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Resonant Saturable Absorber Mirrors for Dispersion
Control in Ultrafast Lasers
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Abstract—We discuss a concept for incorporating dispersion
compensation into a saturable absorber mirror. This integrated
device relies on an absorber layer embedded in a resonator
structure and can provide negative dispersion of several 1000 fs2,
similar to the spectral phase characteristics of a Gires–Tournois
interferometer. A similar integration is possible also for semicon-
ductor gain structures, as they are employed in semiconductor
disk lasers. We will provide a detailed analysis of the dispersion
compensation capacities of our approach, linking dispersion
scaling and nonlinear properties of the device. The theoretical
part will be illustrated by dispersion measurements on prototyp-
ical devices. We believe that our concept paves the way for fully
integrated vertical semiconductor femtosecond lasers but may also
find numerous applications in solid state lasers and femtosecond
fiber lasers.

Index Terms—Group delay dispersion, passive mode-locking,
photonic switching, photonic thin-film devices, saturable absorber
mirrors.

I. INTRODUCTION

ULTRAFAST lasers have greatly benefitted from the devel-
opment of two thin-film devices, the saturable-absorber

mirror and dielectric mirrors for dispersion compensation. Sat-
urable absorber mirrors (SAMs) [1]–[6] have become a key ele-
ment for mode-locking all-solid-state lasers. They rely on the
nonlinearity of a semiconductor quantum well, and their re-
sponse can be tailored in wavelength and saturation fluence for
the requirements in a particular laser. Introducing defects into
the structure, the relaxation of the quantum well can be suitably
accelerated to generate pulses of picosecond duration well down
into the femtosecond range. Dispersive dielectric mirrors are
nonabsorptive structures that have greatly enhanced the capac-
ities for intra-cavity dispersion compensation in mode-locked
lasers. One example for such dispersive mirrors is the chirped
mirror [7], [8]. The dispersion of a chirped mirror relies on the
wavelength-dependent penetration depth of the light within a
mirror stack with graded Bragg wavelength. Chirped mirrors
enable wideband dispersion compensation over bandwidths up
to about one optical octave, i.e., much more than is possible
with prism arrangements. A second type of dispersion compen-
sating mirror is a thin-film variant of the Gires–Tournois in-
terferometer (GTI) [9]. The GTI is an all-pass interferometer
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that consists of two mirrors, one partial reflector and a highly
reflecting mirror at a fixed spacing . Obviously such an ar-
rangement reflects all light without affecting its amplitude but
modifies the spectral phase of the reflected light. This phase
change is periodic in frequency with a periodicity similar to the
phase of a Fabry–Perot interferometer. Such GTI mirrors have
been used for intracavity dispersion compensation earlier than
chirped mirrors [10]–[12]. They can deliver large amounts of
group delay dispersion for bandwidths up to a few ten nanome-
ters. In the following, we will analyze how to combine saturable
absorption and the dispersion properties of a GTI-like device
in one monolithic semiconductor structure. This approach has
already been demonstrated for the generation of 160-fs pulses
from a Cr:LiSAF laser [13]. This device provided a fs
dispersion compensation over a 20-nm bandwidth. Similar
devices have been considered for noise suppression and dy-
namic dispersion compensation in telecom systems [14]. De-
spite these earlier demonstrations, we believe that the full utility
of the resonant saturable absorber mirror (RSAM) for gener-
ating large amounts of dispersion and its usefulness, e.g., for
fiber lasers [15], [16] and vertically integrated semiconductor
lasers [17]–[20] has not yet been realized. Furthermore we will
also discuss how to incorporate gain rather than absorber sec-
tions into a GTI resonator, which constitutes an important step
towards a fully integrated mode-locked semiconductor laser.

II. PHASE RESPONSE OF A RESONANT

SATURABLE ABSORBER MIRROR

The structure of the device under consideration is depicted
in Fig. 1. This device may either be considered as a GTI with
added absorber section or as the limiting case of an asymmetric
Fabry–Perot interferometer with the reflectivity of one mirror
approaching unity. The structure consists of a partial reflector
M1, displaying an amplitude reflectivity , and a highly re-
flecting mirror M2, with one or several absorber layers between
M1 and M2. For simplicity, we will assume that the space
between M1 and M2 is homogeneously filled by an absorptive
material with complex refractive index . The extinction
coefficient relates to the linear power absorption coeffi-
cient as , where is the vacuum wavelength.
Given a mechanical spacing between mirrors M1 and M2,
the round-trip amplitude transmission through the absorber
structure amounts to

