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Abstract

The series combination of a semiconductor-diode gain element (a diode laser
whose end facets have been antireflection coated) and an optical fiber has been
placed inside an external cavity and the external cavity has lased in a single
spectral line whose width was less than the 1.7 x ]0'5-nm resolution of the
scanning Fabry-Perot interferometer used. When a grating in the Littrow config-
uration is used as one of the cavity end reflectors the spectral line can be
tuned. Other elements such as a polarizer can also be placed inside the cavity
to select a desired mode of operation. The addition of elements inside the
external cavity (including the optical fiber) introduces loss which increases
both the threshold current for laser operation and the ratio of power at the
gain element facet to cavity output power. With optimized design the long mean
life of the semiconductor laser can be maintained by reducing the output power
per gain element by less than 33 percent. In terms of the overall goal of this
program, The Fiber-Coupled External Cavity Semiconductor Laser, the results
obtained are extremely encouraging.
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I. Introduction

The thrust of this program is to demonstrate the feasibility of coupling
semiconductor lasers in parallel using optical fibers and thus verify the con-
cept of producing a laser system based on semiconductors with average power of
the order of kilowatts. In this concept the optical fibers from the individual
low-power semiconductor lasers are gathered together to act as a source for an
external cavity with an appropriate spatial filter to assure that coherence is
established over the entire optical-fiber bundle. The fibers are required so
that the lasers can be used in subgroups "remote” from the cavity to reduce the
power dissipation density.

The concept is attractive for application where high reliability is essen-
tial. Semiconductor lasers with estimated lifetimes of 106 hours have been
reported.] Bell Telephone Laboratories are projecting lifetimes of 107 hours
(1000 years) for the lasers they will be using as sources in their fiber optics
telecommunications net.2 Another important consideration in the design of a
high-power laser system for use in applications such as on space platforms,
where prime power is at a premium, is the power efficiency of the laser systems.
Semiconductor lasers have from the time of their invention shown promise for
high efficiency. As a matter of fact, the original semiconductor lasers exhib-
ited nearly 100 percent differential quantum efficiency when operated in a pulse
mode at cryogenic temperatures.3 As both understanding and the art have im-
proved, power conversion efficiencies (wall-plug efficiencies) of 22 percent
have been obtained for pulse operation at room temperature4 and, recently, power
conversion efficiencies of 35 percent have been obtained for cw operation at
room temperature.5

The use of a spatial filter as proposed in this program to assure coherent
output from an array of semiconductor lasers has been demonstrated.6 Three
lasers were forced into coherence by placing reflective strips where the maxima
of the interference pattern would occur if the three lasers used were coherent.
The optical peak power at room temperature was measured to be 5 W, three times
the peak power of a single laser in the array. The use of an external cavity
to control the wavelength at which a semiconductor-diode gain element (a semi-
conductor laser with its ends antireflection {AR) coated) in the cavity will
lase has also been demonstrated. It has been shown7 that, with an external
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cavity, the laser radiation is produced in a single mode with no spectral or
spatial hole-burning in the spontaneous spectrum. Thus the 35-nm spontaneous
line is homogeneously broadened and the energy in this line is fed into the one
mode. In these experiments the cw power in the laser line was 5 mW and its
spectral width was less than 3.5 MHz or 8 x 107 nm.

Figure 1 is an artist's perspective illustrative of the configuration to
be used in this program to demonstrate the feasibility of the Fiber-Coupled
External Cavity Semiconductor Laser. One key element is the use of an optical
fiber in series with the semiconductor-diode gain element in an external cavity.
Since the electromagnetic mode of a semiconductor-diode gain element (laser) is
TE and the electromagnetic mode of an optical fiber is HE, both different from
the free-space mode, it was important to make certain that this combination of
semiconductor-diode gain element and optical fiber performed appropriately in
an external cavity. This report presents results which demonstrate that this
combination does perform appropriately. As a matter of fact, the results pre-
sented in the subsequent sections are extremely encouraging in that they indi-
cate that various "filters" can be placed inside the cavity in series with the
semiconductor gain element/optical fiber combination to select the wavelength
and the polarization of the fiber output. The results also indicate that multi-
mode as well as single-mode fiber can be used.

There is interesting physics in the detailed electromagnetic mode propaga-
tion inside the external cavity through the semiconductor gain element, the
optical fiber, and the various filter elements. In the work reported in this
annua)l summary technical report we have only investigated this physics when it
was felt that it was a means to the end of the feasibility demonstration of the
Fiber-Coupled External Cavity Semiconductor Laser.
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II. Experimental Apparatus

In this section we describe the experimental apparatus used in the compati-
bility study of the diode gain element and optical fiber when they are placed
in series inside of an external cavity. Figure 2 illustrates the placement of
optical components in the external cavity. Not shown is the Super-Invar'four-
bar structure that supports and aligns the separate components. The use of this
Super-Invar structure is essential to obtain the stable monochromatic output ot
required.7 The figure includes all the components employed in various experi-
mental arrangements used in this compatibility study to obtain the results pre-
sented in the next section. The individual experimental arrangements using
subsets of these components are shown in the next section when the data corre-
sponding to the arrangement are presented. Results are also presented in the
next section for preliminary experiments not involving a fiber. The components
used in this preliminary experiment are described at the end of this section.

As shown in Fig. 2, either a plane mirror or a grating (in the Littrow
configuration) is used as the reflecting element at the left end of the external
cavity. When the plane mirror is used it also serves as the output coupler.

In most cases, a 40 percent reflectivity mirror is used. For the collimated

beam normally incident on the plane mirror, the radiation is returned to its
source. This does not provide for frequency selectivity other than that of the
Fabry-Perot resonances of the entire external cavity. When instead of the mirror
the grating is used in the Littrow configuration, it returns a narrow-band first-
order beam collinear with the incident beam. The grating is effectively misa-
ligned for all but this selected wavelength. The grating used has a ruling
frequency of 1200 lines/mm and is blazed to return 90 percent of the incident
beam intensity into the first order. Diffraction into the zero order of the
grating provides output coupling. For either choice of end reflector, mirror

or grating, the optic is held in a two-axis gimbal mount. Piezoelectric elements
allow for fine-tuning the alignment. The gimbal mount is fixed to a plate through
which the cavity structure's Super-Invar rods pass.

