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A B S T R A C T

Multispectral diode laser sources are extensively used for a variety of applications involving the identification of 
small objects based on their spectral signature. Although the power scaling of single emitters is severely limited, 
they are easily stackable as diode laser bars and stacks, allowing the combination of wavelengths and power 
levels required for each application. However, a critical drawback given by this topology is the asymmetry 
between the fast and the slow axes in the beam profile, leading to poor beam quality and possibly poor fiber 
coupling efficiency. In this regard, a suitable beam shaping is required to maximize the power coupling in the 
smallest possible fiber core. In this work, we propose an innovative beam shaping method for the homogeni-
zation of the beam quality of six 8-bar diode laser stacks at wavelengths from 790 nm to 980 nm. We performed 
realistic simulations to examine the shaping method with, when possible, commercially available components. 
Fast-axis collimating (FAC) lenses and beam twisters are designed in Zemax to remodel the far-field beam 
emitted by each bar. The beam of each diode laser stack is halved in the vertical axis using polarization beam 
combiners, and then three quartz-plate stacks combine and rearrange the beams coming from each diode laser 
stack pair in the horizontal axis to eliminate the lightless regions. A single multispectral beam is then obtained by 
using reflective and dichroic mirrors and effectively coupled into an optical fiber with a core diameter of 1 mm 
and a numerical aperture (N.A.) of 0.5 using a doublet of cylindrical lenses. A maximum power density of ~ 0.73 
MW/cm2 is calculated at the output of the fiber with a fiber coupling of 89 %. A number of applications can 
benefit from the proposed topology, in particular biomedical applications using fiber probes are identified as 
potential candidates for the implementation of the proposed system.   

1. Introduction

Diode laser sources are key components for a variety of applications,
such as remote sensing, industrial processing, and biomedicine, because 
they simultaneously offer high optical power output, low electrical 
power consumption, and compact size at a reasonably low cost (Müller 
et al., 2013). 

Notably, near-infrared semiconductor laser sources have several key 
advantages over traditional solid-state lasers for functional biomedical 
imaging: the ability to combine the power of multiple wavelength 
sources in a compact design, robustness, portability, low power con-
sumption, higher repetition rates (kHz), and relatively low costs. 

Therefore, in applications focused on biomedical imaging requiring 
light penetration beyond the optical diffusion limit (up to 1 mm) and 

high spectral image resolution (<50 µm (Xia et al., 2014), diode laser 
sources are often selected among the currently available technologies. 
Hence, they are becoming increasingly popular for biomedical imaging 
applications, such as photoacoustic tomography (PAT) and endoscopy 
(PAE) (Xia et al., 2014; Gawali et al., 2016), optical coherence tomog-
raphy (OCT) (Chen et al., 2017; Suzuki et al., 2019), and diffuse optical 
imaging (DOI) (Zhang, 2013). The quasi-diffusive and ballistic effects 
that occur in highly scattering tissues introduce the main limitations in 
the spatial resolution and depth of imaging applications, requiring a 
higher contribution of optical power to achieve high penetration depths. 
The requirements for high power to achieve deeper penetration into 
dense targets and the constraints on small size can be met with micro-
fabricated arrays of diode laser emitters, such as diode laser bars and 
stacks, that emit high peak power in the spectrum between 700 nm and 
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1100 nm (near-infrared range), where soft tissues introduce low atten-
uation. Typically, the beam emitted from these sources must be focused 
on a small spot and then coupled into an optical fiber to achieve high 
energy density in very small fiber cores (generally < 1 mm) (Sullins, 
2002; Polese et al., 2021). When a larger amount of optical power is 
required, multiple diode laser bars can be arranged vertically to form a 
diode laser stack. The diode laser stacks are typically fabricated with 
pitches of about 1.8 mm between the bars (Ghasemi et al., 2011), 
although they can be larger (Injeyan and Goodno, 2011) to allow 
attachment of the FAC microlens directly to the mini-channel heat sink 
via a glass submount. However, the high astigmatism exhibited by these 
laser sources in the far field (Diehl, 2000) implies the need to use an 
optimized beam shaping system to rearrange the light beam and reach 
efficient fiber coupling. Beam quality is closely related to the efficiency 
of an optical system to focus a light beam on a small spot size at the input 
of the fiber and is expressed in terms of the beam parameter product 
(BPP). This the usual parameter used to quantify the beam homogeni-
zation between fast axis and slow axis, and must be smaller than that of 
the fiber to achieve efficient beam coupling. Another important 
parameter that deserves examination is the etendue, expressed in units 
of length squared, that quantifies how much space the light takes up 
spatially and angularly. Basically, it measures the throughput capability 
of an optical system to couple light into a fiber. Mathematically, it is the 
product between the area of a source and the solid angle that the light 
emitted from the area subtends. The etendue value grows as the area of 
the source and the solid angle increase. A fundamental property of 
etendue is that is conserved in an optical system; this means that at the 
input of the optical fiber it cannot be less than etendue at the source 
plane. 