(1)

Power losses amount to per round-trip in the reso-
nant cavity. Other than a conventional GTI, the device in Fig. 1
displays wavelength dependent losses, even when we assume
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Fig. 1. Structure of a resonant saturable absorber mirror (RSAM). The mirror
consists of an absorber section with refractive indexn+i�, embedded between a
partial reflector M1 with power reflectivityR and a high reflector (HR) M2 with
100% reflectivity. A pulse entering this structure experiences two major reflec-
tions, creating a leading and a sequence of trailing satellite pulses, as schemati-
cally indicated by the dashed arrows.

no spectral dependence of and . The device response is cal-
culated similar to the case of the GTI, however, augmenting
the unity-amplitude phase factor by the additional
factor previously introduced. The amplitude reflectivity of the
device is then written as

(2)

with the interferometer phase

(3)

i.e., the linear response of the device is periodic with respect to
at a period , as is a Fabry–Perot interferometer or regular
GTI. We can separate the response function (2) into amplitude
and phase, yielding the spectrally dependent power reflectivity

(4)

and the phase response

(5)

In resonance, i.e., at with , the device pro-
vides minimum reflectivity

(6)

whereas the reflectivity increases to

(7)

in antiresonance . One can convince one-
self that in the limiting case , i.e.,
the device exhibits all-pass characteristics for vanishing absorp-
tion. One may further notice that a vanishing numerator in (6)
will result in total extinction in resonance for the case .
This case of matched impedance allows for a deep modulation

and has been extensively analyzed for electro-absorptive modu-
lators embedded in asymmetric Fabry–Perot cavities, see, e.g.,
[21], [22]. A similar condition in waveguide-ring resonator sys-
tems has also been explored for optical switching applications
and was termed critical coupling [23]. In the following, we will
refer to the condition as critical absorption. For applica-
tion as a passive mode-locker, (6) and (7) enable tailoring of the
saturation fluence and modulation depth of the device by either
increasing or decreasing coupling between the light field and the
quantum wells of the absorber.

The dispersion properties of an RSAM structure can be ob-
tained from differentiating (5) with respect to

(8)

where we have defined . At first sight, (8) may not
look very inspiring. Closer inspection of this equation, however,
reveals some interesting properties of the dispersion character-
istics of an RSAM. To illustrate this, Fig. 2 shows a sequence
of dispersion characteristics for constant but differing values
of . Far away from the critical condition and for close
to unity, the group delay dispersion is reasonably well approxi-
mated by sinusoidal behavior

(9)

with respect to frequency. The case of lowest in
Fig. 2(b) illustrates this scenario of spurious dispersion. For
the case of small absorption , as typically
encountered in single quantum well designs, (9) is useful to
directly determine the magnitude of dispersion oscillations
[24]. Typically, dispersion oscillations can be neglected for
antireflection coated SAMs , but may already amount
to substantial amplitude for uncoated semiconductor surfaces
( – ), as indicated by the second trace in Fig. 2(b),
which corresponds to the reflectivity of an uncoated semicon-
ductor front facet. For the case shown, dispersion oscillations
already amount to an amplitude of 50 fs , i.e., the equivalent
of about 2 mm of silica glass. Moreover, the dispersion char-
acteristics already strongly deviate from a simple sinusoid.
This parasitic dispersion contribution must not be confused
with Kramers–Kronig contributions from the spectral variation
of the quantum well response [17], [25], which will typically
be much weaker. With even higher reflectivities, one sees a
dramatic increase of dispersion, and the periodic function starts
to develop into a third-order pole for at the resonances

, exhibiting a negative spike at wavelengths right
below resonance and a second positive one of equal magnitude
above the resonance. Simultaneously, the reflectivity of the
SAM Fig. 2(a) undergoes a similar transition from a sinusoidal
variation of to a function resembling the response of a
high-finesse Fabry–Perot interferometer, yet with a much less
dramatic increase of modulation depth as compared to the
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Fig. 2. Reflectivity and dispersion of different SAM devices with differing front reflectivity r = 0:1; 0:54; and 0:9, corresponding to the case of an antireflection-
coated, an uncoated, and a high-reflectivity coated device, respectively. Other parameters � = 3:5 fs, and t = 0:974 are kept constant. In each subfigure, the
bottom trace shows the behavior of an antireflection coated SAM, the middle trace that of an uncoated semiconductor surface, and finally the top trace that of a
highly reflecting coating. Vertical axes have been adapted to the amount of reflectivity modulation caused by interference of the front reflection and reflections
from the back mirror. Horizonal axes have been shifted with respect to each other, with range and scaling factor kept constant. (a) Reflectivity of the SAMs. (b)
Group delay dispersion of the same SAMs as calculated from Eq. (8). The dotted lines indicate zero dispersion and the wavelength of the resonances.