Proceeding to the right in the cavity, the next component is a collimating
lens. This is a three-element lens system, AR coated for 820 nm on all internal
glass-air interfaces. It has a 50-mm aperture and a 50-mm focal length. The
lens is mounted directly into a plate through which the rods of the structure j
pass. The lens has no angular or transverse degrees of freedom. Only the posi-
tion of the lens along the bars may be changed.
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In the center of the cavity is the semiconductor-diode gain element. It
is a (A1Ga)As double-heterostructure diode laser obtained from Bell Telephone
Laboratories. It is gain-guided in the dimension parallel to the plane of the
junction and index-guided in the perpendicular dimension. When operated as a
laser, it had a threshold of 100 mA with a peak emission wavelength of ~820 nm.
After the laser was received, it was sent to Design Optics, Sunnyvale, California
to be AR coated on both facets. This reduced the reflectivity from 32 percent
per facet to less than 0.5 percent from 810 nm to 840 nm. The diode chip is
bonded to the top of a 2.5-cm-long copper stud. This stud is held in a specially
designed x-y micropositioner machined from Invar. The positioner is mounted to
two bars of the four-bar structure.

Continuing to refer to Fig. 2, to the right of the gain element is a cylin~
drical lens which compensates for the astigmatism inherent in the gain-guided/
index-quided semiconductor-diode gain element. The purpose of the correction
is to improve mode matching to the optical fiber. For a diode laser from the
same batch as the diode gain element used, we measured a far-field divergence
in the plane parallel to the junction plane (parallel direction) of 7 degrees full
angle at half power (FAHP) and 22 degrees FAHP in the perpendicular direction.
The cylindrical lens is oriented so as to reduce the divergence of the diode
emission in the perpendicular direction while not changing the divergence in
the parallel direction. The cylindrical lens is a drawn gquartz fiber of 40 um
diameter, and is cemented to a miniature four-axis positioner which is mounted
on the same stage as the diode. The lens is adjusted to obtain a far-field pat-
tern that is roughly circular. The separation of the lens from the diode is on
the order of the diameter of the lens.

The next element in the cavity is a graded-index (GRIN) rod lens used to
change the now circular beam from diverging to converging. The index profile
of the lens is parabolic, and Tight rays in such a medium will travel sinusoidal
paths, oscillating back and forth across the optical axis. For the particuiar
lens material used, the pitch of this oscillation is 21.9 mm. The lens is 0.25
pitch long, which is equivalent to a conventional spherical thin lens (of appro-
priate focal length), with a focal length of free space before and after the
thin lens. The use of the graded-index lens is attractive from the standpoint
of size (2-mm diameter, 5.5 mm long, ~2-mm focal length) and light-gathering
power (f/.96, or .46 NA). The lens is held in an arm attached to an x-y-2




micropositioner mounted on two bars of the four-bar structure. Alignment in
the horizontal and vertical directions is aided by the use piezoelectrics on
the x and y axes of the positioner. The axial (z-axis) position of the lens is
optimized at the same time as the axial position of the optical fiber, to be
described next.

Two types of optical fiber have been used in this study. The first fiber,
Corning 4834 is single-mode with a 9 um-diameter core. The fiber end faces were
prepared by cleaving. The fibers were 14 cm long. In an attempt to prevent
temperature fliictuations and stresses from affecting the fiber, and thereby the
operation of the external cavity, the fiber was effectively placed at the center
of a 2.36 cm-diameter Invar rod. In fact, a 1.18-cm-deep slot was machined for
the 13-cm length of the rod and then a V-groove machined at the rod center.

The fiber was laid in the V-groove and a piece of Invar designed to fit the
slot, but with a foam bottom, was then placed in and completely occupied the
slot. The ends of the fibers were waxed into 3-cm-long stainless steel needles
(hollow tubes) to give rigidity and the V-groove made deeper at the ends to
accommodate them. The preparation of the fibers required great care (e.g.,

the fibers were "threaded" into the hollow tubes before cleaving so no damage
would occur to the cleaved end faces). Only very short (0.5 cm) ends of the
fibers protrude from the end of the Invar rod. The Invar rod, along with the
fiber, is positioned by an x-y-z micropositioner fixed to two rods of the four-
bar Super-Invar structure.

Because of the importance of the state of polarization in the spatially-
filtered muitiple gain-element fiber-coupled external-cavity laser, such as
shown in Fig. 1, it is important to investigate the operation of the series
combination of a single semiconductor-diode gain element and optical fiber in
the presence of a polarization-selective element. The next-to-last element in
Fig. 2 is a polarizer. The objective of the polarizer is to preserve a con-
stant state of polarization at the output of the fiber in the external cavity
laser. The polarizer is the infrared type film mounted on a rotary stage. It
is the only element not connected to the four-bar structure. Instead, the
polarizer is supported from a post in the optical table next to the four-bar
structure.

The last element in the external cavity laser is a spherical mirror. It has
a 7.5-cm radius of curvature, centered on the output end of the optical fiber.
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The mirror is coated for maximum reflectivity, and so cannot serve as an output
coupler. The mirror is held in a two-axis gimbal mount, with fine adjustment
of tilt accomplished by piezoelectric activated positioners. The gimbal mount
is fixed to a plate through which the four rods of the cavity structure pass.

The light path in the external cavity is as follows. Light emitted from
the left side of the AR coated laser diode is collimated by the spherical lens
onto the plane mirror (or grating). The reflected (or first-order-diffracted)
beam is reimaged onto the diode facet by the spherical lens. The emission from
the right side of the diode passes through the cylindrical lens, the graded-index
rod lens and into the fiber (single-mode or multimode). A polarizer, when pres-
ent, filters the output of the fiber. The spherical mirror reflects and converges
the diverging light, sending it back through the polarizer, and into the fiber.
The emission of the fiber end nearest the diode is then focused into the diode
by the action of the graded-index rod lens and the cylindrical lens.