This article introduces an innovative beam shaping method modelled 
in Zemax to rearrange and couple the beam of six multispectral diode 
laser stacks into an optical fiber with core diameter of 1 mm. Precisely, 
six diode laser stacks with 19 emitters (commercially available with the 
model QD-Qxyzz-BS, Quantel) emitting nanosecond pulses in the spec-
trum from 790 nm to 980 nm are modelled in this design. 

The coupling scheme proposed in this work can reduce the size and 
production cost when compared with other schemes previously pro-
posed (Ghasemi et al., 2011). In previous works (Leggio et al., 2017; 
Leggio et al., 2021), the authors included beam transformation systems 
(BTSs, i.e., two FAC lenses with a beam twister) to rearrange the beam of 
multiple diode laser bars in a multispectral scheme. Recent studies (Lin 
et al., 2020) proposed an innovative beam shaping technique to ho-
mogenize the beam quality of two diode laser stacks. Instead, in this 
work, we extend this technique to a six-wavelength setup using both 
realistic and customized elements and we describe in detail the beam 
shaping near the sources using a combination of FAC lenses and beam 
twisters to collimate and homogenize the divergent light beam of the 
single bars. Like schemes of Ref. (Leggio et al., 2017; Leggio et al., 2021), 
in this work, we use FAC lenses and beam twisters to collimate and 
homogenize the astigmatic beam of the individual bars and we extend 
this design to a setup consisting of six diode laser stacks. Polarization 
beam combiners are used to split the beams of each diode laser stack in 
the vertical axis, and the quartz-plate stacks to rearrange each pair of 
adjacent wavelengths in the horizontal axis by embedding one beam 
into the lightless regions of the other in the vertical axis. The setup 
presented in this work is designed to use six 8-bar diode laser stacks 
spaced 8 mm apart to allow positioning of the micro-optical elements 
used for beam symmetrization. The multispectral sources are then 
combined with reflective and dichroic mirrors with selective reflection 
and transmission bands, respectively. 

At last, a doublet of cylindrical lenses focuses the beam into an op-
tical fiber with core diameter of 1 mm and N.A. of 0.5. The minimum 
fiber core diameter is limited by the beam size in the vertical axis. This 
method improves the symmetry of the output beam in terms of BPP 
ratio. As a result, a notable fiber coupling efficiency (89%) and a 
maximum power density of ~ 0.73 MW/cm2 at the fiber output are 

obtained, which is useful for multispectral imaging applications. 

2. Optical setup 

In the case of diode laser bars, the usefulness of the BTS as beam 
shaping elements has been already reported (Leggio et al., 2017; Leggio 
et al., 2021). The case where multiple diode laser bars (i.e, a diode laser 
stack) clearly requires further optical management. For this scenario, 
the optical beam shaping system we propose is the shown in Fig. 1. 
Polarization beam combiners and quartz-plate stacks (Lin et al., 2020) 
are used with the addition of micro-optical beam twisters as beam ho-
mogenization elements between fast and slow axes (Fig. 2). As shown in 
Fig. 1, the light source consists of six diode laser stacks, each one, in turn, 
consisting of 8 diode laser bars. Altogether, the laser becomes a multi-
spectral source (790 nm − 980 nm) with rather complex beam profile. 
The individual beams of each bar are collimated along the fast axis using 
FAC microlenses near the sources. After that, the resulting collimated 
beams are homogenized using beam twisters. At their outputs, the 
beams are collimated along the vertical axis and then halved by the 
polarization beam combiners (Fig. 2), whose operating principle has 
already been explained (Lin et al., 2020). The polarization beam com-
biners (Fig. 2) consist of a parallel quadrilateral prism (32 mm × 32 mm 
× 7 mm with 45◦ tilt), on whose input surface a half-wave plate is 
applied, and a triangular prism (32 mm × 32 mm × 7 mm) (Lin et al., 
2020). Similarly, the beams coming from the diode laser stacks are 
halved by the polarization beam combiners in the vertical axis and then 
each pair of adjacent wavelengths is combined using quartz-plate stacks 
(19 mm × 4 mm, Fig. 3) by embedding one beam in the lightless regions 
of the other in the vertical axis (Lin et al., 2020). This requires placing 
each diode laser stack at a different height from the adjacent one and we 
calculated that the minimum spacing that enables efficient beam 
embedding is 4 mm (i.e., half of the bar pitch, see Fig. 2). The quartz- 
plate stacks combine the output beams of two adjacent diode laser 
stacks, as shown in Fig. 3(c). To achieve total internal reflection, each 
quartz-plate stack is a parallelogram plate with the acute angle of 45◦. 