Fig. 3. RSAM designs. Both designs employ � = 21:2 fs and t = 0:7. Dashed
line: r = 0:55 < t. Solid line: r = 0:88 > t. (a) Reflectivity versus wave-
length. (b) Dispersion characteristics. Center wavelength, bandwidth, and peak
negative dispersion are indicated in the graph.

magnitude of dispersion oscillations in Fig. 2(b). Beyond the
critical condition , the wavelength dependence of the
spiked dispersion characteristics will invert, now exhibiting
strong negative dispersion below resonance and positive above.
This behavior is illustrated in Fig. 3.

In the immediate vicinity of the resonances, one can reason-
ably well approximate the GDD of an SAM by a polynomial
of odd order. For the case , this allows estimates
for the position and the value of the maxima, approximating (8)
by a third-order polynomial. Using this simplification, the GDD
reaches a peak value

(10)

(11)

at detuning

(12)

from resonance. For designing RSAMs it is important to under-
stand that maximum dispersion does not appear on resonance
but slightly detuned, whereas third-order dispersion with van-
ishing second-order contributions is generated directly on res-
onance. Both estimates, (11) and (12), have already been cor-
rected for a small but systematic underestimation due to the
approximation by the third-order polynomial. Note the sym-
metry of (8). When maximum dispersion is reached at
detuning from resonance, minimum dispersion

appears at detuning . Depending on the sign of
, however, positive dispersion will either appear detuned

toward higher or lower wavelengths relative to the resonance.
This behavior is illustrated in Fig. 3 with two examples showing
nearly equally strong dispersive effects of opposite symmetry,
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owing to opposite signs of . Equation (12) can be used
for an estimate of the bandwidth of useful dispersion compen-
sation with an RSAM

(13)

where we have somewhat arbitrarily presupposed that a 20%
reduction of the dispersion peak value be tolerable throughout
the bandwidth . Putting (11) and (13) into relation one finally
yields

(14)

This is an interesting result as, to first order, the achievable dis-
persion does only depend on the bandwidth but not on the order

the GTI is operated in. In the examples of Fig. 3, peak dis-
persion values of 4600 fs are reached in a 20% bandwidth of
4 nm at 1064-nm center wavelength. With the parameters indi-
cated, (11) predicts a peak dispersion of 4400 fs ; (13) a band-
width of about 5 nm. In most cases, the simple estimates (11)
and (13) will suffice for predicting the dispersion properties of
near-critical RSAM designs.

III. RESONANT LASER DESIGNS

The theoretical description of the previous section can be ex-
panded for the case of resonant laser structures. In this case the
absorber section of Fig. 1 is replaced by a gain section, providing
a round-trip amplitude gain , and the complex phase factor
of the gain section is . Equation (8) shows an inherent
symmetry, yielding identical results when replacing by .
We can, therefore, adopt the entire treatment of the previous sec-
tion, only replacing and find a similar scenario of critical
gain for , again with the potential of creating large
amounts of dispersion in the vicinity of this critical condition.
We find an extremum of the device dispersion

(15)

at detuning

(16)

i.e., a device with gain rather than loss behaves totally identical
to the RSAM described by (11) and (12). As the dispersion of
resonant laser designs can be inverted by changing the sign of

, similar to the behavior of SAMs shown in Fig. 3, one
can design matching SAM/laser pairs, with nearly opposite dis-
persion characteristics that practically cancel each other out. Of
course, this is only a formal extension of the absorber case, pre-
supposing that the laser does not already lase on the resonator
formed by the GTI. Whether and for what parameter range such
dispersion compensation is useful is certainly subject to further
investigation. Still, these equations open up a perspective for
fully integrated and dispersion compensated mode-locked semi-
conductor lasers.

