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Abstract:

Control over a diode laser's wavelength can be accomplished by an external cavity grating system
whereby light of the desired frequency can be systematically returned into the lasing medium of the
diode. This feedback augments a particular mode in the diode's spectrum and allows for tuning of the
laser. Two possible configurations will be mentioned, Littrow and grazing incidence, with the emphasis
of the study on the former. There are several graphs demonstrating the tuning characteristics of the
external cavity laser. Also, the tuning range of the Littrow cavity will be shown to be greater than 11
nm for a 780 nm laser and have a frequency peak width of less than 1.7 MHz.
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ABSTRACT

Control over a diode laser’s wavelength can be
accomplished by an external cavity grating system whereby

light of the desired frequency can be systematically’

returned into the lasing medium of the diode. This feedback
augments a particular mode in the diode’s spectrum and
allows for tuning of the laser. Two possible configurations
will be mentioned, Littrow and grazing incidence, with the

emphasis of the study on the former. There are several
graphs demonstrating the ‘tuning characteristics of the
external cavity laser. Also, the tuning range of the

Littrow.cavity will be shown to be greater than 11 nm-for a
780 nm laser and have a frequency peak width of less than
1.7 MH=z.
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CHAPTER 1
INTRODUCTION

A wide range of diode lasers are now.manufactured which
have lasing wavelengths in the regions of 450, 670, 780,
1300, or 1500 nm. The advantages of these lasers are their
extremely compact size, high efficiency, and'relatively high
output powers (maximum outputs rénge from 3 to 250 mW) which
méke them one of the most convenient lasers ever developed.

Despite these advantages, diode lasers can be somewhat
unpredictable. The parﬁicular'wavelength that lases not only
varies  between ‘diodes, depending on the éreqise
manufacturing details, but also varies for an individual
laser depending.on injection current and temperatufe of the
diode. Some lasers have even been found to spontaneously
change their wavelength in mode hopping experiments.!

Because there is a wide range of wavelengths where a
diode will lase, and the possibility that a diode will lase
at several wavelengths.at once, some control of the diode is
desirable. The addition of an external cavity provides the
ability to. single out and change the wavelength at which the
diode will lase. The construction and tuning properties of

several diodes are studied in this work.
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The applications for a di&de laser which is tunable
over -several nanometers are numeroﬁs, A stable, single
wavelength is necessary in holography. For optical
communications, many separate frequencieé can be transmiéted
on the same optical fiber thus increasing‘the communication
bandwidth of the 1line. In many atomic transition
experiments, the absorption of a particulér energy isk
needed. By tuning a diode across this transition energy,
valuaﬁle information cén be gleaned. A tunable diode is
also useful in the trapping and cooling of single atoms

where precise control of energy is necessary.?
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CHAPTER 2 .
THEORY

Each diode laser produces a broad spectral emission.

The peak of this emission varies between lasers due to'the‘

dopant levels ih the GaAlAs which makes up the diode, -

differences in the p-n junction, énd the physical size of
the laser.?

The broad spectral emission region is constrained by a
necessary‘intensity level whereby the diode will have enough
gain at a particular wavelength to producé a population
“inversion with resulting lasing action.® This amount of

gain is called the lasing threshold level. A discussion and

sample calculations on the gain' profile across the p-n -

junction-of.a diode laser are found in Appehdix A.

The particular wavelength at which the dio&e will lase
is further constrained by the diode-air interfaces called
the laser facets. ?he-spacing of these regions creates a
cavity in which the photons can circulate with a résultanﬁ
lasing action. The laser facets are generally éither made
by polishing the ends or, preferably by cleaving th’e.chip,5
creating a mirrored surface due to the. index change at the

interface. However, some higher powered lasers have one
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highly reflecting facet and the other anti—feflection
coated,® which proves advanéageous for»tuning purposes.