Prior to the compatibility study of the semiconductor-diode gain element
and optical fiber when they are placed in series inside of an external cavity,
preliminary experiments were performed similar to those reported by Fleming and
Mooradian7 using a semiconductor-diode laser and then a semiconductor-diode
gain element (a laser with its facets antireflection coated) inside an external
cavity. The experimental arrangement in this case was that of reference 7. In
this case a collimating lens is used on each side of a centrally located semi-
conductor gain element. As before, one side has a plane mirror or grating. The
other side has a plane mirror. It should be pointed out that experimental
apparatus described above and the experimental arrangements used in this report
are built on the foundation of the arrangement used in reference 7.

Figure 3 shows the optical layout of those experiments to be described in
the next section in which the plane mirror was used as the reflector at the
left end of the cavity. Figure 4 shows the optical layout when the grating in
the Littrow configuration is used instead of the plane mirror. These figures
also illustrate the top view of the external cavity of Fig. 2. The four-bar
Super-Invar structure on which the cavity components are mounted is also shown
diagrammatically in Figs. 3 and 4. The diagnostics consist of a back-biased
EG&G type SGD-440 photodiode for taking light output (lux)-current curves, and
a Spex Model 1400-11 3/4 meter spectrometer or a Tropel Model 240-2 Scanning
Fabry-Perot Spectrum Analyzer for measuring spectra. The resolution of the spec-
trometer was 0.05 nm and that of the Scanning Fabry-Perot 1.7 x 10'5 nm.

7
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I1I. Experimental Results
A. Stimulated Emission (Lasing) Spectra

The experiments on the fiber-coupled external cavity laser were all done
with the same semiconductor-diode gain element (diode laser whose end facets
were antireflection (AR) coated). To obtain the spectra typical of a similar
non-AR coated diode laser, another diode laser was chosen from the same batch
obtained from Bell Telephone Laboratories (originally none of the batch were
AR coated). The diode laser which was AR coated had a measured threshold cur-
rent of 97 mA before coating. The diode laser whose spectrum is shown in Fig. 5
had a measured threshold current of 98 mA. The spectrum of Fig. 5 was obtained
for a diode current of 99.3 mA. One can count 20 modes within the full-width-
half-maximum of the envelope of lasing modes. The total number of lasing modes
is more than three times this number. The mean wavelength is 828 nm and the
interval between modes is 0.22 nm, consistent with a diode length of 350 um.

When the diode of Fig. 5 was placed in an external cavity consisting of
two lenses, a grating in the Littrow configuration, and a 40 percent reflectivity
plane mirror as illustrated in the inset of Fig. 6, the spectrum shown in Fig. 6
resulted. The diode current was 98.1 mA, which is the current regime for which
the diode, when not in the cavity, is superradiant. Superradiance as defined
here occurs just above threshold where the light output (lux)-current curves
start to depart from linearity but where laser oscillation has not yet occurred.
Output was taken through the 40 percent reflectivity plane mirror. Because of
the 32 percent reflectivity diode facets, the diode formed a subcavity within
the larger external cavity. For this reason, the grating tuning was critical.
When the grating was tuned into resonance with one of the diode modes, the
increased feedback caused the selected mode to lase. In Fig. 6, this occurs
at 829.1 nm. On either side of the laser line, one can see in the figure, at
much lower intensity, modes due to the subcavity of the diode laser and its
reflecting facets. The mode spacing is the same as in Fig. 5. For the condi-
tions of Fig. 6, the measured power leaving the external cavity through the
40 percent reflectivity plane mirror was approximately 2 mW. At higher diode
currents, the diode subcavity lased, no longer requiring the additional feed-
back of the external cavity, and the spectrum, accordingly, was no longer dom-
inated by a single mode and looked more like the spectrum of Fig. 5.

8
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The diode laser was removed from the external cavity and replaced by a
semiconductor gain element whose end facets had been AR coated. The threshold
current for this external cavity illustrated in the inset of Fig. 7 was measured
to be 144 mA when the grating was tuned for minimum threshold current (which
corresponds to maximum stimulated gain in diode gain element). The output con-
sists of a single spectral line. As reported in Ref. 7 this single-spectral-
line output can be tuned by the grating. The spectral line which is shown in
Fig. 7 displays the tunability of the external cavity laser by illustrating the
single-line laser emission when it is tuned to 816.7 nm. To obtain this spec-
tral line the diode current had to be increased (to 178.1 mA for Fig. 7) because
the threshold current increases away from the gain maximum at about 825 nm.

Note in Fig. 7 the absence of spectral features indicative of reflections at the
end facets of the semiconductor diode. These spectral features which are char-
acteristic of the diode subcavity are still evident in the spontaneous emission,
as will be discussed in section C below, and in the stimulated spectrum if the
spectrometer sensitivity is increased by orders of magnitude over that used to
obtain the data presented in Fig. 7. The laser output at 816.7 nm is single-
mode to within the 0.05-nm resolution of the spectrometer.

After the preliminary experiments whose results are described above were
concluded, the external cavity was altered for the compatibility study of the
diode gain element and optical fiber when they are placed in series inside of
the cavity. The left half of the external cavity (the collimating lens and the
grating used in the Littrow configuration) remained unchanged. The components
used in this configuration were discussed in depth in Section II. Output cou-
pling was taken from the zero-order emission of the grating used in the Littrow
configuration. The experimental arrangement in which the single-mode fiber was

used 1S illustrated in the inset in Fig. 8. This figure also shows a typical
spectrum. Single-mode emission was obtained at 823.1 nm. The diode current for
this spectrum was 170 mA. Because of the losses in the additional optics, the
threshold of this configuration was higher than that corresponding to the experi-
mental arrangement of Fig. 7.

