and high index layers of these coatings are chirped. The spectral 
analysis of the reflectivity of these coatings still shows "phase ripples." To elimi
nate these ripples, the mirrors are used in pairs, manufactured in such a way that 
the ripples are 180 degrees out of phase. 

Continuous dispersion tuning is achieved by the use of thin BaF2 wedges. 
BaF2 is the material with a low ratio of third- to second-order dispersion in the 
wavelength range from 600 to 1200 nm, and the slope of its dispersion is nearly 
identical to that of air. It is therefore possible to scale the cavity to, for instance, 
shorter dimensions, and maintain the same dispersion characteristics by adding 
the appropriate amount of BaF2. 

High Power from Oscillators 

For some applications, for example laser micromachining, it is desirable to 
increase the pulse energy of the output of fs oscillators without amplification. 
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Because the pump power is limited an increase in pulse energy can only be at 
the expense of repetition rate. Several different techniques have been developed. 

A cavity dumper can be inserted in the Kerr lens mode-locked Ti:sapphire 
laser resonator [83,84]. This allows the fs pulse to build up in a high Q cavity 
with essentially no outcoupling losses. When a certain energy is reached the 
outcoupler (typically based on an acousto-optic modulator) is turned on, and the 
pulse is coupled out of the cavity. Repetition rates typically range from a few 
100 kHz to a few MHz. Pulse energies of up to the 100-nJ level are possible. 

Another method tries to capitalize on the inherent trend in solid-state lasers to 
show relaxation oscillations and self Q switching. In such regimes the envelope 
of the mode-locked pulse train is modulated. The Q-switched and mode-locked 
output can be stabilized by (weakly) amplitude modulating the pump at a fre
quency of several hundred kHz that is derived from the Q-switched envelope in 
a feedback loop [85]. 

A third technique is based on long laser cavities (up to tens of meters) resulting 
in low repetition rates of a few MHz. Careful cavity and dispersion design are 
necessary to avoid the multiple pulse lasing and the instabilities that are usually 
associated with long cavities [86]. For example, 200 nJ, 30-fs pulses at a repe
tition rate of 11 MHz were obtained with a chirped mirror cavity and external 
pulse compression with prisms [87]. 

6.7.3. CnLiSAF, Cr:LiGAF, Cr.LiSGAF, 
and Alexandrite 

The chromium ion has maintained its historical importance as a lasing medium. 
Ruby is produced by doping a sapphire host with Cr203. The ruby laser being a 
three-level system, requires high pump intensities to reach population inversion. 
It is a high gain, narrow bandwidth, laser, hence not suited for ultrashort pulse 
applications. 

A broadband lasing medium is alexandrite, consisting of chromium doped 
chrysoberyl (BeAl204:Cr'^^). The alexandrite laser is generally flashlamp 
pumped (absorption bands from 380 to 630 nm), with a gain bandwidth rang
ing from 700 to 820 nm, and is therefore sometimes used as an amplifier 
(mostly regenerative amplifier) for pulses from Tiisapphire lasers. It is one of 
rare laser media in which the gain cross section increases with temperature, from 
7 • 10-2^ cm^ at 300°K to 2 • 10"-^ cm' at 475°K [72]. 

Of importance for femtosecond pulse generation are the Cr^^:LiSrAlF6 or 
Cr.LiSAF, Cr'^+iLiSrGaFe or Cr:LiSGAF and Cr'^^:LiCaAlF6 or Cr:LiCAF 
lasers. These crystals have similar properties as shown in Table 6.3. The gain cross 
section is relatively low compared with other diode pumped laser crystals (30 x 
less than that of Nd:YAG for example). The thermal conductivity is 10 x smaller 
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Table 6.3 
Room temperature physical properties of Cr:LiSAF, CrrLiSGAF, and 
Cr:LiGAF. The second-order dispersion of LiSAF is indicated for two 

different Cr doping concentrations. A, B,C, and D are the parameters of 
the Sellmeir formula /i? = A/ + Bi/iXJ - C/) 

or e (extraordinary), and X̂  expressed in |im, 
DiX^. with I = o (ordinary) 

Property 

Sellmeir coeff. 

Ao 
Ae 

Bo 

Be 

Co 

Ce 

Do 

De 
no (850 nm) 
Nonlinear index 

Dispersion k" 
(850 nm, 0.8^c) 

Dispersion k" 
(850nm, 29 )̂ 

Third-order 
dispersion k'" 

Peak absorption 
Peak gain at 

cross section a-r 
Fluorescence 

T/r (300°K) 

Ti/2 

Expansion coeff. 
along c-axis 
along a-axis 

c-axis thermal 
conductivity 

Thermal index 
dependence dnIdT 

CrLiSAF 

1.95823 
1.95784 
0.00253 
0.00378 
0.02671 
0.01825 
0.05155 
0.02768 
1.38730 

3.3 10-1^ 

210 

250 

1850 

670 
850 

4.8 10--^^ 

67 
69 

-10 
25 

3.3 

-4.0 

CrLiSGAF 

1.95733 
1.95503 
0.00205 
0.00252 
0.03836 
0.03413 
0.04765 
0.03822 
1.38776 

3.3 10"'^ 

280 

1540 

630 
835 

3.3 10-^« 

88 
75 

0 
12 

3.6 

CrLiCAF 

1.91850 
1.91408 
0.00113 
0.00155 
0.04553 
0.04132 
0.02525 
0.01566 
1.37910 

3.7 10-'^ 

763 
1.3 10-^0 

170 
255 

3.6 
22 

5.14 

-4.6 

Units 

M-m" 

fim^ 

pim' 

p.m^ 
|im~^ 
|im~^ 

cm-AV 

fs^/cm 

fs^/cm 

fs-Vcm 

nm 
nm 
cm-

[IS 

°C 

10-^/K 
10-^/K 

W/mK 

10-^/K 

Ref. 

[73] 

[91,92] 

[91] 

[91,92] 

[93] 

[93] 
[88] 

[93] 
[93] 

[94] 

[94] 

than for Tiisapphire. Therefore, thin crystals are generally used for better cool
ing, which makes the mounting particularly delicate. The gain drops rapidly with 
temperature, because of increasing nonradiative decay. Stalder et ai [88] define 
a temperature T\/2 at which the lifetime drops to half of the radiative decay time 
measured at low temperature. As shown in Table 6.3. this critical temperature 
is particularly low for Cr:LiSAF and Cr:LiSCAF (70°C) which, combined with 
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their poor thermal conductivity, makes these crystals unsuitable for high power 
applications. CriLiCAF is preferred to the other two in applications such as 
regenerative amplifiers, because of its slightly larger saturation energy and better 
tolerance to a temperature increase. 

