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The paper presents a new expression for the determination of the Beam Parameter Product (BPP) of a
multi-emitter laser diode module made by stacking several single emitter chips. The proposed formula
takes into account the effect of collimating and focusing lenses, and has been validated experimentally,
obtaining an excellent agreement between theoretical expectations and measurements. A practical appli-
cation to optimize the lenses configuration for the design of a fiber-coupled multi-emitter module is also

reported. © 2015 Optical Society of America
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1. INTRODUCTION

The combination of multi-emitter semiconductor laser chips or
mini-bars [1, 2] is emerging as the most reliable and cost-effective
technological path for the development of kilowatt range diode
based laser sources, both for direct applications [3] (e.g. welding,
brazing, surface treatment, cladding, etc.) and for pumping high
power fiber lasers [4, 5].

In particular, the direct use of diodes for material processing
in industrial applications is currently attracting a large interest
because it does not imply additional power penalties due to
the limited efficiency of the pump absorption - signal emission
mechanism of diode pumped lasers. These applications, how-
ever, require a good compromise between signal power and
beam quality, which therefore must be carefully preserved in the
combination of the individual laser sources.

A multi-emitter high power module is composed of a number
of single emitting chips or bars, whose output beams are com-
bined exploiting three different approaches, namely spatial (also
known as “beam stacking”), polarization, and wavelength mul-
tiplexing. Spatial multiplexing is practically unavoidable and
it is also the technique most affecting the beam quality degra-
dation. It is realized using an optical system that arranges side
by side the beams and then focuses them, often in a multi-mode
fiber (at least for fiber coupled modules). The sketch of a typical
multi-emitter module configuration that makes use of spatial
multiplexing is shown in Fig. 1 [6].

Beam quality plays an important role also when the multi-
emitter module is used for pumping another laser, such as in
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Fig. 1. Typical configuration of a multi-emitter laser diode
module that makes use of spatial multiplexing.

the case of fiber lasers (an example is in Fig. 2), since the beam
quality determines the number of modules that can be coupled
to an active fiber of given size and numerical aperture. This
because the power of fiber lasers increases with the total pump
power, which in turn is proportional to the number of chips that
can be coupled inside a multi-emitter module and then to the
number of modules that can be coupled into the fiber, and this
depends on the beam quality.

The key parameter to evaluate the beam quality of high
power lasers is the “Beam-Parameter-Product” (BPP), which
for Gaussian beams is defined as the product of the beam radius
measured at the waist and the beam divergence angle measured
in the far field; for non-Gaussian beams, second order moments
are used to define the beam radius and the divergence. The
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Fig. 2. Typical architecture of high power fiber lasers pumped
from one end by a combination of multi-emitter laser diode
modules.

smallest possible BPP is for diffraction-limited Gaussian beams,
and the higher the beam quality, the lower the BPP. Moreover,
the BPP is an optical invariant, so it cannot be only degraded by
passive optical systems. Therefore, investigating how the beam
quality of laser diode chips modifies when combined into stacks
is important for at least two reasons: i) determine the power
loss due to the mismatch with the BPP of the optical device into
which the stacked beam is coupled (most often a fiber, realizing
the so called fiber-pigtailed modules; so in the following a fiber
will be assumed as this optical device); ii) optimize the config-
uration of the laser diode stack by maximizing the number of
chips that can be combined given the output fiber characteristics.