In the next experiment to be reported the grating was replaced with a
40 percent reflectivity mirror. The experimental arrangement is illustrated
in the inset in Fig. 9. The spectrum in this figure was recorded with the
diode current above the threshold current of 151 mA. The emission occurs be-
tween 824.3 nm and 824.4 nm, and was not single-mode over the duration of the

9




scan, recorded at 2 nm/min. However, since the external cavity was not ther-
mally or acoustically shielded, it was not expected that the emission wavelength
would remain temporaily stable. In subsequent experiments reported below with
the multimode fiber, the thermal and acoustic shielding of the cavity was im-
proved and single-mode operation achieved, clearly indicating that it also could
be achieved with the single-mode fiber. It should be pointed out that in the
experiment neither the fiber ends nor the cylindrical lens were antireflection
coated. (Concurrent with these experiments jigs were built and techniques devel-
oped to evaporate antireflection coatings of MgF2 on the ends of the fibers pre-
pared as described in Section I1I. In future experiments nonastigmatic diode
lasers will be used, vitiating the need for the cylindrical lens.)

The next experiment to be described was performed to determine whether a
multimode could be used to replace the single-mode fiber used in the external
cavity for which the results have just been described. It was not a priori
evident that such an external cavity, inside which a diode gain element which
by itself can operate in many longitudinal modes is in series with a fiber
which can also operate in a variety of modes, would be a viable laser. In fact,
the results presented below indicate that it is. Several of these results are
of interest. The coupling efficiency for radiation from the semiconductor
gain element into the multimode fiber (as if it were to be used for fiber com-~
munication) was measured to be 70 percent while the similar coupling efficiency
into the single-mode fiber was less than 20 percent. The threshold for lasing
indicates, as will be described in section B below, that when the external
cavity is lasing, the effective coupling efficiency of the radiation from the
gain element into the multimode fiber is much less than 70 percent. This result
is expected because the 70 percent efficiency is for coupling into many modes
of the multimode fiber while, as determined experimentally from the laser spec-
trum, only a selected mode(s) of the fiber can participate in the laser action
of the external cavity. This explanation can be restated in terms of the ex-
perimental arrangement shown in the inset of Fig. 10(a) by pointing out that
the requirement that the laser mode(s) from the fiber output be "efficiently"
reflected back into the fiber by the spherical mirror of the external cavity
limits the number of fiber modes that can participate in lasing.

The threshold current for the experimental arrangement of Fig. 10(a) was
149 mA and a spectrum recorded at 170 mA of diode current is shown in the figure.

10
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The spectrum shows a single line at 824.1 nm. A Fabry-Perot scan of the spectral
line is shown in Fig. 10(b). The top trace in this figure shows the entire

1500 MHz free spectral range of this scanning interferometer, illustrating that
there is but a single line and this free range corresponds to 14.2 msec of sweep
(time between repeat of line). The bottom trace is a time expansion of the in-
tensified gate around the right-hand line. The FWHM of the line is indistinguish-
able from the 7.5 MHz (1.7 x 1072 nm) instrument resolution.

A polarizer was introduced to the cavity to verify that the external-cavity
laser will operate successfully with a polarization-selective element. In Fig.
17(a) we show a typical spectrum recorded at 180 mA diode current for this con-
figuration. A single spectral line was obtained at 829.5 nm, and the Fabry-
Perot scan in Fig. 11(b) confirms that this was single-mode emission and also
has a linewidth less than 1.7 x 10°° nm. The threshold current was 167 mA. The
polarizer was aligned parallel to the diode gain element polarization. We should
remark that the polarizer is a lossy element even for this preferred polariza-
tion, and this insertion loss is in part responsible for the increase in thresh-
old current. The particular polarizer had extremely high rejection when cross-
polarized. It is clear that we can trade off less rejection of the cross-polar-
ization for more transmission of the preferred polarization, resulting in a low-
ered threshold current and otherwise identical operation. This is characteristic
of devices with homogeneously broadened gain elements, where if one mode of oper-
ation (a particular polarization, in this case) is given a reasonable advantage
over other modes, the preferred mode will dominate to the exclusion of those
other modes.

The temporal stability of the results presented above was also investigated.
In particular, it was considered important to make sure that the measurements
reported were not averages of fluctuations and that there was no spiking, short
pulses or any other such phenomena in the output of the external cavity laser.
With the Spex spectrometer tuned to the laser wavelength, the spectrometer
photomultiplier output was measured for the diode gain element/multimode fiber
configuration illustrated in the inset of Fig. 10(a), also for the configuration
with the polarizer in place as illustrated in the inset in Fig. 11(a). To the
1-MHz bandwidth of the photomultiplier circuit there were no fluctuations, spikes,
etc. for either configuration. Also, the output was stable for a period of the
order of many minutes, the drift being very small considering the thermal varia-
tions expected. The output from the external cavity itself was measured,
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using a T! avalanche photodiode in an appropriate circuit, to the bandwidth of
225 MHz of the Tektronix R7844 oscilloscope with the type 7A16 preamplifier at
its full bandwidth. No fluctuations or spiking were seen for either configura-
tion from baseband to the 225-MHz bandwidth. A note of caution needs to be men-
tioned. The elements in the external cavity need to be properly aligned. With
incorrect alignment a large variety of temporal variations can be produced. This
explains many results of others (published and unpublished) showing these varia-
tions both for a cavity consisting of the series combination of a semiconductor
diode laser and a multimode fiber and for a semiconductor diode laser inside

an external cavity. Our results were particularly gratifying for the configura-
tion with the polarizer in place, as they showed that there was no fluctuation
in the polarization of the output from the multimode fiber when it was used in-
side the external cavity.

12




B. Threshold Behavior

In this section we develop a simple model of the external cavity laser and
find values of the losses in the laser consistent with measured threshold cur-
rents. The gain constant g in the active region of the diode gain element can
be related in the regions of interest to the diode current I by

g = 8(n;I/2sd - J ), (1)

where n; is the internal quantum efficiency, 2 is the length of the diode, s is
the width of the current distribution passing through the active region, d is
the thickness of the active region, and 8 and Jo are constants.