Ideally, the wavelengths which can exist within the
cavity facet walls must have an integral nﬁmber of half
wavelengths: nL = mA/2, where ﬁ is the index of reffaction
of the lasing medium. - Now, différent wavelengths exist for
different.values of m given a constant L. The different
wavelengths therefore correspond to the facet modes of the
laser. The resulting difference. in the wavelengtﬁs of two
successive modes is AA = K2/2Ln.‘ Conversely, if the
wavelength difference is known, the cavity length can easily
be found. These calculations are shown in Appendix B.

Thus, from a broad spectrum of possibilities, only
those wavelengths matching the . facet boundary conditions
give rise to possible lasing action. In most lasers which
circulate photons within their cavity only the mode which
has the highest gain will lase. This can be due to only a
very small difference between +the intensities of +two
neighboring modes. After only a few round trips through the
amplifying medium, a huge difference in the mode intensities
results which has a ratio on the order of 10“.‘ A particular
mode can then be preferentiall& selected, and once this
happens there is a strong partiality for the laser to remain
in the selected mode.’

There are two ways to change the mode which lases in

the diode. One way is to change the gain profile and where




5

the modes are in relation to it. This cén be accompiished
by several methods which alter the diode. If the effective
cavity length of the diode is changed, either by modifying
~ the index of refraction or by‘thermai expansion, a different

wavelength will then fit inside the cavity and the mode will
shift. Aléo, by changing the diode’s input current (thus
the applied voltage,) a chénge in the gain profile will
occur andﬁalter which mode has the maximum gain.®

The alternate method for mode éelection is to change
the lasing threshold with respect to the wavelength gain
profile,. If the threshold level can be altered such that
the gain necessary for a mode in which the diode
preferentially lases is substantiall& increased, and the
neighboring mode’s threshold is reduced, then the laser will
switch to the new mode. This is because the determining
factor as to which mode will lase is the gain above the
threshold levei.

One_way this tailoring of the threshold level can be
accomplished is by the use of a diffraction grating. The
grating will return light of a particular frequency to the
diode which effectively increases the reflectivity of one of
the laser’s facets and results in a reduced threshold level.
The gain above the threshold level is thus increésed at the
desired wavelength and this is seen as tuning of the diode’s
wavelength. The reduction in the threshold 1level also

allows for the ability to lase over a larger range of the
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diode’s spectrum than is seen in a free-running diode.
Details are provided in Appendix C.

The reduction of the threshold level for a_parﬁicular
wavelength by a grating can also be viewed as an.increase in
the <circulating power in the 1laser at the desired
wavelength. This increase of the intensity at a particular
wavelength due to the grating is commonly called feedback.
By changing the frequency of the feedback, the laser is in
effect tuned to that wavelength.

The application of a grating also creates an external
.cavity. If reflection from the front facet of the diode did
not exist, perhaps due to a very good coating prodess, then
the cavity formed by the diode’s back facet and the grating
would have many modes spaced close together. 1In Appendix'B
it is shown that the cavity length L = A2/2nA\A. For a
cavity, the frequency spacing is Av = ¢/2Ln, or substituting

L, Av = cAA/A2. BAn example of how this affects the mode

structure of the plain diode and the external cavity lasers,

here is shown in Figure 1.

The differences between the modes shown in Figure 1 are
for a diode which lases at 781 nm; This corresponds to the
Mitsubishi laser studied. The facet mode separation for
this laser was AA = 0.275 nm = Av = 135 GHz. This value is
compéred to aﬁ 1l cm external cavity which has
A\ = 0.00277 nm = Av = 1.36 GHz. Thus there are about 100

external cavity modes in the spacing between 2 facet modes.
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Also, if the length of the external cavity is changed,
there will be a corresponding alteration of the lasing
frequencies. Any frequency under the gain profile could be
picked. Unfortunately the front surface does play a strong
role and only modes close to the diode’s cavity modes can be

selected.
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The external cavity shown in Figure 3 does have a few
advantages that the most recent system has not yet acqulred
Foremost is the thermal control of the laser by thermistors
Whlch T are bullt, into the ILX Lightwave laser mount.
Secondly, there are ho piezoelectric controllers for the
grating angle or cavity length in the compact version.

