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Frequency modulation of semiconductor disk laser pulses

1.O. Zolotovskii, D.A. Korobko, O.G. Okhotnikov

Abstract. A numerical model is constructed for a semiconductor
disk laser mode-locked by a semiconductor saturable absorber mir-
ror (SESAM), and the effect that the phase modulation caused by
gain and absorption saturation in the semiconductor has on pulse
generation is examined. The results demonstrate that, in a laser
cavity with sufficient second-order dispersion, alternating-sign fre-
quency modulation of pulses can be compensated for. We also
examine a model for tuning the dispersion in the cavity of a disk
laser using a Gires—Tournois interferometer with limited third-
order dispersion.

Keywords: semiconductor disk laser, frequency modulation of
pulses.

1. Introduction

Recent years have seen intense interest in semiconductor
lasers that take advantage of an active semiconductor mirror
and a cavity external relative to it. Such light sources are
referred to as ‘disk lasers’ [1-3]. Their advantages include
good heat removal from the gain element (which reduces the
thermal lensing effect), high beam quality and the possibility
of stable lasing in a wide range of pump powers. Moreover, a
unique combination of properties is possible in the case of
disk lasers: an ultrashort pulse duration and high pulse repeti-
tion rate at a relatively high average power [4-6]. It is also
worth noting that disk lasers have a lower saturation energy
than do solid-state and fibre lasers and, hence, are not suscep-
tible to the effect of low-frequency instabilities even at low
pulse energies [7].

For pulsed operation, disk lasers are most frequently
mode-locked by semiconductor saturable absorber mirrors
(SESAMs) [8], which enable the generation of pulses down to
hundreds of femtoseconds in duration. High pulse repetition
rates (up to 10 GHz and above) are ensured by the large gain
bandwidth and the small cavity length (10 cm or shorter) of
the disk lasers, with the possibility of taking advantage of har-
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monic mode locking. Its mechanism is based on gain satura-
tion and recovery processes, which may lead to a pulse-inter-
val-dependent time shift between pulses. As a result of this
interaction, the pulses are spaced equidistantly along the
length of the cavity [9, 10].

The above features of the disk lasers have a negative effect
as well: their low gain saturation energy (in comparison with
solid-state and fibre lasers) leads to considerable gain varia-
tions during each pulse and causes significant frequency mod-
ulation (FM) and spectral broadening of the pulses. It is
important to note that the FM of the pulses is nonlinear,
which makes it impossible to effectively reduce it using linear
optical components (prisms and others). Nonlinear modula-
tion leads to an asymmetric distortion of the pulse envelope
and significantly degrades the quality of the pulses, and the
impact of these negative factors increases with increasing
pulse energy [11, 12].

In this paper, using numerical modelling we analyse the
development of a nonlinear FM of semiconductor disk laser
pulses and examine the possibility of suppressing alternating-
sign FM using dispersion factors. In addition, we consider a
numerical model for tuning the dispersion in the cavity of a
laser based on an absorbing Gires—Tournois interferometer
that has necessary dispersion characteristics, including a lim-
ited maximum third-order dispersion coefficient.

2. Model

Consider a model for a semiconductor disk laser schematised
in Fig. 1. Lasing and amplification occur in an active semi-
conductor mirror under pumping. The laser cavity is formed
by a semiconductor saturable absorber mirror (SESAM) and
a partially transparent mirror as an output coupler.

The numerical model used in this study is similar to mod-
els reported previously [10, 13, 14]. It describes the evolution
of an optical field with a complex amplitude A(Z,?) in the
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Figure 1. Schematic of the cavity of a semiconductor disk laser.
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laser cavity. The Z, and Z; coordinates correspond to the
active and absorbing mirrors. The interaction of the field with
the active mirror can be described using the single-pass power
gain, and the gain saturation process is represented by a stan-
dard rate equation:

dg. _go—g  &lACGDP
dr Tg Eg ’