The Cr^"^:LiSrAlF6 is the most popular laser medium for low power, high 
efficiency operation. It is generally pumped by high brightness AlGalnP laser 
diodes. The emitting cross section of a typical laser diode is rectangular, with a 
thickness of only a few micron, and a width equal to that of the diode. A "high 
brightness" diode is one for which the width does not exceed 200 |im. The 
shorter the diode stripe, the higher the brightness, and the lower the threshold 
for laser operation. Pump threshold powers as low as 2 mW have been observed 
in diode pumped Cr-̂ ~ :̂LiSrAlF6 lasers [89]. Mode-locked operation with 75-fs 
pulses was achieved with only 36 mW of pump power [90]. 

As can be seen from a comparison of Tables 6.2 and 6.3, the nonlinear index in 
LiSAF is significantly smaller than in Ti:sapphire. A careful design of the cavity 
including astigmatism compensation is required to have tighter focusing in the 
LiSAF crystal, leading to the same Kerr lensing than in a typical Ti:sapphire 
laser [90]. A pair of BK7 prisms (prism separation 360 mm) was found to be 
optimal for second- and third-order dispersion compensation, leading to pulses 
as short as 12 fs (200 MHz repetition rate) for a Cr:LiSAF laser, pumped by two 
diode lasers of 500 mW and 350 mW output power [95]. The average output 
power of the fs laser was 6 mW. Diode laser technology is the limiting factor in 
reaching high output powers. Indeed, 70 mW and 100 mW powers (14-fs pulse 
duration) are easily obtained by Kr-ion laser pumping of LiSAF and LiGAF, 
respectively [96]. One solution to alleviate the drawback of a reduced brightness 
for higher power pump diodes, is to pump with a diode laser master oscillator 
power ampHfier system [97]. An output power of 50 mW was obtained with an 
absorbed pump power of 370 mW. 

With chirped mirrors for dispersion compensation, the Cr:LiSAF laser should 
lend itself to compact structures at high repetition rate, although most lasers were 
operated at less than 100 MHz [90-92,96,97]. The 12 fs Cr:LiSAF laser operating 
with a BK7 prism pair however had the shortest cavity, with a repetition rate of 
200 MHz [95]. 

Because of the small nonlinear index «2. it is often more convenient to use 
a single quantum well to initiate and maintain the mode-locking. Mode-locking 
with saturable absorber quantum wells was discussed in Section 6.6. 

6.7.4. CrrForsterite and Cr.Cunyite Lasers 

These two lasers use tetravalent chromium Cr^^ as a substitute for Si'*"̂  in 
the host Mg2Si04 (forsterite) [99,100] and as a substitute for Ge in the host 
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Table 6.4 
Room temperature physical properties of CrrForsterite and CrrCunyite lasers. 

Property 

Nonlinear index 
Dispersion (k" at 1280 nm) 
Peak absorption at 
Peak gain (1240 nm) 
Fluorescence lifetime 

Tf 

Tuning range from 
to 
Thermal conductivity 

Cr:Mg2Si04 

2 10- '^ 
185 
670 
14.4 

2.7 
1167 
1345 

Cr:Ca2Ge04 

1.5 10- '^ 

80 

15 
1350 
1500 
0.03 

Units 

cm-AV^ 
fs-/cm 

nm 
10-^0 c V 

us 
nm 
nm 

W/cm/K 

Ref. 

[72.105] 
[106] 

[72] 
[101] 

[102,107] 
[72] 

Ca2Ge04 (cunyite) [101.102]. The properties of these two laser materials are 
compared in Table 6.4. Forsterite-based lasers have become important because 
they operate in the 1.3 |im range (1167 to 1345 nm) and can be pumped with 
Nd:YAG lasers. Attempts have also been made at diode pumping [103]. By care
ful intracavity dispersion compensation with a pair of SF58 prisms complemented 
by double-chirped mirrors, a pulse duration of 14 fs was obtained [104]. This 
laser, pumped by a Nd:YAG laser, had a threshold of 800 mW for cw operation 
and 4 W for mode-locked operation. 100 mW output power could be achieved 
with a pump power of 6 W. 

The forsterite laser produces pulses short enough to create an octave spanning 
spectral broadening in fibers as discussed in Section 13.4.1 ."̂  A prismless compact 
ring cavity was designed with combination of chirped mirrors (ODD of —55 fs" 
from 1200 to 1415 nm) and Gires-Toumois interferometer mirrors (GDD of 
-280 fs^ from 1200 to 1325 nm) as sketched in Figure 6.12. This laser, pumped 
by a l o w fiber laser, combined short pulse output (28 fs) with a high repetition 
rate of 420 IVlHz [98]. 

6.7.5. YAG Lasers 

The crystal Y3AI5O12 or YAG is transparent from 300 nm to beyond 4 |jim, 
optically isotropic, with a cubic lattice structure characteristic of garnets. It is one 
of the preferred laser hosts because of its good optical quality and high thermal 
conductivity. Some of the physical-optical properties are listed in Table 6.5. The 
two most important lasers using YAG as a host are Nd:YAG and Yb:YAG. 

"^Germanium doped silica fiber with a small effective area of 14 [Im*̂  nonlinear coefficient of 
8.5 W 'km , zero dispersion near 1550 nm. 
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Figure 6.12 Compact ring cavity of a Cr:forsterite laser used in conjunction with HNLF fibers to 
generate an octave spanning continuum in the near IR. (Adapted from Thomann et al. [98].) The 
mirrors of 5 cm radius of curvature as well as the first folding mirror (HR) have chirped multilayer 
coatings. The second folding mirror is a Gires-Toumois Interferometer (GTI). the third one a standard 
high reflector, and the output coupler has a transmission of \.59c. 