The first piezo controls the grating’s rotational

stage. Coarse‘tuning is aceomplished by a micrometer, and
the piezo was computer-controlled via a Stanford Research
Systems SR510 and a Burleigh RC-44 ramp generator. This

‘system was used to effectively study the facet and external

cavity mode transitions. The second piezo controls the

external cavity length; however the piezo’s length change ’

was only enougﬁ to modify the external cavity modes. A
mirror was added to the rotational stage to transform the
angular change of the 0 oxder iﬁto a very small
translational change. Lab equipment connections, grating
and mirror calculations are found in Appendix D.

The Littrow configuration was the preferred design in

that it was fairly easy to align for tﬁning and provided

stable, consistent results. The aluminum base to which the

component parts were attached was later found to have
observable thermal expansion effects.

A second configuration was briefly explored. The
grazing incidence set-up (Figure 5) essentially used the

same components but in a different order. The tuning and
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but it was also necessary to enclose the cavity in a box to .

shield it from unwanted air temperature variations caused by

drafts from the air.conditioning system. Even with these
measures, long term (2 hour) studies showed that thermal
variations of a degree Celsius still caused mode shifts on
the order of sewveral GHz.

Thé mode struqtures of the #arious diodé lasers, free
running and in external cavity systems, were studied with

three apparatus: spectrograph, Fabry-Perot, "and a

Supercavity Fabry-Perot. In the spectrograph, a collimated

beam passed through a single slit of 16 pfim, continued for
1.5 m to a 450 liné/mm concave reflection grating and back
another 1.5 m to a 1024 diode Reticon array whose signal was
displayed on an oscilloscope. For the Fabry-Perot, the
laser’s beam was expanded by a microscope objective lens and
recollimated by a 5 cm focal length lens.: The beam passed
through a Burleigh Fabry-Perot, and was focused onto a

photodiode whose signal was sent to an oscilloscope. The

Supercavity’s configuration and calculations are found in

Appendix F. The light was sent to the Supercavity by

optical fiber so that-a_éonsistently mode matched signal

would be provided even when the diode was moved. As with

the Fabry-Perot, the resﬁlﬂing signal was focused onto a

high-gain photodiode and the output sent to an osCilloscope.\

The resﬁlting spectra from these three instruments were -

displayed on a Tektronix 2230 storage oscilloscope which was
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able to capture a picture of the screen. The data was then
transferred to an AT&T 6300 Plus computer and stored. Most
of the data acquisition was automated to a certain extent by
the AT&T controlling the experiments via GPIB interfaces.
A lab schematic is in Appendix D. Appendix E has a listing
of the main controlling program that was used.

After the data was transferred from the oscilloscope
into an (x, y) array, conversion of the data into graphical
form was necessary. Generally this involvéd two steps:
first, simultanecusly converting the oscilloscope values of
x into nm or GHz and offset y to represent the changing
configuration (grating angle, cavity length, time,
temperature, etc.) as well as the intensity at a given
wavelength or freéuency; second the many separate data files
were combined into a single unit which the Grapher program
could display as a three dimensional plot. This tended to
be a tedious process as the resultihg data files were on the
order of 20,000 data points. The data conversion and
compilation was usdally performed on a Zenith 386 20 MHz
computer so that the process could be accomplished in a

reasonable length of time.
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CHAPTER 4

EXPERIMENTAL RESULTS
Inherent Spgctra of Several Diode Lasers

The first studies are of the free-running spectrum\of
various diode lasers. As can .be seen in Figure 6 for a
Toshiba TOLD 9211 laser diode which is centered at about
670 nm, the gain profile is fairly evident as well as the
individual modes created by ﬁhe facet cavity. Since one
mode has a higher gain than the neighboring modes, it tends
to .dominate in the spectrum. If the current is increased,
there is often an even greater dominance of one que aé is
evident in Eigure 7. However, neigﬁboring modes still have
eﬁough gain to lase and for many applications this multiple
mode response is undesirable. A composite graph showing how
the gaip profile changes for a'particular laser is seen in
Figure 8. This image cléarly shows several interesting'
features. By measuring the spacing between the modes, the
laser diode’s cavity length can be found as shown in
Appendix B. -

As the current increaseé,'thé gain profile should shift
to shorter wavelengths if only the carrier density is taken

into account. However, the mode structure has an obvious




E3

/0..