Semiconductor laser diodes emit a beam with very different
properties along the two main directions, known as “Slow” and
“Fast” Axes (SA and FA, respectively), and various criteria have
been followed to provide a single parameter able to characterize
the beam quality. One of the most used relations is [7]

BPPg;, = (BPP3,, + BPP%)!/?, @)

2
slow
where BPPg;, is the diagonal BPP of a laser diode stack, and
BPPy,¢; and BPPg),,, denote the BPP along fast axis (FA) and slow
axis (SA) direction, respectively. Another common definition
is [8]

BPPgia = BPPgjow + BPPrpagt- (2)

Previous literature states that for efficient fiber coupling
BPPy;, has to be smaller than the BPP of the fiber (BPPgper)
into which the beam has to be coupled, but to the best of our
knowledge the proof is found in published literature only for
Eq. 2 [8]. In our work, we found that Eq. 2 is a special case
of our new expression for the BPP of a laser diode stack. This
value sets the minimum BPP of laser diode stacks and is criti-
cally dependent on the choice of the optical components used
to collimate and focus the single beams, namely the Fast Axis
Collimator (FAC), the Slow Axis Collimator (SAC), the FA fo-
cusing lens and the SA focusing lens. In the remaining of the
paper we describe a model for calculating the minimal diagonal
BPP of laser diode stack and for evaluating the best combination
of FAC, SAC, FA focusing lens and SA focusing lens; then we
provide an experimental validation of such model.

2. MODEL DESCRIPTION

For sake of simplicity, but without losing generality, we assume
that:

1. The beam emitted by the single laser diode chip has a rect-
angular shape, as depicted in Fig. 3.

Activeregion
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i
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Fig. 3. Simplified laser diode radiation model.

2. The beam divergence after collimation is negligible (i.e., the
beam radii along the fast and slow directions are practically
constants with propagation); this is reasonable because well-
collimated beams have extremely small divergences, so that
after the propagation paths typical of module packages
the variation of beam size is almost below measurement
capabilities. For example, considering a common 915nm
laser chip with 1/e? intensity beam waist radius of 0.8 pm
and divergence of 400 mrad (23 degrees) in the FA direction
and, respectively, of 47 pum and 115mrad (6.5 degrees) in
the SA direction, the divergence becomes 1.3 mrad in the FA
direction and 3.9 mrad in the SA directions after respective
collimation with a FAC having an Effective Focal Length
(EFL) of 0.6 mm and a SAC having EFL of 12mm.

3. All the beams emitted by the single laser chips are incoher-
ent with respect to each other and thus there is no interfer-
ence.

4. All the lenses are aberration-free.

5. Laser diodes are arranged at a fixed interval along the FA

as shown in Fig. 4, and placed linearly along the SA as
depicted in Fig. 5.

Dbeam,.—,l o Zwbeam,:,q

Dspotps = 2Wspo[,.»,‘

Laser diode [

FA Focusing lens

Fig. 4. Npp laser diodes arrangement along the FA; besides for
the vertical stacking, the picture shows also a longitudinal off-
set, which is necessary for the practical implementation of the
multi-emitters but does not impact on the model derivation.

It is well known that the beams emitted from laser diodes are
not exactly Gaussian shaped; nevertheless they can be analyzed
with the same formalism by introducing the M? correction fac-
tor [9]. Let’s consider the example of Fig. 4. Given that the EFL
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DspotSA = waacs,,

SAC
Laser diode

SA Focusing lens
Fig. 5. Ngp laser diodes arrangement along the SA.

of the collimating lens is usually much larger than the Rayleigh
length, the beam radius after the FAC can be approximated as

2
Mg A
TTW(

Wheamg, ~ frac = Orafrac, 3)

'FA

where fpac is the EFL of the FAC, and M% A and Opp are the M2

factor and the beam divergence along the FA, respectively.
After being collimated, the beam passes through a focusing

lens and concentrates at the focal plane; the spot size at this

position is [10]

M2, A

,f focga” 4)
TTWheamga FA

Wspotga =

where Wpeam,, is the beam waist radius at the lens and f,, is
the EFL of the FA focusing lens.