Table 6.5 

Room temperature physical properties of YAG. The 
second-order dispersion is calculated from the derivative of 
the Sellmeier equation: n^ ^1^2.2119-k]l{X\ - 0.01142) 

with Xi in |im. The data are compiled 
from [70,72,104,108-110] 

Property 

Index of refraction 1.064 |lm 
Index of refraction 1.030 (jLm 
Dispersion {k") at 1.064 |lm 
Dispersion {k") at 1.030 jJLm 
Nonlinear index 
Thermal expansion 
Ref. [100] 
Ref. [110] 
Ref. [I l l] 
Thermal conductivity 
dnIdT 

YAG 

1.8169 
1.8173 

733 
760 
12.4 

8.2 
7.7 
7.8 

0.129 
8.9 

Units 

fs~/cm 
fs^/cm 

lO^'^cm^AV 

jQ-6 ,^-1 
jQ-6 K-1 
jQ-6 J^-1 

W c m " ' K- ' 
IQ-6 i^-l 
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Nd:YAG 

Typical doping concentrations of the Nd"̂ "̂  ion (substitution of Ŷ "̂̂ ) range 
from 0.2 to 1.4% (atomic). Larger doping degrades the optical quality of the 
crystal. NdiYAG has been the workhorse industrial laser for several decades, 
because of its relatively high gain and broad absorption bands that makes it 
suitable for flashlamp pumping. It has a UV absorption band from 300 to 400 nm 
and absorption lines between 500 and 600 nm. It has also an absorption band 
at 808.6 nm which coincides with the emission of GaAlAs diode lasers. Being 
a four-level laser, Nd:YAG does not require as high a pump power to create 
an inversion as, for instance, the three level ruby laser or the Yb:YAG laser. 
The high gain is partly because of the narrow bandwidth of the fluorescence 
spectrum, limiting pulse durations to >10 ps. Despite this limitation, Nd:YAG 
has still a place as a source of intense femtosecond pulses. Intracavity pulse com
pression by passive negative feedback (Section 6.5) yields mJ pulses as short as 
8 ps directly from the oscillator [63,64]. Efficient conversion to the femtosec
ond range has been achieved either by harmonic generation [111] or parametric 
oscillation [112,113]. The fundamentals of pulse compression associated with 
harmonic and parametric processes can be found in Sections 3.4.2 and 3.5. 

Yb:YAG 

Yb:YAG is a popular crystal for high average power, subpicosecond pulse 
generation. Up to 10 atomic percent of doping of the YAG crystal by Yb have been 
used. Table 6.6 compares some essential parameters of Nd:YAG and YbiYAG 
The main difference between the two crystals is that Yb:YAG is a quasi-three-
level system, requiring large pump powers to reach an inversion. It does not have 
the broad absorption bands of Nd: YAG that would make it suitable for flashlamp 
pumping. The main advantage of Yb:YAG however is the small quantum defect. 

Table 6.6 
Comparison of Nd:YAG and Yb:YAG (data from [72,117]). 

Property 

Lasing wavelength 
Doping density (17r at.) 
Diode pump band 
Absorption bandwidth 
Emission cross section 
Emission bandwidth 
Fluorescent lifetime Zfr 

Nd:YAG 

1064.1 
1.38 

808.6 
2.5 
28 

0.45 
230 

Yb:YAG 

1030 
1.38 
942 
18 

2.1 
=̂ 8 
951 

Units 

nm 
10-̂ ^̂  atoms/cm-^ 

nm 
nm 

10--«cni-
nm 
us 
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when pumped with InGaAs diode lasers at 942 nm. A small quantum defect 
implies that a minimum amount of energy is dissipated in the crystal in the form 
of heat. 

The combination of diode pumping (high wall plug efficiency), broad band
width and small quantum defect has spurred the development of short pulse, high 
average power Yb:YAG sources. The main problem to be overcome in develop
ing high average output power sources is the removal of the heat produced by 
pump intensities of the order of tens of kV^/cnr. Two solutions have been imple
mented, which led to pulse sources at 1.03 |im. subpicosecond pulse duration, 
and several tens of watts of average power: 

1. A thin disk Yb:YAG laser [114] and 
2. Laser rods with undoped endcaps. 

The undoped endcaps allow for symmetrical heat extraction on either side 
of the beam waist. Typical average powers are between 20 and 30 W [71,115]. 
Quantum wells are generally used for mode-locking, with the exception of a 
21 W, 124 MHz repetition laser using a variation of APML [71] (cf. Section 6.3). 

In a thin-disk laser, the laser material has a thickness much smaller than the 
diameter of the pump and laser mode. One end face of the disk is coated for high 
reflectivity and put in direct contact with a heat sink. The resulting heat flow 
is longitudinal and nearly one-dimensional. Typical disks are 100 [im thick, for 
10% doping with Yb. An average power of 60 W, for 810 fs pulses at a repetition 
rate of 34 MHz has been obtained [116]. 

6.7.6. Nd:YV04 and NdrYLF 

Both neodymium doped lithium yttrium fluoride (YLF) and vanadate (YVO4) 
have gained importance as diode pumped lasers. The emission bandwidth is only 
slightly larger than that of Nd:YAG hence the shortest pulse durations that are 
possible with these lasers are in the range of a few picoseconds (3 ps [118] to 
5 ps [119] have been reported). The absorption bandwidth of Nd:vanadate is 
roughly 18 nm, as opposed to 2.5 nm for Nd:YAG, making it a preferred crystal 
for diode pumping. 

Nd:YLF, like Alexandrite, is a long lifetime medium (twice as long as 
Nd:YAG), hence an ideal storage medium for regenerative amplifiers. Its nat
ural birefringence overwhelms the thermal induced birefringence, eliminating 
the depolarization problems of optically isotropic hosts like YAG For example, 
a 15 W cw diode array was used to pump a Nd:YLF regenerative amplifier, 
amplifying at 1 kHz 15 ps, 20 pJ pulses to 0.5 mJ [120]. 

The main parameters of Nd: YLF and Nd: YVO4 are summarized in Table 6.7. 
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Table 6.7 
Properties of Nd:YV04 and NdrYLF (data from [72,117]).* 

Property 

Lasing wavelength 

Index of refraction 

Absorption (17r doping) 
a 
at 
7T 

at 
Absorption bandwidth 

Emission cross section 
a 
IT 

Gain bandwidth 
Fluorescence lifetime if 

Thermal conductivity 
Thermal expansion in a 
Thermal expansion in TT 

Nd:YV04 

1064.3 

9 
809 
31 

809 
15.7 

15 
21 
76 

0.96 
90 

0.05 
8.5 
3 

Nd:YLF 

1053 (rr) 
1047 (71) 

1.4481 (no) 
1.4704 (/ẑ ) 

806 
4.5 
797 

12 
18 
1.3 

480 

0.06 
_2 

-4.3 

Units 

nm 
nm 

cm- ' 
nm 

cm-l 
nm 
nm 

10--"cni^ 
10--"cni-

nm 
flS 

W c m - ' K- ' 
10-^ K- ' 
JQ-6 J^-1 

*Parameters are listed for the radiation polarized parallel (T ) and orthog
onal (a) to the optical axis of the cr\'stal 

6.8. SEMICONDUCTOR AND DYE LASERS 

One of the main advantages of semiconductor and dye lasers is that they 
can be engineered to cover various regions of the spectrum. As opposed to the 
solid-state lasers of the previous sections, the semiconductor and dye lasers are 
characterized by a high gain cross section, which implies also a short upper 
state lifetime, typically shorter than the cavity round-trip time. Consequently, 
mode-locking through gain modulation can be effective. 