!%ll

# (



HI3V

NN

/0..

D3



0l

CD3l

®EEEE@Q@ X
@EEe@EEE@R@ X
" Peccccecaee
L ) 9.9.9.9.9.90.0.9.0.0.6 A
XX XOXXXXXXXX @

QPO AR@WB@@
B3l @ 33
% W U 3 A
@ G G X
B L uxooooooaoax XXXXXX
1C3L eaweeeeee@
X @
N XOOOKXXHXXHKXKXXXXK
L
gt 66 @ X
BD3
131 33 LT 33011 3B B3Il 3B =l

7 8 9

H3 %"  ( $% /0..
3 7(%



- s ) L U 25 /R, ) — LI

21
shift to longer wavelengths by about 0.75 nm for the cu;rent
increase seen in Figure 8. Although this type of shifting
seems toAbe in contradiction with models due to the carrier
density,' thermal expansion effects are known to have a
much more significant effect.? It would seem that the
increased current must raise the temperature'of the diode
even though there is a temperature control on the diode’s
heat'sink. An increaséd temperature would give rise to
_ thermal expansion of the diode, thus creating the shift to
longer wavelengths.
| What is disturbing is that another diode of the same

brand and model 5ehéved rather differently. Figure 9 shows
a second TOLD 9211 (this one was labeled 7669) but this
diodg does not éxhibit as much of a multimode tendency. The-
preferred mode does display an equivalent shift (= .75 nm}
to longer wavelengths. However, it was noticed that éhortly.
after data was taken for a tuning experiment, and after the
.diode was briefly subjected to a current of 52 mA while in
a Littrow arrangement, the diode behaved oddly. It would
only laée at hiéher currents (> 50 mA) and exhibited a
multimode spectra as the first laser did.

This type of sudden change was also noticed on another
TOLD 9211 laser. It seems as though these lasers undergo a
partial change to their gain profile, perhaps a type of
flattening so that several modes are’ éllowed to lase

simultaneously. Since these lasers must thereafter be run
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at higher currents, it has been common to refer to them as
having had "strokes" as they weren’t quite dead, buﬁ they
didn’t function as they had earlier. Only TOLD 9211 diodes
seeﬁed to have strokes; when other 1laser types had
accidents, they completely died.
Figure 10 shows the behavior of a Mitsubishi 4402-01
" laser. The main peak is near 781 nm. Again, as the 1ase£
current is increased, the mode spectrum movés to a longer
waveiength, but the shift this time is only by one facet
modé (.33 nm:) Figure 11 is the last laser studied, it is
a high powered (20 mW maximuﬁ output) IR laser. This laser
~has a unique behavior iﬁ that the mode actuéliy shifted to
a shorter wavelength as the current increased. This could
be a result of the uniqueAcoating structure on the diode’s
facets. One facet has a highly ;eflective coating of A/4
layers of alterhating Al,0, and.amofphous Si while thé other
has an antireflection coating of the Al,0,.%°
Although this ‘laser may - be fo;lowing the expected
movemen@ of the gain profile to shorter wavelepéths at’
higher currents, careful inspection of the graph does reveal
that there is a shorter wavelength mode which woﬁld lase at
the lower currents but does not have quite enough gainf As
the current is increased the longer wavelength dominates
thus suggesting that there.is a "desire" for some sort of a
shift to 1longer wavelengths resulting from thermal

expansion.
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Mode Transition Experiments

The application of an external cavity"aramatically
alters the'spectra of even some quite multimode profiles..
For example, Figure 6 of a TdLD'Qle laSer cieérly shows at
least 12 modes, Sut when the Littrow'cbnfigurétion external
cavity was applied, the spectrum becomes that of a single,
dominant facet mode. (Figufe 12) This ability to choose a
'singie mode is a direct_conéequencé of the reduced threshold
level allowing the wavelength associated with that
‘particular mode to have an artificially augmented gain level
as wés mentioned in Appendix C.