Given the assumption that the divergence of the collimated
beam is negligible and the beam waist radius is constant after
collimation, by substituting Eq. 3 into Eq. 4 we obtain

BPPFA f fOCFA
Ora  frac’

Wspotps =

(5)
where we used the expression
MZ, A
BPPpp = %

The divergence of the focused beam is

e, — Wheampy _ OFASEAC ©)
f fOCFA f fOCFA
In the case of multi-emitters with N laser diodes distributed
vertically as depicted in Fig. 4, the combined collimated beams
can be seen as a unique beam of width equal to N - Wpeam,, but
the spot waist radius remains constant. Hence the divergence of
the focused beam changes to

wy, Ora frAC
efOCFA =N =N : ™
f fOCFA f fOCFA

As evident from Fig. 4, each beam can be truncated by nearby
lenses and possibly limited by the focusing lens clear aperture,
if this is not large enough. Consequently, some power is lost
by the truncation, but this is not considered in the model since
the loss should be less than few percents (typically < 7%) under
correct design and choice of the lenses. As mentioned before,
at the focal plane the spot size of a N diode combined beam is
the same as the spot size of a single diode. This can be proved

by considering for instance 2 incident beams of amplitude A(x);
the expression of the combination of the 2 beams entering the
lens is

Aan(x) = A(x) exp(je1) + A(x + Xofset) Xp(jd2),  (8)

being Xt the distance between the two diodes, A(x) the am-
plitude of a single beam at the entrance of the focusing lens, and
¢1 and ¢, the phases of two beams, respectively.

The amplitude at the focal plane is the Fourier Transform of
Eq. 8, which is

A () = A" (£ lexp(jgr) + exp(—27jxoffser fi) exp(jg2)],
)
where A’(x) is the Fourier Transform of a single beam at the
focal plane.

The intensity at the focal plane becomes

AR =14 R 2+ exp(~2jxotsenfs =109+ 400
exp(27TjXoffset fx + JAP)],

where fy is the spatial frequency, and A¢ is the phase difference
between ¢; and ¢».

Since the two beams are incoherent, the phase difference

A¢ is random and Eq. 10 reduces to [A’ (fx) 2 = 2|A/(f) %
Extending the result to N beams, the resulting intensity is

N-1
AL (RO =14 (F)IP [N+ Y exp(—2mmtjxogieet f)-

m=0
N-1
Z exp (21 7Tj X ofgset fx) €Xp (j(Pn — ¢m)):|

n=0,n!=m

(1)
Hence, for N incoherent beams the intensity at the focal plane is
N|A'(f«)|?, and thus the spot size of N beams is identical to the
spot of a single beam, the difference being only in the intensity.
Similar reasoning applies along the SA; then the result can
be further extended to the actual case where the combination is
of two dimensional beams with different spot sizes in the two
main directions. Assuming that there are Npp laser diodes along
the FA direction and Ngp along the SA direction, the beam waist

radius of this stack at the focal plane can be expressed as

2 2
wdia — \/(BPPFA ffOCFA ) + <BPPSA ffOCSA ) , (12)

Ora  frac Osa  fsac

where BPPgy, 0, and fo, are, respectively, the BPP, the beam
divergence and the EFL of the focusing lens along the FA direc-
tion; similarly for BPPgp, 054, and foc, along the SA direction.
Then, fpac and fgac are the EFL of the collimating lens along
the two FA and SA directions.

The divergence of the the focused beam is

0 2 0 2
O — \/ (NFA FAfFAC) n <NSA SAfSAC) a3

f fOC]:A f fOCs A
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By multiplying Eq. 12 and Eq. 13, the BPP of the combined
beam (“diagonal”) can be obtained

2 2
— \/( BPPr ffocFA> N ffOCSA) .

Ora  frac Osa  fsac

6 2 6 2
¢ ( Nea FafEaC ) n ( Nex safsac )
f fOC]:A f fOCsA
OFA fRAC ffocss ) 2
s fSAC ffoca

= [(NFABPPFA)z + (NFABPPSA

1/2

0 2
(NSABPPSA)Z + (NSABPPFA SAfSACffOCFA )
9FAf FACf focsa
(14)
Let: )
Ao ( Niga BPPg, JFASFAC )
Bsa fsac

Osafoac |
B= (NSABPPFAi)
A fFAC
_ (ffocsA ) 2
¢ — ( Jfocsa
ffOCFA
g(c) =BPP3,..

