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1. Introduction

In accordance with IBM's proposal on an "Improved
diffraction Limited Semiconductor Laser Device, for Room
Temperature Operation, With Increased Average Pulse Power",
of August 14, 1973, IBM has increased the peak pulse power
by operating an array of three homostructure Ga As lasers
in the laser device. A spatial filter in the laser device
selects the spatially coherent, free running, mode. The
optical peak power is 5 watts, that is three times the
peak power of a single laser in the array. The far-field
distribution of the three laser array is a single Gaussian
beam of gspatial coherence without sidelobes or grating
lobes. The length of the optical pulses of spatial coherence
was increased to 200 ns by improved heat transfer from
the p-n junctions of the lasers to the metal housing of
the pulse transformer and by doubling the core area and
increasing the turns of the primary windings of the pulse
transformer. The mechanical stability of the laser device
was improved and the transition from mechanical alignment
to electro-mechanical alignment control, was facilitated.



2. SUMMARY

The objective of the contract NAS 8-30543 is to increase
the average pulse power, at room temperature, of the diffraction
limited semi-conductor laser device, developed by IBM under
contract NAS 8-119?4, through the use of arrays of improved
semi-conductor lasers and improved heat transfer between lasers
and;heat sinks. It was required that this increase in average
pulse power be accomplished by an increase of energy per pulse,
rather than by an increase in pulse repetition freguency.
Further objective of the contract was an increase in mechanical
stability of the Ga As laser device and an increased electro-
mechanical correction range.

To meet the objective of the contract of an increase
in average pulse power, at room temperature, IBM had proposed
the use of an array of LOC heterostructure lasers in the laser
device.

A technique has been developed to phase-coherently couple
a monolythic array of Ga As lasers with the okjective to obtain
higher optical peak power of spatial coherence. 1In this phase-
controlled mode, the far-field of the laser array is an inter-
ference pattern, containing the zero-order lobe and also
higher-order grating lobes. Only when the spacings among the
lasers in the array are very much smaller than the laser
apertures, can most of the energy be concentrated in the zero-
order lobe. (Section 3).

‘This requirement, however, could not be met. Using the
only arrays which were available to us and which had been



diffused at IBM-FSD in Gaithersburg, prior to the contract,
the intensity of each first-order grating lobe of a three laser
array, was 0.25 the intensity of the zero-order lobe.

Since the array geometry could not modified, the technique
of the spatially coherent beam formation was changed. A new
technique was developed, that is, the spatially coherent beam ‘
formation from an array of Ga As lasers in the free running mode,
where the spacings among lasers is not subjected to: the same
limitations as in the phase-controlled mode. In the free-
running mode, the intensities of the lasers in the array are
concentrated in a single Gaussian beam of spatial coherence.

The far-field distribution is not influenced by the magnitude
of the spacings among‘the lasers. 1In the free running mode
the intersites, rather than amplitudes of the waves from the
lasers in the array, are added. (Section 4).

To increase the peak pulse power, at room temperature,
of the diffraction limited semi-conductor laser device, an
array of three homostructure Ga As lasers was operated in the
device. A spatial filter selected the spatially cohefent,
free running mode. The optical peak power was 5 watts, that
is three times the peak power of a single laser of the dimension
of the lasers in the array. The half-width of the optical pulses
was 50 ns, the pulse repetition ffequency 2 kHz. The synthesized
far-field distribution of the three laser array is a single
Gaussian beam of spatial coherence without sidelobes or grating

lobes.

To extend the optical pulses in the spatially coherent
mode, at room temperature, to 400 ns, as required by the contract,
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heterostructure lasers should be used. Heterostructure lasers
have, at room temperature, lower threshold current densities
and higher differential quantum efficiencies than homostructure
lasers. These improved properties are achieved primarily by
confinement of the injected electrons by steps in energy.

LOC heterostructure laser material had been developed at
IBM-FSD, Owego, in the previous years and could be grown with
reproducable characteristics at the time of IBM's proposal.
However, after IBM's proposal had been submitted to NASA-MSFC,
the effort in Owego was discontinued.

To find another source for obtaining heterostructure
material for the NASA contract, the Injection Laser Technology
Group of IBM's Research Division was contacted. This groﬁp has
developed for several years double heterostructure laser material
for CW operation and had agreed to grow material for pulsed
operation to the désign of the project manager in IBM Gaithersburg.
Though an attempt had been made to develop heterostructure
material for pulsed operation at IBM Research, the effort did
not succeed. The development of a new structure seems to
require a larger effort than could be supported by the NASA
contract.

Aé a alternate source, single heterostructure slivers and
LOC heterostructure slivers were purchased from "Laser Diode
Laboratbries; Inc." in Metuchen, New Jersey. However, the
purchase and tests on the heterostructure material,
from "Laser Diode Laboratories" was discontinued because the
characteristics of the lasers were not adequate. Also, the
array geometry, made at "Laser Diode Laboratories", was not

2-3



suitable for the spatially coherent mode because of the wide
spacings between the lasers in the arrays.

Though it was realized that the requirement of the contract
of generating optical pulses of 400 ns duration could not be
met, an attempt was made to,at least, generate optical pulses
of several hundred nano-seconds in the spatially coherent mode,
using homostructure lasers. To accomplish this, the heat
transfer from the p-n junctions‘of the lasers to the large
metal housing of the pulse transformer which houses the laser
array, was improved. To do so, one heat sink of the laser
array was soldered directly between the inner and outer con-
ductor of the low impedance coaxial transmission line which
is coupled to the pulse transformer.

Also, the pulse transformer of the laser device was
modified to yield injection current pulses up to 220 Amp
and 400 ns duration. This was accomplished by doubling the
area of the toroidal core of the transformer and by increasing
the number of turns of the primary winding from four to six.

We also have designed and assembled a pulss generator
which could produce square-wave pulses of up to 60 amp, aﬂd
up to 400 ns duration, with 1 ohm output impedance. This
pulse generator was designed to use an "Electron Bombarded
Semi-conductor" which had been purchased from Watkins-Johnson,
Company". However, the driver never became operative, since
the semi-conductor never functioned properly. -

Because of the limitations outlined above, optical pulses
of 400 ns duration in the spatially coherent mode could not



be generated. However, the energy per pulse, at room temp-
erature, of the diffraction limited semi-conductor laser device
could still be increased considerably. An array of three
homostructure lasers was operated in the spatially coherent,

free running mode, in the laser device. Optical pulses were
generated of 5 watts at their leading edge, but the power
decreased to 3.5 watts after 200 ns. Distortions in the waveform
of the pulse generator can be partly responsible for the drop

in optical power.

The mechanical stability of the laser device was improved
by soldering one heat sink of the laser array to the trans-
mission line which is part of the pulse transformer. Also, to
facilitate the transition from mechanical alignment of the
laser device to the electro-mechanical alignment control, a
coupling device was inserted between each half of the optical
cavity and the corresponding transducer.

The range of the electro-mechanical alignment correction
was not increased because the limited rigidity of transducers
with larger correction range, might adversely affect the stability
of the laser device.

The laser device operating with an array of three homo-
structure lasers was demonstrated July 7, 1975, to Mr, J. A.
Dunkin of NASA-MSFC. A photograph of the laser device is‘shown
in Figure 2.1 and the assembly drawing is shown in Figure 2.2.

The laser device with the improved properties was
delivered to Mr. J. A. Dunkin on July 10, 1975, together with
an an external cylindrical lens of 21 cm focal length, and
four arrays of three homostructure lasers.
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A pulse generator was also delivered to Mr. Dunkin, July 10, 1975,
togetheryith a single laser for operation in the laser device.

At the end of the contract, July 31, 1975, the Final Report
and a complete set of drawings of the laser device will be send

to NASA-MSFC together with a second pulse generator which yields
higher energy pulses.
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3. Spatially coherent radiation from an array of GaAs lasers*
(Phase~-controlled Mode)

Spatially coherent radiation from a monolithic array of three homostruciure GaAs lasers is reported.
The three tasers, with their mirror faces antireflection coated, are operated in an external optical cavity
built of spherical lenses and plane mirrors, The spatially coherent beam formation makes use of the
Fourier transformation property of the internal lenses. The transverse mode control is performed by a
spatial filter, The optical peak power at room temperature of the device was measured to be S W,
three times the power of a single laser in the array, From the synthesized far-field distribution which
was evaluated, we conclude that the laser radiation i5 of spatiai coherence.