Figure 13 is thé‘composite of many mode structure
graphs, each taken at a separate grating angle. ' At the
bottom centeruof the graph many modes can be seen. This is
essentially the free running spectrum similar to a single
line in Figure 8. The grating has little effectron the laser
because the reduced threshold level from the grating does
not reach the gain profile. As the grating anglé shifts,
tﬁe threshold level crosses more. of the gain profile and &
particular mode is excited. The odd shift in the second
quarter of the data was due to human efror; there should be
no overlapping or missing ﬁodes; The tuning range of 9 nm
is centered about the 670 nm wavelength. The modeé seen at
the top of the gfaph are Dbelieved to be caused by'
reflections off the edge of the microscoée objective lens

used to collimate the beam. The reasoning is that these
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modes are weaker than most of the main ﬁodes, they follow
the éame general pattern as the main modes, and they are
close to the wavelength of the last modes in the 'main
sequence. Also, at the -grating angle used to tune to this
structure, the diffracted light was at the lens edge.

Better alignment of the'colliﬁating lens seems to bé
evident‘for the case of the Mitsubishi 4402 laser as seen in
Figure 14. At the bottom of the graph the free running mode
is clearly visible and the tuning is symmetric about this
wavelength. Tﬁese modes are spaced farther apart due to a
shorter diode cavity. Again, the tuning range is about
9 nm. In both Figures 13.and 14, at the extreme ends of the
tuning ranges, the central modes start to make an appearance
since the gain is at the unmodified threshold level.

The tuning range spectra of the Sharp LT024MD0 was made
with the 3 cm external cavity of Figure 4. The anguiar
change of the grating in all three tuning graphs is similar:
12 to 20 milliradians. The larger peak heights of Figure 15
are due to the scaling factor used to make comprehensible
graphé in 13 and 14. The mode spacing of the Sharp'was
similar to that of the Mitsubishi laser, as was the output

wavelength, although the Euning range was wider at 11.4 nm.
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The transitions of the facet modes for the lasers were’
interesting. In Appendix D, a many slit diffraction pattern
with 7000 lines has a full peak width of 0.2 mrad is shown.
The mode separation of_adjacent facet,modes in the TOLD 9211
is also 0.2 mrad so the grating is just able to resolve the
separate facet modes. However, when the grating is tuned
between two modes, both modes may receive enough feedback to
lase. This leads to a transitibn that is not absolute, but
rather to one that shifts its preference gradually. Instead
of a quick'switch, or mode hop, there is a slow change, a
mode ooze, which is clearly evident in Figure 16. If the
facet between the grating and the back facet could be
removed, a continuous transition would easily result. A
similar effect is évident for the Mitsubishi laser, but
because the modes  are spaced farther apart, the transition
.is more abrupt. (Figﬁre 17) Thg,‘mode oozing is
characteiistic of the‘éhangg between facet modes'for'all the
lasers studied. For a shorter transition period, the modes
need to be spaced farther apart or more.lines of a grating
need to be illuminated to reduce angular dispersion.

The mode structure of the diode lasers when viewed with
a Fabry-Perot had a surprising result. 1In Abpendix D, it is
calculated that the angular movement of the grating to
change one facet mode is on the order of 3 prad. However,

experimentally the angular change is closer to 30 Hrad.
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The tendency for a laser to stay in one mode seems to
be a result of tﬁe relatively large ahgular chénge necessary
to change the threshéld profile since its peak width is
large compafed to the angular change necessary for the
external modes. The Toshiba (Figure 18) and Mitsubishi
(Figure 19) lasers display similar characteristics in their
external cavity mdde transitions. Both show a penchant for
'rémaining in the tuned mode, as mentioned‘above,Aeven_though
there are traces of neighboring external cavity  modes.
Also, during the transition from one mode to the ﬁext, there
is a region of ambiguity where the ‘laser briefiy runs in a
number of modes before locking into the ne#t mode. The
facet mode transition is seen to be about 1 GHz which is
consistent with the llvcm cavity used.