The radiation inside the diode is not completely confined to the active
region. A fraction ' of the energy is inside the active region, and a fraction
1-T is outside, in the cladding layers. The distributed gain constant is there-
fore T'g. There is also a total internal distributed loss constant a related to
the various loss mechanisms in the diode.

The external cavity laser model is shown in Fig. 12. A gain element,
having the gain and loss constants of the diode gain element, is at the center.
Its length is 2. There are absorbers with transmissions T] and T2 to either
side of the gain element. The reflectors at the ends have reflectivities R1
and R2. The threshold gain gy must then satisfy the following condition

RRT‘12T

2
172°1°2

exp[2(rg,-a)e] = 1. (2)

Solving the above equation for 9 and using Eq. 1 to obtain the threshold
current, we find

2.2
esd » & (1/72) n R]RZT]T

= L o 243, (3)

In relating this equation to the experiments, it is useful to invert the

equation and solve for A/ R]RZT%Tg. For two resonators characterized by It’
Ro’RZ’To’TZ and I',Ri,Ré,Ti,Té. we can relate the change in cavity parameters
to the change in threshold as follows:
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exp [ sd/n 8T )

2
2L (4)
RiR2T1 T2

As the reference cavity we will use the diode laser before its facets were
antireflection (AR) coated. For this diode laser Ri = Ré = 0,32, Ti = Té =1,
and Ié = 97 mA. In the external cavity the known values of the end reflectors
will be used and T] and/or T2 will be determined from the experimental values
of the threshold current using Eq. 4. (The threshold current is defined here
consistent with accepted practice as the extrapolation of the stimulated emission-
current curve to zero light output.)

In order to obtain values of T] and/or Tz from Eq. 4, the factor (sd/niar)
had to be determined. By rearranging £q. 1, one obtains

= sd_ -1
rgt Oy )" T+ e (5)

so that by determining g as a function of I one can obtain the desired factor.
An approximate value for (Sd/niBF) was obtained experimentally as follows. The
diode gain element was effectively removed from the external cavity. The spon-
taneous emission power leaving one side of the diode was measured for a partic-
ular diode current. Then a portion of the emission from the other side of the
diode was re-injected into the gain element. Again the power output from the
first side of the diode was measured, this power now including the emission
injected into the other side and amplified by the gain element. By repeating
the procedure at other currents one can obtain, as detailed in the Appendix,
Igs as a function of I, and thereby obtain, using Eq. 5, (sd/niar), This value
which is a weighted average over the spontaneous emission yields a value of
(sd/nisr) of 19.8 mA. This number is used below to determine T, and/or TZ'

It must be pointed out that the values of T] and T2 which will be given
are the geometric mean of the transmission in the forward and backward direc-
tions of the component inserted in the cavity. (The transmissions in the two
directions may be very different; e.g., there is less loss in going from the
active region of the diode gain element to beyond a collimating lens than in
going through the collimating lens back into the active region of the diode
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gain element.) The transmission includes the collection efficiency of the com-
ponent, and the efficiency with which the component re-injects the radiation
into the active beam, as well as the efficiency with which the radiation is
transmitted through the component.

The light output (lux)-current curves for the various configurations are
shown in Fio. 13, We will now determine the values of T.l and T2 of the compo-
nents used in these configurations from the threshold currents corresponding to
the respective configurations. It should be first pointed out that experiments
using a grating in the Littrow configuration cannot be used to determine the
values of T] and/or T2. The grating may tune the diode gain element away from
the peak of its stimulated gain. In this case, Eq. 4 is incorrect because the
two cavities being compared have different gains.

We first consider the external cavity laser shown in the inset of Fig. 7
except with the grating replaced by a 98 percent reflecting plane mirror. It
used a diode gain element, two collimating lenses, a 40 percent reflectivity
plane mirror, and the 98 percent plane mirrgr. The threshold was 135 mA. Be-
cause, apart from the end reflectors, the cavity is symmetric, we should have
T] = TZ' Using Eq. 4, with R, = 0.4, R2 = 0.9, It = 143 mA, we find T] =T
0.27.

We next consider the external cavity configuration shown in the inset of
Fig. 9. To the left of the diode the configuration is identical to that in the
inset of Fig. 7, so the value for Tl = 0.27 is applicable to the new configura-
tion. To the right of the diode the new configuration contains a single-mode
optical fiber. A cylindrical lens and a graded-index lens are used between the
diode and fiber, and an ~100 percent reflectivity mirror defines the end of the
cavity. The threshold was 151 mA. Equation 4, with R] = 0.4, R2 =1, T] = 0.27,
It = 151 mA, predicts a value of T2 = 0.12. This is the mean transmission (for-
ward and backward propagation) through the cylindrical lens/graded-index lens/
single-mode fiber combination, including coupling efficiencies into the active
region of the gain element and both ends of the fiber.

When the single-mode fiber was replaced by a multimode fiber of the same
length (see inset of Fig. 10), the threshold dropped to It = 149 mA. All other
optics were as before, so that R1 = 0.4, R2 =1, T1 = 0.27. Using these values,
Eq. 4 predicts a value of T2 = 0.13. While we stated above that T2 {or T]) is

] 2"

related to the collection efficiency of, and the transmission of radiation through,
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the component one must be very careful in the use of these terms. The multimode
fiber collects 70 percent of the radiation from the diode gain element and the
single-mode fiber 18 percent but the value of T2 for the multimode fiber is only |
about 1.1 times that for the single-mode fiber. The explanation, as mentioned ’
in section A, is that only selected mode(s) of the multimode fiber can partici-
pate in the lasing of the external cavity, because only selected modes are re-
. flected back into the fiber by the spherical mirror in appropriate phase and

2 angle to participate in the laser emission.