PACS numbers: 42,50., 42.60.N

Optical coupling between two adjacent stripe-geometry
junction lasers has been reported, providing simulta-
necus coherent operation of both lasers at the same
optical frequencies.! It has been suggested® that a broad
source with spatial coherence could be obtained by in-
ternally coupling paraliel single-filament junction
lasers in a monolithic array. In this letter, phase-co-
herent coupling of three homostructure GaAs lasers in
a monolithic array to obtain radiation of spatial coher-
ence is reported. The three lasers (with their mirror
faces antireflection coated) are operated in an external
optical cavity, built of spherical lenses and plane mir-
rors, similar to that reported previously® (Fig. 1).

The laser array and the plane mirrors are at the focal
planes of the internal lenses of the optical cavity. The
spatially coherent beam formation makes use of the
Fourier transformation property of the internal lenses.?
The transverse mode control is performed by a spatial
filter which replaces the totally reflecting mirror in the
optical cavity.

In designing the spatial filter, we realize that at the
second focal plane of the internal lenses, the waves,
set up by the fields of the lasers in the array, occupy
the same space. The resultant field distribution at the
second ‘ocal plane, therefore, is determined by the
phase relations between these waves, The spatial filter,
at the second fccal plane, is matched to the interference
function, which results when the fields of the lasers in
the array are in the lowest-order transverse mode and
when the fields are all in phase., To form the spatial
filter, which selects the spatially coherent mode, the
surface of the totally reflecting plane mirror is sub-
divided into highly reflecting strips subtending the m -
order maxima in the interference function (where m=0
and 1).

The field distribution at the second focal plane of the
internal lenses U(xy, ;) is the Fourier transform of the
field distribution of the lasers in the array®; it is

) - T [ WX ncos( (2mw,/A f) el
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Equation (1) is valid when the array is placed sym-
metrically with respect to the optical axis of the cavity,
The field distribution of each laser perpendicular to the
junction (v, direction) is approximated by a Gaussian
function and along the junction (y, direction), for the
TEM,, mode, by a cosine function. The spot diameter
of the dielectric waveguide mode is 2w,. The mode
width of each laser along the p-n junction is 2w,. The
center-to-center spacing between the lasers is s. The
relative phase angles between the fields of the lasers
are ¢, and ¢,.

Equation (1) represents the spatial superposition of
the waves at the second focal plane of the internal
lenses, set up by the fields of the three lasers in the
array. The waves have all the same amplitude distribu-
tion with a single maximum on the optical axis, The
wave fronts of the waves at the second focal plane of the
internal lenses in Eq. (1) are plane; but the wave fronts
of the waves from the two lasers, which are not cen-
tered on the optical axis, are tilted with respect to the
optical axis.

SPATIAL FILTER
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FIG. 1. GaAs laser device with three-laser array.
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FIG. 2, Field distribution of three-laser array at second focal
plane of internal lenses computed from Eq, (2). Solid lines,
in-phase components, Dashed lines, out-of-phase componer.ts,

For spatial coherency, all the waves must be in
phase. From Eq. (1), we derive the interference func-
tion at the second focal plane for ¢, =@, =0:

. 2 /
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The field distribution at the second focal plane of the
internal lenses, is shown in Fig. 2. It was computed
from Eq. (2) for typical dimensions of our diffused
GaAs lasers, where the mode width is 2/w,= 190 um,
§=230 um, f=1cm, and A,=0.9 um,

The spatial filter which is matched to the interference
function is formed by three highly reflecting strips on a
plane disk at the second focal plane of the internal lens.
The three strips subtend the dominant in-phase compo-
nents of the interference function; that is, the zero-
and first-order grating lobes. The spatial filter reduces
the photon lifetime of all higher-order transverse
modes and sets up a self-reproducing field pattern
where the field of each laser is in the lowest-order
transverse mode and where the fields of all lasers are
in phase

FIG, 3. Optical waveform (lower trace) and injection current
(upper trace) of three-laser array in spatially coherent mode.
Horizontal scale: 20 ns/div, Vertical scale: lower trace

875 mW/div; upper trace 40 A/div,
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Fxperiments were performed using a monolithic
array of three diffused homostructure GaAs lasers in
the external optical cavity, shown in Fig. 1. The optical
cavity is built of spherical lenses of 1-cm focal length,
a plane mirror with 0.2 reflectivity, and a plane disk of
fused silica with the spatial filter. The laser array,
the plane output mirror, and the spatial filter are
placed at the focal planes of the internal lenses.

The laser array is mounted on metal heat siuks,
which provide common contacts to the lasers. The width
of each laser in the array is 190 um and the distance
between laser centers is 230 um. The mirror faces of
the lasers are antireflection coated. The spatial filter
which is matched to the interference function in Fig. 2
is formed by three golden strips with a reflectivity of
0.97. The strips are 25.4 um wide and are spaced 12.7
pm apart,

The experiments were performed at room tempera-
ture, the shape of the injection current pulses was close
to that of a cosine function, the pulse half-width was
100 ns, and the pulse repetition frequency was 2 kHz.
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FIG. 4. (a) Beam transformation in plane of laser array,
(b) Density distribution of synthesized far-field of three-laser
array in plane of array.
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We have measured the peak pulse power and the synthe-
sized far-field distribution of the GaAs laser array
radiating in a spatially coherent mode.

The optical peak power was detected by a calibrated
1TT photodiode with an S-1 surface and displayed to-
gether with the injection current on a dual-trace Tek-
tronic oscilloscope, type 454, The typical optical wave-
form is shown in Fig. 3. The optical peak power is
cluse to 5 W. The peak injection current is approximate-
ly 180 A. The measured peak power of the three laser
array is, in fact, three times the typical peak power of
a single laser of the dimensions of the lasers in the
array.?

The optical wavefurm shows a deep and periodic mo-
dulation which is typical for the phase-controlled mode
of a GaAs laser array. The frequency of the modulation
is close to that of the spiking resonance of the laser
device. Thre deep modulation of the optical waveform
secms to build up when the spiking resonance coincides
with an integral multiple of the inverse rouna-trip time
of the external cavity.

We have synthesized the far-field distribution cf the
laser radiation using the beam transformation shown
in Fig. 4(a). The external cylindrical lens of focal
length fe restores the diffraction pattern of the threa-
laser array in the Fraunhofer region. Its focal plane
is at the second focal plane of the internal spherical
lens; the curvature of the cylindrical lens is in the di-
rection of the junctions,

The Fraunhofer region is synthesized by the external
spherical lens of focal length fi, The far-field distribu-
tion was ohserved at the second focal plane of the ex-
ternal spherical lens. The other fucal plane of this lens
coincided with the second focal plane of the external
cylindrical tens,

The synthesized Fraunhofer diffraction pattern is
gsimitar to the field distribution in Eq. (2), but magni-
fied in the plane of the array, by the ratio fa/fe.

477 Appl. Phys. Lett., Vol. 26, No. 8, 15 April 1975

The evaluate the synthesized far-field distribution of
the laser beam, an image was formed on a photographic
plate and the density distribulion of the image was then
recorded using a microdensitometer. Within the linear
region of the characteristic curve of the photographic
plate, the density distribution of ihe image (D) is related
to the logarithm of the intensity distribution at the
second focal plane of the external spherical lens, (UM)?‘,
by

D= lOgln(Uﬂz)a' (3)

The density distribution of the synthesized far-field
distribution, in the plane of the laser array, is given
in Fig. 4(b). In the same figure, we also show the den-
sity distribution computed from Eq. (2), where we suh-
stitute (fe/fw, for wy, (fa/fe)y, for v; and fu for f,
and from Eq. (3), for fe =21 cm and fa- 230 cm, There
is good agreement between the structure of the synthe-
sized far-field distribution and the computed values,
though the nulls in the interference function could be
observed. This can be due to the nonlinearity of the
photographic emulsion and to the fact that the two ex-
ternal lenses were not precision lenses. The high den-
sity of the nonzero-order grating ‘obes in Fig. 4(b) is
caused by the logarithmic characteristic of the photo-
graphic emulsion. The intensity of each first-order
grating lobe is 0,25, the intensity of the zero-order
lobe. To concentrate more of the laser energy in the
zero-order grating lobe, the spacings between the active
regions of the lasers in tile array must be made smaller.

The author wants to thank F. T. Byrne for helpful
discussions and for reviewing the manuscript, and P.
Zory and L. Comerford for implementing the spatial
filter,

*Work partly supported hy NASA,
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AJ.W.Goodman, Intraduction io Fourier Optics (MeGraw-1jill,
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4. SINGLE LASER BEAM OF SPATIAL COHERENCE
FROM AN ARRAY OF GaAs LASERS *
(FREE RUNNING MODE)

Abstract: Spatially coherent radiation from a monolythic array of three
GaAs lasers in a free-running mode is reported. The lasers with their
mirror faces anti-reflection coated, are operated in an external optical
cavity, built of spherical lenses and plane mirrors. The spatially
coherent beam formation makes use of the Fourier transformation property

of the internal lenses. The transvers¢ mode control is accomplished by
a spatial filter.

