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Iv. DISCUSSION LASER PULSE EVOLUTION OF 

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 I1 and 111. 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 [181. 

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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(b) 
Fig. 8 .  The instantaneous frequency sweep Am,,,, (solid lines) of a laser 
pulse after the first three passes through a 120 GaAs-AIGaAs MQW sam-
ple. The laser pulsewidth 70is (a) 15 ps and (b) 5 ps, and laser pulse energy 
E,, is 5 nJ (short dashed line). The pump pulsewidth is I O  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 [11. 

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 100ps. 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], 
131. 

According to the above discussions, the laser pulse can 
be made unchirped with the insertion of matched filter in 
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the cavity to limit extra bandwidth. This approach has 
been reported by Sun and Yamamoto [19], who have uti- 
lized the coupled-cavity characteristics which works like 
a filter in the cavity. Another possibility will be to utilize 
the downchirp characteristics of a saturable absorber [Fig. 
3(b)]. This approach involves how to choose parameters 
of saturable absorbers and is only appropriate for the com- 
pensation of pulses with upchirp. 

It should be pointed out that in some occasions the in-
tracavity filter effect may not be the mechanism in limit-
ing the laser pulse shortening, but the finite carrier trans- 
port time within the gain medium. Such a difference, 
however, does not affect the basic idea of the pulse for- 
mation discussion. To conclude the discussion of this sec- 
tion, i t  is worth mentioning that the laser chirp is linearly 
proportional to the linewidth enhancement factor a ac-
cording to (18). The best way to decrease the laser chirp 
is to have a smaller a .  

v. DISCUSSIONS RESULTSOF EXPERIMENTAL 
It was reported that in  a GaAs mode-locked VCSEL the 

pulse was downchirped [ l ] .  A grating-pair with a tele- 
scope setup was used to generate positive dispersion to 
compensate for the chirp. Other reports revealed that 
pulses from InGaAs-InP mode-locked VCSEL’s were up- 
chirped [2], [3]. The variation of the chirp sign can be 
explained from Figs. 5 and 6. In the GaAs VCSEL, the 
laser pulse was always longer than 10 ps while the pump 
laser pulsewidth was only 5 ps. Accordingly, the laser 
pulse must have been downchirped-the first case dis- 
cussed in Section IV. In the InGaAs-InP VCSEL, the 
pump pulsewidth was over 150 ps [ 3 ] and the laser pulses 
varied from 5 to 40 ps, which were shorter than the pump 
pulsewidth, thus the laser pulses were upchirped-the 
second case discussed in Section IV. In the case of [2], 
although the laser pulse was about 7 ps, longer than the 
pump pulsewidth, it was actually the addition of several 
pulses very close to each other. The actual pulsewidth of 
the individual pulses was shorter than the pump pulse. 
Also, the pump came from the compression of a 120 ps 
pulse by a fiber grating-pair compressor, so that the com- 
pressed pulse had a relatively long tail, which differed 
from the pump pulse shape of Gaussian we have assumed 
throughout this discussion. Different shapes of the pump 
pulse will make the laser pulse to change its chirp sign at 
different laser pulsewidth, but will not change the basic 
discussions we have made. 

It has been found experimentally that the laser chirp is 
widely tunable by varying the laser cavity length. It is 
understandable from Figs. 4 and 7 that the variation of AT 
will change not only the magnitude of chirp, but also the 
linearity of the chirp. More importantly, the laser pulse- 
width is critically dependent on the matching of the laser 
cavity length and the pump cavity length in a synchron- 
ously pumped laser system. The variation of the laser of 
the laser cavity length will vary the relative position be- 
tween the laser and the pump pulses A T ,  thus severely 
varying the laser pulsewidth and altering the pulse chirp 
as shown by Figs. 5 and 6. 

1317 

SO , ,10  

40 
h 
v1 

v 

d 30 
e 
5 
$ 20 
a 


10 

0 
0 SO 100 150 

Cavity Length Detuning (pm) 

Fig. 9. The laser pulsewidth and its output power versus the cavity detun- 
in& in a mode-locked GaAs VCSEL. Also shown is the variation of the 
compressed pulsewidth with the cavity detuning. The solid lines are a guide 
to the eye. 

Fig. 9 shows the laser pulsewidth and the output power 
as a function of the detuning of the laser cavity in a mode- 
locked GaAs VCSEL. The pump pulsewidth is 10 ps and 
the pump power is 150 mW. Also shown in Fig. 9 is the 
compressed pulsewidth. Note that efficient pulse 
compression occurs only for a very narrow region close 
to the maximum output power and where the uncom-
pressed pulsewidth is not at the minimum. A similar ob- 
servation was found in the InGaAs-InP system [ 3 ] where 
the maximum compression occurred when the uncom-
pressed pulsewidth was 30 ps, rather then the shortest 
pulsewidth of 5 ps. 

The phenomena are also explainable. We find in Fig. 
7(a) that the maximum net gain happens at AT - 3 ps for 
the laser pulsewidth of 15 ps and laser pulse energy of 5 
nJ, rather than the cavity length matching case of AT = 0 
ps. At this position, the chirp of the laser pulse is more 
linear than the cases of larger AT [Fig. 7(b)], thus the 
compression is more effective. To optimize the laser 
pulsewidth in a synchronously pumped laser system, 
however, the laser cavity should be detuned longer, rather 
to be the maximum gain position, so that the gain satu- 
ration can be fully used to suppress the trailing edge of 
the laser pulse [lo]. For a larger A T ,  the chirp linearity 
deteriorates, thus the compression becomes less efficient. 

VI. CONCLUSION 
We have discussed the origin of the laser pulse chirp in 

mode-locked VCSEL’s. Gain saturation and pulsed opti- 
cal pumping are the dominant causes of the pulse chirp- 
ing. The adjustment of the chirp value can be realized 
mainly through tuning the laser cavity length thus varying 
the laser pulsewidth. The sign of the laser chirp is closely 
related to the laser pulsewidth and the pump pulsewidth, 
as well as the relative importance of the gain saturation 
and the pulsed optical pumping. The magnitude of the 
chirp is so large tha the usual intracavity prism-pair chirp 
compensation becomes impractical. This problem is in- 
trinsic to the synchronously pumped VCSEL system since 
larger pulse energy is always related to a larger variation 
of carrier density, producing larger chirp. External cavity 
chirp compensation seems efficient [1]-(31, but the com- 
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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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