——— e
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C. Spontaneous Emission Spectra

When the external cavity laser is operated below threshold, features are
seen in the spontaneous emission spectrum that can be related to subcavities
of the laser. As stated earlier, the above-threshold spectrum of a particular
external cavity configuration had exhibited no features indicative of the orig-
inal diode laser that now served as the gain element. This was attributed to
the successful application of AR coatings to the diode laser facets. However,
we can find evidence of residual reflectivity on these and other optical sur-
faces by examining the spontaneous emission spectrum. When two aligned, suffi-
ciently reflective, optical surfaces exist within the external cavity, Fabry-
Perot-type resonances occur characteristic of this subcavity. It is important
to identify, understand, and minimize these effects, since they can influence
the operation of the external cavity and its tunability. Certainly, reducing
the effects of subcavities is desirable, and it is important to identify them
with this end in mind.

In Fig. 14 we show a below-threshold spectrum corresponding to an external
cavity consisting of a single-mode fiber, a plane mirror, a spherical mirror,
appropriate lenses, and the gain element. (An above-threshold spectrum for this
configuration was shown in Fig. 9.) The first subcavity we identify is respon-
sible for the 0.22-nm period substructure in the figure. After comparing this
substructure to the mode spacing of a diode laser from the same batch of diodes
as the gain element (Fig. 5), we can assume that both the laser mode spacing
there and the spectral substructure here are due to the same cavity. (The
spacing AX = 0.22 nm is consistent with a Fabry-Perot etalon, 350 um long, index
of refraction n = 3.63, and dispersion dn/dAx = -0.001 nm'], that is, the diode.)

The second subcavity we identify modulates the spontaneous emission spectrum
with a substructure having a period much longer than the diode subcavity, approx-
imately 3 nm. This corresponds to a subcavity bounded at one end by the facet
of the diode facing the cylindrical lens and at the other end by the concave
second surface of the lens. Light diverges from the gain element from a facet
having some nonzero reflectivity (as evidenced by the substructure due to the
diode subcavity). This light passes into the cylindrical lens through its con-
vex first surface. Reflections from this surface diverge and are lost. As the
light leaves the lens, some light is reflected from the concave second surface.

17
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This light is convergent and couples back into the gain element. Thus the per-
tinent optical length is from the front facet of the diode gain element to the
second surface of the cylindrical lens. The fused-quartz lens is 40 ym in diam-
eter; it has a refractive index of 1.45. The spacing, AA = 3 nm, is consistent
with a 55 um gap of air between the diode and lens as measured by the micro-
scopic observations of this gap.

It is also possible to identify a substructure with a 0.04-nm periodicity.
This substructure can be attributed to the graded-index lens, with length 55 mm
and (on-axis) refractive index 1.6. The 0.04-nm substructure is barely visible
for a combination of two reasons. First, the graded-index lens has been AR coated
and second, the resoluticn of the spectrometer is 0.05 nim. Any substructure due
to longer optical lenaths, such as the 14-cm length of the optical fiber, would
be far beyond the res.:utior. Tiait of the spectrometer. It should be pointed
out that the bump in * » spontoneous emission curve near 824 nm is where the
external cavity would i¢se, 1f the diode current were higher. The features shown
in Fig. 13 are typical of tne spontaneous emission spectra recorded in every
configuration. Whi's we cannot resolve any substructure related to reflections
between the ends of the optical fiber, we have developed the jigging and the
techniques necessary to AR coat the ends of the fiber, concurrently with per-
forming the experiments reported here. Finally, the cylindrical lens, which was
responsible for the most severe (highest contrast) modulation of the spontaneous
spectra examined, was needed because we were using an astigmatic gain element.
For further phases of our research program, Bell Laboratories has promised to
supply us with nonastigmatic diodes, obviating the need for cylindrical lenses.
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IV. Discussions and Conclusion

The feasibility of operating a semiconductor-diode gain element in series
with an optical fiber inside an external cavity has been demonstrated. If a
grating in the Littrow configuration is used instead of one of the end mirrors
of the cavity, the single spectral line output of spectral width less than
1.7 x 10'5 nm of the cavity can be tuned. We have also shown that for the
external cavity laser, the polarization of the output of the fiber into the
cavity can be selected by simply using a polarizer at this output. This polar-
ization selection and wavelength selection by the use of "filter elements" in-
side the cavity will aid in the realization of the Fiber-Coupled External Cavity
Semiconductor Laser, which is the goal of this program. The insertion of lossy
elements inside the cavity has the deleterious effects of decreasing the overall
(wall-plug) efficiency mainly by increasing the threshold current, and of in-
creasing the power density at the facets of the semiconductor gain element for
a given cavity power output. The semiconductor diode lasers (the semiconductor-
diode gain elements before they were AR coated) received from Bell Telephone
Laboratories for this program were rated a 5-mW output per facet (7.4 mW inci-
dent on the facet from inside the semiconductor) on the basis that their life-
time (reliability) would be reduced by higher power output.8 This facet erosion
effect, unlike facet damage which occurs at over an order of magnitude higher
output power, is not due to the electric field at the facet and no definitive
statement can be made as to whether AR coating the diodes has any effect on
facet erosion.8 We will assume the 7.4 mW incident on the facet to produce
5 mW output for the diode laser causes the erosion irrespective of the surface
reflectivity. The decrease in overall efficiency should not havé any effect
on reliability.

The amount of loss inserted into the cavity in the feasibility experiments
described in this report is much larger than would be inserted in an operating
system. While the coupling efficiency for the radiation from the semiconductor
gain element into the single-mode fiber was 18 percent for the experiments re-
ported here, coupling efficiencies larger than 50 percent have been reported by
a number of workers in the field using more sophisticated optfcs.9’1] The more
sophisticated optics require manufacturing techniques that would be developed
for a system. For example, in reference 11, the fibers are fabricated with
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quadrangular pyramid-shaped hemielliptical ends — to produce these ends equip-
ment developed to manufacture phonraraph needles was used. The results reported
above for the single-mode fiber experiments are, in fact, very encouraging. For
the external cavity the single-mode fiber and associated optics gave an equiva-
lent transmission T, (see Sec. III-B above) of 0.12. Since the coupling into
the fiber from the laser was 0.18, the additional insertion loss in the lasing
state including coupling to/from the end spherical mirror is quite reasonable
considering that the experiments were designed to show feasibility and not opti-~
mized operation.