Squaring both sides of Eq. 14 and then substituting A, B and c
in it we obtain

g(C) = BPP%lia

) ) 1 (15)
= (NpaBPPgA)” + (NgaBPPga ) + Ac + BE.
It is easy to show that

g(c) > (NeaBPPga)? + (NspBPPsp )* + 2V AB
= (NpaBPPpa + NgpBPPsy )?,

where the equality holds if and only if

2
c:(@) = +/B/A. (16)

f fOC}:A

Therefore the minimum of g(c) is (NgaBPPga + NsaBPPsa )2,
which for Ngga = Ngp = 1 gives Eq. 2.

To summarize, we have derived the general expression for
the diagonal (or combined) BPP of a Nps X Ngp laser diodes
stack and this expression can be then used to properly design
the optics inside the module and thus optimize its performance.
This will be shown in the next section.

3. MAXIMIZING BRILLIANCE

One key indicator of multi-emitter performance is its brilliance,
which can be maximized for a given output delivery fiber by
coupling into it as much power as possible. Usually laser diode
characteristics (active region size, and spot sizes and divergence
angles in the FA and SA directions), fiber parameters (core diam-
eter and numerical aperture), and FAC and SAC focal lengths
are given; thus the variables on which we can play to maximize
the performance are Nga, Nsa, focg, and froeg, -

The fiber, a largely multi-mode one, limits the maximum
number of laser chips in the multi-emitter by forcing two con-
strains:

1. The core radius imposes Wyja < Weiper-

2. The Numerical Aperture (NA) imposes 6, <
arcsin(NA) = NA.

Since high power diodes are designed with a large active
region along the SA to keep facet power density below a safe
limit and avoid catastrophic optical mirror damage, the BPPgp
is much worse than the BPPgy and usually it is impossible to
arrange more than one laser diode along the SA; therefore in the
following we consider mainly the Ngs = 1 case. Fig. 5 provides
a simple pictorial demonstration: more than one laser diode is
probably arranged along the SA if 2BPPgs < BPPgpe,, otherwise
not all the power can be fully coupled. For instance, if a laser
diode has BPPga=0.32 mm mrad and BPPgs =5.4 mm mrad, it is
possible to couple a 7 (along the FA) x 2 (along the SA) array into
a 200 um diameter core and 0.22 NA fiber, as shown in Fig. 6.
However, for a 100 pm diameter core and 0.22 NA fiber, it is
impossible to fully couple that array into the fiber.

Fig. 6. Model of 7 x 2 laser diode stack with collimating and
focusing lenses.

Given Ngy, from the previously derived relations, the maxi-
mum number of laser diodes along the FA is
NFA = floor [(BPPﬁber — NSABPPSA)/BPPFA] . 17)

This value represents an upper bound, and it is a necessary but
not sufficient condition. Therefore we have to enforce also the
second constrain posed by the output fiber: 64, < NA. This
condition turns into:

OFa fFAC
fooers Z — N4 NE, +

The maximum of brilliance is achieved when the equality in
Eq. 18 holds. Recalling then Eq. 16, the optimal case is for:

ffOCSA = ffocFA V4 B/A. (19)

Eq. 18 and Eq. 19 give an insight of the impact the focusing lenses
have in minimizing BPPg;, by balancing BPPrs and BPPgy .

NgaNsp BPPsp

BPPes (18)

4. EXPERIMENTAL SETUP

The design rules outlined in the previous section have been
verified experimentally using a commercial laser chip, whose
nominal parameters are reported in Tab. 1 [11]. The laser chip
has been used at 8 A current, corresponding to approximatively
8 W of emitted power at a temperature of about 30°C.