6.8.1. Dye Lasers 

Over the past 15 years fs dye lasers have been replaced by solid-state and fiber 
lasers. It was, however, the dye laser that started the revolution of sub 100-fs 
laser science and technology. In 1981 Fork et al. [121] introduced the colliding 
pulse mode-locked (CPM) dye laser that produced sub 100-fs pulses. 
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In this dye laser, the ring configuration allows two counter-propagating trains 
of pulses to evolve in the cavity [121].^ The gain medium is an organic dye 
in solution (for instance, Rh 6G in ethylene glycol), which, pumped through a 
nozzle, forms a thin (%100 [im) jet stream. Another flowing dye (for instance, 
diethyloxadicarbocyanine iodide, or DODCI, in ethylene glycol) acts as saturable 
absorber. The two counter-propagating pulses meet in the saturable absorber 
(this is the configuration of minimum losses). 

A prism sequence (one, two, or four prisms) allows for the tuning of the 
resonator GVD. The pulse wavelength is determined by the spectral profiles of 
the gain and absorber dyes. Limited tuning is achieved by changing the dye 
concentration. Pulses shorter than 25 fs have been observed at output powers 
generally not exceeding 10 mW with cw pumping [122], and up to 60 mW with 
a pulsed (mode-locked argon laser) pump [123]. 

The palette of available organic dyes made it possible to cover practically 
all the visible to infrared with tunable and mode-locked sources. A table of 
gain absorber dye combinations used for passively mode-locked lasers can be 
found in Diels [124]. Hybrid mode-locking of dye lasers has extended the palette 
of wavelength hitherto available through passive mode-locking, making it pos
sible to cover a broad spectral range spanning from covering the visible from 
the UV to the near infrared. A list of dye combinations for hybrid mode-locking 
is given in Table 6.8. Except when noted, the laser cavity is linear, with the 
absorber and the gain media at opposite ends. Another frequently used configu
ration is noted "antiresonant ring." The saturable absorber jet is located near the 
pulse crossing point of a small auxiliary cavity, in which the main pulse is split 
into two halves, which are recombined in a standing wave configuration in the 
absorber [16,125]. The ring laser appears only once in Table 6.8 [126], because of 
the difficulty of adjusting the cavity length independently of all other parameters. 

Dye lasers have been particularly successful in the visible part of the spectrum, 
where virtually all wavelengths have been covered. The advantage of using an 
organic dye in a viscous solvent is that the flowing dye jet allows for extremely 
high pump power densities—in excess of 10 MW/cnr—to be concentrated on 
the gain spot. The disadvantage of the dye laser lies also in the inconvenience 
associated with a circulating liquid system. One alternative for the liquid dye laser 
that conserves most of its characteristics is the dye doped, polymer nanoparticle 
gain medium. Significant progress has been made in developing a material with 
excellent optical quality [127,128]. These laser media have yet to be applied as 
a femtosecond source. 

^The same ring configuration is sometimes used with a Ti.sapphire gain medium, when a 
bidirectional mode of operation is sought. 
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Table 6.8 
Femtosecond pulse generation by hybrid mode-locking of dye lasers pumped by 

an argon ion laser, except as indicated. (Adapted from [124].) (ANR - antiresonant, 
p - pump laser) 

Gain dye 

Disodium 
fluorescein 

Rh no 
Rh6G 
Rh6G 
Rh6G 
Kiton red S 
RhB 
SRhlOl 

Pyridine 1̂  
Rhodamine 700 
Pyridine 2 
Rhodamine 700 
LDS-751 
Styryl 8 
Styryl 9^ 
Styryl 14 

Absorber^ 

RhB 

RhB 
DODCI 
DODCI 
DODCI 
DQOCI 
Oxazine 720 
DQTCI 
DCCI 
DDI 
DOTCI 
DDI, DOTCI 
HITCI 
HITCI 
HITCI 
IR 140^ 
DaQTeC 

>^i 
nm 

535 

545 
574 

616 
652 
652 

710 

770 
790 

840 

Range 

575 

585 
611 

658 
682 
694 

718 

781 
810 
70 

880 

^pmin 

fs 

450 

250 
300 

no 
60 
29 
190 
55 

240 
103 
470 
263 
550 
100 
800 
65 
228 

at A^ 

nm 

545 

560 
603 
620 
620 
615 
650 
675 
650 
695 
713 
733 
776 

865 
974 

Remarks 

Ring laser 
ANR ring 

Doubled 
Nd:YAG p 

Ring laser 

'̂ See Appendix D for abbreviations. 
^Solvent: propylene carbonate and ethylene glycol. 
'̂ In benzylalcohol. 

Miniature Dye Lasers 

The long (compared to the geometrical length of a fs pulse) cavity of most 
mode-locked lasers serves an essential purpose when a sequence of pulses—rather 
than a single pulse—is needed. Emission of a short pulse by the long resonator 
laser requires—as we have seen at the beginning of the previous chapter—a 
coherent superposition of the oscillating cavity modes with fixed phase relation. 
If, however, only a single pulse is needed, there is no need for more than one 
longitudinal mode within the gain profile. Ultrashort pulses are generated in small 
cavity lasers through resonator Q-switching and/or gain switching. Aside from 
gain bandwidth limitations, the pulse duration is set by the spectral width of the 
longitudinal mode, and hence the resonator lifetime. The latter in turn is limited 
by the resonator round-trip time 2L/c. Ideally, the laser cavity should have a free 
spectral range c/2L exceeding the gain bandwidth. 
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Two methods of short pulse generation that use either uhrashort cavities 
(Fabry-Perot dye cells of thickness in the micron range) or no traditional cavity 
at all (distributed feedback lasers) have successfully been developed for (but are 
not limited to) dye lasers. 

