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Soliton mode-locked Nd:YAlIQO; laser at 930 nm
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We report on a soliton mode-locked Nd:YAlIO; laser at 930 nm. We used a semiconductor saturable absorber
mirror and a Gires—Tournois Interferometer for dispersion compensation to achieve soliton mode locking.
The generated pulses were as short as Arpywpyy = 1.9 ps with a spectral bandwidth of AN = 0.5 nm. The
pulses were almost transform limited assuming a sech? pulse shape. The averaged output power was 410 mW
at an absorbed pump power level of 1.76 W. An investigation of the effect of the third-order dispersion of the
Gires—Tournois interferometer on the spectra of the mode-locked laser is presented. © 1998 Optical Society of

America [S0740-3224(98)02205-X]
OCIS codes: 140.3580, 140.4050, 140.7090.

1. INTRODUCTION

Many efforts have been made in recent years to develop
an all-solid-state blue laser source. Semiconductor
diode-pumped solid-state lasers in combination with non-
linear techniques, such as frequency doubling or sum-
frequency mixing, are well-investigated approaches to ob-
tain a coherent light source in the blue spectral region.
Frequency doubling of the ground-state laser transition
(*F 35 — *I45) in neodymium-doped YAG has yielded the
highest continuous-wave (cw) output power at 473 nm so
far.2  An alternative to cw operation is mode locking of
this transition in order to take advantage of the high fun-
damental peak power and to increase the frequency-
doubling efficiency. Hofer et al.® have recently demon-
strated mode-locked operation in a Nd-doped fiber laser
at 920 nm with a laser output power of 85 mW.

The ground-state laser transition in neodymium-doped
laser hosts has some inherent difficulties owing to the
quasi-three-level nature of this laser system. Only a host
material with a large ground-state splitting and a good
thermal conductivity allows efficient laser operation.
Furthermore, a short gain length and a high pump bright-
ness are necessary. These requirements are met in an
end-pumped configuration.

Nd:YAIO3 is a promising material to achieve short-
pulse operation on the “Fg, — I, transition because of
the spectral bandwidth and the lifetime of the upper laser
level. The spectral bandwidth of the fluorescence peak at
930 nm of AApwgy = 2.5 nm is broader than the fluores-
cence bandwidth of the ground-state transition of the
commonly used Nd:YAG (ANpwpm = 1nm at 946 nm).
In addition, the lifetime of the upper laser level 7
= 160 us 1is shorter when compared with other
neodymium-doped laser hosts like Nd:YLiF, or Nd:YAG.
This lowers the tendency of @-switched mode locking in
passively mode-locked lasers.* The Nd:YAIO; crystal has
an orthorhombic lattice with space group D%‘Z. The as-
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signment of the crystallographic axes follows the Pnma
notation. The lattice constants are given by a = 5.139 A,
b=17.8370 A, and ¢ = 5.179 A. The thermal conductiv-
ity is approximately the same as in Nd:YAG. However,
the ground-state splitting is smaller than in Nd:YAG,
which results in an increased reabsorption loss and there-
fore in a higher laser threshold.

In this paper we report soliton mode-locked operation
in Nd:YAIO; at 930 nm. Soliton mode locking was
achieved by using a semiconductor saturable absorber
mirror’® (SESAM) and a Gires—Tournois interferometer®
(GTI). The SESAM started the pulse-formation process
and stabilized the soliton. The soliton pulse is formed by
the interplay between the self-phase modulation (SPM) in
the cavity and the negative group-velocity dispersion
(GVD) introduced by the GTI.

2. EXPERIMENT

Figure 1 shows a schematic of the laser setup for the
mode-locking experiments. The 2-mm-long flat
Brewster-cut Nd(0.8%):YAIO; crystal was cut for laser op-
eration polarized parallel to the crystallographic a axis
(kllc axis). This plane of polarization exhibits the highest
emission cross section of o, = 4.1 X 1072 ¢cm?2.  The
flat facet of the crystal was coated for high reflection at
930 nm and for high transmission at the pump wave-
length. The coating has also a transmission higher than
90% between 1.05 um and 1.1 um to avoid laser oscilla-
tion at 1.08 um on the *Fg5— %Iy, transition in
Nd:YAlIO;. A Ti:sapphire laser operating at 813 nm was
used as a pump source. The absorption coefficient paral-
lel to the crystallographic a axis of Nd(0.8%):YAlO3 at 813
nm is @ = 10cm™'. We mounted the crystal on a TE
cooler to achieve an efficient heat removal.