If one assumes that the Fiber-Coupied External Cavity Laser will have a
configuration of the form of Fig. 1 with the back facet of the lasers coated
for unity reflection, the front facets AR coated and the cutput mirror with
0.1 reflectivity, and referring now to Fig. 11, T] =1 and T2 = 0.5; then the
output from the external cavity laser per semiconductor gain element will be
66 percent of the output from the diode laser before its facets were coated.
Specifically, for the 5-mW output diode lasers used in the feasibility experi-
ments reported above, and for the power incident on the facets of 7.4 mW, which
maintains the long life (high reliability) of the diodes, the external cavity
output per diode will be 3.3 mW.

In this section we have addressed the issue of maintaining the long mean
life to failure (105—106 hours) of the semiconductor laser when used as a gain
element in an external cavity laser. We have used as example the lasers used
in the feasibility study reported here, where facet erosion is the failure
mechanism. It should be made clear that other semiconductor laser types from
other manufacturers (or the same manufacturer) have been built or may be built
where facet erosion is not the limiting factor in reljability. For example, it
has been wepor‘tedl2 that the use of transparent (Al1Ga)As at the facets (the
gain region in the semiconductor diode is surrounded in every direction by
regions that are transparent to the radiation!) has reduced significantly the
“mirror oxidation" and increased significantly the lifetime of the lasers.

In summary, we have demonstrated the feasibili.» of operating a semiconduc-
tor-diode gain element in series with an optical viber inside an external cavity
laser. In addition, the results we have obtained iicreases our confidence that
the Fiber-Coupled External Cavity Semiconductor Laser feasibility experiment,
the goal of this program, will be successful.
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Appendi x

We describe here the method by which (sd/nier) was estimated for the semi-
conductor-diode gain element, where sd is the cross-sectional area of the diode
active area, n; is the internal quantum efficiency, B relates the gain of the
active region to the diode current through Eq. 1, and T is the radiation con-
finement factor. .

The diode gain element is first removed from the external cavity. While
operating with current I we measured spontaneous emission power P leaving the
front facet of the diode. The power exiting ite rear of the diode is propor-
tional to the power leaving the front. Let us call this power cP, where c is
a constant (approximately 1, aithough this is not necessary). Now we insert
optics behind the diode such that a fraction k of the light is re-injected into
the diode gain element. The diode has gain g (for current 1) and absorption a.
The power now measured in front of the diode is P + ckP exp[(Ig-a)2]. We repeat
these two measurements for various currents. Figure Al plots the power leaving
the front facet of the diode versus current without (lower curve) and with
(upper curve) a portion of the rear facet emission re-injected.

1f we denote the fractional change of power, AP/P (upon re-injecting some
rear-facet emission), by r, then we can write the following:

Inr=1n ck + I'g? ~ al. (A1)

We can relate r to the current [ by using a modified version of Eq. 1 (see Sec-
tien 111-B):

Sd )']

rgs = ( B

I - J,8re. (A2)
Inserting this into Eq. Al, we find

nr= (ﬁ% )71 1+ [In ck - (a4 BD)LD, (A3)
1

from which we predict a lTinear relationship between In r and I whose slope is
(sd/n;6T)". In Fig. A2 we plot the Togarithmic fractional change I r from
Fig. A1, from 140 mA to 170 mA. Also indicated is the line that best fits the
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data. The reciprocal slope of this line, 19.8 mA, is our approximation to
(sd/n] Br). It should be emphasized that this value represents a weighted aver-
age over the spontaneous emission and is being used as a good approximation for
analyzing the onset of stimulated emission.
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Fig.

Fig.

Fig.

Fig.

Fig.

1.

Figure Captions

Fiber-coupled external cavity semiconductor high-power laser illustrating
from left-to-right: the semiconductor-diode gain element whose left
facet is coated for near unity reflectivity and whose right facet is
antireflection coated (this element would be a semiconductor laser if
its right facet were not antireflection coated); electro-optic element;
focusing lens; spatial filter to assure coherence of wavefront across
entire fiber bundle emitter (this spatial filter is illustrated as a
stop); focusing lens to recollimate beam; and a partially reflecting
mirror. The external cavity is bounded on the left by the reflecting
facets of the semiconductor gain elements and on the right by the par-
tially reflecting mirror.

Experimental arrangement showing placement of components inside Super-
Invar four-bar external cavity. The components are described in more
detail in text. Actual experimental arrangements for specific experi-
ments, in which subsets of these components are used, are shown in insets
in the figures presenting experimental results.

Optical layout of experiments in which a plane mirror was used as the
reflector/output coupler at the left end of the cavity. Not all compo-
nents are used all the time. External cavity laser components are shown
in a top, cutaway view through the four-bar Super-Invar structure. The
labeled elements are: PM — plane mirror; SL — spherical collimating
lens; D — diode gain element; CL — cylindrical lens; GL — graded-index
rod lens; F — optic: fiber; P — polarizer; SM — spherical mirror.

Optical layout of experiments in which a grating in the Littrow config-
uration was used as the reflector/output coupler at the left end of the
cavity. The labeled elements are: LG — grating used in the Littrow
configuration; SL — spherical collimating lens; D — diode gain element;
CL ~ cylindrical lens; GL — graded-index rod lens; F — optical fiber;

P — polarizer; SM — spherical mirror.

Typical spectrum of a semiconductor laser diode received from Bell
Telephone Laboratories. Another diode from the same batch was AR coated
and used as the gain element in later experiments. Threshold current
for the diode whose spectrum is illustrated is 98 mA. Operating current
during the spectrum is 99.3 mA. The envelope of modes peaks at 828 nm
with a full width at half power of 4 nm, and the modes themselves are
spaced every 0.22 nm.