In distributed feedback lasers two pump beams create a spatially modulated 
excitation that acts as a Bragg grating. This grating serves as the feedback 
(resonator) of the laser and is destroyed during the pulse evolution. This short 
cavity lifetime together with the small spatial extend of the gain volume can 
produce subps pulses whose frequency can be tuned by varying the grating 
period [129,130]. The latter is determined by the overlap angle of the two pump 
beams. 

In a typical "short cavity" laser, the wavelength is tuned by adjusting the 
thickness of the dye cell in a 3 to 5 (im range with a transducer bending slightly 
the back mirror of the cavity [131]. With a round-trip time of the order of only 
10 fs, it is obvious that the pulse duration will not be longer than that of a 
ps pump pulse. As with the distributed feedback laser, the dynamics of pump 
depletion can result in pulses considerably shorter than the pump pulses. The basic 
operational principles of this laser can be found in Kurz et al. [132]. Technical 
details are given in Chin et al. [131]. For example, using an excimer laser, 
Szatmari and Schaefer [130] produced 500 fs pulses, tunable from 400 to 760 nm, 
in a cascade of distributed feedback and short cavity dye lasers. After SPM and 
recompression, pulses as short as 30 fs in a spectral range from 425 to 650 nm 
were obtained [133]. 

Another type of miniature laser is the integrated circuit semiconductor laser, 
which will be described in the next section. 

6.8.2. Semiconductor Lasers 

Generalities 

Semiconductor lasers are obvious candidates for fs pulse generation, because 
of their large bandwidth. A lower limit estimate for the bandwidth of a diode laser 
is kBT (where ks is the Boltzmann constant and T the temperature), which at 
room temperature is (1/40) eV, corresponding to a 15-nm bandwidth at 850 nm, or 
a minimum pulse duration of 50 fs. The main advantage of semiconductor lasers 
is that they can be directly electrically pumped. In the conventional diode laser, 
the gain medium is a narrow inverted region of a p-n junction. We refer to a pub
lication of Vasirev [134] for a detailed tutorial review on short pulse generation 
with diode lasers. We will mainly concentrate here on problems associated with 
fs pulse generation in external and internal cavity (integrated) semiconductor 
lasers. The main technical challenges associated with laser diodes result from 
the small cross section of the active region (typically 1 [im by tens of |jim), the 
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large index of refraction of the material (2.5 < n < 3.5, typically) and the large 
nonlinearities of semiconductors. 

The cleaved facets of a laser diode form a Fabry-Perot resonator with a 
mode spacing of the order of 1.5 THz. Two options are thus conceivable for 
the development of fs lasers: integrate the diode with a waveguide in the semi
conductor, to construct fs lasers of THz repetition rates, or attempt to "neutralize'' 
the Fabry-Perot effect of the chip, and couple the gain medium to an external 
cavity. We will consider first the latter approach. 

External Cavity 

Because of the high refractive index of the semiconductor, it is difficult to 
eliminate the Fabry-Perot resonances of the short resonator made by the cleaved 
facets of the crystal. Antireflection coatings have to be of exceptionally high 
quality. Even though reflectivities as low as lO"*̂  can be achieved, a good 
quality antireflection coating with a high optical damage threshold remains a 
technical challenge. A solution to this problem is the angled stripe semiconduc
tor laser [135], which has the gain channel making an angle of typically 5° with 
the normal to the facets (Figure 6.13). Because of that angle, the Fabry-Perot 
resonance of the crystal can easily be decoupled from that of the external cavity. 
A standard antireflection coating applied to the semiconductor chip is sufficient 
to operate the laser with an external cavity. 
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n-Cap 

p-Confining 

Active 

N-Confining 

Substrate 

.SiO2(.01 ̂ JLm) 

,n-GaAs(.5 ^m) 
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AIQ 06G394AS 
(.08 pim) 

n-Alo 4Gao eAs 
(1.5^JLm) 
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A.R.-
Zinc diffusion 
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Figure 6.13 Structure of an angled stripe semiconductor laser. (Adapted from [135].) 
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Femtosecond pulse operation in a semiconductor laser with an external cavity 
is similar to that of a dye laser. The laser can be cw pumped, as in Delfyett 
et al. [136]. Best results so far were obtained in hybrid operation, using radio 
frequency current modulation for gain modulation (synchronous pumping), and 
a saturable absorber. The low intracavity power of the external cavity semi
conductor laser—as compared to the dye laser—makes the use of conventional 
saturable absorbers (i.e., dyes, bulk semiconductors) impractical. It has been 
necessary to develop absorbing structures with a low saturation energy density. 
These are the MQW absorbers, which were analyzed in Section 6.6. The laser 
diode is modulated at the cavity round-trip frequency (0.5 W RF power applied 
via a bias tee [68]). Modulation of the index of refraction is associated with 
the gain depletion and the saturation of the MQW. Because the gain depletion 
results in an increase of the index, a negative dispersion line appears appropriate. 
Bandwidth-limited operation is difficult to achieve directly from a mode-locked 
semiconductor laser. An external dispersion line with gratings resulted in pulse 
durations of 200 fs [137]. 

The exact phase modulation mechanism of this laser is complex. The index 
of refraction of the diode is a function of temperature and free carrier density, 
which itself is a function of current, bias, light intensity, etc. As with other high 
gain solid-state lasers, changes in the pulse parameters can be as large as 50% 
from one element to the next [68]. 

Current Modulation To take full advantage of the fast lifetime of the gain in a 
semiconductor laser, one should have a circuit that drives ultrashort current pulses 
into the diode. As mentioned above, a feedback technique—generally referred to 
as regenerative feedback—can be used to produce a sine wave driving current 
exactly at the cavity repetition rate. The circuit consists essentially in a phase 
locked loop, synchronized by the signal of a photodiode monitoring the mode 
beat note of the laser, and a passive filter at the cavity round-trip frequency. 
A comb generator can be used to transform the sine wave in a train of short 
electrical pulses. A comb generator is a passive device which produces, in the 
frequency domain, a "comb" of higher harmonics which are integral multiples 
of the input frequency. As we had seen in the introduction of Chapter 5, to a 
regular frequency comb corresponds a periodic signal in the time domain. This 
periodic signal can correspond to ultrashort pulses, if—and only if—the teeth of 
the comb are in phase. Commercial comb generators are generally constructed 
to create higher harmonics, without being optimized for creating a phased comb. 
Therefore a selection should be made among these devices to find a generator 
with good temporal properties (shortest pulse generation). 