The SESAM?® consists of an absorbing layer of InGaAs
with a thickness of 15 nm placed between two transpar-
ent layers of GaAs. These layers were grown on a high-
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Fig. 1. Nd:YAIO; laser setup with a GTI and a SESAM. L,
= 5.7 cm, Ly =30 cm, Ly = 39 em, and L, = 9.2 ecm. OC,
output coupler.
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Fig. 2. Pulse width and spectrum of the mode-locked Nd:YAlO4
laser at 930 nm at an incident pump power level of 2.38 W. The
dashed curves are fits to an ideal sech? pulse shape.

reflecting Bragg mirror consisting of 25 pairs of quarter-
wave layers of GaAs and AlAs. The thickness of the
transparent layers was chosen to ensure that the absorb-
ing layer is located at an antinode of the standing wave
inside the SESAM. The saturable absorber exhibits a bi-
temporal impulse response with a fast component of
approximately 7, = 200fs and a slow component of
7, = 12 ps. The GTI is a Fabry—Perot structure consist-
ing of a high-reflecting end mirror and a mirror with 4%
reflection separated by a distance of approximately 80
pm. The mirror spacing was varied by piezoelectric
transducers. The spot radius on the SESAM (w
= 48 um) and the elliptical laser mode inside the
Nd:YAIOj crystal (o, = 63 um, w, = 34 um) were calcu-
lated by use of an ABCD matrix formalism.

For cw laser experiments we replaced the GTI by a flat
output coupler (T,, = 1%), which led to a total output
coupling of 2%. The curved mirrors in the cw laser
experiment were coated to be high reflecting at
N = 930 nm. A maximum laser output power of 570 mW
was achieved in the cw mode at an absorbed pump power
level of 1.55 W. The slope efficiency was 47%. The spec-
tral bandwidth of the laser in the cw mode was
ANy = 0.45 nm.

In the mode-locking experiments, pulses as short as
Arpwam = 1.9 ps at 930 nm (see Fig. 2) were generated.
The pulse repetition rate was 178 MHz. The total aver-
age output power was 410 mW at an absorbed pump
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power level of 1.76 W. The spectral bandwidth was 0.5
nm (Fig. 2) corresponding to a time—bandwidth product of
0.33, which is nearly transform limited assuming a sech?
pulse. TUsually, the pulses in end-pumped mode-locked
laser systems are not transform limited. The reason for
this is the enhanced spatial hole burning in comparison to
laser systems with the gain medium in the center of a
standing-wave cavity.” However, it was predicted that
soliton mode locking with nearly-transform-limited
pulses in end-pumped laser systems is possible if the SPM
is increased, while negative group-velocity dispersion is
introduced in the cavity.?

Figure 3 shows the spectral characteristics of the mode-
locked laser for different voltages of the GTI (i.e., differ-
ent mirrors spacings) at the same incident pump power of
P,, = 1.86 W. By varying the mirror spacing, it is pos-
sible to adjust the total amount of negative GVD neces-
sary to compensate for (i) the SPM in the laser crystal, (ii)
the positive GVD of the mirror coatings, and (iii) the posi-
tive GVD owing to the material dispersion in the laser
crystal. The positive GVD of the mirrors at 930 nm was
measured to be only D e = 200 fs? per roundtrip. The
dispersion measurement was made with a white-light in-
terferometer. The laser crystal’s GVD was calculated to
be 95 fs? per single pass with the refractive index data for
Nd:YAIO; from Kuwano.? The autocorrelation traces of
the pulses to the corresponding spectra are depicted in
the insets of Fig. 3. No pulse-form distortion was ob-
served for a decreased negative GVD of the GTI. The lin-
ear behavior of the pulse width versus the GTI voltage
(see Fig. 4) indicates that the GTI operates in the linear-
dispersion regime. From the soliton equation'”
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Fig. 3. Mode-locked spectra of the Nd:YAIO; laser for different
voltages of the GTI, i.e., different amounts of negative GVD.
The autocorrelation traces of the corresponding spectra are de-
picted in the insets.
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Fig. 4. Pulse width and calculated intracavity power versus

voltage of the GTI at an incident pump power level of 1.86 W.
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Fig. 5. Spectra of the pulse of Fig. 2 in the frequency domain

