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IV. DiscussioN OF LASerR PULSE EvVOLUTION

Laser pulse evolution in the laser cavity involves pulse
shortening mechanisms and pulse broadening mecha-
nisms. In the frequency domain, it is a balance between
spectral broadening and spectral narrowing. In a syn-
chronously pumped laser system, the leading edge of the
laser pulse is narrowed by the rising of the gain, the trail-
ing edge is confined by saturation of the gain. This gain
modulation mechanism causes pulse shortening. In the
frequency domain, pulse shortening is represented by
spectral broadening. For the mode-locked VCSEL, strong
SPM will cause extra spectral broadening, thus the time-
bandwidth product will be larger than the Fourier trans-
form limit. With the shortening of the pulsewidth and the
broadening of the spectrum, the dispersive elements in the
laser cavity start to act on the laser pulse. These disper-
sive elements include material dispersion, phase disper-
sion of gain, and DBR structure related dispersion. The
dispersion can be a pulse shortening factor or pulse broad-
ening factor, depending on the relative sign between the
SPM and the dispersion. The material dispersion factor is
small, however, compared to the SPM effects as shown
in the discussions in Section II and III. One of the domi-
nant pulse broadening or spectral narrowing mechanisms
is a spectral filter with a finite filter bandwidth within the
laser cavity. This filter can be an intracavity birefringent
filter, an etalon, the Fabry-Perot effect in an imperfect
intracavity element, the finite gain bandwidth or some-
thing else related to the laser cavity design. Carrier trans-
port because of the nonuniform carrier distribution within
the gain medium will also play an important role in lim-
iting the laser pulse shortening, which is to be addressed
in detail somewhere else [18].

Let’s look at what will happen if an initially unchirped
pulse of 15 ps is launched into the GaAs VCSEL. The
pulse will become downchirped because of the SPM due
to the gain saturation and the pulsed optical pumping (Fig.
6) after one round-trip traveling in the cavity. During the
second round-trip, the downchirped input pulse becomes
more downchirped at the output because of the SPM [Fig.
8(a)]. This process will continue so that the laser pulse
will be shortened and the laser spectrum will be broad-
ened. Interestingly, the downchirp acquired by the laser
pulse during each round-trip around the laser cavity tends
to decrease after several passes because of the pulse short-
ening (Fig. 6). We examine two important cases of the
equilibrium pulse formation processes.

In the first case, the filter bandwidth is not very wide,
but the spectrum of the laser pulses has become as wide
as that of the spectral width of a Fourier transform limited
subpicosecond pulse. The actual pulsewidth is still more
than 8 ps though since the pulse is strongly chirped. Fur-
ther spectral broadening is suppressed by the filter effect
within the cavity. On each additional pass through the gain
medium, the laser pulse will acquire extra bandwidth be-
cause of the gain modulation and the SPM. The acquired
extra bandwidth will be cut by the filter so that after a
round-trip, the pulse spectrum remain unchanged. In the
time domain, this will be the case that the pulse shorten-
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Fig. 8. The instantaneous frequency sweep Aw,,, (solid lines) of a laser
pulse after the first three passes through a 120 GaAs-AlGaAs MQW sam-
ple. The laser pulsewidth 7, is (a) 15 ps and (b) 5 ps, and laser pulse energy
E,, is 5 nJ (short dashed line). The pump pulsewidth is 10 ps and pump
power is 150 mW.

ing is balanced by the pulse broadening. The output pulse
will be down-chirped. This is the case we have obtained
experimentally [1].

In the second case, the filter bandwidth is very wide
and the gain modulation induced pulse shortening is strong
enough to obtain a pulsewidth shorter than 8 ps. The sign
of the laser pulse chirp acquired during each additional
pass through the gain medium will thus be positive as
shown in Fig. 6. This will counter-act the down-chirp ac-
quired by the laser pulse in the former trips so that the
laser pulse will soon become up-chirped. As the laser
pulse becomes more and more up-chirped [Fig. 8(b)], the
spectral broadening caused by the gain modulation and
the SPM due to gain saturation and pulsed optical pump-
ing will be offset by the filter. The laser pulsewidth will
thus be stabilized, and the laser pulse will be up-chirped.
We are unable to reconstruct this case experimentally with
the pump pulsewidth of 10 ps or shorter. It can be done,
however, with a pump pulsewidth of 100 ps. In this case,
a laser pulse of shorter than 30 ps pulsewidth passing
through the gain medium will acquire positive chirp,
rather than the down chirp in the case of the pump
pulsewidth of 10 ps. The laser pulse will thus have an
upchirp when it is stabilized in the laser cavity. This is
the case observed in the InGaAs-InP laser system [2],
[31.

According to the above discussions, the laser pulse can
be made unchirped with the insertion of matched filter in
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pressed pulses often contain a large amount of energy in
wings due to the difficulty in compensation for the non-
linear chirp over the part other than the central portion of
the pulses. An extra intracavity filter will be a useful way
to limit the spectral width so that the time bandwidth
product of pulses can be made closer to the Fourier trans-
form limit, but it will also limit the minimum pulsewidth
to be achieved. Saturable absorbers will probably be a
candidate for the intracavity chirp compensation if the
laser is upchirped as in the case of InGaAs mode-locked
VCSEL’s. They will not be useful for the chirp compen-
sation purpose if the laser is downchirped as in the case
of GaAs mode-locked VCSEL.
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