(D

where A(Z,, ¢) is the field amplitude at the active mirror input;
go(?) is the small-signal gain; g(¢) is the saturated gain; 7, is
the gain recovery time; and E, is the gain saturation energy. A
similar equation can be written for the saturable absorption
q(t) of the SESAM:

dg _q—q qlAG0P
d[ Ts Es ’

where ¢ is the absorption modulation depth; z; is the recov-
ery time of the saturable absorber; and E; is its saturation
energy. For ~1 ps and longer pulses, the rate equations (1)
and (2) provide an adequate approximation. Nonlinear phase
changes can then be described by a phenomenological line-
width enhancement factor, «. In this approximation, the non-
linear term in the phase is proportional to the dimensionless
gain g,(¢) and modulation depth ¢(z) [15, 16]. As a result, light
propagation through the active mirror and SESAM can be
described by the relations

& ()
2

Aou(Z5,1) = [1 — () 12] A(Z,, 1) exp[—iaq(1) 2]

2

Aout(fgs [) =

A(Zg, t)explia,gs(1)/2],
(3)

The output coupling loss is taken into account by the out-
put coupler reflectivity r, and the other losses, by the coeffi-
cient /. The peak gain wavelength is taken to be 1065 nm,
typical of GalnAs/GaAs quantum well gain structures [13].
The finite gain bandwidth is modelled in the time domain
using the spectral transfer function of the cavity

Aou(@) = Ain(w)exp[—(0 — wo)*lwg], “4)

where w, is the gain bandwidth and the frequency w, corre-
sponds to the peak gain wavelength A,. Dispersion character-
istics were left out of consideration in the first stage. Their
effect on the lasing process will be considered in the next sec-
tion. The following parameters were used in the simulation:
E,=75n), Eg=1nl,a;=1,0,=4,1,=1ns,7,=5ps, r=
0.97, g = 0.02, / = 0.01. The above recovery times 7, and 7,
single-pass unsaturated gain g, and modulation depth ¢, are
typical of semiconductor elements in disk lasers [3, 14]. The
parameters o, and «, are identical to those reported previ-
ously [9, 13]. The saturation energy of the SESAM, E,, cor-
responds to a saturation fluence of ~50 mJ cm™2 and mode
spot diameter of 50 um, and the saturation energy of the
active mirror, E,, corresponds to a saturation fluence of
~160 mJ cm™ and mode spot diameter of 250 um. Low-
amplitude white noise was chosen as initial field conditions.
We considered a problem with periodic boundary conditions
in a simulation box 100 ps in width, which corresponded to a
fundamental cavity frequency of 10 GHz.

The simulation results indicate that, when the gain g,
exceeds a certain threshold, a pulse is generated from the ini-
tial noise. After 1000 to 1500 cavity passes, repetitively pulsed
operation sets in, in which the pulse parameters change by less

than 1% in each pass. With increasing g, the pulse energy
increases. Note that, with increasing gain, the maximum in
the spectrum of the pulse shifts to longer wavelengths, which
indicates that the frequency modulation rate (sometimes
referred to as a ‘pulse chirp’) depends on the gain. Such
behaviour is exhibited by most disk lasers [10, 13]. When g,
reaches the next threshold value, a second pulse is generated
in the cavity. In the course of evolution (after 20 000 to 30 000
passes), gain saturation and recovery lead to equalisation of
the characteristics of the pulses and cause them to be spaced
equidistantly in the cavity [10]. As the gain increases and the
next threshold values are reached, a third and other pulses are
generated. The characteristics of the pulses are determined to
a significant degree by the gain bandwidth w,. This depen-
dence will be considered below. In what follows, g is taken to
be ~1 dB, which corresponds to a single pulse in the simula-
tion box.

Consider a pulse generated in a laser at a gain bandwidth
wy =103 s7! [Fig. 2d, curve (1)]. If there is no phase modula-
tion, i.e. &y, a, = 0, the carrier frequency of the pulse coincides
with the peak gain frequency w,. Figure 2a shows the absorp-
tion ¢(#) and gain g,(7) around the pulse, which determine the
local phase shift Ap(f) = a,g()/2 — a,q(t)/2 per pass. From
the shape of ¢(¢) and g,(¢), one can find the instantaneous fre-
quency shift w(?) — wy induced by a single interaction of the
pulse with the active and absorbing mirrors under the effect
of the phase modulation: w() = dAg(¢)/dt. The shifts are
shown in Fig. 2b.