The optical cavity is similar to that used for the phase-controlled mode‘
of spatially coherent beam formation, which had been reported; only the
spatial filters are different. The spatial filter in the free-running
mode controls the fields of the lasers to be in the lowest-order transverse
mode, but it does not control their phase angles. Random amplitude and
phase variations of the 1ongitudinal’modes prevent the formation of a
stationary interference waveform. 1In the fér—field (when restored by an
external lens), the intensities of the lasers in the artay are concentrated
in a single laser beam of spatial coherence, without any grating lobes.

The far-field distribution is not influenced by the spacings among the
lasers. The far-field distribution of the laser array in the free-running
mode differs significantly from the interference pattern of the phase-

controlled mode..

The modulation characteristics of the optical waveforms of the two modes
are also quite different. This is because the modulation is related to the
interaction of the spatial filter with the longitudinal modes of the laser
array with the optical cavity. The modulation of the opticél waveform

of the free-running mode is nonperiodic, confirming that the fluctuations

of the optical fields of the lasers are random.

Experiments were performed at room temperature using a monolythic array
of three GaAs lasers. The far-field distribution of the laser array

and the optical waveform were investigated.

* Will be published in October 1975 issue of the Journal
of Applied Physics A
: -1



4.1. INTRODUCTION

A technique has been reported to phase-cohérently couple a monolythic
array of GaAs lasers with the objective to obtain higher optical power

of spatial coherence.]"2 In this phase-controlled mode, the far-field

of the laser array (when restored by an external lens) is an interference
puattern, containing the zero order lobe and also higher order grating
lobes. Only when the spacings among the lasers in the array are very
much smaller than the laser apertures, can most of the energy be

concentrated in the zero-order lobe.

In this paper, a free-running mode of spatially coherent beam formation
from an array of GaAs lasers, is reported, where the spacings among 7
lasers is not subjected to the same limitations as in the phase-controlled
mode. lun the f{ree-running mode, the intensities of the lasers in fhé
array are concentrated in a single beam of spatial coherence. The far-
field distribution is not influenced by the magnitude of the spacings

among the lasers.

The GaAs laser array, in the free-running mode, is operated with an
external optical cavity built of spherical lenses and plane mirrors,
which is similar to that used for the phase-controlled mode.l’2

The laser array and the plane mirrors are at the focal planes of the
internal lenses of the optical cavity. The spatially coherent beam
formation makes use of the Fourier transform property of the internal
1enses3; it is performed by a spatial filter which replaces the totally

reflecting mirror in the optical cavity.

The spatial filter of the free-running mode is different from that in
the phase-controlled mode. The spatial filter in the free-running mode,
not only selects a far-field distribution which is different from that
of the phase-controlled mode, but also interacts differently with the

longitudinal modes of the' GaAs laser array with the optical cavity.



The different interactions are evaluated and related to the different

modulations of the optical waveforms of the two modes.

Experiments were performed at room temperature using a monolythic array

of three GaAs lasers. Experimental results on the peak pulse power,

the optical waveform, and the synthesized far-field distribution of the
three laser array in the free-running mode are presented.



4.2. SPATIALLY COHERENT BEAM FORMATION

The technique of spatially coherent beam formation of an array of GaAs
lasers makes use of the Fourier transform properties of the lenses in
the external optical eavity in Figure 1. The optical cavity is built
of spherical lenses and plane mirrors. The lasers in the array (with
their mirror faces anti-reflection coated) and the plane mirrors, are
at the focal planes of the internal lenses. The spatial filter is

implemented by reducing the width of the totally reflecting mirror.

To describe the spatially coherent beam formation, the Fourier transformation
of the waves from an array of three lasers, radiating in the lowest order
transverse mode, will be computed. The lasers in the array are placed
symmetrically in respect to the optical axis of the cavity. For the
computations we have approximated the field of each laser perpendicular
to the junction (x - direction) by a Gaussian function, and the field
along the junction (yo ~ direction) of the TEMCD - mode, by a cosine
function. The spot diameter of the dielectric waveguide mode is ZU§.

The mode width of each laser dicde along the p-n junction is 2v§. The
center-to-center spacing between the. lasers is s. The instantaneous
amplitude and phase angle of the field of each laser are am(t) and
cfm(t), for m = 1,2,3. Amplitude and phase angle are slowly varying

c i s . 4
with time, the variations are random ',

The transformation of the fields of the lasers in the array from one
focal plane of the lenses (with the focal length f), to the second
focal plane, yields the distribution:

-Cs-bxj)

ke, e ) ~ o (%) (Cw e COS(%-MQM)
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The field at the second focal plane of the lenses in Equation 2, is the

spatial superposition of the waves which were set up by the fields of

the three lasers in the array. The waves have all the same spatial
amplitude distribution with a single maximum on the optical axis. The
wavefronts of the waves at the second focal plane of the internal lenses
are plane, but the wavefronts of the waves from the two lasers which

are not centered on the optical axis, are tilted in respect to the normal
to the optical axis by the angles ifg, which are

+ (v=%taxc sine Ts_-
The waves impinging on the plane mirrors of the optical cavity are partly
reflected. The waves from the outer lasers, because of their conjugate
tilt-angles, are reflected towards the symmetrically placed lasers,

setting up two counter circulating waves, similar to those in a ring
laser.

4-6
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To select the free-running mode, the photon lifetime of this mode must
be higher than that of any other mode. To accomplish this, a spatial
filter must be placed at the second plane of one or both lenses in the
optical cavity, where the waves from the three lasers are spatially super-
imposed. The spatial filter in the free—runn@ng mode controls the field
of each laser in the array to be in the lowest order transverse mbde,
but it does not control their phase angles. The spatial filter is
implemented by reducing the width of the totally reflecting mirror to
form a highly reflecting strip. The strip subtends the spatial field
distribution in Eq. 2. The spatial filter reduces the photon lifetime
of all transverse modes in the three lasers with the exception of the

lowest order transverse mode.

The far-field distribution of the laser array when restored by an

external lens, is the magnified field distribution at the output mirror

of the optical cavity, where the waves from the three lasers are spatially
superimposed. To derive the interaction of the superimposed waves, the
time dependence of the optical fields of the lasers in the array, was

evaluated.

In the free-running mode of the GaAs laser array, the spatial filter does
not exert any control on the longitudinal modes of the laser array with

the optical cavity. Without control, the amplitudes and phase angles

of the longitudinal modes are slowly varying with time; these variations
are random. The instantaneous optical field of each laser can be described

in the general form:

- et o (4)) |
Wit)= 2 Qult) e - @

Faa Tl e |

where an(t),uf)n andgrn(t) are the real amplitude, the frequency and the
phase of the n-th longitudinal mode. The frequencies of these modes
are separated by.fl , Where _(1.= i%%;— , and T is the xogndft:ip
time in the optical cavity. The fluctuations of the optiéal field
kresulting from the summation of randomly phased menochromatic waves

with randomly varyihg amplitudes, are completely random. The duration
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Tcoh of the most rapid fluétuations is the inverse of the oscillating band-
_width AY of the laser radiation.(4) (For the spatially coherent GaAs laser
array A\f{: 152 and Tcol'mw 2 x 10-125).
Equations 1 and 2 were derived for the lasers in thé array oscillating
in a single longitudinal mode. But they are equally valid for each: of
the many longitudinal modes of the GaAs laser array with the optical cavity.
To evaluate the temporal variations of the optical fields of the lasers in
the array, each term in Fquation 2 must be replaced by the summation over
all the longitudinal modes, similar to that in Equation 4. It follows that
the optical field of each laser in the array fluctuates randomly. These
random fluctuations prevent the formation of a stationary interference
kpattern and the intensitites, rather than the amplitudes of the waves from

the lasers in the array, are added.

The field distribution at the output mirror of the optical cavity (in the

plane of the array) is shown in Figure 2 for typical dimensions of our diffused
GaAs lasers of ZU§ = 190 microns, s = 230 microns and;for { = 1 cm and

‘A = 0.9 microns. It has a single maximum and no additional lobes. The

laser beam is not diffraction limited but the radiation is in‘the lowest

order transverse mode. The far-field distribution of the free running

mode is not influenced by the magnitude of the spacings among lasers in

the array.