IV. DYNAMIC BEHAVIOR

In the discussion so far it has been surmised that all SAM
parameters , , and are static. Of course, as the very purpose
of a saturable absorber is an in crease of the reflectivity with
fluence, one has to also take the influence of a dynamic increase
of , i.e., saturation of the losses, into account. Looking at the
dispersion in (11), however, one finds that

(17)

which can either be positive or negative, depending on the sign
of . This means that depending on the design of the SAM,
one can find two different types of dynamical behavior. If
the design will dynamically drive itself further towards criti-
cality when the fluence is increased, which will also lead to an
increase of the peak dispersion . Such supercritical be-
havior is contrasted by a dynamic decrease of with flu-
ence for . The latter subcritical case is certainly more com-
monly encountered, as will typically be in the range from 0.9
to 1 for a single quantum well design. For example, all cases dis-
cussed in Fig. 2 are subcritical designs. Only the use of a highly
reflecting front mirror or a strong absorption, e.g., due to the use
of multiple quantum wells, leads to supercritical behavior of the
SAM. Supercritical behavior is encountered for the
case depicted in Fig. 3.

Apart from the obvious dependence on , laser-induced tem-
perature changes or Kerr-induced refraction changes inside the
SAM structure can also lead to detuning of the parameter
from cold-cavity conditions. To avoid dynamic detuning of an
RSAM, changes of the optical path length must not induce
a change of larger than the bandwidth of the device given by
(13). This leads to the following criterion:

(18)

where is the change of optical path length induced by
temperature changes or the Kerr effect. If we consider a design
such as the near-critical design depicted in Fig. 2, we find that

, a refractive index change that is induced by a
100 K temperature change or a peak intensity on the order
of 200 GW/cm in typical semiconductor materials [GaAs,

nm cm W]. The latter conditions
can typically not be met without causing optical damage and
would require a peak power of 1 MW, e. g., when focusing
to a diameter of 20 m is assumed. Designs with ten times
smaller , however, may already suffer significantly from
temperature detuning and may also show the onset of Kerr
detuning at nondestructive intensities in the absorber structure.
These considerations set a practical limit for the achievable dis-
persion in an RSAM structure. We expect that it is not practical
to generate dispersion exceeding 10000 fs by much, even if
such devices are grown to precompensate some of the dynamic
shift. Furthermore it will also be difficult to reproducibly grow
such designs.
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Fig. 4. Reflectivity and dispersion of two RSAMs under test. Solid curves:
spectral characteristics as predicted by (4) and (8). (a) RSAM1: t = 0:78,
r = 0:5, N = 5. (b) RSAM2: t = 0:96, r = 0:77, N = 4. Dots: spectral
characteristics as computed by the matrix method [30], [31]. Dashed curves: cal-
culated dispersion of the fully saturated device, assuming t = 0:94 and 0:99 for
(a) and (b), respectively. The magnified insets shows a dispersion measurement
in comparison with the computed data. Hollow triangles: dispersion measure-
ments by spectral interferometry.

V. EXPERIMENTAL EXAMPLES

In the following we will describe an experimental investiga-
tion of two manufactured examples for RSAM devices. Both
RSAMs are optimized for operation at 1064 nm. In one of these
devices two absorber layers are used, with the main goal of
providing a substantial saturable loss with a strongly resonant
cavity. This cavity is built from 27 layer pair AlAs–GaAs rear
mirror, providing a reflectivity of 99.9% and a single protective
dielectric half wave layer on GaAs, providing approximately
30% reflectivity. The cavity length corresponds to , i.e., the
device is operated in fifth order. In the following, this device will
be referred to as RSAM1. The device design data are shown in
Fig. 4, both as calculated with a coating design program [30],
[31] and as described by the formalism in Section II. Quantum
confinement has to be explicitly introduced into transmission
matrix calculation. We find that assuming for the
extinction coefficient of a quantum well layer gives good agree-
ment with experimental data. As positioning of the absorber
layers plays a crucial role for the effective absorption inside the
RSAM cavity, this parameter was determined by a fit. The agree-
ment is certainly not perfect, which is mainly caused by spectral
variations of the reflectivities and the effective absorption. Still,
this comparison confirms that the main characteristics of the

Fig. 5. Reflectivity versus input fluence of the RSAM devices, measured at
1060 nm with a mode-locked Nd:glass laser of 200-fs pulse duration (symbols
and solid curve). The saturation fluence F was determined with a fitting pro-
cedure and is indicated by the filled circle and the thin solid line. Dotted lines
indicate how the values for saturable and nonsaturable losses were extracted.
The inset shows a pump-probe trace measured with the same laser. (a) RSAM1.
(b) RSAM2.

device can be described by only three parameters, namely , ,
and the order .