In the case of multiple cavity passes, the pulse is influ-
enced by several factors. In the time domain, the envelope
shifts towards the maximum in gain and the minimum in
absorption (the rates of these processes are proportional to
0g4 /ot and Oq/ot). In the spectral domain, the gain is highest at
frequencies near w,. Spectral regions with large w — wq differ-
ences are filtered off. As a result, monotonic FM of the pulse
can be observed, concentrated in a comparatively narrow
spectral range [Fig. 2c, curve (/)]. Note that the pulse has a
regularly shaped envelope and that the FM near its maximum
is almost linear, which enables output pulse compression, e.g.
using a diffraction grating pair.

In the case of a larger gain bandwidth [curves (2), (3)],
reduced filtration leads to nonmonotonic FM (Fig. 2¢). Pulse
evolution during multiple cavity passes is accompanied by
a cyclic process: formation of nonmonotonic FM, distor-
tion of the envelope as a consequence of its shift to the
maximum in gain and filtration in the region corresponding
to the maximum shift of the instantaneous frequency [Figs 2c,
2d, curves (3)]. The cycle ends with the absorption of part of
the pulse at its flat trailing edge and energy transfer to its lead-
ing edge. In experiments, the variation in the shape of the
envelope shows up as a time variation of the autocorrelation
trace of the pulse [14].

It is seen from the inset in Fig. 2 that nonmonotonic FM
distorts the spectrum of the pulse as well. In the case of strong
filtration [curve (/)] and monotonic FM, there is a one-to-
one correspondence between the peak position of the pulse
and the position of the maximum in the spectrum of the pulse,
Q... Note in this context that, with increasing gain and cor-
responding FM, the maximum in the spectrum shifts to lon-
ger wavelengths. As mentioned above, such behaviour is
observed experimentally for most disk lasers. In the case of
nonmonotonic FM, both the envelope and spectral density of
the pulse are distorted, and there is no one-to-one correspon-
dence between the instantaneous frequency at the peak posi-
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Figure 2. (a) Absorption ¢(7), gain gy(7), (b) time dependences of the
instantaneous pulse frequency shift induced by a single interaction with
the saturable absorber (short-dashed line) and active mirror (long-
dashed line), total frequency change per pass (solid line), (c) time depen-
dences of the instantaneous pulse frequency and (d) pulse envelopes (P)
after 30 000 cavity passes. Inset: S(4) spectra of pulses. The gain band-
width is w, = (a, b) 10'3, (¢, d) (1) 103, (2) 2x 108 and (3) 3x 101 71,

tion and the maximum in the spectrum. One conclusion that
can be drawn from the present simulation results is that
strong spectral filtration improves the quality of disk laser
pulses and, at the same time, reduces the pulse peak power
and increases the pulse duration.

3. Cavity dispersion optimisation

Standard methods of intracavity dispersion compensation in
pulsed lasers are aimed at reducing the total cavity dispersion
in order to prevent dispersion-induced broadening and exces-
sive FM of pulses. These methods imply the use of specific
components having dispersion of opposite sign to that of the
laser gain element. Use is typically made of dispersion-com-
pensating fibres, e.g. photonic crystal fibres, or bulk dispers-
ing elements, such as prisms, diffraction gratings and chirped
mirrors [17—19]. In the case under consideration, the disper-
sion mechanism should eliminate differently directed FM of
disk laser pulses. This can be achieved with both normal and
anomalous cavity dispersion.