For comparison, the field distribution at the output mirror is also shown
in Figure 2 for the phase controlled mode. In this mode, the spatial
filter not only constraing the fields of the lasers in theiarray to be

in the lowest order transverse mode, but also accomplishes that they are
all in phase.l’2 The far-field, when restored by an external lens, is an
interference pattern which contains, in addition to the zero-order lobe,

also the first order lobes.
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for a Gaussian Field Distribution)

B. For the Phase Controlled Mode.
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To ascertain whether the free running mode of spatially coherent beam
" formation could be attained, we have measured the far-field distribution
of the three laser array in the free running mode and have compared
it with that of the array in the phase controlled mode.l’2 Experimental
results on the beam formation in the free running mode (Section 4) confirm
that we can obtain from an array of lasers, radiation of spatial coherence
in a single beam with no additional lobes. The far~field distribution
of the array in the free running mode differs significantly from the

interference pattern of the phase controlled mode.
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4.3, TIME DEPENDENCE OF OPTICAL POWER (A Comparison with the Phase

Controlled Mode)

Not only the far-field distribution is different in the two modes of
spatially coherent beam formation, but also the time dependénce of the
optical power. This is because the optical‘waveforms respond to the
interacticns of the spatial filters with the longitudinal modes of the
laser array with the optical cavity. The optical waveforms in both
modes are modulated. While the modulation in the phase controlled

mode is deep and periodic,l’2 the modulation in the free running mode

is neither (Section 4).

The modulations on the optical waveforms which we observe, seem to be
introduced by the spiking fluctuations of the GaAs laser array with

the optical cavity.(6)

The spiking fluctuations are damped oscilla-
tions which result from the dynamic instability in the interaction
between the inverted electron population and the optical field. In the
free running mode where the spatial filter does not control the amplitudes
and phase angles of the longitudinal modes, and the optical field fluctua-
tions are random, there cannot be a periodic excitation of the spiking
resonance. The modulation of the optical waveform which we observe must
result from the super-position of the spiking fluctuations of the three
lasers in the array which are damped and random. (The fluctuations of

the optical fields could not be detected, because the oscilloscope,

which was used, could not respond to the very short pulses.)

In the phase controlled mode of the laser array, the spatial filter

in the optical cavity not only selects the spatial coherence of the laser
radiation, it also controls the temporal variations of the optical fields
of the lasers. To set-up the mode with the longest photon life time,

that is, to form the stationary interference waveform to which the spatial
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filter is matched, requires, that the field fluctuations of the lasers

be in synchronism. To accomplish this, the spatial filter in the optical
cavity must exert a control on the amplitudes and phase angles of the
longitudinal modes. To synchronize the field fluctuations in the lasers,
the spatial filter must constrain the amplitudes and phase angles of

each of the longitudinal modes, and also the statistical phase variations
among the longitudinal mpdes)to be the same in the lasers of the arrays.
To do so, the spatial filter must also eliminate the random amplitude
and ,phase variations with time of the longitudinal modes.

A mathematical model of the time dependence of lasers which radiate in

a multitude of longitudinal modes, has been derived, where the s;owly
varying amplitudes and phase angles of the longitudinal modeséare assumed
to be constant during the emission.(a) The model shows:that the statis-
tical phase variations among the longitudinal modes yield instantaneous
field fluctuations which are random but very pronounced. They are short
pulses of the shape of the mode-locked pulses. But instead of one mode-
locked pulse (with the duration Tcoh) within the repetition time T, many
short pulses occur. The field fluctuations in form of these short pulses
are periodic in time T because of the constant difference frequency

‘between the longitudinal modes.

We assume thag in the phase controlled mode, the field fluctuations of
the lasers become periodic in time as predicted from the mathematical
model. The periodic field fluctuations then excite the spiking resonance
of the lasers in the optical cavity. This periodic excitation counter
acts the damping of the splking resonance and produces the deep
modulation of the optical waveform. The field fluctuations of the lasers
in the array which are synchronized by the spatial filter, set-up the
synchronized periodic fluctuations at the spiking resonance, which we

have observed.
Bécause the repetition time of the field fluctuations T (T= 0.3 ns) is

much shorter that the period of the spiking resonance (é:e 6.7 ns), we

must assume that harmonic interaction occurs between the field fluctuations
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_ 2nd the spiking resonance. The deep modulation of the optical waveform

seems to build up when the spiking resonance coincides with an integral

multiple of the inverse of the repetition time T.

We conclude that the different modulation characteristics of the optical
waveforms of the two modes of spatially coherent beam formation, reveal the
difference in their temporal optical field variations. The absence of a
deep and periodic modulation on the optical waveform of the free running
mode confirms our assumption that the fluctuations of the optical fields
with time of the lasers in the array, are rgndom. They will prevent '

the formation of a stationary interference battern in the far-field of the

laser array.
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4.4, EXPERIMENTAL RESULTS

Experiments were performed using a monolythic array of diffused homo-
structure GaAs laser diodes in the external optical cavity. The width

of each laser in the array is 190 microns and the distance between laser
centers is 230 microns. The mirror faces of the lasers are anti-reflection
coated. The laser array is mounted on metal heat sinks which provide
common contacts to the lasers. The preparation of the laser diodes has
been reported previously.(6) |

The external optical cavity is built of sphérical lenses of 1 cm focal
length and plane mirrors (shown in Figure 4.1) The laser array, the plane
output mirror and the spatial filter are placed at the focal planes of the
internal lenses. The refléctivity of the output mirror is 0.2, The
spatial filter which selects the free running mode is formed by a gold
strip on a plane disk of fused silica. In the plane of the array the
strip is 127 microns wide.

We have measured the peak pulse power of the GaAs laser array, the optical
waveform, and the synthesized far-field distribution. The experiments
were performed at room temperature, the shape of the injection current
pulses was close to that of a cosine function, the pulse half-width was

100 ns and the pulse repetition frequency was 2 kHz.

The optical peak pcwer was detected by a calibrated ITT photodiode with an
S-1 surface and displayed together with the injection current on a dual-

trace Tektronic oscilloscope, type 454.

We have investigated the far-field distribution of the laser arrays using
the beam transformation shown in Figure 3. The external cylindrical lens
with the focal length fe restores the diffraction pattern of the laser
array in the Fraunhofer region. Its focal plane is at the second focal
plane of the internal sgspherical lens, the curvature of the cylindrical

lens is in direction of the junctions.
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Figure 3. Beam Transformation in Plane of Laser Array




The far-field distribution itself would not be evaluated because the
- requirement for the validity of the Fraunhofer approximation could not
be met in our laboratory. Instead, we have synthesized the Fraunhofer
diffraction by the external spherical lens with the focal length fa' One
focal plane of this lens coincided with the second focal plane of the
external cylindrical lens. The synthesized far-field distribution was-
observed at the second focal plane of the external spherical lens. The
synthesized far-field distribution is similar to the field distribution
at the output mirror of the optical cavity, but magnified in the plane
of the junctions by the ratio %%.
To evaluate the synthesized far~field distribution of the laser radiation,
an image was formed on a photographic plate and the density distribution
of the image was then recorded using a microdensitometer. Within the
linear region of the characteristic curve of the photographic émulsion,
the density distribution of the image (D) is related to the logarithm

of the intensity distribution (Ufa)2 across the laser beam, it is

D = log10 (Ufa)z (5)

The optical peak pulse power of the three laser array in the gpatially
coherent, free running mode 18 close to 5 watts. The peak injection
current is approximately 180A (Figure 4). The measured peak power is,
in fact, three times the typical peak power of a single laser of the

(6)

dimensions of the lasers in the array.

The density distribution of the synthesized far-field distribution in the
plane 6f the junctions of the three laser array in the free running mode 1is

shown in Figure 5. In the same figure we also give the density distribution

f fa
computed from Equation 2 where we have substituted —%wy for'wy, e for

Ye and fa for f, and from Equation 5, for fe = 21 cm and fa = 230 cm. We
observe that the synthesized far-field has a single maximum and no.addi-
tional lobes. The recorded distribution is in good agreement with the

computed function.