The saturation fluence of RSAM1 was measured as
J/cm , as shown in Fig. 5(a). Despite the rather strong res-

onant enhancement used in this SAM, this value is comparable
to typical values reported for nonresonant devices, see, e.g., [5]
and [26]. The modulation depth of this device amounts
to 0.42, which is much larger than the modulation depths of
a few percent that are typically reached with nonresonant de-
vices. Non-saturable losses , in contrast, only amount to
0.13. We furthermore conducted pump-probe measurements of
this device, which indicate a response time of one to a few ps,
as shown in the inset of Fig. 5(a). These measurements indi-
cate that despite the massive use of resonant enhancement, an
RSAM does not have to be slow. In fact, the cavity transit times
amount to only a few femtoseconds, such that no deterioration
is expected down to 100-fs response times.

Design data and characterization measurements of a second
RSAM (RSAM2) are shown in Figs. 4(b) and 5(b). This second
device has a two layer pair SiO –TiO front mirror, providing
about 50% reflectivity, and a single quantum well absorber. The
device uses the same high reflector as RSAM1 and is operated in
fourth order at nm. Saturable losses amount to 13%,
again with a favorably small value of nonsaturable losses of only
5%. The saturation fluence is 50 J/cm , i.e., only slightly less
than for nonresonant devices. This device shows a bitemporal
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behavior, with a fast time constant and a second slower one in
the pump-probe response.

While the latter values can be easily extracted by standard
measurement techniques [26] it is far more difficult to reliably
measure the dispersion properties of the RSAMs. One of the
major obstacles is the strong variation of the GDD with wave-
length. From the design of the devices, we anticipate a variation
of the GDD by a factor two over a wavelength interval of about
5 nm, which makes a high spectral resolution nm neces-
sary. As it is well known that the standard deviation of a disper-
sion measurement scales with the third power of the resolution

[27], such a high resolution requires long measurement cy-
cles that are difficult to achieve with traditional white-light in-
terferometry. We substantially reduced data acquisition times by
replacing the incandescent light source in our interferometer by
a mode-locked Nd:glass laser that exhibits a 10-nm-wide spec-
trum, with a center wavelength that can be tuned over an 8-nm
range. For determining the dispersion, we employed spectral in-
terferometry [28], [29] in a Michelson configuration. Tuning the
laser in 2-nm steps, we extracted the spectral dependence of
the group delay, as shown in Fig. 4. The measurements were
repeated several times to allow for statistical determination of
confidence intervals, as indicated by the error bars in Fig. 4.
For comparison, the complete design data, i.e., reflectivity and
GDD as a function of wavelength are also shown. The mea-
sured data may not show perfect agreement with the design data.
Still, the measurements confirm that it is in fact possible to gen-
erate massive amounts of dispersion with RSAMs. Moreover,
the measurements reproduce the magnitude of the dispersion
predicted for the particular design and show the expected trend
of third-order dispersion, even though the dispersion character-
istics may have experienced a small shift due to minimal growth
errors. Therefore, this experimental investigation further sup-
ports the theoretical model.

Combining the information of the saturation fluence measure-
ments and the dispersion data, one can now go one step beyond,
and predict the device behavior in saturation. Assuming that the
losses have been reduced to yield the nonsaturable reflectivity
values depicted in Fig. 5, one can estimate the reduction of dis-
persion that goes along with saturating the device. For the two
examples shown, the loss is reduced to about one quarter of
the small-signal value , i.e., in satu-
ration, and . The resulting dispersion character-
istics for the saturated case are shown as a dashed line in Fig. 4.
Quite interestingly, the dispersion of the two designs shows dif-
fering sensitivities towards an increase of . While the disper-
sion of RSAM1 is reduced to half of the small-signal value,
RSAM2 remains nearly unaffected by the change. This is cor-
rectly predicted by (19), indicating a four times higher sensi-
tivity of RSAM1 towards changes of than for design RSAM2.
The examples in Fig. 4 highlight the importance of considering
dynamic saturation effects and of computing the robustness of
the dispersion towards increasing already in the design of the
devices.