In a normal-dispersion cavity, a pulse becomes frequency-
modulated: its instantaneous frequency increases with pulse

duration. Such FM will be referred to as positive. By contrast,
nonlinear phase modulation typically leads to negative FM of
pulses (Fig. 2¢). The normal cavity dispersion needed for neg-
ative FM compensation can be estimated from considerations
that are used in describing the formation of a soliton pulse
[14]. The stability of a fundamental soliton is known to be
ensured by FM compensation due to nonlinear self-phase
modulation and anomalous dispersion. In the case of a disk
laser pulse, the situation is the same, to within the sign of FM:
normal dispersion is needed for negative FM compensation.
Given that in the case of complete FM the spectral width of
a pulse is only determined by its duration 7, we can write an
expression analogous to that describing a fundamental
soliton:

4’ Balt? = ADy = agAgi/2 — aAgl2, (%)

where 3, is the normal dispersion of the cavity and Ag, and Ag
are the changes in saturated gain and saturable absorption
during a pulse, which ensure negative FM. The nonlinear
phase change per pass is several hundredths of a radian
(Fig. 2), so the normal dispersion for pulse durations of the
order of a picosecond is about 1072710726 s2,

Nonmonotonic FM of a pulse can also be suppressed in
the case of anomalous cavity dispersion. However, it should
then be taken into account that anomalous dispersion sup-
presses positive FM and increases negative FM. A relation
analogous to (5) has the form

BrAw® = ADy = a,Agl2 — asAq' 12, (6)

where Ag’, and Aq' are the changes in gain and saturable
absorption, which determine positive FM. The spectral width
of the frequency-modulated pulse meets the inequality Aw >
2n/t. Moreover, the suppressed positive FM is weaker than
that above. Thus, to eliminate alternating-sign FM of a pulse,
the magnitude of anomalous dispersion f, should be smaller
than that in the case of a normal-dispersion cavity.

The present simulation results indicate that, with the
above parameters, normal cavity dispersion 3, = 3.5x107%’ s
ensures complete negative FM compensation. A pulse gen-
erated under such conditions is essentially transform-lim-
ited, and its instantaneous frequency differs from the peak
gain frequency wy by —3x10'>s7! (~1.7 nm). A cavity with an
anomalous dispersion 8, =—-2x107?" s ensures pulse genera-
tion with sufficiently uniform negative FM. Near the pulse
maximum, FM is then almost linear, suggesting that further
external pulse compression is possible. The spectral shape of
the pulse is characteristic of frequency-modulated pulses
with a maximum shifted to longer wavelengths. Note that,
upon an increase in the magnitude of cavity dispersion S,
(both normal and anomalous), dispersion-induced broaden-
ing leads to an increase in pulse duration and a decrease in
pulse peak power.

4. Dispersion compensators based on
Gires—Tournois interferometers

Consider the possibilities of controlling the cavity dispersion
of a disk laser by tuning the characteristics of the active and
absorbing mirrors; i.e. we will not touch on dispersion man-
agement with the use of specially designed prisms or chirped
mirrors. The dispersion properties of the active mirror and
SESAM are determined primarily by the microcavity formed
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by a 100% Bragg reflector in its base and an outer coating of
reflectivity r, < 1, with a semiconductor structure in between.
Depending on whether an amplifying or absorbing medium is
located between the microcavity walls, the Bragg reflector
forms an active or absorbing Gires—Tournois interferometer
[20, 21]. The amplitude reflection coefficient of the interfer-
ometer is given by

1, — aexp(inT)

R= 1 — aryexp(inT)’

(N

where 7 is the microcavity round-trip time (dependent on the
angle of incidence of light) and « is absorption (gain). From
@(w) = arg R phase characteristics, one can extract data on
the dispersion characteristics of the reflector: group delay
time, dispersion and third-order dispersion (TOD):

ta(w) = 0DIow, Br(w) = 3*Plow?, Bi(w) = 3°PlAw*. (8)

It is worth noting that the delay time 74 and other dispersion
characteristics for frequency-modulated pulses differ from
those calculated using the simple relations (8) and depend as
well on the FM of the pulse and the position of the maximum
in its spectrum relative to the |R(w)| reflection spectrum [22].
This dependence is, however, most pronounced when the
spectrum of the pulse is well away from the midgap region,
where |R(w)| has high values. In the case under consideration,
the centre frequency of the reflection spectrum approaches
the frequency corresponding to the maximum in the spectrum
of the pulse, which allows the dependence of the dispersion
characteristics (8) on FM rate to be left out of consideration.