The spectra for the Sharp laser (figure 20) is much
cleaner during the external cavify mdde transitiopé‘and no
neighﬁorihg_modes can be seen. This is believed to be due
to the antireflection coating on the front facet surface and
the higher power levels of the laser’s oﬁtputL There is an
even stronger tendency for this laser to remain ‘in a given
mode. The shift and slight curvature of the ‘mode are
similar to effects seen with temperature variations. Near
the tép of this graph, there is a radical movement of the

mode. The movement may actually be an 11 GHz leftward jump.
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' Figure 21, taken with a shorter Fabry-Perot spacihg of
1.55 mm, shows that larger shifts are possiblef The
behavior at the upper quarter of vFigure 21 shows the
transition between facet modes. The region without
substéntial mode structure is where this iaser is running
with multiple external cavity modes as well as changing
between two facet modes.

Transitions between the facet.modes were easy to obtain
and both the Littrow‘and grazing incidence éystems'worked-
well to accomplish this task. But there was a difference
between the two when it came to tuning the external cavity
modes; the Littrow configuration was far more stable. The
grazing incidence system was é.ble to tune to a single
external mode, but as conditions changed, either from
temperature variations or by grating rotation, the mode
became unstable.

The effect in Figure 22 is for an expanding cavity
length, but similar results were seen when trying to tune to
a successiﬁe external mode or when watéhing the system’s
intrinsic stability. The mode would start in a stable,
locked pattern, then it would become erratic béfore going
multimode. Because of this behavior, not only with the TOLD
laser,'but also with the Sharp, the grézing incidence system

was not extensively studied.
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' Frequency Peak Width and Stability

The frequency peak width of the external cavity mode-

was narrower than that which the Fabry-Perot could resolve.
The modification of a second Fabry-Perot into a Supercévity
is discussed in Appendix F. The results from the
Supercavity are encouraging as to the ability of the Sharp

laser to run single mode in an external cavity.

Figure 23 shows the free spectral range of the

Supercavity and the single lasing mode. When using a Sharp -

LT024MD0 20 mW diode, the maximum power output was 0.84 W
The apparent large difference between the diodg’s maximiam
rating and the final output is due to several effects.
First; for the currents at which the diodes were typically
run (50 mA), the power output after collimation of thé
laser was measured at 4 mW. Since the first order
diffraction efficiency for the grating is typically around
'40%, the possible output is reduced to:under 3 mW. Other
losses must account for the remainder of'the 66% decrease.
Higher outputs can be obtained by running the laser at a

higher current but this may'shorten the diode’s life.

Figure 24 is an expanded view of one of the peaks from

Figure 23. The peak width is measured to be 1.69 MHz. This
width gives the Supercavity a finesse of 4,400, The
expected finesse for the cavity is 10,000 so it shbuld be
possible.to see a peak width of 750 kHz. The discrepancy

seems to be due to the R-C time constant of the
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photodetector and connectiﬁg cable measuring the signal.
In'studying the external cavity’s modes, it was noticed
that .there were some unexplained shifts. When a free
running Sharp laser, which is inherently single mode, was
viewed in the Supercavity over the course of two hours, a
definite change in the mode position occurred. (figure 25)

This shift is not primarily due to the laser, but rather to

-the effect of variations in the room temperature which

changed the Supercavity. For this graph,. there was a 1.40C

change in the room.temperature, with a peak change at a
somewhat higher level. The mode shifting is related to the
thermal gxpansion of' the aluminum parts used in the
Supercavity. Aluminum was chosen over.Invar; which has a
much sméller'thérmal expanéion coefficient, because of the
abundance and ability to be easily machined.

As the base of the 11 cm external cavity wés.also made
of aluminum, thermal expansion plays a part in the mode
characteristics. In Figure 26, the thermal shift associated
with the Supercavity i; seen as the broad rightward movement
of the modes, while the leftward shift, and subsequent mode
hops, are due to the expansion of the base plate.

