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INTRODUCTION

Tunable Diode Lasers (TDL) have been used for several years as ultra
narrow band (<30 MHz) sources for ultra high resolution spectroscopy of many
different infrared absorbing gases. Interest in the TDL has been increasing in
récent years due to their possible use in different types of spectroscopic
systems, i.e., Laser Absorption Spectrometer (LAS) and Laser Heterodyne
Spectrometer (LHS). These systems all have the common goal of making remote

or in situ measurements of one or several atmospheric gases and use the TDL as
a'spectroscopic source. Because of the interest in high detection sensitivi-
ties, the noise characteristics of the TDL have been studied for frequencies
leéss than 20 kHz (refs. 1 to 3). For heterodyne applications, the high fre-
quency (>1 MHz) characteristics are also important. Therefore, we have studied
the high frequency noise characteristics of the TDL as a part of a full TDL
characterization program which has been implemented at Langley Research Center
for the improvement of the TDL as a local oscillator in the LHS system. In this
study which involved the characterization of TDL's from two commercial sources
(Laser Analytics and New England Research Center) and one private source
(General Motors Research Laboratory), it has been observed that all the devices
showed similar high frequency noise characteristics even though they were all
cpnstructed using different techniques. We will now report these common high
frequency noise characteristics.

EXPERIMENTAL DETAILS

The TDL noise characteristics facility is shown in figure 1. The TDL is
mpunted in a commercial closed cycle cooler which has been modified to minimize
frequency fluctuations which are induced during the cooling cycle. Radiation is
cpupled through a wedged AR coated ZnSe window to a 37 mm £/1 Ge lens which
cpllimates the TDL emission. This collimated beam passes either to a high speed
HgCdTe detector (IF bandwidth = 2 GHz) or to a monochromator. The monochromator
whs used to investigate the spectral characteristics of the TDL output. The
hiigh speed detector was used to measure the high frequency noise characteristics
off the TDL output. The detector high frequency output was amplified by two
cpscaded IF amplifiers which were followed by a square law detector used to

129




rectify and integrate the IF output. The low frequency portion of the detector
output and the integrated IF were monitored on a dual channel oscilloscope. At
times, the frequency distribution of the IF was displayed on a spectrum
analyzer.

The high frequency noise present in the TDL output for the numerous devices
studied can be categorized according to frequency characteristics. Figure 2(a)
shows a typical example of what we have categorized as low frequency noise
(<100 MHz). The spectrum analyzer was set on 10 MHz/div with a 300 kHz resolu-
tion bandwidth and 10 dB/div. The zero frequency is located at the start of
the left to right scan. For this particular spectrum, the noise drops to the
constant baseline value in the first 30 MHz. In other cases, the noise extended
out to 100 MHz. This type of noise can be caused either by a small amount of
optical feedback or by physical phenomena intrinsic to the semiconductor laser
itself. In the example represented in figure 2(a) the noise is associated with
low frequency switching between laser modes (or sets of modes) at a particular
current and temperature. ;

The second category of noise is the type which contains one or several

narrow band spikes. 1In the case of several spikes, the spikes sometimes form a !
harmonic sequence (ref. 4). This type of structure is shown in figure 2(b).
The total frequency was 1.2 GHz. The noise shown here is sometimes associated

with the fregquency of intensity self-pulsations (refs. 5 to 8) and is called
self-pulsation noise. The harmonics appearing in the noise spectra may come
from the waveform distortion in the pulsing light output (ref. 9). This cate-
gory of noise is also associated with a heterodyne beating between closely
spaced transverse modes. Harward and Hoell (ref. 10) have reported this type

of harmonic structure for Pb-salt lasers with optical feedback while Broom and
others (refs. 11 to 14) have shown this to be true for GaAs semiconductor lasers
Figure 2(c) shows the harmonic structure induced by optical feedback. The spac-
ing between the peaks is commensurate with the spacing between the feedback
element and the TDL.