Prior to experimentally validate the diode stacking limits,
near and far field measurements of the laser chip have been
taken using well-known imaging techniques to evaluate the
parameters needed in the model.
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Table 1. Main data of the commercial laser chip used for the
experimental validation of the developed model.

Quantity Value
CW Output Power (W) 9
Center Wavelength (nm) 915+ 10
FA FWHM Beam divergence (deg) 23
SA FWHM Beam divergence (deg) 8

SA Emitter Width (um) 920

A. Near-field Measurements
The experimental setup to measure the near field of a laser diode
is schematically shown in Fig. 7. The beam is collimated by the
F1 lens, sampled using a wedge prism, further attenuated by a
set of Neutral Density (ND) filters, focused by the F2 lens, and
imaged onto a CCD camera.

Laser diode

BFLof F1
FFLOf F
| ND1  ND3

. F1

CCD camera

prism

ND2 BFL of F2

Damper FFL of F2

Fig. 7. Near-field measurement setup.

The obtained near-field image is reported in Fig. 8. From this
image, the size of the active region wy along one of the two axes
can be calculated considering that

wo = %dmea/ (20)

where f; is the EFL of F1, f, is the EFL of F2 and dmea is the
distance measured on the image; from an image area of 0.0528
x 3.0096 mm?, and with f; = 3.1mm and f, = 100.1 mm, the
parameters reported in Tab. 2 are obtained.

4000

£ e
£02 2000
<
w
02 04 05 07 09 11 12 14 16 1.8 1.9 21 23 25 26 28 3 32 33
SA (mm)

Fig. 8. Example of near-field image.

B. Far-field Measurements

The far-field is measured using the setup illustrated in Fig. 9.
The setup is almost the same as that used to measure the near-
field, except for replacing the F1 lens with a larger EFL lens and
inserting the F3 lens, an achromatic doublet, between the F2 lens
and the CCD camera.

From the far-field measurement the divergences 6 along the
two axes can be calculated as

_ L dmea

6_f1f3 2’

(21

Table 2. Characteristic parameters computed from near-field
measurements.

Parameter Value
FA Emitter Width @ 1/e? intensity (um) 1.6
SA Emitter Width @ 1/¢2 intensity (um)  93.3

Laser diode

BFLOf F1
FFLOf F
| ND1  ND3

F
A 1L .

CCD camera

edge prism

FFLof F2

Damper
t—>

Fig. 9. Far-field measurement setup.

where f3 is the EFL of F3 and the other symbols have the mean-
ing already introduced.

4000
3000

o Laoco
g 1000

04 09 13 18 22 286 31 35 4 44 48 S3 57
FA (mm)

=
©

SA (mm)
o
a

Fig. 10. Example of the far-field image.

The obtained far-field pattern for the considered diode is
shown in Fig. 10. From this image and with the help of Eq. 21,
with fi = 8mm, f, = 100.1 mm and f3 = 49.8 mm , the parame-
ters reported in Tab. 3 are obtained.

C. Laser Diode Stack Measurement Approach

In our experimental case (and probably this it true also for
commercial multi-emitters) we have a single focusing lens, so
ffocgs = frocs, - In Order to evaluate the stacking of diode chips all
having the same characteristics, we used the approach sketched
in Fig. 11 to mimic the actual multi-emitter configuration start-
ing from just the single diode previously characterized. The
approach can be divided into 7 steps:

1. Fix the FAC in its nominal position.

2. Adjust the SAC and the laser diode until the beam is well
collimated.

3. Change the position of the focusing lens so that the focal
plane locates on the CCD exactly.

4. Move the CCD camera (which is mounted on a sub-
micrometric 3-axis micro-positioner) along the edge of the
staircase defining the spatial stacking up to the position of
the n-th diode chip and shoot at the beginning of each step
to acquire the image of in the focal plane.