It is worth noting that Gires—Tournois interferometers
with a semiconductor absorber are widely used for dispersion
compensation. An interferometer can then be used as both an
SESAM and an additional component in the cavity [23, 24].
In simulation, we will assume that the cavity contains not
only an active mirror but also a dispersing interferometer
with absorption. The dispersion factor is taken into account
in the spectral domain by a standard procedure: using a trans-
fer function. Thus, the initial spectral transfer function (4)
takes the form

Aout(w) = ;Iin(w)
X exp{—i[@,(w) + Py(w)]} exp[—(@ — w) /3], (9)

where @,(w) and @,(w) are the phase characteristics of an
active and an absorbing Gires—Tournois interferometer. We
call attention to the fact that, in contrast to previous studies
[10, 13, 14], dispersion characteristics in our model are taken
into account through an additional phase change, without
introducing tentative cavity dispersion and TOD into the
model. This allows us to take into account the frequency
dependence of the cavity dispersion within the spectrum of
the pulse and obtain more accurate results, in particular to
adequately assess the role of the asymmetry of the phase shift
due to the compensating interferometer.

In computer simulation, we used data on the structure of
an active semiconductor mirror from Ref. [13]. A gain
medium based on GalnAs quantum wells in a layer of thick-
ness 2.754, is located on a 100% Bragg reflector. The outer
coating, of reflectivity r, = 0.4, and the Bragg reflector form a
microcavity. The resonance frequency of the microcavity is
equal to the peak gain frequency w, [13]. The gain coefficient

is adjusted so that the amplitude gain is consistent with the
values used in the simulation. The spectral dependences of
dispersion f3,(1) thus obtained are shown in Figs 3a and 3c.
The phase shift in the spectral range near w, is almost linear
and determines low values of dispersion and TOD. Dispersion
B-(A) is an odd function of w( and its maximum value (in mag-
nitude) is ~3x 10728 s2. The maximum value (in magnitude) of
TOD S5 is about —1.5x10~#! s3. These values correspond to
known parameters of active semiconductor mirrors in disk
lasers [12, 25].
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Figure 3. Spectral dependences of dispersion for absorbing Gires—
Tournois interferometers that were used in simulation and ensure (a)
normal and (c) anomalous dispersion (solid lines) and for an active mir-
ror (dashed lines); (b, d) normalised S(1) spectra obtained for pulses by
simulation using Gires—Tournois interferometers (solid lines) and at a
constant cavity dispersion throughout the spectrum (dashed lines).
Figure 3b corresponds to constant normal dispersion 3, = 4x10727 s?
and an interferometer with characteristics presented in Fig. 3a, and Fig.
3d corresponds to constant anomalous dispersion 8, = -2x 10727 s? and
an interferometer with characteristics presented in Fig. 3c.

The dispersion characteristics of the absorbing mirror can
also be calculated using (7) and (8). An important point is
that the active and absorbing mirrors are adjusted to the same
spectral range, so their dispersion characteristics vary over
similar ranges. In the model under consideration, the zero dis-
persion (w,) frequencies of the active and absorbing mirrors
(i.e. the resonance frequencies of the microcavities) differ by
w,, which is determined by the characteristics of the absorbing
mirror.

Figure 3a shows the spectral dependence of dispersion for
an absorbing Gires—Tournois interferometer. Its parameters
(w, = 6x10'? s71; r, = 0.5; thickness of the absorbing GaAs
layer, 7.754,; absorption ¢ = 0.5 dB) are chosen so that the
interferometer has normal dispersion 8, &~ 4x 10727 s> at the
peak gain frequency w,. Note that the dispersion properties of
the cavity in the model under consideration are completely
determined by the parameters of the absorbing compensator.
The dispersion set by it is sufficient for reducing nonlinear
FM, as can be seen from the spectral shape of the pulse
(Fig. 3b). Its spectrum has an almost symmetric shape, cor-
responding to a pulse with no FM. Significant deviations
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from this shape occur only for 5,(1) < 0. However, since the
pulse power is low in this range, this leads to only slight FM
at the edges of the pulse.