The case of a single narrow frequency spike is shown in figure 2(d). This
type of structure has been the subject of experimental and theoretical investi-
gations in GaAs (refs. 15 to 19). The theoretical treatment of McCumber

(ref. 15) for fluctuations in multimode laser oscillators was based on simple
rate equations. The intrinsic quantum fluctuations drive the coupled electron
and photon distributions at a characteristic resonance spiking frequency. This
type of noise is called resonant shot noise.

The last category of noise structure has a broadband nature. This is shown
in figure 2(e) for a 0 to 1.2 GHz spectrum. The noise structure is seen to rise
above the no-noise baseline (bottom trace) in a more or less uniform manner.

The broadband structure may be associated with the "low" frequency tail of a
resonance where the spiking frequency is greater than the maximum frequency of
the spectrum analyzer. This type of tail has also been seen in GaAs (refs. 13
and 20).

The next figures show the spatial dependence of both the direct detected
power and the IF integrated noise. The bottom and top trace in each of the
photographs in figures 3(a), (b), and (c) are, respectively, the TDL direct
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detected power and the IF integrated noise present in the TDL output. For
these measurements an etalon is inserted into the beam path and scanned through
one free spectral range. Each of the figures 3(a), (b), and (c) are for differ-
ent spatial positions in the TDL image. Each spatial position produces a dif-
ferent modal distribution of both the TDL power and the IF noise. The differ-
ential translation between each measurement was about 25 pm. The highest power
TDL mode does not have the highest IF noise. In fact, numerous cases have been
observed in which a very small mode has a very large amount of noise. Each of
the figures 3(a), (b), and (c) were taken at the same temperature and current
conditions on the TDL. The observed spatial dependence of the mode and noise
mode structure has been observed in GaAs and has been attributed to different
lasing filaments in the laser junction (refs. 18 and 21). Due to the aberra-
tions in the present optical system, the individual lasing filaments cannot be
optically separated. Their presence is substantiated by the spatial dependence
of the TDL modes.

Figure 3(d) shows the output for the same spatial position as in fig-
ure 3(c), but with the etalon removed. All TDL modes present in figure 3(c)
are present on the detector simultaneously in figure 3(d). The bottom trace,
which was AC coupled, shows a variation not observable in the previous cases
because the total power level is much higher. The variation was caused by
mechanical vibrations in the closed cycle cooler. The upper trace, which was
DC coupled, shows that the noise level is much reduced (in this case to zero)
when all of the TDL modes are incident on the detector. The figure shows that
the high frequency noise of a single mode which is caused by high freguency
intensity fluctuations, is, for a multimode laser, higher than fluctuations of
the total output. This result occurs because the strong negative correlations
between the single, coherently oscillating mode and the nonlasing modes act to
reduce the total noise output. This result, too, has been observed in GaAs
semiconductor lasers (refs. 20 and 22). Both of these references have reported
single mode noise power levels 30 dB higher than the noise power for all modes.
The noise in this case has been given the name partition noise and is asso-
ciated with multimode operation. The decrease in noise when multimodes are
incident on a detector compared to the noise in a single mode is called noise
amplitude stabilization.

In the previous set of figures, the spatial dependence of TDL mode struc-
ture was demonstrated along with the phenomena of noise amplitude stabilization.
In figure 4, parts (a), (¢), and (e) also show the spatial dependence of the
mode structure and the IF noise while parts (b), (d), and (f) show the spatial
dependence of the noise amplitude stabilization. Figures 4(a), (c), and (e)
were obtained in the same manner as figures 3(a), (b), and (c) (for a different
current and temperature). The variation in the individual mode power with
spatial position as well as variation in the IF integrated noise is again
observed. Figures 4(b), (d), and (f) were obtained by synchronizing the
oscilloscope to a mechanical chopper which replaced the scanning etalon at each
position. (The chopper was used to determine the noise baseline with no TDL
radiation on the detector.) These figures were obtained at the same positions
as figures 4(a), (c¢), and (e), respectively. Figure 4(b) shows only a slight
amount of noise when all modes are incident on the detector even though the
individual modes appear to be much noisier. At this position, the noise is
again amplitude stabilized as in figure 3(d). As the detector is translated
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across the TDI image to obtain figures 4(d) and (f), the amount of IF noise
variation is much larger than the variation in the direct detected power, indi-
cating a spatial dependence of the noise amplitude stabilization.