5. Remove the focusing lens and move the CCD camera to the
position of the front surface of the focusing lens and shoot
to acquire the image of the n-th diode chip at the entrance
of the focusing lens.
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Table 4. Comparison between measurements and calculations

measurements. for the parameters defining the combined beams obtained
Parameter Value using different FAC focal lengths.
FA divergence @1/¢? intensity (deg)  22.8 Item Measurement  Calculation Difference

. a O,
SA divergence @ 1/¢? intensity (deg) 6.6 Beam FA width? (um) 5271.2 5253.0 0.3%
Beam SA width? (um) 2706.0 2764.6 2.1%

: b 0
6. Repeat 4th and 5th steps for the desired number of chips to Beam FA width” (jm) 2899.6 2865.0 1.2%
be combined. Beam SA width? (um) 2789.6 2764.6 0.9%
7. Combine all the images into two images using a data pro- Beam FA width® (um) 4800.4 4775.0 0.5%
cessing software (Matlab™ in our case): one image is for Beam SA width® (um) 2820.4 2764.6 2.0%

the beam at the entrance of the focusing lens and the other
for the spot at the focal plane.

8. Calculate the characteristic parameters of the combined
beam using an approach similar to that previously used for
the analysis of the single images.

CCD camera
"""" 4 mm
Laser diode FAC  SAC g
i v A
¥ 1] 47
s | J Focusing lens with c-mount v ar
< 875 um
X adjustable tube
H Moving path of the
Y@ =27 CCD camera

Fig. 11. Approach to emulate the stacking a plurality of diode
laser chips by using a single laser diode.

D. Collimated Beam Radius Measurement Results

First the impact of the FAC focal length has been analyzed. The
comparison of the results obtained combining 6 chips with two
different FAC lenses, namely one with EFL = 600 pm and EFL =
1100 pm is shown in Fig. 12.

(a) (b)

200

&
&

150

w

100

Height (mm)

Height (mm)
N

Width (mm) Width (mm)

Fig. 12. Comparison of the images at the entrance of the focus-
ing lens for the combination of 6 chips: (a)1100 pm FAC, and
(b) 600 pm FAC.

Using the shorter focal length FAC it is possible to further
increase the number of combined chips for a fixed aperture:
Fig. 13 shows an example with 10 chips; however, decreasing
the size of the beam means increasing the divergence of the
beam. Furthermore, the closer a laser diode to the CCD camera,
the smaller its beam size. Therefore, it is obvious that in Fig. 12
the top beam shape is nearly identical to the bottom beam shape

“Six combined beams with FAC of EFL 1100 pm. Six combined
beams with FAC of EFL 600 pm. “Ten combined beams with
FAC of EFL 600 pm.

for case (a), while the beams exhibit some degradations for case
(b).

Tab. 4 reports measurements and calculations for the parame-
ters defining the combined beams obtained using different FAC
focal lengths and demonstrates the excellent agreement between
the two sets.

(a)

IS
IS

w
w

Height (mm)

Height (mm)
N

N

888838233 8
888888

i e
w : )
FS

o

Width (mm)

Width (mm)

Fig. 13. Comparison of the images at the entrance of the focus-
ing lens using a 600 pm FAC: (a) combination of 6 chips and (b)
combination of 10 chips.

E. Focused Beam Measurement Results

An example of the impact of different focusing lenses is shown in
Fig. 14, where we compare three lenses, respectively with EFL =
100.1 mm, EFL = 49.8 mm and EFL = 8 mm. The measurements
indicate that the spot shrinks when the EFL of the focusing lens
decreases.

The experimental results are compared with theoretical pre-
dictions in Tab. 5 and Tab. 6 for the stacking of 10 and 6 laser
diodes, respectively. Tab. 4 shows that both the number of laser
diodes and the EFL of collimator have an impact on the total
beam width. If the number of laser diodes or the EFL of collima-
tor increases, the total beam expands. The result in Fig. 14 and
in Tab. 7 demonstrate that the focusing spot at focal plane is the
same for both the 10 and the 6 diode cases.

