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Abstract

An optimized setup for fiber optic injection of a kilowatt peak power laser
diode stack emitting in the SWIR spectral range is proposed. Starting from a
fast axis collimated (FAC) and slow axis collimated (SAC) 15 bars, 19 emit-
ters off the shelf laser diode stack, the beam is transformed using spatial beam
combining and polarization coupling. Both techniques integrated in a com-
pact design enable to couple the kilowatt level beam into a standard 600 pm
core, 0.22 numerical aperture (NA) multimode optical fiber. An application
in the field of long range SWIR laser illuminator for gated viewing is pre-
sented. A comparison between two illuminators is realized both based on the
same laser diode stack but one using beam parameter product (BPP) reduc-
tion and one without. It could be demonstrated that BPP reduction is the best
way for efficient, narrow divergence and compact semi-conductor based laser
illuminators design and realization. The global laser illuminator efficiency
could be improved by 75% for the narrowest divergences thanks to this ap-
proach.

Keywords

Semiconductor Laser, Beam Shaping, Beam Parameter Product, Spatial
Multiplexing, Polarization Coupling, Laser Illuminator

1. Introduction

Pulsed high repetition rate, medium average power illuminators are needed for eye
safe and long range active imaging applications [1] [2] [3]. The semi-conductor
laser is the most adapted and most efficient laser source in this field [4] but,
unfortunately, the direct use is unsuitable due to its poor beam quality espe-
cially in the case of high power stacked arrays [5] [6]. One key way to over-
come this difficulty is to couple the beam into a multimode optical fiber which
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acts as a homogenizer and allows a simplified beam treatment for divergence
control or focusing. The challenge is to optimize the coupling efficiency as well
as the brightness. The dimensions of the lighting optics are directly related to
the brightness of the beam, which is why special priority must be given to this
point.

The needed power for long range illuminators leads to select high power
stacked laser diode bars. Nowadays, 70 W peak power bars @1550 nm are cur-
rently available [7]. To reach the kilowatt range, a stack with 15 bars composed
of 19 emitters each is selected. To allow conduction cooling, the pitch between
each bar is equal to 1.6 mm resulting in a total emitting area of 24 mm x 10 mm.
The divergences of both fast and slow axis are reduced to 15 mrad and 35 mrad
respectively by using micro lens arrays provided by the manufacturer. In such a
configuration, the BPP of both axes is close together which allows a direct fiber
coupling like our first developed system presented in [8]. Unfortunately, without
brightness optimization, the coupling efficiency as well as the divergence han-
dling of the laser illuminator remains limited, especially for narrow fields. In-
deed, improving brightness can considerably increase fiber coupling and relax
the requirements of the collimating optics used to control the divergence of a la-
ser illuminator. This complete optimization process is described and experi-

mented in this paper with the support of simulation.

2. Beam Shaping Operations
2.1. Spatial Beam Multiplexing

2.2.1. Simulation

The first operation applied to the beam directly after the micro lens array con-
sists of virtually filling the empty spaces between each bar as proposed by Gha-
semi [9] and illustrated on Figure 1. Simulations show that this operation is
possible with our 15 bars stack without occulting any part of the individual

beams.

2.1.2. Experimentation
A first experimental setup is built with two mirrors as illustrated on Figure 2(a).
The first mirror M1 consists of a first face with AR coating placed in front of the
laser diode stack with an angle of 45° and a second face equipped with 7 high
reflection stripes to reflect the beam coming from M2. The second mirror M2
with high reflection coating at 45° redirects the transmitted beams from the 7
upper bars to the stripe mirror M1. Power measurements have been conducted
on the different points and the transmission of the different steps are deduced
and summarized on Table 1. The experimental conditions are the follow; laser
power at maximum with drive current of 180 A ng to 1000 W peak power with
pulse duration of 5 ys at a repetition rate of 1 kHz.

As it can see on Table 1(a), the transmission of the beam by the first mirror is
limited to 89%. It should be mentioned that unlike the first diopter of the M1
mirror, the second face which contains the stripe coatings is not AR coated
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Figure 1. Spatial beam multiplexing by using step mirrors.

mainly for simplification reasons. With such an additional operation the trans-
mission could be improved in this configuration. Another origin for losses can
be attributed to the polarization losses due to the sagittal linear polarization of
the stack. In our design presented on Figure 2, the incident angle of the polarized

beam gets closer to the Brewster angle of our mirror (57°) but unfortunately with
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Figure 2. Spatial beam multiplexing setup with (b) and without (a) polarization rotating,
measurement positions are filled in blue.

Table 1. Transmission efficiencies with (b) and without (a) lambda half wave plate.

Case (a) Case (b)
C/A D/C D/A B/A C/B D/C D/A
T[%] 89 97 863  T[%] 98 98 97 93.1

the polarization configuration perpendicular to incident plane corresponding to
the highest losses. On the other hand, only 3% of losses are measured by the
beam redirecting M2 mirror, this result definitively validate the HR stripe de-
sign.