Figures 5(a), (b), and (c) show the spatial dependence of the TDL modes
and the IF noise in these modes for a different current and temperature than was
used in the previous figure. These figures were also obtained by moving the
high speed detector to different positions in the image of the TDL. The dif-
ference in the TDL modes and the IF noise generated by these modes is evident
for the three spatial positions. These results are similar to those shown in
figures 3(a), (b), and (c¢), and 4(a), (b), and (c), except that two sets of
longitudinal modes have been identified in the direct detected TDL mode spectra.
These are indicated by the two sets of equally spaced lines at the top of each
figure. The breaking up of the TDL output into two groups of longitudinal modes
is suggested by the appearance of the IF integrated noise in figure 4(a) which
is dominated by the noise generated by one set of longitudinal modes. The
appearance of two sets of longitudinal modes is a common occurrence in GaAs
lasers and has been attributed to different lasing filaments (refs. 21, 23,
and 24). Each filament may act as an independent laser with its own family of
modes. The different characteristic wavelengths are due to material inhomoge-
neities. Optical coupling between filaments was reported by Deutsch and Hatz
(ref. 25) as well as uncoupled filaments by Guekos and Strutt (ref. 21).

Figures 6 and 7 indicate that the interaction between lasing filaments is
involved in the appearance of excess noise in the laser modes. The curves in
figures 6(a) to (e) show monochromator spectral mode scans of the TDL output
from 9.35 to 9.47 um for different TDL injection currents. The current in
scan (a) was 1.337 amps and in each succeeding scan, the current was increased
by 1.0 mA. Scans (a) to (c) show little variation in the mode structure. The
TDL output was made up mainly of the modes labeled 1, 4, 5, and 7. At
I = 1.340 amps, modes 2, 3, and 6 appear. The relative spacing of all the
modes indicate modes 2, 3, and 6 belong to one lasing filament while 1, 4, 5,
and 7 belong to another. Table I shows how the power in the individual modes
changes with current. The total power in the modes remains relatively constant,
with the power decrease in modes 1 + 4 + 5 + 7 matched by an increase in
modes 2 + 3 + 6. The large change in power in the modes occurs at
I = 1.340 amps where modes 2, 3, and 6 appear. The appearance of these modes
coincides with the occurrence of broadband excess noise in all the TDL modes.
Thus, the noise is associated with the appearance of the second filament and is
probably due to an interaction between the filaments either in the TDL, caused
by coupling of the filaments, or on the detector, caused by a beating between
the filaments. The first case is the more likely since the noise was observed
to be broadband rather than of the spiking resonance type, and the relative
separation of the individual modes gives rise to beat frequencies which are
higher than our system bandwidth.

Figure 6 shows that the appearance of a new filament, as indicated by the
appearance of new laser modes, coincided with the onset of excess noise, thus
implying that the onset of filamentary operation was responsible for excess
noise. The next figure shows that filamentary operation, per se, does not nec-
essarily give rise to excess noise. Figure 7 shows the same type mode scan as
in figure 6. In figures (a) to (1), the current is changed from 1.7895 to
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1.8005 amps in 1 mA steps. The spacing between modes indicates modes 1, 3,

and 5 belong to one set of axial modes associated with one filament while

modes 2, 4, and 6 belong to another set and, thus, another filament. The
excess noise 1is not present in the TDL output in mode scans (a) to (e). Start-
ing with scan (f) and continuing, the TDL output shows excess noise. Examina-
tion of table II shows that while changes occur in the individual modes, the
relative power in each set of modes, as well as the total power, remains rela-
tively constant. The exact cause of the noise is not known. One possible
explanation is that, initially, the two filaments were sufficiently spatially
separated so that they were uncoupled and noninteracting. The current increase
from 1.7935 to 1.7945 amps may then have caused a slight spatial shift of the
filaments sufficient to cause interaction between them with the consequent pro-
duction of excess noise. Both uncoupled and coupled filaments have been
observed in GalAs (refs. 21 and 25).