Upper vertical trace: 40 A/div
Lower vertical trace: 0.875 W/div
Horizontal trace: 20 ns/div

Fig. 6 Optical waveform (lower trace) and injection current (Upper
three laser array in spatially coherent, free running mode

trace) of
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Figure 7. Density Distribution of Synthesized Far-Field of

Three-Laser Array (in Plane of Array) in the
Free Running Mode




The modulation of the optical waveform in Figure 4 is not periodic; it
seems to result from the super-position of the spiking fluctuations of
each of the three lasers in the external optical cavity, which were
reported previously. (6)
Since the synthesized far-field distribution of the three laser array
in the free running mode is also that of a single laser in the lowest
order transverse mode, it seemed important to ascertain whether the
waves from all three lasers in the array have contributed to the beam
pattern in Figure 5. To do so, the spatial intensity distribution was
also investigated in the region between the external spherical lens and
its second focal plane. In this region, we always observe three sepa-

rate beams of similar radiance, corresponding to the waves from the three

lasers in the array.

The equivalence of the synthesized far-field distribution at the second
focal plane of the external spherical lens, and the far-field distribu-
tion in the Fraunhofer region, is quite understandable for the phase
controlled mode, since the optical field vectors of the two off-axis
lasers yield a resultant vector along the optical axis. The same
equivalence for the free running mode, that is the evolution from

the three laser beams, at the second focal plane of the external
cylindrical lens, to the formation of a single radiation maximum in

the far-field, is difficult to visualize and requires examination.

@)

The solution of the integral governing Fraunhofer diffraction, eval-

uated at the distance z, is
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Equation 6 represents the spatial superposition of the waves from the
three lasers, where the propagation paths of the two off-axis lasers are

tilted with respect to the normal to the optical axis of the cavity,‘by
the angles:

+ C)‘L = T e Sane "-fé-ji- (“7}

In the far—field.where Z approaches infinity, the angles i»C%vdecrease to

Zexo.

Actually, the spatially coherent waves from the three lasers in the array
propagate from the second focal plane of the external cylindrical lens,
with their propagation paths parallel to the optical axis. The waves
expand as they propagate in space but their maxima remain stationary,
spaced at a distance ?ﬁs apart. In the far-field, where the wave expansion
by far exceeds the spacing between the radiation maxima, the three beams

seem to coincide.




i

4. 5, CONCLUSION

Spatially coherent radiation from an array of three GaAs lasers in a
monolythic array in the free running mode was obtained. In this mode,
the far-field results from the summation of the intensitities of the
three lasers. The far-field distribution has a single radiation max~
imum and no additional lobes. The radiation in the free running mode
is in the lowest order transverse mode, but the laser beam is not
diffraction limited.

The peak pulse power, at room temperature, is close to 5 watts.

The technique of spatially coherent beam formation which we have developed,
is not limited to a three laser array, but can be extended to arrays with
more lasers. We assume that, for the free running mode, it is not required

that the lasers in the array are of exactly the same length.
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[ 5. Relation Between Periodic Modulation in Optical Waveform and
Mode-Locking

To optimize the optical peak power in the spatially coherent,
free running mode,of the three laser arrays, the distance between

{ the internal lenses and the plane mirrors in the optical cavity

was adjusted until a periodic modulation in time of the optical

E waveform, was observed. This modulation which is shown in Fig. 5.1,

seems to result from the interaction of the two outer lasers in

the array, which form a ring laser. It seemed important to |

ascertain whether the periodic modulation in the optical waveform

? could possibly indicate a conversion of the free running mode to

¢ the phase~controlled mode.

" : For this investigation a two laser array was used where the
two lasers in the array form the ring laser. It was a two laser
array of the material 15/56, with 300 microns junction width. The
transverse mode control was accomplished by a gold strip of 110
microns width in or close to the focal plane of the internal lens
of the optical cavity. The gold strip subtends the entire field

- of the TEM00 - mode, while it discriminates against the TEMOl
d ~mode, which extends over a width of 240 microns.  These field
- distributions were not measured but derived from linear theory
. of beam transformation. They do not take beam distortions by

the non-linear characteristics of the laser medium into consideration.

For higher optical power the output mirror was moved from the
focal plane of the internal lens, towards the lens, by approx-
imately 0.2 mm, and the gold strip was moved from the focal plane
towards the lens by approximately 0.55 mm. Atthis position
ol the optical waveform is strongly modulated, as shown in Fig. 5.2;
- the peak pulse power was close to 4 watts. However, the
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Upper vertical trace: 40 A/div

Lower vertical trace: 0.875W/div

Horizontal trace: 20 ns/div

Fig. 5-1 Injection current and optical waveform of three laser array,

in the spatially coherent, free running mode.
127 microns

wm
|
N

Spatial filter:




Upper vertical trace: 60 A/div

Lower vertical trace: 1 W/div
Horizontal trace: 20 ns/div

Fig. 5-2 Injection current and optical waveform of two laser array in
spatially coherent, free running mode. Spatial filter: 110 microns




synthesized far-field distribution of the laser array is that

of the spatially coherent, free running mode, as shown in

Figs 5.3 and 5.4,where microdensitometer traces of the

synthesized far-field distribution are shown, for different
magnifications. 1In the same figures, values computed for the
density distribution of the synthesized far-field of the spatially
coherent beam in the free running mode, are also given. There

is good agreement between measured and computed distributions.

We also observe in Figure 5.3 that no spatial modulation
of the laser fields seems to occur. (In the synthesized far-
field, the spatial modulation of the laser fields would appear
in form of a pair of modulation sidebands which are spaced
approximately + 6mmfrom the main beam. These sidebands, if
present, can be eliminated by a slit at the output mirror of
approximately 800 microns width ).

The deep periodic modulation of the optical waveform of
the spatially coherent radiation of the two laser array in
Figure 5.2 is close to the rate of the spiking resonance of the
Ga As lasers in the external optical cavity. From the fact that
modulation is not damped, we conclude that the spiking resonance
is excited by periodic intensity fluctuations. The periodic
intensity fluctuations in the two lasers, which form the ring
laser, seem to be coupled, such that the spiking resonances in
both lasers become synchronized.

In a gas ring laser spontaneous mode-locking in the absence

of applied moduation, had been reported. This type of spontaneous
mode-locking, which depended on cavity length and position of the
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laser medium in the cavity, more than one locked pulse within the
cavity round trip time, was observed. Specifically, the cavity
contained two equally spaced clockwise circulating pulses and

two equally spaced counter-clockwise pulses. 1In all instances
where mode-locking was observed, the laser medium was located

at a region in the cavity where it was exposed alternately to
left traveling and right traveling pulses. The mode-locked
pulses remained symmetrically timed with respect to the active
medium. The symmetrical timing yields the longest intervals
between counter rotating pulses to build-up the inverted electron
polulation which had been depleted by the previous pulse.

The periodic modulation in time of the optical waveform of
the laser array can possibly be explained by mode-locking of the
intensity pulsations in the Ga As lasersin the array. This
explanation made it necessary to carefully examine the far-field

of the two laser array in the free running mode.

Symmetrically timed mode-locked pulses in the Ga As laser
array with the external optical cavity, when traveling in op-
posite direction, will cross at the plane mirrors of the optical'
cavity when an odd number of mode-locked pulses are present;
but they will not cross at the mirrors when an even number of
mode-locked pulses is generated. Simultaneous arrival of the
" circulating and counter-circulating mode-locked pulses at the
output mirror,will result in the setting up of an interference
pattern similar to that observed in the phase-controlled mode..

The synthesized far-field distribution in Figures 5.3 and
5.4, however, does not indicate any interference of the counter
circulating pulses. However, it seems unlikely that always



an even number of mode-locked pulses is generated, since there

is no mechanism which prefers even numbers of mode-locked pulses.

Crossing of the mode-locked pulses at the plane mirrors
can also be prevented when the circulating and counter-circulating
pulses are not timedsymmetrically. Symmetrical timing requires
that the oppositely directed pulses are of the same intensity
such that they deplete the invertedelectron population by the
same amount, and the same time interval is required to again
build up the inverted population. However, a slight asymmetry
in the ring laser will set-up competition effects of the oppositely
directed pulses, with the result that the iﬁtensities of the
mode-locked pulses, traveling in one direction, are higher than
those traveling in the opposite direction. In that case, the
oppositely directed mode-locked pulses will not be symmetrically
timed any longer. The time interval between the larger pulse
traveling through the active medium and the smaller pulse traveling
through the same active medium, but in opposite direction, will be
longer than the succeeding time interval between ﬁhe smaller and
larger pulses. However, the periodicity of the oppositely
directed pulses within the round trip time of the optical cavity
will be the same. The asymmetrically timed mode-locked pulses
do. not cross at the plane mirrors of the optical cavity. They
will not generate an interference pattern.