F. Error Analysis

The discrepancies between measurements and calculations are
quite small, limited to few percents (typically below 5%, except



Research Article ‘

(a) 6 chips, 1100 um FAC (b) 6 chips, 600 um FAC (c) 10 chips, 600 um FAC

Applied Optics 7

g :gg Eas 1000 E 33 1500 Table 6. Comparison between measurements and calculations
Z z: j & g s0 Z 31 | for 6 combined beams using a 600 um FAC.
2 229 228
29313335 © 29313335  © 29313335 Item Measurement Calculation Difference
width (mm) width (mm) width (mm)
E 2 2 80 E - 400 E 54 i Spot FA width® (um) 277.2 266.7 3.9%
= _— 400 = £ | {400
20 m g2 »ogu 200 Spot SA width? (um) 734.8 7775 5.5%
29313335 333537 4 333537 4
width (mm) 0 G 4 00 (o) BPP* (mm mrad) 7.9 8.2 3.8%
£ 26 1000 E 2 1000 £ 1500 )
fi 2‘,- Em % if- im £ ii- :;350 Spot FA width? (um) 140.8 133.3 5.6%
2,22 2 - idth? 9
31333537 2 333537 4 e 333537 4 SpOt SA width (um) 374.0 388.8 3.8%
width (mm) width (mm) width (mm) BPPb (mm mrad) 8 1 8 2 1 60/
Fig. 14. Visual comparison of the impact of the focusing lens Spot FA width® (um) 22.0 21.3 3.3%
for the combination beams using different FACs and 12 000 pm o .
SAC. The first row is for a focusing lens with EFL = 100.1 mm, Spot SA width® (um) 61.6 622 1.0%
the second for a lens with EFL = 49.8 mm and the third for a BPP¢ (mm mrad) 8.2 8.2 0.3%

lens with EFL = 8 mm.

“Focusing lens of EFL = 100.1 mm. ’Focusing lens of EFL = 49.8
mm. ‘Focusing lens of EFL = 8§ mm.

Table 5. Comparison between measurements and calculations

for 6 combined beams using a 1100 um FAC.

Item Measurement ~ Calculation  Difference is less than 1%), but very relevant in those in the order of
. tens of micrometers. For example, the error in the measured
Spot FA width® 154.0 145.4 5.9% pie,
po b (pm) Spot FA width for a focusing lens with EFL = 8§ mm in
Spot SA width® (um) 726.0 777.5 6.6% Tab. 5 is dominated by this contribution since the predicted
BPP? (mm mrad) 11.0 117 6.1% (calcula.tec.i) value of 11.6. pm .corresponds .to 3 camera pixels
only. Fitting may help in slightly reducing the impact of
Spot FA width? (um) 79.2 72.7 8.9% this discretization, but the resolution value we have means
Spot SA wid th? (um) 376.2 388.7 3.0% that, ideally, any actual width between 8.8 pm (2 pixels) and
13.2 um (3 pixels) always returns 13.2 pm from the camera
BPP? (mm mrad) 11.4 11.7 2.6% measurements, with a corresponding error ranging from 0%
. to 50%. On the other hand, for the largest quantity (as the
Spot FA width® 132 11.6 13.8% ’ gestq Y
pot FA width® (um) Beam SA width of 5253 pm for an FAC with EFL = 1100 pm
Spot SA width® (um) 61.6 62.2 1.0% in Tab. 4), the camera contribution to the error is below 0.1%
BPP (mm mrad) 11.7 1.7 0.3% (0.08% in the considered example).