To allow for the injection of a short current pulse into the laser diode, the 
latter should be designed with minimal capacitance. To this effect, the p and n 
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contacts of the angle striped diode of Fig. 6.13 should not cover the whole area 
of the strip, but be limited to a narrow stripe which follows the gain line. 

Integrated Devices 

Instead of trying to couple the semiconductor chip to a standard laser cavity, 
one can integrate the semiconductor into a waveguide cavity. Such devices rang
ing in length from 0.25 mm to 2 mm have been constructed and demonstrated for 
example by Chen and Wang [138]. The end mirrors of the cavity are—as in a 
conventional diode laser—the cleaved faces of the crystal (InP) used as substrate. 
Wave guiding is provided by graded index confining InGaAsP layers. Gain and 
saturable absorber media consist of MQWs of InGaAs. The amount of gain and 
saturable absorption is controlled by the current flowing through these parts of 
the device (reverse bias for the absorber). As shown in the sketch of Figure 6.14, 
the saturable absorber is located at the center of symmetry of the device, sand
wiched between two gain regions. This configuration is analogous to that of the 
ring dye laser, in which the two counter-propagating pulses meet coherently in 
the absorber jet. In the case of this symmetric linear cavity, the laser operation of 
minimum losses will correspond to two circulating pulses overlapping as standing 
waves in the saturable absorber. 

These devices are pumped continuously and are thus the solid-state equivalent 
of the passively mode-locked dye lasers. The laser parameters can, however, be 
significantly different. Although the average output power is only slightly inferior 
to that of a dye laser (1 mW), at the much higher repetition rate (up to 350 GHz), 
the pulse energy is only in the fW range! For these ultrashort cavity lengths, 
there are only a handful of modes sustained by the gain bandwidth. 

Saturable absorber 

Gain section 

Ground - ^ . ^ . . . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ T f i ^ r ^ Grin-sch 
(n contact) X ^ P i ^ W — i P ^ JjJ^T ^̂ '̂v® ''®9'0" 

Fe: InP 
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Figure 6.14 Layout of an integrated semiconductor fs laser. (Adapted from [138].) 
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Semi-Integrated Circuit Fs Lasers 

Total integration as shown above results in a high duty cycle, at the expense of 
a lower energy per pulse. On can seek a compromise between the discrete 
elements semiconductor laser and the total integrated laser. For instance, the 
integration of the gain and saturable absorber of the integrated laser of Chen and 
Wang [138] can be maintained in a single element coupled to an external cavity. 
Such a design has been successfully tested by Lin and Tang [139]. The absorber 
consists of a 10 jxm island in middle of the gain region, with an electrical contact, 
isolated from the gain structure by two 10-|im shallow etched regions (without 
any electrical contact). The absorption—as in the case of the totally integrated 
laser—can be controlled through the bias potential of the central contact. To 
prevent lasing action of the 330-(im long gain module, the end facets—after 
cleavage—are etched (chemically assisted ion beam etching) at 10° from the 
cleaved plane. The autocorrelation of the laser pulses from such a structure had 
a width of approximately 700 fs [139]. 

6.9. FIBER LASERS 

6.9.1. Introduction 

In most lasers discussed so far, the radiation is a free propagating wave in 
the gain or other elements of the cavity. The gain length is limited by the vol
ume that can be pumped. The length of a nonlinear interaction is also limited 
by the Rayleigh range (po)- By confining the wave in a wave guide, it is possi
ble to have arbitrarily long gain media and nonlinear effects over arbitrarily long 
distances. A fiber is an ideal wave guide for this purpose. Its losses can be as 
small as a few dB/km. Yet the pulse confinement is such that substantial phase 
modulation can be achieved over distances ranging from cm to m. The fiber is 
particularly attractive in the wavelength range of negative dispersion (beyond 
1.3 (im), because the combination of phase modulation and dispersion can lead 
to pulse (soliton) compression (see Chapter 8). The gain can be provided by 
Stimulated Raman Scattering (SRS) in the fiber material. Such "Raman soliton 
lasers" are reviewed in the next subsection. In the following subsection, we will 
consider the case of doped fibers, where the gain medium is of the same type as 
in conventional glass lasers. 

Over the past 20 years ultrafast fiber lasers have matured dramatically. 
Compact, turn key systems are available commercially today and can deliver 
tens of mW of average power at pulse durations of the order of 100 fs. With 
amplification the micro Joule level is accessible. These lasers have applications 
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as self-standing units or as compact seed sources for high-power fs amplifier 
systems. 

6.9.2. Raman Soliton Fiber Lasers 

SRS is associated with intense pulse propagation in optical fibers. A review of 
this topic can be found in Rudolph and Wilhelmi [140] for example. The broad 
Raman gain profile for the Stokes pulse extends up to the frequency of the pump 
pulse. An overlap region exists because of the broad pump pulse spectrum. The 
lower frequency components of the pulse can experience gain at the expense of 
attenuation of the higher frequency components. In addition, the amplification of 
spontaneously scattered light is possible. Either process leads to the formation 
of a Stokes pulse which separates from the pump pulse after the walk-off distance 
because of GVD. These processes can be utilized for femtosecond Raman soliton 
generation in fibers and fiber lasers [141-143]. An implementation of this idea 
is shown in Figure 6.15. The pulses from a cw mode-locked Nd:YAG laser 

Fiber 

nnsrm 

CW mode-locked 
Nd: YAG 

Figure 6.15 Experimental configuration of 
(Adapted from Gouveia-Neto [143].) 

synchronously pumped fiber ring Raman laser. 
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(100 MHz, 100 ps, 1.32 |im) are coupled through a beam splitter BS into a 
ring laser containing an optical fiber. The fiber was tailored to have a negative 
dispersion for k^ > 1.46 (im. While traveling through the fiber the pump pulses 
at 1.319 [im produce Stokes pulses at AI = 1.41 [xm. This first Stokes pulse in 
turn can act as pump source for the generation of a second Stokes pulse (A2 = 
1.495 |im), which is in the dispersion region that enables soliton formation. Of 
course, for efficient synchronous pumping, the length of the ring laser had to 
be matched to the repetition rate of the pump. Second Stokes pulses as short as 
200 fs were obtained. 