In conclusion, the periodic modulation in time of the
optical waveform of the laser array can possibly be explained by
mode-locking of the intensity pulsations of the lasers in the
array which form a ring laser. By adjusting the distances
between the lenses and the plane mirrors in the optical cavity -
spontaneous mode - locking of the longitudinal modes can be



obtained. The oppositely directed waves in the ring laser

will take up the shape of mode-locked pulses. The periodicity

of the oppositely directed mode-locked pulses will be the same.
but they are not timed symmetrically because of slight asymmetries
in the lasersand the optical cavity. Because of the asymmetry |
timing, the oppositely directed pulses do not form an interference
pattern at the output mirror of the optical cavity. Because of
the short coherence time of the intensity fluctuation of the

Ga As laser of approximately 2 x 10—12

s, the asymmetry in timing
of the oppositely directed mode-locked pulses need not be more
than 2 x 10 2 sec., to prevent the formation of an interference
pattern. The periodicity of the mode-locked pulses will energize
the spiking resonance of approximately 200 MHz. The asymmetry in
timing will not prevent the synchronization of the spiking
resonance in both Ga As lasers forming the ring laser, because
the timing asymmetry is much smaller than the period of the
spiking resonance. Mode-locking of the intensity fluctuations

in the ring laser should result in increased efficiency of
energy extraction from the inverted electron population by the
optical field.
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6. Design changes of laser device to incorporate spatial filter
for laser array

To operate a laser array in the laser device, rather than a
single laser, the aperture limiting slit in the building block
A51-8007%is omitted. The totally reflecting mirror is replaced
by a golden strip of the 140 microns width and 0.97 reflectivity.

In the laser device operating with a single Ga As laser, the
aperture limiting slit is placed in front of the totally reflecting
mirror. Because of mechanical considerations the distance be-
tween aperture and plane mirror is approximately 0.1 cm, that is
a tenth of the focal length of the internal lenses. An aperture
at this distance of i.e. 130 microns width (which selects the
lowest order transverse mode of each laser in the array in the
free running mode) cuts off the optical field of the off-center
lasers in the array, at a field strength which is e-l that at
the center of the mode. 1In fact, we have observed experimentally
that the losses introduced by the aperture increases the thres-
hold currents and the time delay of the off-center lasers in the
array.

The assembly of the holder with the spatial filter is shown
in Fig. 6.1 The spatial filter for the free-running mode is
implemented by the single gold strip of 140 microns width on a
disc of fused silica. The disc, outside the gold strip, is
covered with black paint to reduce the photon life time of
higher order modes. The disc is held in part 531-4008 with a
thin plate and four small screws (not shown in the figure).

Part 531-4008 is held in part 531-4007 by four screws. To center
the strip in reference to part 531-4007, three small screws

* The part numbers refer to the part numbers in the detail drawings
of the laser device, built for NASA-MSFC under contract NAS 8-11974
and NAS 8-30543. The assembly drawing is shown in Fig. 2.2.
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through the sidewall in part 531-4007 were added. After the
strip is centered, the screws 531-4006 and 0-80 x .188 were
tightened.

The holder with the spatial filter is mounted in the
building block part A51-8007, the distance between the spatial
filter and the lens in building block A51-8007 is established
by inserting a small nylong ring of 0.6245 in. diameter in the
space between part 531-4007 and the corresponding opening in
the building block A51-8007. The thickness of the nylon ring
had been established experiementially for each laser array.
The holder with the spatial filter is held in building block
A51-8007 by the plate 531-4009.

Theoretically, the spatial filter should be placed at the
focal plane of the internal lens. Should the spatial filter
accidentially be placed a certain distance away from the focal
plane, then the waves from the off-center lasers of the array,
will not be reflected correctly by the spatial filter. 1If, fbr
example, the spatial filter is too close to the lens by 0.1 cm}x
then the reflected waves will effectively come from points on
the focal plane which are 46 microns off the optical axis. The
reflected waves, on their return trip, will not traverse the
symmetrical off-center laser parallel to the optical axis, but
tilted by an angle of 0.5 x 10”2 radian. However, the Ga As
laser in the array'do not operate as a linear amplifiers but _
rather like amplifying lenses. For this reason the distance
between the spati.al filter and the internal lens for highest
optical power, is not exactly equal to tha focal length of the
internal lens.

6-3



7'

Increase in Length of Optical Pulses of Spatial Coherence,
at Room Temperature

To meet the requirement of the NASA contract to generate,
at room temperatureloptical pulses of 400 ns duration, in the
spatially coherent mode, IBM had proposed to use LOC hetero-
structure lasers. This material had been developed at IBM-FSD,
Owego, in the previous years and could be grown with reproducable
characteristics. However, after IBM's proposal had been sub-
mitted to NASA-MSFC, K the effort in Owego was discontinued.

To find another source for obtaining heterostructure
material for the NASA contract, the Injection Laser Technology
Group of IBM's Research Division was contacted. This group has
developed for several years double heterostructure laser material
for CW operation and had agreed to grow material for pulsed
operation to the design of the project manager in IBM Gaithersburg.
As a second source, single heterostructure slivers and
LOC heterostructure slivers werepurchased from “ﬂaser Diode
Laboratories; Inc" in Metuchen, New Jersey.

Finally, homostructure lasers, and laser arrays, which had
been diffused at IBM-FSD Gaithersburg, prior to the NASA contract,
were tested to determine whether optical pulses of several hundred
nano seconds can be generated.

The length of optical pulses in a semiconductor laser is

limited by the temperature rise in the p-n junction introduced
by the fraction of the pumping power which is not emitted as
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light. Heat is produced in the junction plane at a rate which
is proportional to the product of the injection current and the
bandgap voltage. Heat is also produced in the entire semicon-
ductor by resistive heating by the injection current passing
through the semiconductor material.

The temperature of the p-n junction begins to rise as the
injection current is turned on, proportional to the square root
of time. The thermal energy starts penetrating into the adjacent
p- and n- regions of the laser, but very little penetrates
further than the distance x which increases with the square root
of time. The penetration depth x in the Ga As laser approaches
7 microns after 400 ns. This distance is small especially in
comparison to the thickness of the p- and n- region of the
homostructure Ga As lasers which had been diffused in our
laboratories, which is 20 microns and 50 microns, respectively.

Because of the small penetration depth, the heat sinks of the
laser cannot improve the transfer of heat from the p-n junction
to the surrounding material. The temperature rise in the p-n
junction limits the duration of the optical pulses since the
temperature rise in the junction plane adversely affects the
electronic processes in the semiconductor. For longer optical
pulses at room temperature, heterostructure semiconductor lasers
have to be used where lower threshold current densities and
higher differential quantum efficiencies are achieved primarily
by confinement of the injected electrons by one or two steps
in energy.




- The effort at IBM Research on growing heterostructure laser
material for pulsed operation never produced satisfactory results.
The design parameters for the first wafer to be grown at IBM

Research , were specified by the project manager in Gaithersburg.
They were derived as follows:

The characteristics rTor the heterostructure material to meet the
requirements of the NASA contract are:

High external quantum efficiency
Threshold current density approximately 10.000 A/cm2
Catastrophic damage at more than 40 W/mm

Spacing between active region and contact area approximately
6 microns.

The high external quantum efficiency is required because the
optical peak pulse power of the spatially coherent Ga As laser
is limited by saturation. The saturated gain coefficienc g is
related to the unsaturated gain coefficient 95 and the steady
state radiation intensities w_ and w_, travelling back and

+
forth in axial direction in the laser according to the relation

ge)eqe (v B ¢ )"

where Wo is a saturation parameter.

In the spatially coherent Ga As laser the intensities of
the waves travelling back and forth is larger at the center of
the Gaussian mode than at its wings, resulting in a non-uniform
transverse distribution of the saturated gain. The non-uniform
gain distribution limits the optical power in the TEM  -mode.
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To accomplish that saturation occurs at higher power, a
material with a large unsaturated gain coefficient is required.
The unsaturated gain coefficient can be approximated by

30' %P:’:“W

where A is a proportionality factor,d is the thickness of the

active region,r1is the confinement factor (confinement of the optical
field to the active region), 3is the injection current and m=x 2.
Since the current increases withci'the gain 9 is largely
independent of the thickness of the active region. For large
unsaturated gain the confinement factor [ should be close to one.

To accomplish the larger gain we have deviated from the
original program of growing an LOC (Large Optical Cavity)
structure, primarily because the confinement factor in the LOC
structure is always smaller than one. Instead the first
structure to be grown at IBM-Research for the NASA contract will
be a DHS (Double Heterostructure) with an active region 1.4
microns.