Figure 3c shows the spectral dependence f,(4) for an
absorbing Gires—Tournois interferometer that ensures
anomalous cavity dispersion at wavelength . Its parameters
(w,=-1.8x108 571, r, = 0.5; thickness of the absorbing GaAs
layer, 5.754,; absorption @ = 0.3 dB) ensure anomalous dis-
persion 3, ~ —2x107%7 s? at frequency w,. The spectrum of the
pulse in Fig. 3d leads us to conclude that nonmonotonic FM
is mainly suppressed. Comparison with the spectrum obtained
by simulation for a cavity with constant dispersion through-
out the spectrum demonstrates that both pulses have negative
FM (as evidenced by the sloping top of the spectrum, with its
maximum shifted to longer wavelengths). The spectra differ
markedly in the range where the dispersion of the compensat-
ing interferometer is 35(4) > 0. In this region, the negative FM
of the pulse generated in the cavity with a Gires—Tournois
interferometer is weaker than that of the control pulse. At the
trailing edge of the pulse, where its power is rather low, a
small region of positive FM may be observed. The envelopes
of the pulses, the time dependences of their instantaneous fre-
quency and the corresponding spectral characteristics are pre-
sented in Figs 4b, 4e [for normal dispersion of the absorbing
interferometer at the peak gain wavelength: 8,(1,) > 0], 5b
and 5Se [for anomalous dispersion: $,(1,) < 0].

Clearly, when Gires—Tournois interferometers are used
as dispersion compensators, important parameters are not
only ,(1¢) but also the width of the spectral range where the
sign of the dispersion of the interferometer remains
unchanged. To a first approximation, this width is determined
by the maximum rate of the variation in the dispersion of the

interferometer with wavelength, i.e. by the maximum TOD
value. This value is reached at the wavelength corresponding
to the shift frequency w, + w,. Figures 4 and 5 present simula-
tion results for a disk laser with a Gires—Tournois interfer-
ometer as a dispersion compensator, which has various maxi-
mum values of TOD, but with 3,(4¢) remaining unchanged.

Our results demonstrate that, at a high maximum TOD
value, which characterises an interferometer with dispersion
parameters rapidly varying over the spectrum, the alternat-
ing-sign FM of the pulse being generated is not completely
compensated. In the case of normal dispersion, 5,(1g) > 0
(Figs 4a, 4d), FM is only compensated near the pulse maxi-
mum, whereas regions of alternating-sign FM are observed at
the edges of the pulse. In the case of anomalous dispersion,
B-(Ao) < 0 (Figs Sa, 5d), the cavity dispersion is insufficient for
obtaining negative FM throughout the pulse. As a result, an
asymmetric tail can be seen at the trailing edge of pulses. Its
formation is related to nonmonotonic-FM filtration and the
absorption saturation region behind the pulse. The pulse
envelope varies with time in both instances (see Section 2).
Alternating-sign FM distorts the spectrum of the pulse in
both instances: its shape also varies with time. The presence of
several peaks is due to the fact that the envelope has several
local maxima.

An increase in the range where the sign of the dispersion
of the interferometer remains unchanged (i.e. a reduction in
its maximum TOD) is accompanied by positive trends in the
formation of the envelope and spectrum of the pulse. As a
boundary, we can tentatively take the maximum TOD f;=
By Aw, where 7 is the maximum value (in magnitude) of
the interferometer dispersion and Aw is the spectral width of
the pulse, which depends on gain, gain bandwidth and gain
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Figure 4. (a—c) Spectral dependences 5(4) for a Gires—Tournois interferometer that is used for dispersion compensation [normal dispersion ,(4)
=~ 4x107?7 s?] and the corresponding normalised spectra S(A) of disk laser pulses; (d—f) pulse envelopes and time dependences of the instantaneous
pulse frequency for a disk laser with a Gires—Tournois interferometer as a dispersion compensator. The maximum TOD is 85 = (a, d) 6x 107, (b, ¢)