Spectrum obtained when the laser diode from Fig. 5 was placed in a
grating-tuned external cavity. The diode is positioned at the middle
of the cavity (see inset). On either side of the diode are collimating
lenses. End reflectors are a 40 percent reflectivity plane mirror and
a diffraction grating used in the Littrow configuration. The diode
laser is operating in its superradiant regime (see text). External
cavity laser emission occurs at 829.1 nm.
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Fig. 7.

Fig. 8.

Fig. 9.

Stimulated emission spectrum obtained when the semiconductor diode gain
element (AR coated laser diode) was placed in a grating-tuned external
cavity. Operating current is 178.1 mA and laser emission occurs at
816.7 nm. When cavity is tuned by the grating for minimum threshold,
laser emission occurs at approximately 825 nm.

Stimulated emission spectrum obtained when a single-mode fiber is placed
in series with the diode gain element inside a grating-tuned external
cavity. A cylindrical lens and graded-index lens couple the diode and
left end of the fiber. A spherical mirror, at whose center of curva-
ture is the right end of the fiber, serves as one end reflector for the
external cavity. Reflectivity is approximately unity. The reflector

at the other end of the cavity is a grating used in the Littrow con-
figuration. Diffraction efficiency into first order is approximately

90 percent. Output coupling is taken from the zero order. Operating
current is 170 mA. Laser emission occurs at 823.1 nm.

Stimulated emission spectrum obtained when the diode gain element and

a 14-cm-long single-mode fiber are placed in an external cavity in which
neither end reflector is frequency-selective. The grating from Fig. 8
was replaced by a 40 percent reflectivity plane mirror. Output coupling
is taken through the mirror. Laser emission occurs between 824.3 nm and
824.4 nm.

Fig. 10(a). Stimulated emission spectrum obtained when the diode gain element and

a 14-cm-long multimode fiber are placed in an external cavity in which
neither end reflector is frequency-selective. A 40 percent reflectiv-
ity plane mirror and an approximately unity-reflectivity spherical
mirror are used. Operating current is 170 mA. Laser emission occurs
at 824.1 nm.

Fig. 10(b). Spectrum as measured by Fabry-Perot scanning interferometer. Top trace

in this figure shows the entire 1500-MHz free spectral range of this
scanning interferometer, iilustrating that there is but a single line
and this free range corresponds to 14.2 msec of sweep (time between
repeat of line). Bottom trace is a time expansion of the intensified
gate around the right-hand line. The FWHM of the line is indistin-
guishable from the 7.5 MHz (1.7 x 10=° nm) instrument resolution.

Fig. 11(a). Stimulated emission spectrum obtained when the diode gain element,

a 14-cm-long multimode fiber, and a polarizer are placed in an exter-
nal cavity in which neither end reflector is frequency-selective. A
40 percent reflectivity plane mirror and an approximately unity-
reflectivity spherical mirror are used. The polarizer is aligned
parallel to the diode gain element polarization. Operating current
is 180 mA. Laser emission occurs at 829.8 nm.

Fig. 11(b). Spectrum as measured by Fabry-Perot scanning interferometer. Top trace

in this figure shows the entire 1500-MHz free spectral range of this
scanning interferometer, illustrating that there is but a single line
and this free range corresponds to 14.2 msec of sweep (time between
repeat of line). Bottom trace is a time expansion of the intensified
gate around the right-hand line. The FWHM of the line is indistin-
guishable from the 7.5 MHz (1.7 x 10~% nm) instrument resolution.
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Fig. 12.

Fig. 13.

' Fig. 14.

Fig. Al.

Fig. A2.

Single-ended power output P_ as a function of diode current, I, for
various configurations.

(R) The diode laser which was later AR coated to become gain element
for other curves. Threshold is 97 mA.

For curves (B)-(E) the gain element is at the center of an external
cavity which is bounded at its left end by a 40 percent reflectivity
plane mirror. The output power which is plotted in these curves is that
measured through the mirror.

(B) AR coated gain element in cavity with collimating lenses and plane
cavity mirrors. At right end of cavity the plane mirror has 98 per-
cent reflectivity. Threshold is 135 mA.

(C) Multimode fiber in right half of cavity in series with gain ele-
ment. At right end of cavity is an ~100 percent reflectivity
spherical mirror. Threshold is 149 mA.

{D) Single-mode fiber in right half of cavity in series with gain ele-
ment. At right end of cavity is an ~100 percent reflectivity
spherical mirror. Threshold is 151 mA.

(E) Polarizer at the output of multimode fiber in right half of cavity
in series with gain element: At right end of cavity is an ~100
percent reflectivity spherical mirror. Threshold is 167 mA.

(F) Cavity spoiled by blocking reflector at right end of cavity.

Simple model of external cavity laser used for analyzing threshold cur-
rents observed for various configurations. This is a "plane-wave"
model, in contrast with the actual configuration. The (transverse-)
modal nature of the external cavity laser elements are suppressed in
drawing, but lumped into the loss elements T] and TZ‘ As required,

these nonphysical elements will incorporate such factors as coupling
from an optical fiber to the diode (and vice versa), coupling from a
plane mirror to the diode through a collimating lens, and coupling from
a spherical mirror to an optical fiber at its center of curvature. T]

and T2 also include neutral density attenuation and any other relevant
losses in the cavity.

Spontaneous emission spectrum of external cavity laser configuration
consisting of diode gain element, 14-cm-long single-mode fiber, 40 per-
cent R plane mirror, ~100 percent R spherical mirror, and appropriate
lenses. Resonances characteristic of subcavities are seen. These sub-
cavities are discussed in text.

Front-facet power output of diode gain element versus injection current.
(A} With a portion of emission from the rear facet re-injected into the
diode. (B) Without re-injection. From these curves one can extract the
quantity (sd/niBr), as discussed in text.

Semilogarithmic plot of fractional change r in power, AP/P, determined
from curves A and B in Fig. Al. Only the interval from 140 mA to 170 mA
is plotted. A least-squares fit to the data (assuming a linear rela-
tionship) is superimposed. The reciprocal slope of this line is the
value of (sd/niBF) used in Section 111-B.
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