3. Focal shift. Since the distance between the collimating lens
and the focusing lens is not equal to the sum of the EFLs
of two lenses, a focal shift exists; this shift tends to enlarge
the spot size at the focal plane, as schematically shown in
Fig. 15. This error, however, in our setup becomes rele-

Focusing lens of EFL = 100.1 mm. *Focusing lens of EFL = 49.8
mm. “Focusing lens of EFL = 8 mm.

for a single case of 13.8%) as reported in the previous tables,
therefore validating the modeling of the multi-emitter system.
However, these differences could be even made smaller by acting
on the following sources of inaccuracy.

1. Mechanical stability. Despite we used sub-micrometric po-
sitioners (with few hundreds of nanometers of accuracy)
to control the rotation and the movement of the laser chip
and of the SAC, we noticed a transient settling time before
which the measurements were continuously changing indi-
cating that the final position assumed by the components
might be slightly different from that imposed by the con-
trol system. This is clearly a limitation of our system and
thus the impact of this component to the total error can be
reduced with the help of better positioners.

2. Camera resolution. The resolution of the vision system
we used in our setup is 4.4 um, a value that has negligible
impact in the evaluation of large widths (for measurement
of quantities larger than 440 um the contribution to the error

vant only if using a camera with higher resolution since
its contribution is currently practically masked by that due
to vision system resolution previously discussed. Indeed,
the largest influence among the considered lens combina-
tion is for the 1100 pm FAC and EFL = 8 mm focusing lens:
for the minimum distance between the collimator and the
focusing lens of about 50 mm (this distance is practically
limited by the thickness of the wedge prism used to route
the beam and the neutral density filters that attenuate it not
to saturate the camera) the focal shift is 7.5 pm and the spot
size increases from 11.6 pm (ideal, without focal shift) to
11.8 um (imperfect, taking into account of focal shift). The
corresponding error would be 1.7%, but this is well below
the contribution originated from the vision system. The
configuration most tolerant to focal shift is the combination
of 600 pm FAC and EFL = 100 mm focusing lens; in this case
the spot FA width rises from 266.7 pm to 266.8 nm, with an
error below 0.1%.

4. Collimated beam divergence. Due to the divergence of the
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Table 7. Comparison between measurements and calculations
for 10 combined beams using a 600 pm FAC.

Item Measurement Calculation Difference
Spot FA width? (um) 277.2 266.7 3.9%
Spot SA width? (um) 734.8 777.5 5.5%
BPP* (mm mrad) 10.9 11.3 3.4%
Spot FA width? (um) 140.8 133.3 5.6%
Spot SA width? (um) 374.0 388.8 3.8%
BPP! (mm mrad) 11.2 11.3 1.2%
Spot FA width® (um) 22.0 21.3 3.3%
Spot SA width® (um) 61.6 62.2 1.0%
BPP¢ (mm mrad) 114 11.3 0.7%

“Focusing lens of EFL = 100.1 mm. ’Focusing lens of EFL = 49.8
mm. ‘Focusing lens of EFL = 8§ mm.

Laser diode FAC FA Focusing lens  Focal plane

-#” —= dy2fguctfioc
I E d, G
-* dy<feactfrac

Fig. 15. Schematic representation of the spot size enlargement
at the focal plane caused by the focal shift.

—= d, = +eoc

collimated beam (albeit small), the beam width expands as
the distance between the focusing lens and the laser diode
increases. So the beam width is larger than the waist width
before propagating though the focusing lens, which leads
to smaller spot size. As said, this effect is not taken into
account in current model.

5. CONCLUSION

A model to predict the BPP of a stack of incoherent beams has
been developed. The model considers the impact of collimating
and focusing lenses and can be used to choose for their optimal
values to maximize the brilliance of the beam coupled to an
output fiber. The theoretical predictions have been validated in
a simplified experimental setup, where a beam stack have been
mimicked by using a single emitter and moving the focusing
lens. Then, the model has been applied to study the configu-
ration of a typical multi-emitter module and to calculate the
maximum number of diodes that can be coupled into a delivery
fiber with given core diameter and numerical aperture.
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Scholarship Council (CSC).
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