The threshold current density of approximately 10.000 A/cm2

seems to be an optimum value to obtain 2-3 watts peak pulse power
from a single laser diode of approximately 300 microns x 380
microns, at a pump ratelyégw,of approximately 2, using pulses

of 400 ns time duration. (The pump rate is limited by the
anti-reflection coated mirror faces of the laser diodes. Be-
cause of the finite reflectivity of these coatings, an increase
in pump rate could result in generation of internal modes.)

In order not to damage the mirror faces of the Ga As laser
diodes, material must be used where catastrophic degradation

W
occurs at more than 485 . This requires that the active region

be wider than 1 micron.



The spacing between active region and contact area of
approximately 6 microns represents a compromise between the
requirement to set up a self-reproducing field in the laser
with the external optical cavity, and a good heat transfer
from the active region tz the heat sink.

To investigate the properties of DHS laser with wide active
region, lasers made from DHS material (257), grown by the
Injection Laser Technology group of IBM's Research Division
(Prior to the NASA contract) have been tested. The active
region of this material is 1.1 microns wide.

The tests were p=aiformed on lasers radiating in a multitude
of transverse modes. No tests could be performed in the laser
device with the external optical cavity and the transverse
mode control. Because in the material 257 the active region is
spaced only 3.6 microns from the contactl a self-reproducing
field could not be set up.

A tentative evaluation of the material 257 indicates that
its optical properties are close to those required for the con-
tract with the exception of the limit of catastrophic degradation
which was approximately 2o¥m

Extrapolating from the measured parameters of the material
257, the following double heterostructure material will be grown
at IBM-Research for the NASA contract.

t Al content
o’ Ga As 15 microns 0
P Ga AlAs 4 1 micron x%




P Ga As 1.4 microns 0
n Ga AlAs < 1 micron vE
n Ga As { 70 microns 0

The larger thickness of the active region in comparison
to the material 257, seems to be required for the catastrophic
degradation to occur at higher optical power. The larger
thickness of the p+ Ga As region seems necessary to assure the
proper feedback in the laser device with the external optical
cavity. The thickness of the p+ region of 15 microns has an
adverse effect on the heat transfer from the active region to
the heat sink. However, the new material should serve primarily
as a test model to establish the optical properties of the laser
material. An improvemernt in heat transfer will be considered
later in the program.

The doping of the epitaxy layers and their Al content should
be made similar to those in the material 257. However, we suggest
to increase the doping in the p Ga As layer if possible, prlmarlly
to reduce electrical and thermal resistances in this layer.

The material growth was initiated June 6, 1974.

- The first wafer which had been grown at IBM Research for
the NASA contract did not have good properties. IBM Research
indicated that during the growth of the wafer impurities had
accidentally entered the growth apparatus.

- The second wafer (OT-2) had better properties in multi-
made operation but the metallization was non-uniform and the
wafér thickness varied from 60 microns to 115 microns. Be-
cause of the thickness variations the material became cracked
in their holders while being anti-reflection coated.
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Three more wafers of the same design were grown at IBM
Research. None of the wafers yielded lasers with satisfactory
properties. Parallel o the effort of growing the double
heterostructure wafers 0T-3 and 5, for the NASA contract, we
proceeded with the evaluation of LOC heterostructures, as an
alternate design to also be grownat IBM Research.

A study of the literature on pulsed room temperature
heterostructure Ga As lasers indicates that the PpnN structure
developed by the Bell Telephone Laboratories for use in fiber
communication gsystems, will lend itself well for use in the
optical cavity of the single transverse mode device. The
design parameters of this structure were outlined in the papers
in the Journal of Applied Physics, vol. 44, p. 1276, 1973
and vol. 45, p. 2168, 1974. These design parameters are
summarized in the following. The various layers of the large
cavity Ga As PpnN laser were grown by liquid phase epitaxy
method. The total waveguide thickness is approximately 2
microns. The waveguide is subdivided into the active p-region

ofl.1 microns, doped with Ge to a level of 4x 1017 cm”3

the n-region doped with 3x1018 cm'-3 Te, and also with addition

of 3% AlAs. The small addition of Al is meant to improve the

and

carrier confinement. The ternary p-Gao.6 A10.4 As region is
followed by a heavily doped p-type Ga As layer. The ternary
n-region has the same Al content as the ternary p-region. The
thickness between active region and metal contact is 3-5
microns. (It is important that in the PpnN structure to be
grown for the NASA contract, this thickness be increased to

15 microns to facilitate to optical feed-back.)

In September 1974, the growth apparatus at IBM Research
became inoperative until April 1975. After this delay an




attempt was made to grow the LOC structure for the NASA
contract which had been specified by the project manager.
However, the layer thicknesses deviated considerably from those
which had been specified. End of April the effort at IBM
Research had to be discontinued because of lack of funds.

In conclusion, though an attempt had been made to develop
heterostructure material for pulsed operation at IBM Research
the effort was too small. The development of a new structure

requires a larger effort than could be supported by the NASA
contract.

The single heterostructure material purchased from "Laser
Diode Laboratories" had been tested in multi-mode operation and
was also AR coated and tested in the spatially coherent mode.

In the spatially coherent mode the lasers'made from the SHS
material‘have shown H-pulsing. H-pulsing refers to abnormal
behavior where the optical pulses do not coincide with the
injection current pulses but only short optical pulses occur

at the beginning and end of the current pulses. It seems that
the "transition temperature" between normal and abnormal be-
havior of the SHS laser material from "Laser Diode Laboratories”
is only slightly above room temperature. When operated in the
spatially coherent mode the losses introduced by the spherical
aberrations of the lenses in the external cavity, seem to

reduce the transition temperature to room temperature and H-pulsing
occurs at room temperature already. However, the temperature
range of the abnormal behavior of SHS lasers is very narrow, and
it could be possible to suppress the H-pulsing by slightly
reducing the temperature of the SHS lasers.
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The LOC heterostructure material purchased from "Laser
Diode Laboratories" was never sufficiently uniform to be tested
in the spatially coherent mode.

The tests on the heterostructure material purchased from .
"Laser Diode Laboratories" was discontinued because the character-
istics of the lasers were not adequate. Also, the array geo-
metry, made at "Laser Diode Laboratories" was not suitable
for the spatially coherent mode because of the wide spacings
between the lasers in the arrays.

Finally, homostructure lasers and laser arrays were tested
to determine whether optical pulses, in the spatially coherent
mode, of several hundred nano-seconds can be generated. The
lasers had been diffused at IBM-FSD Gaithersburg and the
junction width of each laser was 190 microns.

Experiments were first performed with a single homostructure.
laser. We have observed that for current pulses up to 300 ns, the
optical peak power in the single transverse mode was fairly constant
at 1.6 watts for close to 250 ns, as shown in Fig. 7-31, We
also have observed that the optical pulse power in the TEMoo
mode only remained constant over close to 250 ns, when, in
addition to the transverse mode control at the totally reflecting
mirror, a second, slightly wider, aperture at the output mirror
was used.

Then, two laser array in spatially coherent, free running
mode,wés tested with pulses of approximately 250 ns duration.
The lenses in the external optical cavity were doublets,
corrected for spherical aberrations. The spatial filter was a
gold strip of 130 microns width and a shutter of 615 microns




Lower vertical trace: 0.4 W/div

Upper vertical trace: 20 A/div

Horizontal trace: 50 ns/div

Fig. 7-1 Injection current and optical waveform of single laser in lowest
order transverse mode. Aperture at totally reflecting mirror: 130
# - microns, at output mitror: 190 microns




width was placed in front of totally reflecting mirror. The
length of the injection current pulses was limited by the trans-
former and driver. A transformer was used which had been de-
signed for operation with a single laser. (The modified pulse
transformer with the larger core area and increase in turns of the
primary winding, was not available.) The driver was a transistor
driver. The driver which had been designed and assembled to
generate pulses of 60A and 400 ns never became operational

because of the malfunctioning of the Watkins~Johnson "Electron
Bombarded Semi-conductor".

We have observed that the optical peak pulse power in the
spatially coherent mode remained fairly constant at 4 watts for
close to 200 ns, as shown in Fig. 7-2.

Finally, a three laser array in the spatially coherent,
free running mode, was tested in the engineering model of the
laser device, with Gaussian pulses of approximately 350 ns
half-width. The laser array was operated in the modified pulse
transformer with doubled core area and the increase in turns
of the primary winding.

The spatial filter was a gold strip of 140 microns width
and a shutter of 1000 microns width was placed in front of
the output mirror. At the high current level, the pulses
generated by the transistor driver were badly distorted.

The optical peak power of the three laser array at the
leading edge of the injection current pulse, was close to 5 watts
and decreases to 3.5 watts after 200 ns, as shown in Fig 7-3.