The RSAMs discussed in this Section have already been suc-
cessfully used in a passively mode-locked neodymium doped
microstructure fiber laser [15], [16], operating at a center wave-
length of 1.056 m and yielding pulse durations down to 180 fs

in clean soliton operation. In this type of laser with its extremely
large gain, it appears to be of paramount importance to pro-
vide a passive mode-locking mechanism with large modulation
depth to obtain short pulse durations. Therefore, the best re-
sults were obtained with RSAM1. In mode-locked fiber lasers,
the dispersion balance is clearly dominated by the microstruc-
ture fiber, which displayed a group velocity dispersion

fs mm in our experiments. This results in a round-trip
GDD of 17000 fs , i.e., about three times larger than the peak
dispersion of RSAM1. In some of our laser experiments, how-
ever, we observed deviations from the soliton pulse energies cal-
culated from the fiber dispersion via the soliton area theorem.
Similar observations on deviations from predicted soliton ener-
gies were previously made by others [32]. Even though disper-
sion measurements in the saturated case are still outstanding,
we believe that the strong dispersion of RSAM2 has modified
the intracavity dispersion, enabling higher pulse energies than
explainable with the fiber dispersion alone. This further under-
lines the importance of considering dispersive effects of SAM
devices, when using these for passive mode-locking of lasers.

VI. CONCLUSION

The theoretical treatment and the examples discussed before
make it clear that large amounts of dispersion can be generated
by RSAM devices. One question that may arise in this context is
whether such effects may have gone unnoticed in previous exper-
imental work and whether spurious dispersion effects may ex-
plain oddities in the dispersion balance of passively mode-locked
lasers. Let us, for example, assume that the semiconductor struc-
ture of the SAM had been left completely uncoated. Because
of the high index of refraction of semiconductor materials this
would lead to amplitude reflectivities to . Given the
small absorption of a single quantum well, typical absorption pa-
rameters are in the range 0.95 to 0.99, which identifies a slightly
resonant scenario. Assuming a GTI round-trip time fs [5],
we calculate an amplitude of the dispersion oscillations of 50 to
150 fs , i.e., equivalent to a few millimeters of additional glass
in the cavity. Even though such effects are still small, they may
already influence the dispersion balance of the cavity and are
clearly non-negligible for the performance of the laser in the fem-
tosecond region. If the SAM structure is antireflection coated,
this will drive the device out of criticality. Assuming ,
one then finds values of only a few femtosecon square, which can
safely be ignored even for the shortest pulses generated with
the aid of saturable absorber mirrors [33].

In fact, near-critical conditions can only be met with either ad-
ditionally coating the SAM surface for higher reflectivity or, al-
ternatively, by using multiple quantum well structures with their
higher absorption (smaller values of ). This design approach
allows for peak dispersions of thousands of squared femtosec-
onds, with a bandwidth according to (13). As long as only mod-
erate bandwidths of a few nanometers are required, the RSAM
approach easily delivers dispersion compensation for highly dis-
persive gain materials up to centimeter length and can even
supply additional negative dispersion for soliton mode-locking
[34]. When designs are driven to dispersion values exceeding

1000 fs , the stability of the design should be carefully ex-
amined. Both manufacturing errors and dynamic destabilization
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effects may cause a behavior that may deviate significantly from
the linear behavior predicted by the analysis of Section II. For
larger values of dispersion, therefore, measures may be neces-
sary to precompensate the dynamic behavior of the device. We
expect that it will be impractical to produce dispersion values
larger than 10000 fs , even with careful precompensation.

From a fundamental point of view, it appears interesting to
experimentally investigate the dynamical behavior of supercrit-
ical RSAM designs. As such devices can theoretically provide
a dramatic change of dispersion within the pulse duration, this
may lead to interesting pulse shaping effects, caused by the si-
multaneous increase of peak dispersion and collapse of band-
width. Similarly, using a second pump pulse in an absorber or
changing the gain in a resonant laser device, one could also drive
such devices into resonance in a controlled way to investigate
the dynamics in the vicinity of critical behavior.

With the formalism developed in this paper, it is easy to
predict the dispersive properties of a SAM design, provided
the design parameters are at least roughly known. This allows
ruling out parasitic dispersion effects in mode-locked solid-state
lasers, even when it may prove difficult to directly measure the
dispersion of the device. Moreover, a resonant design can often
be adapted to provide the same or higher modulation depth as
a nonresonant one, but may simultaneously generate negative
dispersion, reducing or completely removing the need for
dispersion compensating mirrors and prism sequences inside
the laser. We think that this is a particular interesting aspect for
short-cavity lasers with multigigahertz repetition rates as their
cavities do not allow for any other than intrinsic dispersion
compensation measures. If semiconductor disk lasers are used,
dispersion compensation can also be accomplished inside the
gain structure. Ultimately, this may lead to fully vertically
integrated laser structures that allow for direct mode-locking
without the addition of external elements.
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