6.9.3. Doped Fiber Lasers 

Fibers can be doped with any of the rare earth ions used for glass lasers. 
Whether pumped through the fiber end, or transversely, these amplifying media 
can have an exceptionally large optical thickness (ag = otgdg ^ 1). An initial 
demonstration of this device was made by Duling [144,145]. Passively mode 
locked rare earth doped fiber lasers have since evolved into compact, convenient, 
and reliable sources of pulses shorter than 100 fs. The gain media generally used 
are Nd-̂ "̂  operating at 1050 nm and Ev^^ at 1550 nm. The erbium doped fiber 
is sometimes codoped with ytterbium, because of the broad absorption band of 
the latter centered at ^ 980 nm and extending well beyond 1000 nm. Pump light 
at 1.06 |xm can be absorbed by ytterbium, which then transfers the absorbed 
energy to the Er ions. High gain and signal powers can thus be obtained by 
using, for example, diode laser pumped miniature Nd:YAG lasers. 

Because of the high gain in a typical fiber laser, it may include bulk optic 
components, e.g., mirror cavities, dispersion compensating prisms, or saturable 
absorbers. Obviously, the preferred configuration is that of an all-fiber laser, using 
a variety of pigtailed optical components and fused tapered couplers for output 
and pumping. 

As compared to conventional solid-state lasers, fibers have the advantage of 
a large surface to volume ratio (hence efficient cooling is possible). The specific 
advantages of the single mode fiber geometry over bulk solid-state (rare earth) 
media for mode-locking are: 

• Efficient conversion of the pump to the signal wavelength. Erbium, for 
example, is a three-level system and the tight mode confinement of the 
pump in a fiber allows for efficient depopulation of the ground state and 
thus high efficiency. 

• Nonradiative ion-ion transitions that deplete the upper laser level are 
minimized. Such interactions are especially egregious in silica because 
of its high phonon energy, and because the trivalent dopants do not mix 
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well into the tetravalent silica matrix, tending instead to form strongly 
interacting clusters at the high concentrations necessary for practical bulk 
glass lasers [146]. The confinement of both the laser and pump modes allows 
the gain dopant to be distributed along greater lengths of fiber at lower con
centration, obviating the need for high concentrations and so eliminating 
the interactions cited previously. 

• Diode laser pumping is practicable (due in large part to the previous two 
points). Single mode laser diodes have been developed at 980 nm and 
1480 nm for erbium fiber amplifiers in telecommunications applications. 
The four-level structure of neodymium allows for pumping even by multi-
mode lasers, such as high-power laser diode arrays, by using fibers designed 
to guide the pump light in the cladding [147]. 

• Tight mode confinement and long propagation lengths maximize the SPM 
by the weak nonlinear index of silica (̂ 2 = 3 10"^^ cm^AV). 

• The dispersion k" of fibers (including the sign) can be tailored to the 
application. 

One drawback of the fiber laser is that the confinement limits the pulse energies 
that can be produced. In bulk-solid state lasers, the problem of material damage 
can be overcome by beam expansion. 

A number of techniques have been developed to mode-lock fiber lasers. 
The most successful methods are: 

1. nonlinear polarization rotation [148], 
2. nonlinear loop mirrors [149], 
3. mode-locking with semiconductor saturable absorbers [150]. 

Femtosecond pulse output with durations of 100 fs and below has been observed 
with a variety of gain media—Nd, Yb, Er, Er/Yb, Pr, and Tm. For a detailed 
overview on such lasers we refer the reader to a review paper by Fermann 
etai [151]. 

6.9.4. IMode-Locking through Polarization Rotation 

Because of its central importance in today's fs fiber lasers we will describe one 
of the mode-locking techniques—nonlinear polarization rotation—in more detail. 
As explained in Section 5.4.2 nonlinear polarization rotation in combination with 
polarizers can act as a fast saturable absorber, cf. Eq. (5.81). In a fiber laser 
using nonlinear polarization rotation, the differential accumulated phase yields 
an intensity-dependent state of polarization across the pulse. This polarization 
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state is then converted into an intensity-dependent transmission by inserting a 
polarizer at the output of the birefringent element, oriented, for example, to 
transmit the high intensity central portion of the pulse and reject the wings. This 
approach is the fiber equivalent of the Kerr lens mode-locked Tiisapphire laser. 
Pulses as short as 36 fs have been obtained from an Yb fiber laser that used 
nonlinear polarization rotation [152], to name just one example. 

A standard single mode fiber serves as nonlinear element. Such a fiber has 
generally a weak birefringence. The degree of birefringence is defined by the 
parameter: 

B = l ^ L Z i ^ = K . - „ , | , (6.9) 
ZJT/ki 

where % and riy are the effective refractive indices in the two orthogonal polar
ization states. For a given value of B, the power between the two modes (field 
components along x and v) is exchanged periodically, with a period LB called the 
"beat length" given by [153]: 

LB = ^ . (6.10) 

The axis with the larger mode index is called the slow axis. In a typical single 
mode fiber, the beat length is around 2 to 10 m at 1.55 \xm [154]. As shown 
by Winful [155], nonlinear polarization effects can be observed at reasonably 
low power in weakly birefringent fibers (as opposed to polarization preserving 
fibers). 

In a typical fiber ring cavity a first polarization controller produces an ellipti
cal polarization, whose major axis makes a small angle 0 with the slow axis of 
the portion of fiber that follows. As shown in Section 5.4.2 the induced phase 
difference between two orthogonal polarization components depends on the prop
agation distance d and the pulse intensity. It can be adjusted such that after a 
distance dm the polarization becomes linear. A polarizer can be used to maximize 
the loss for the lower intensities as compared to the higher intensities, as sketched 
in Figure 6.16. 

We have derived in Section 5.4.2 the essential equations relating to nonlinear 
polarization rotation. To describe a fiber laser we need to track the evolution 
of two polarization components. This can conveniently be done using a column 
vector for the electric field at a certain point in the cavity 

(I)- (6.11) 
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Figure 6.16 Sketch of the nonHnear polarization rotation in a fiber. The elHptically polarized input 
can be converted into linearly polarized light at the peak of the pulse for example. 

and 2 x 2 matrices (M) for the resonator elements [156,157]. The effect of the 
nonlinear birefringent fiber of length L is the combination of a linear propagation 
problem and nonlinear phase modulation. The resulting matrix is thus a product 
of two matrices, and the field vector is given by: 

SAL) = ( ' 
-/<i>.\ 

- ' * . < 

0 
-it>\L.v 

-ik,L 

0 \ {SAO)\ 

0 \ (eAO)\ 
-'^>'-;Uv(0)y' 

(6.12) 

where 

4>. 
IjtmL 

l^.v.vl ^\e...\ 
2nnx,yL 

We have used here the same approximations for the nonlinear phase as in 
Section 5.4.2. The linear propagation constants kx^ = coinx.ylc. Matrices of 
common polarizing elements like wave plates and polarizers known from Jones 
calculus can easily be incorporated into this analysis. 