(solid curve). Phase of the GTI (dashed curve) including GVD
and third-order dispersion and the nonlinear phase shift (dotted
line) owing to the Kerr effect in the Nd:YAIO; crystal.

we obtained an expression for the dependence of the pulse
width 7 on the intracavity GVD given by D,. The pulse
duration is given by 7 = 7pwpm/1.76. The phase shift ®
of the soliton per round trip can be calculated by
O =154, = %5(Ep/7'). E, is the pulse energy, and 6
is the SPM coefficient. This yields a linear relationship
between the pulse width and the intracavity GVD D,,

ie.,

26E,"

(2)

T =

The intracavity power decreases at a pulse width of
Arpwam = 3 ps (Fig. 4). The laser stopped mode locking
if the GTI voltage was further increased. Without dis-
persion compensation, no stable mode locking was ob-
served. The SPM and the uncompensated positive GVD
of the mirrors and the laser crystal leads to pulse distor-
tion in the absence of a negative GVD. With the help of

Eq. (1) we calculate the intracavity GVD D,. The SPM
coefficient §is given by the expression
_ 27 2L, @)
TN YAy
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\ is the laser wavelength (in free space), y is the Kerr-
index nonlinearity, L, is the length of the gain medium,
and A . is the mode area in the laser crystal. The Kerr-
index nonlinearity of YAIO; is y = 7.3 X 10716 cm%W. !
We obtained D, ~ 19.000 fs? for an intracavity pulse en-
ergy of 119 nd (Fig. 2). The negative GVD of the GTI
with a mirror spacing between 79.71 um and 79.75 um is
in the range of 5000 fs? to 20.000 fs2. This yields a nega-
tive GVD of 10.000 fs? to 40.000 fs? because of two reflec-
tion at the GTI per roundtrip. This is in good agreement
with the calculated value for Dy from Eq. (1). However,
this result shows that the GTI’s mirror spacing is critical
to adjust to obtain the necessary amount of negative GVD
for stable mode locking. In experiments with an in-
creased effective mode area in the laser crystal (which re-
duces the nonlinear phase shift owing to the SPM) we ob-
tained no stable mode locking without dispersion
compensation.

The sidebands in the mode-locked spectra at 930 nm
(Fig. 2 and Fig. 3) that appear for shorter pulses (i.e., re-
duced voltages) can be explained by the third-order dis-
persion of the GTI. This spectral behavior was previ-
ously observed in femtosecond Ti:sapphire lasers,'? in
mode-locked dye lasers,’® and in femtosecond Cr:LiSAF
lasers.'*1® A theoretical analysis was given by Haus
et al.1® for passively mode-locked lasers. The sideband
corresponds to a dispersive wave that extracts energy
from the short pulse. This process is only efficient if the
two waves are phase matched. The phase-matching con-
dition is given by

D,

D
5 (0~ )’ -3 (4)

® = (0~ ap)’ o
D is the third-order-dispersion coefficient of the GTI, and
wg is the center frequency of the soliton. For the calcu-
lation of the phase-matching condition (4) we considered
the positive GVD of the mirrors and the laser crystal, but
we neglected the dispersion of the SESAM. The results
of the calculation are shown in Fig. 5 for a GTI mirror
spacing of 79.718 um. The intersection of the nonlinear
phase shift and the dispersion curve of the GTI is in good
agreement with the spectral sideband of the mode-locked
laser.

3. CONCLUSIONS

In summary, we have demonstrated a Ti:sapphire-
pumped soliton mode-locked Nd:YAIO; laser at 930 nm.
Mode locking was achieved by use of a semiconductor
saturable absorber mirror and a Gires—Tournois interfer-
ometer for dispersion compensation. We observed pulses
as short as Arpwgm = 1.9 ps with a spectral bandwidth
of AN = 0.5 nm. The pulses were almost transform lim-
ited assuming a sech? pulse shape. The total output
power was 410 mW at an input pump power of 2.38 W. It
was shown that the generation of a dispersive wave,
which results in a spectral sideband in the mode-locked
laser spectra, was a result of the third-order dispersion of
the GTI.

Future work will be concentrated on laser diode pump-
ing, investigations of different laser hosts like Nd:YLiF,,
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and extracavity frequency doubling of the mode-locked la-
ser into the blue spectral region.
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