The droop can partly be introduced by the lower frequency
limit of the modified pulse transformer of lO5 Hz.

We have computed that this cut-off frequency results in a
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Fig. 7-2

Lower vertical trace: 1 W/div

Upper vertical trace: 30 A/div

Horizontal trace: 50 ns/div

Injection current and optical waveform of two laser array in
spatially coherent, free running mode. Spatial filter: 130 micronms,
aperture at output mirror: 615 microns

Lenses corrected for spherical
aberration




Vertical trace: 1 W/div

Horizontal trace: 50 ns/div

Fig. 7-3 Optical waveform of three laser array in laser device, radiating in the
spatially coherent, free running mode. Spatial filter: 140 microns, aperture
at output mirror: 1000 microns
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decrease of the secondary current of 220 Amp. after 400 ns by

26 per cent. However, the distorted pulses of the transistor

introduce a larger droop and also generate
excessive heat in the p-n junctions of the array.

driver might




8. Modification of pulse transformer for higher energy injection
current pulses

The use of an array of homostructure Ga As lasers in the
laser device rather than of & single laser, and the required
increase in pulse length, made modifications of pulse trans-
former necessary. The modifications are limited by the require-
ment that major changes in the design of the laser device be
avoided. Within this limitation, the changes which could be
made are an increase in core area and an increase in the number
of turns of the primary winding.

The design principle of the pulse transformer is shown in
Fig. 8.1 which gives the pulse transformer before its modifi-
cation for higher energy injection current pulses. It is a ‘
step-down transformer where the coil of the primary winding
(which has the form of a toroid) is wound on a toroidal core.
The secondary winding consists of one turn only. A low-
impendance transmission line which is terminated by the Ga As
lasers is coupled to the secondary winding.

In the modified transformer the toroidal core (C) is a
stack of four toroid cores of the part number 266T125 (made by
"Ferrocube" North American Philips Company). The core material
is of the type 3E2A. The effective cross-sectional area of
the core is 0.3 cm2, its mean magnetic path length is 2.16 cm

and the relative permeability is = 1800. The primary winding

e
has six turns; it is made of an isolated copper strip of 2.5
mm width, and 0.1 mm height, which is tightly wound on the

core, covering most of the core material.

The secondary winding of one turn has circular symmetry
in reference to the core center; it is formed by the housing
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A51-8015, the rod A51-8022, and the block A51-8042. To add two
toroid cores the height of part A51-8042 was reduced from 0.36
in. to 0.1 in. The secondary winding of one turn houses the
toroidal core with the primary winding and tightly encloses it.

(The tight packing is required to minimize the leakage induc-
ance of the transformer).

The low-impedance coaxial transmission lies between the
housing A51-8015 and the rod A51-8022, which is terminated by
the laser array, is coupled to this secondary winding of the
pulse transformer. Because of the continuity of the conduc-
tion current in the one turn secondary winding, and the dis-
placement current in the coaxial transmission line, efficient
coupling is achieved. In fact, the conduction current vector
induced in the upper and lower part of the one-turn winding by
the magnetic field in the core, is radial. The electrical
field vector in the coupled coaxial transmission line is also
radial.

The characteristic impedance of the dielectrically loaded

coaxial transmission line 2Z_= ‘&; ;f:: 4 otone .be
Moo= O.lfls,:\m_ Ha = D.lQ_ Ara, Cruch Rezsi

]

the length of the transmission line is 0.43 in. Because of the
low characteristic impedance of the coaxial transmission line
and its short length, the impedance of the Ga As diode, trans-
formed to the secondary winding of the pulse transformer, is
primarily resistive over nearly the entire frequency band of

the pulse transformer. Only at the upper frequency limit does
the inductive component of the transformed diode impedance

begin to be effective; (at 25 MHz the transformed diode impedance

is 2 =20 x 1073 + § 14 x 10 30hm). Thus, only at the upper




frequency limit does the reactive power approach the resistive
power which is transferred to the Ga As diode, resulting in a
slight distortion of the pulse shape.

The configuration of the pulse transformer makes it possible
to place the Ga As laser arry along the optical axis of the
external resonator and the toroidal core outside the cavity. 1In
fact, the length of the optical cavity can be kept small to
minimize misalignment errors which are proportional to the
resonator length and need not accommodate the toroidal core
whose large diameter is required by the high injection current.
The physical separation between laser diode and core has the
added advantage that heat generated in the toroidal core by
Eddy currents is not directly transferred to the Ga As diode.

Tests on the transformation ratio of the new transformer
were performed using a transistor driver with 1 ohm output
impedance. The driver generates pulses of Gaussian shape with
a half-width of approximately 150 ns. The tests were performed
by comparing the transformation ratio of the modified transformer
with that of the previous transformer, which had been measured
to be 4:1. To do so, different Ga As lasers and laser arrays
were mounted alternatively in the two transformers. Then, the
current into the primary winding of the transformers was monitored
which yielded the same optical output power. Using a single
Ga As laser of 12 mil junction width in the transformers,
the new transformer requires 0.67 of the primary current of the
previous transformer. Using a two laser array of 12 mil junction
width, the new transformer requires 0.5 of the primary current
of the previous transformer. Also, the half-width of the primary
current pulses of the new transformer is approximately 140 ns,
while the half-width using the previous transformer is approx-
imately 90 ns.
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Tests of the frequency characteristic of the pulse trans-
former would require a pulse generator with 1 ohm internal
impedance which generates pulses of at least 40A and 400 ns
duration. Though we have designed and assembled this type of
pulse generator, the malfunctioning of the Watkins=- Johnson
"Electron Bombarded Semi-conductor" has prevented us from
using it.

We conclude from the tests which we could perform,that the
transformation ratio of the modified transformer is 6:1. The
change in the current relation from 0.67 to 0.5 at approxiﬁately
100A in the secondary winding, indicates,that,at this current
level the previous transformer starts saturating while no
saturation seems to occur in the modified transformer.

The wider band-width of the modified transformer becomes
apparent from the wider half-width of its primary current. The
waveform of the primary current is that of the driver which
becomes distorted by terminating it with the complex impedance
of the pulse transformer. The wider band-width of the modified
pulse transformer means, in effect, that its impedance is real
over a wider range of frequencies, thus introducing less distor-
tions on the waveform of the driver.

In conclusion, the modified transformer with the larger ’
core area and the increase in turns of the primary winding, has
a transformation ratio of 6:1, saturates at higher injection
currents and has a wider band-width than the previous transformer.




Increased Stability

To increase the stability of the laser device, developed
under contract NAS 8-11974, IBM had proposed a) to improve
the control of the position of the laser array in the optical
cavity and b) also to facilitate the transition from mechanical
to electro-mechanical alignment control.

a.) The construction of the laser device is such that the Ga As

laser array is housed in the pulse transformer, Fig. 8.1l. The laser array
had been held between the parts L99-204 and A51-8022, by the

spring A51-8035. To improve the mechanical stability of the

laser device, one heat sink of the semis conductor laser array,

is soldered to the part L99-204, which is an integral part of

the transformer housing. For this connection low temperature

solder is being used which melts at lower temperature than

the indium which connects the semi-conductor laser array to the

heat sinks.

Soldering the heat sink to the large copper part L99-204
also improves the transfer of the ﬁeat, generated in the p-n
junctions of the laser array,to the transformer housing. The
heat sink which is soldered to the large copper part, is
connected to the p-region of the semi-conductor array, which
is always narrower than the n-region. The heat is now trans-
ferred through a path of good heat conductivity from the p-n
junctions of the array and through the narrow p-region, to
the large transformer housing.

b.) For the alignment of the laser device a transition is
required from mechanical alignment (in direction perpendicular
to the junctions of the laser array) by means of parts A51-8019
and 8034, to an electro-mechanical alignment by means of two
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piezo-electric transducers parts A51-104, During this transition,

mechanical stresses can accidentally be exerted which can move
the lenses in the holders, parts A51-8009, out of alignment.
The stresses result from an accumulation of small deviations,
which take place when the transducer housings, parts A51-8030,
are clamped down in part A51-8028. In the model of the laser
device which operates with the laser array, misalignments
occur which are too large to be corrected by the electro-
mechanical alignment control.

To facilitate the transition from mechanical to electro-
mechanical alignment control during the alignment procedure
of the laser device, a coupling device was inserted between
the holders, part A51-8009, of the external optical cavity
and the piezo-electric transducers, part A51-104. This type
of mechanical improvement was easier to incorporate than an
improvement using piezo-electric transducers with larger
deviation.
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