Other components of the round-trip model like gain, saturable absorption, 
mirrors, etc., usually do not distinguish between the two polarization components. 
The transfer functions T are those introduced in Chapter 5. For implementing 
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these elements in a way consistent with the matrix approach we define a transfer 
matrix 

(M) = T(1^,]. (6.13) 

Fiber lasers have typically high gain and losses. The laser operates in a regime 
of strong saturation, with pulses much shorter than the energy relaxation time of 
the lasing transition. The gain transition is generally sufficiently broad for phase 
modulation because of saturation to be negligible. Therefore the T factor in the 
transfer matrix describing gain is real and can be obtained from Eq. (3.55): 

% = 
^Woit)/W,s 

e-a _ I ^ ^Wo{t)/\Vs 

1/2 

(6.14) 

An alternative approach is to consider the fiber laser as a continuous medium, 
which leads to a coupled system of differential equations for the components 
£x and £y. This is essentially a two-field component extension of Eq. (3.190) 
without the transverse differential operators. We refer to the literature for a deriva
tion of this system of equations and for their application to the modeling of a 
mode-locked fiber ring laser using nonlinear polarization rotation, Chang and 
Chi [157], Chi et al [158], Agrawal [159], and Spaulding et ai [160]. 

6.9.5. Figure-Eight Laser 

A widely studied fiber laser implementation of the nonlinear mirror is the 
figure-eight laser [144], so named for the schematic layout of its component fibers 
(Figure 6.17), with a nonlinear amplifying loop mirror [161]. In the example 
shown in Fig. 6.17, the laser consists of a nonlinear amplifying mirror (left 
loop) and an optical isolator with outcoupler (right loop). The two loops of the 
"figure-eight" are connected by a 50% beam splitter. 

Let us follow a pulse that propagates counter clockwise in the right loop 
through the isolator (optical diode), through a polarization controller (to com
pensate for the natural birefringence of the fiber) and a 20% output coupler. The 
remaining part of the circulating pulse is equally split into the two directions 
of the left loop (nonlinear mirror). The counter-propagating pulses experience 
the same gain in the Er-doped fiber section of about 2 to 3 dB. The switch
ing fiber introduces a phase shift through SPM. Being amplified before entering 
this fiber section, the counterclockwise circulating pulse experiences a larger 
phase shift than its replica propagating in the opposite direction. The two pulses 
arrive simultaneously at the beam splitter and recombine. The variation of the 
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Figure 6.17 Schematic representation of the figure eight laser. The pump radiation at 980 nm 
is injected via the directional coupler WDM in the gain fiber (erbium doped). (Adapted from 
Duling [144].) 

accumulated differential phase across the combined pulse will cause different 
parts of the pulse injected clockwise and counterclockwise into the left loop. 
From the point of view of the counterclockwise circulating pulse in the right 
loop, the left loop acts as a nonlinear mirror whose reflection varies sinusoidally 
as a function of intensity. Thus, the loop mirror behaves as a fast saturable 
absorber from low intensity to intensities corresponding to the first transmission 
maximum. 

Fiber lasers operating on the 1050 nm transition of Nd"̂ "̂  in silica require 
bulk optic elements (prism sequences) for compensating the substantial normal 
dispersion (30 ps/nm • km) of the gain fiber at the operating wavelength, and so 
are generally constructed as a bulk optic external cavity around the gain fiber. 
Passive mode-locking is obtained via nonlinear polarization rotation in the gain 
fiber, and the Brewster angled prisms serve as the polarizer. Pulses as short as 
100 fs have been demonstrated [162]. 

Femtosecond fiber lasers operating in the 1530-1570 nm gain band of erbium 
are of obvious interest for their potential application in telecommunications. 
This wavelength range is in the low loss window of silica fibers, and such a 
source is obviously compatible with erbium fiber amplifiers. Of particular inter
est also is the anomalous dispersion exhibited by silica at this wavelength. The 
precise value of the dispersion may be tailored through the exact fiber design. 
This implies that a mode-locked laser with Er gain may be constructed entirely 
from fibers, with no need for dispersion compensating prisms as in the Nd fiber 
lasers or most other ultrafast sources. Indeed, subpicosecond erbium lasers have 
been demonstrated with all-fiber figure-eight, linear, and ring cavities, using both 
nonlinear mirrors and nonlinear polarization rotation. In addition, systems using 
semiconductor saturable absorbers have been demonstrated. 
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While soliton-like models have been used to describe a number of ultrafast 
laser systems as discussed in Chapter 5, the nonlinear dynamics of soliton prop
agation plays a more direct role in the erbium fiber laser than is seen in any 
other. The generated pulses are typically transform limited with a sech^ intensity 
profile—the shape expected from the soliton solution of the nonlinear Schrodinger 
equation. The average intracavity energy per pulse corresponds reasonably well 
to the energy of a soliton of the same length propagating in fiber with dispersion 
equal to the average cavity dispersion. 

It has been demonstrated that the minimum pulse length obtainable in erbium 
fiber lasers is approximately proportional to the total dispersion inside the 
cavity [163]. This is to some degree surprising: As the pulse propagation is 
soliton-like, the fiber dispersion is continuously balanced by the SPM of the 
fiber. In principle, solitons of any length will form as long as the amplitude of 
the input pulse exceeds the threshold value of Eq. (8.35) (cf. soliton description in 
Chapter 8). However, the coupling of energy into the dispersive wave increases 
exponentially as the pulse shortens, thus limiting the minimum obtainable pulse 
width [164]. This loss becomes important only when the cavity length is of the 
order of the characteristic soliton length defined in Eq. (8.37) . This is also why 
dispersive wave dynamics do not play an important role in other mode-locked 
lasers, that can be described by a soliton model. In such systems the soliton length 
corresponds to many cavity round-trips, much longer than the cavity lifetime of 
the dispersive wave. To obtain short pulses, then, it is necessary to minimize 
the total cavity dispersion, either by using dispersion shifted fiber components, 
or short cavities, or by including lengths of dispersion compensating fiber spe
cially designed to have normal dispersion at 1550 nm. Pulse widths of less than 
100 fs [165] have been achieved. With such short pulses, third-order dispersion 
plays an important role in limiting the pulse width and may impose a nonlinear 
chirp on the pulse [166]. 
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