4x1073% and (c, f) 1.5x 107 &3,
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The maximum TOD is 5 = (a, d) 3x 1073, (b, €) 2.5x10*° and (c, )

and absorption saturation and modulation parameters. In the
model under consideration, 83 ~ 5x1073°s3 for an interferom-
eter with B5(4y) > 0, and 33 ~ 2.7x107¥ s3 for an interferome-
ter with B,(4g) < 0. If the maximum TOD is lower than S;
(Figs 4b, 4c, 4e, 4f, 5b, 5c, Se, 5f), as a result of FM stabilisa-
tion the envelope and spectrum of the pulse become time-
independent. For 8,(4¢) > 0 and a TOD slightly lower than the
limiting value 83 (Figs 5b, 5¢), FM is essentially constant
along the pulse: a transform-limited pulse is generated.
Spectral filtration of the gain ensures a stable envelope shape.
For interferometers with a low maximum TOD (Figs 4c, 4f),
the carrier frequency of pulses shifts to longer wavelengths,
which is due to the presence of a broad spectral range of
anomalous dispersion for 1 < 4. It is also worth noting the
weak positive FM of the pulse. This is due to a standard dis-
persion effect and leads to a decrease in pulse peak power and
an increase in pulse duration.

Analogous results can be obtained for anomalous disper-
sion (Fig. 5). An important feature of nonmonotonic-FM
compensation using an anomalous dispersion [$,(4g) < 0]
interferometer is the strong residual negative FM, which is
almost linear over most of the pulse. Even though this FM is
asymmetric with respect to the pulse ‘axis’, which passes
through the maximum in the envelope, it offers the possibility
of rather effective pulse compression using an external dis-
persing component, e.g. a prism or a normal dispersion (3, > 0)
diffraction grating pair. Figure 6 presents simulation results
for the compression of a pulse obtained in the cavity of a disk
laser with an anomalous dispersion [,(4) < 0] interferometer
using a normal dispersion external component (for simplicity,
we consider the case where higher orders of dispersion in this
component are negligible). It is seen that, after compression,
the peak power of the pulse represented in Fig. 5f can be con-
siderably increased (by more than a factor of 1.5). Note that

PIP,
1.5

1.0

0.5

0 1.5 3.0

t/ps

Figure 6. (/) Envelope of an output disk laser pulse in simulation with
an anomalous dispersion [,(4g) < 0] Gires—Tournois interferometer;
(2) envelope of the pulse obtained by output pulse compression using a
normal dispersion diffraction grating pair with 8, = 3x 107> s2.

FM asymmetry leads to an asymmetric shape of the envelope
of the compressed pulse.

5. Conclusions

We have examined a numerical model for a semiconductor
disk laser mode-locked by an SESAM semiconductor mirror.
The model takes into account nonlinear gain and absorption
saturation effects in the semiconductor, including phase mod-
ulation, which leads to pulse FM. The rate and sign of the FM
depend on saturable absorption and saturated gain parame-
ters and phase modulation depth. It has been shown that a
disk laser pulse may have either monotonic or alternating-
sign FM, depending on the gain bandwidth. In the latter case,
the envelope and spectrum of the pulse are time-dependent.
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We have studied the effect of second-order cavity disper-
sion 3, on pulse FM. The results demonstrate that, at a cer-
tain normal dispersion, pulses generated in the cavity are
similar in characteristics to a transform-limited soliton pulse.
In the case of anomalous dispersion, pulses have negative
FM, and the anomalous dispersion required to suppress alter-
nating-sign FM is lower than the normal dispersion needed
for this purpose.

We have examined the possibility of tuning the dispersion
properties of a cavity using an absorbing Gires—Tournois
interferometer with different signs of detuning of its reso-
nance frequency w, from the peak gain frequency w,. For this
purpose, use can be made of both an SESAM with optimised
characteristics and a specially designed dispersion compensa-
tor. It has been shown that alternating-sign FM can be effec-
tively suppressed by limiting the maximum TOD of the com-
pensating interferometer. The limiting TOD value is deter-
mined by the necessary 3, dispersion and the pulse bandwidth.
It has also been shown that the use of a low-TOD compensat-
ing interferometer leads to dispersion-induced pulse broaden-
ing and a decrease in pulse peak power.

The proposed model and present results may be helpful in
calculating cavities and optimising parameters of disk lasers.
Moreover, the model for an absorbing Gires—Tournois inter-
ferometer can be used for controlling the dispersion charac-
teristics of SESAM semiconductor mirrors, which are widely
used in various areas of laser engineering.
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