In a second step a zero order lambda half wave plate @1550 nm (see Figure
2(b)) is introduced in order to reduce the losses. The result of this operation can
be shown on Table 1(b). The global transmission of this complete first beam
shaping operation could be improved from 86.3% to 93.1%. The laser diode
stack polarization degree is very high allowing an efficiency of 98% by polariza-
tion rotating. After that, the Brewster losses could be dramatically reduced
without any degradation by beam redirecting with M2. At this point, the BPP in
the fast axis direction could be reduced by a factor of two. Figure 3 illustrates
the beam profile directly at the stack output and after the first BPP reduction
stage. For all beam profile measurements, the drive current of the stack is set to a
value just above the threshold current to avoid damaging the camera. The next

step is to work on the slow axis BPP reduction before fiber injection.

2.2. BPP Reduction along the Slow Axis

In order to reduce the BPP along the slow axis, the technique of polarization
coupling is chosen [10]. This technique is often used to couple two stacks to-
gether however, in our case, the idea is to overlap two sub-beams after separa-
tion as illustrated on Figure 4.

After spatial beam multiplexing, the resulting beam is cut into two sub-beams
of equal power with a sharp edge high reflection mirror M3. The first sub beam
is directed to the coupling polarization prism without polarization change whe-

reas the second one undergoes a new polarization rotation of 90° with a second
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Figure 3. Measured beam profile at the output of the stack (position A) left and at the
output of the spatial multiplexing stage (position D) right.
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Figure 4. Setup for BPP reduction and fiber coupling with the different measurement po-
sitions.

lambda half wave plate placed after mirror M5. For an efficient superposition,
both optical ways are carefully equalized.
Figure 5 shows the profiles of the sub-beams recorded at position D1 and D2

and the superposition on F. Considering that the bars are composed of 19
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Figure 5. Measured beam profiles on positions D1 (left), D2 (center) and F (right), re-
spectively.

emitters, the superposition of the two sub-beams results to equivalent bars with
10 emitters with cross polarization state.

In terms of efficiency, Table 2 represents the results of measurements of this
complete polarization coupling stage. As it can be seen, the efficiency of this op-
eration is very high, this can be explained by the high quality coating used and
also on the high polarization state of the beam after spatial multiplexing. After
this stage, the BPP of both axes could be reduced to 45 x 43.5 mm.mrad which

represents the initial goal before fiber injection.

2.3. Fiber Injection

Focalization of the beam into a multimode fiber needs to respect both, the core
diameter as well as the acceptance angle given by the numerical aperture. Ac-

cording to Yulong Wu [11], the following rules must be respected for efficient

fiber coupling:
BPP;., =+2xBPP., (1)
BPPg. =+2xBPP, (2)
With
Dsiper X NA
BPPype, = % (3)

Table 3 gives the different multimode fibers used for beam injection and their
corresponding BPP’s. Only the 550 um core fiber with NA = 0.22 does not match
to the perfect injection conditions.

Several injection lenses have also been simulated and tested with focal lengths
from 20 to 35 mm. In order to minimize focusing aberrations, aspheric lenses as
well as doublets and triplets where used. The best result is obtained with an AR
coated aspheric lens with a focal length of 26 mm and a NA = 0.52. The corres-
ponding focal point is measured and presented on Figure 6. In this case the
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Table 2. Transmission efficiencies of the spatial polarization BPP reduction stage.

(D1+D2)/D (E1+E2)/(D1+D2) F/(E1+E2) F/D

T[%] 99 98 98 95

Table 3. Core diameter, NA and corresponding BPP of the tested multimode fibers.
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550 pm,
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Figure 6. Beam profile on the focal point at maximum power.

power of the laser diode is set at the maximum close to 1 kW. It can be seen that
the beam remains elliptical (ellipticity = 66.67%), nevertheless, the measured
dimensions show that 86.5% of the global energy is contained in an ellipse of 561 x
374 um.

Figure 7 gives the measured power at the fiber output as a function of the di-
ode drive current. As expected, the best result is obtained with the large core
1000 pm fiber. The three other fibers show very close results with still the lowest
value corresponding to the 550 um core fiber. Interesting is to mention that
there is no real difference between NA of 0.22 and 0.39 comforting the fact that
the injection angle is right. A slight slackening of the curves can also be observed
for the highest powers which can be attributed to the spatial broadening with
increased pump current. As mentioned, the goal is to keep the BPP as low as

possible at the fiber output, it is why the fiber with 600 pm core diameter and

DOI: 10.4236/0pj.2022.122002

25 Optics and Photonics Journal


https://doi.org/10.4236/opj.2022.122002

Y. Lutz

Fiber injection
800

700 —=—600 pm: NA0.22

—+—1000 ym: NA0.22
600

600 pm: NAO.39

500 —=— 550 uym: NA0.22

400

Peak power [W]

300
200

100

0 20 40 60 80 100 120 140 160 180 200
Drive current [A]

Figure 7. Optical fiber output power (position H) versus drive current for the tested mul-
timode fibers.