Figure 8(a) shows a TDL operating multimode with no excess noise in indi-
vidual modes. The bottom trace of the figure shows the direct detected TDL mode
structure obtained with the scanning etalon. The top trace shows no excess
noise in the integrated IF for the individual TDL modes. Moving the detector
about in the TDL image did not show a change in the mode structure as has been
observed in previous figures, indicating only one lasing filament. Thus, this
is one more indication that excess noise may in some cases be caused by an
interaction between lasing filaments. Figure 8(b) shows the output of the TDL
which is also quiet when all the modes are incident on the detector. In this
figure, the scanning etalon was replaced by a mechanical chopper as in some of
the previous figures. Since the individual modes are quiet, any one of these
modes may be optically isolated and used as a spectroscopic source in a high
speed detection system.

CONCLUDING REMARKS

In summary, we have shown that excess noise generated by Pb-salt lasers can
be classified according to high frequency content and we have indicated a pos-
sible explanation for each noise category. We have shown the spatial dependence
of the TDL modes and the IF noise associated with these modes which indicated
that the semiconductor lasers tested sometimes emit simultaneously in two or
more lasing filaments. Results presented show that multiple filaments are at
times involved in the mechanism which generates excess noise although the mere
presence of multiple filaments does not guarantee that excess noise will be
present.

Throughout the results presented, we have shown the similarity between the
Pbl_xSnxSe semiconductor lasers and the results of other workers on GaAs semi-
conductor lasers. Although these two materials are different and emit radiation
at different wavelength regions, the similarities are such that the techniques
used to control the excess noise in the GaAs semiconductor lasers may also work
on the Pb-salt lasers.
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TABLE I.- PEAK HEIGHTS OF MEMBERS OF LONGITUDINAL MODE

FAMILIES AT LASER CURRENTS FROM 1.337 TO 1.345 AMPS
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Laser Mode
current,
amps 1(2]3]af[s]|e]|7 + 3 1+4+54+7| Sum
overall
1.337 15| 0 oOj1e |12 |0} 12 0 58 58
1.338 16| 0 0119112012 0 59 59
1.339 17| 0 019111 |0} 12 0 59 59
1.340 1611 1])1¢ 810113 2 56 58
1.341 7171} 16 8 3141412 27 30 57
1.342 61818 6 314112 30 27 57
1.343 68|19 5 215113 32 26 58
1.344 518120 5 2157113 33 25 58
1.345 518121 4 215113 34 24 58
TABLE II.- PEAK HEIGHTS OF MEMBERS OF LONGITUDINAL MODE
FAMILIES AT LASER CURRENTS FROM 1.7895 TO 1.8005 AMPS
Laser Mode
current, Sum
amps 1 2 3 4 51611+ 3 2+ 4+ 6
overall
1.7895 5 8 9114110} 8 24 30 54
1.7905 5] 11 8|14 1111 o6 24 31 55
1.7915 4| 13 81131112 3 24 29 53
1.7925 315 8|13 |13 2 24 30 54
1.7935 3117 813113} 1 24 31 55
1.7945 10 5} 10 ] 15 51 7 25 27 52
1.7955 11 4| 111 18 51 8 27 30 57
1.7965 12 31111 19 417 27 29 56
1.7975 12 3111 ] 20 41 7 27 30 57
1.7985 13 31111} 19 41 6 28 28 56
1.7995 15 211114 20 315 29 27 56
1.8005 16 3110121 41 4 30 28 58
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Figure 2.- Categories of excess noise.
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