The the;mal expansion of the base plate for the
external.cavity proved to be a factor over long k2 hour)
studies. In a cavity n = 2L/A and Vv = nc/2L. For cavity
expansion Ay = v, - v, = (¢/2)(1/L, - 1/L,) = cAL/éLz.

So AL = 2L°Av/c. Thermal expansion of aluminum is
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AL = OLAT where o = 25 x 10°m/°C.

For the 11 cm external cavity with a 1.4°C temperature
change the length change is 3.85 Hm. Although the frequency
ghange measured from Eigure.27 is 14.5 GHz which would
correspond to a cavity expansion of 4.2 um (and a difference
of = 8%) using this value would not be quite correct. The
thermal shift of the Supercavity needs to be combensated for.
by aligning the modes shift segments in a continuous line.
The reasoning for this is that if there were no temperature
variation for the Supercavity, then the mode shifts Qould
form a vertical band as each mode passed across the gain’
profile. Mode tuning by thermal control of the‘exﬁernal
cavity is not desirable due to the time delay for the system
to settle down and because a better result can be obtained
by movement of the grating.

Since it is the mode shift, and not the hops, éhat
characterizes the expanding cavity, élacement<of the modes
with each new mode shift segment placed above fhe end of the
previous one should give a reésonab;y accﬁrate result for
the cavity length change. (Figures 27 and 28)° The thermal
expansion of the external cavity’s base plate can be found
by measuring the total resultant change and comparing this

to the known temperature change.
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Unfortunately this process was only moderately

successful. The shift due to cavity expansion now seems to

be 5.25 GHz which is 1.52 pm. This is a difference of 60%.
Part of this large discrepancy could be due to an error in
measurlng the temperature or to temperature 1nduced changes

to other components in the system
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CHAPTER 5
CONCLUSION

Tuniﬁg a laser diode has been shown to be relatively
easy to accomplish with a high line/mm g;atihg_and a good
collimating lens. Piezo controls for the grating angle and
cavity length are useful for adjuéting the mode structure
and tuning. A mirror which rotéteé along with the grating
is convenient to keep the beam in line with other optics.

The transition between neighboring facet modes is a
gradual process owing to a shift of the ¥educed lasing
threshold level across the diode’s gain profile. Fécet
modes which lase are in the region where the gain is above
the lasing threshold. Usually, only one facet mode will
lase in a properly tuned external cavit&. However, és the
grating is rotated, two modes may,simultaneoﬁsly exist at an
angle where the threshold level provides for two modes ﬁith
equivalen£ gain. The fransition between modes is often a
gradual shift between the relative intensities with éne mode
eventually_dominatiné.

On an expanded view,'thefemare several external cavity
modes which may exist under a single facet mode pfpfile.

The transition between the external cavity modes is similar
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to that of the facet modes in a general'seﬁse but there are
several unique features. First is that although a simple‘
calculation invoiving the grating'angle is sufficient to
predict facet mode transitione, external cavity modes teﬁd
to be more resiseant to change than what is expected from
the equation.

Second, at the transition point, the spectrum tends to .
either become multimode (as for the Toshiba and Mitsubishi
lasere) or has a sudden transition (seen  for the Sharp
diode).. The sudden external mode shift seems to be the.
result of a good antireflection coating on the dlode s
facet. The most stable Littrow system employed the Sharp
LT024MDO0 laser. An external cavity device with an "off the -
shelf" laser seems to work best with a high powered diode
which has an AR coating already on the front facet. |

In a very easily made Littrow type externai-cav1ty, the
Sharp laser provided a tunlng range of 11.4 nm, a single
mode with a peak width less than 1.7 MHz, and an output
éower of nearly 1 mW. This is an easily transportable
system where alignment is not extremely difficult and is

therefore a very promising and relatively inexpensive

system.
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APPENDIX A

GAIN PROFILE ACROSS A P-N JUNCTION
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