NA 0.22 represents the best compromise. With this fiber, the available output
power reach 733 W with a coupling efficiency of 83%. Optical fibers equipped
with AR coatings on both side are suited for further coupling efficiency en-

hancement.

3. Applications for Long Range Laser Illuminators

For long range gated viewing applications, a first laser diode illuminator was
built [8] based on the same stack described in this paper. Figure 8 gives the se-
tup used for this first design.

Considering that the BPP’s for the stack are very close together, only two cy-
lindrical lenses are used to inject the beam into the multimode fiber. Here, the
fiber has a core diameter of 1500 pm with NA = 0.22. Without optical coatings
the reached coupling efficiency was 89%. In a second step a rectangular light
pipe with a cross section of 1.5 x 2 mm is used for beam forming in order to
reach a perfect overlap between the illumination beam and the recorded image.
Lens L3 projects the beam on the scene, the focal length gives the global diver-
gence. To have a tunable divergence, a commercially available SWIR zoom lens
with following characteristics is used:

25 mm < f< 300 mm

28<f#<39

Transmission at 1550 nm = 65%.

With this setup, the illuminator divergence has a tuning range of 0.29° x 0.38°
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to 3.4° x 4.5°. The power on the target is measured as a function of the beam di-
vergence and presented on Figure 9. An additional focusing lens is placed after
the zoom lens for measurement purposes. Power on the target is measured at the
focal point of this lens.

The curve starts with a power close to 550 W and drops with the highest focal
length to value of 270 W. This is due as much to the poor overall transmission of
the zoom lens as well as to the limited optical aperture of the lens for the highest
focal length values. The output pupil diameter is limited to ¢ = 77 mm whe-
reas with the used optical fiber and light pipe, the corresponding output pupil
which can be deduced from a ray tracing, should have been ¢ >135mm.

$>2f0

with @ =sin™ NA, fthe focal length of the zoom lens and NA the numerical
aperture of the fiber. With such a value, the global size of the illuminator should
be largely increased leading in a significant degradation of the global compact-
ness. On the other hand, no SWIR optical zoom lens could be found on the
market with such an optical aperture and custom realization is a wrong way be-
cause of costs increasing. Thus, the best way is to reduce the brightness of the
beam before hitting the zoom optic.

Figure 10 presents the ray tracing of the new illuminator design based on the

L1 L2 s
" llluminator
rectangular dlverg?nce = FOV
light pipe -
Laser diode multimode fiber
stack

cold plate

Figure 8. First developed laser diode stack based long range illuminator.
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Figure 9. Measured power on the target versus focal length values with two different il-
luminator designs.
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Figure 10. Beam propagation after fiber output of the laser diode based long range illuminator with reduced BPP.

BPP reduction setup described earlier (not shown on Figure 10). The beam
forming light pipe remains unchanged as well as the zoom lens L3. In order to
reduce the divergence angle after the light pipe input, a beam expanding optic
with a magnification of 1.5 is placed between the fiber output and the pipe input.
Negligible losses are measured when using AR coated lenses. With this opera-
tion, the beam diameter at the rod input is enlarged whereas the divergence is
reduced by the same factor. It should be noticed that the beam forming light
pipe works with total internal reflection corresponding to an invariant in the
beam divergence between input and output.

The power on the target versus focus length is also measured for this new se-
tup and reported on Figure 9. In this case we start from a lower value due to the
losses of the beam shaping operations before fiber injection, however, no signif-
icant decrease is observed unlike the previous design and this all over the zoom
focal range. The output power at maximum focal length of 300 mm could be in-
creased from 270 W to 470 W thanks to the BPP reduction of the beam.

4. Summary

In this work, beam shaping operations are described allowing the reduction of
the BPP of an SWIR laser diode stack in the kilowatt power range. Three opera-
tions are conducted on the beam such as spatial beam multiplexing consisting of
free areas filling on the fast axis with a good efficiency of 93.1%. The second op-
eration is dedicated to polarization coupling in the slow axis direction of two sub
beams with an efficiency of 95%. Fiber injection is realized with this reduced
BPP beam in a 600 pm core fiber with NA = 0.22 and a global efficiency of 83%
without AR coatings. At the fiber output a magnification optic reduces the di-
vergence before injection in a rectangular light pipe allowing high quality illu-
mination beam. The zoom optic allows a tunable illumination divergence of
0.29° x 0.38" to 3.4° x 4.5°. Thanks to the BPP reductions and even taking into
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account losses due to the additional components, the output power of the illu-

minator for the shortest divergences could be increased by 75% in comparison to

the same illuminator without BPP reduction.
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