Fig. 1. Sketch of the beam shaping design for fiber coupling of a multi- 
wavelength diode laser stack-based system. The beams are homogenized and 
combined from six diode laser stacks before fiber coupling: a) Perspective view, 
b) Top view. 
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The quartz-plate stacks consist of 5 pairs of parallelogram plates (Fig. 3 
(a)), the thickness of which is chosen to be 4 mm (i.e., half of the bar 
pitch) so that the lightless regions in the vertical axis can be filled with 
light. As can be seen from Fig. 3(c), the distance between two diode laser 
stacks in the horizontal axis is 11.2 mm. The beam width after the po-
larization beam combiner is 7.8 mm, so the center-to-center distance 
between two adjacent beams is 19 mm. 

This means that the length L of each plate is 19 mm to allow the 
beams from two diode laser stacks to propagate along the same optical 
path (Fig. 3(b)). Six diode laser stacks with 19 emitters from Quantel 
(model QD-Qxyzz-BS) are simulated (see Table 1). Fig. 1 shows the six 
diode laser stacks arranged in pairs as follows: 790 nm (blue) and 808 
nm (green), 940 nm (magenta) and 980 nm (cyan), 830 nm (red), and 
915 nm (yellow). In addition, optical elements such as the BTS (first two 
elements of BTS-HOC 200-400, Limo GmbH) (Leggio et al., 2017; Leggio 
et al., 2021), the two reflection mirrors (PF20-03-P01, Thorlabs Inc.), 
and one of the dichroic mirrors (① DMLP900L, Thorlabs Inc.) have also 
been picked from the catalogues. However, the polarization beam 
combiners, the quartz-plate stacks (Figs. 2 and 3), and the second 

dichroic mirror (②, reflectance R > 95 % for 830 nm ≤ λ ≤ 915 nm and 
transmission T > 95 % at 790 nm, 808 nm, 940 nm and 980 nm) have 
been arbitrarily modelled in Zemax. The focusing cylindrical lenses 
(LJ1728L1-B and LJ1258L1-B, Thorlabs Inc.) and optical fiber were also 
taken from the catalogue (FP1000ERT, N.A. = 0.5, Ø1000 µm, multi-
mode, Thorlabs Inc.). 

3. Results and discussion 

As previously discussed in (Leggio et al., 2021), optimization of beam 
shaping requires estimation of the BPP in both fast and slow axes. It is 
defined as the product of the waist radius w0x,y with the half-angle 
divergence θx, y source half of the beam along the corresponding axis. 
Accordingly, the BPPs along the fast axis (BPPx) and the slow axis (BPPy) 
are defined as BPPx = w0x⋅θx source half and BPPy = w0y⋅θy source half , 
respectively. As detailed in (Leggio et al., 2021), to achieve efficient 
fiber coupling of the beam, the value of total beam-parameter product at 

the input of the fiber, BPPtot (i.e., 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
BPP’2

x + BPP’2
y

√
), must not exceed the 

value of BPPfiber (i.e., BPPtot ≤ BPPfiber = d⋅ϑhalf max/2, where ϑhalf max =

arcsin(N.A.), whereas d and N.A. are the fiber core diameter and nu-
merical aperture, respectively). 

In our design, the beam focused at the input of the fiber has a size of 
860 µm ⋅ 380 µm and a half divergence of 210.1 mrad ⋅ 108.7 mrad. 
Thus, the BPP ratio (i.e., BPP’

x/ BPP’
y) at the input of the optical fiber 

is ~ 4.374 and the total BPPtot is 92.69 mm ⋅ mrad. This means that the 
beam can be efficiently guided into a multimode fiber with 1 mm-core 
diameter and N.A. = 0.5. In fact, BPPtot < BPPfiber = 1 mm

2 ⋅523.42 mrad =

261.71 mm⋅mrad, considering a N.A. of the fiber of 0.5. In contrast, a 
fiber with 800 µm core-diameter and N.A. = 0.22 would have a BPPfiber 

of 88.698 mm ⋅ mrad, which is inconsistent with the condition of effi-
cient fiber coupling (Leggio et al., 2021). 

Table 2 shows how the BPP is considerably reduced from each in-
dividual bar (see equations in Ref. Leggio et al. (2021)) to the entrance 
of the optical fiber, where we have a multispectral beam. This 
improvement of the beam is achieved with the contribution of the beam 
transformation system. Table 3 shows the calculations of BPPtot and 
BPPfiber with 800-µm and 1-mm core diameters. 

Fig. 2. Two adjacent diode laser stacks are placed at different heights (i.e., 4 
mm spacing) to insert the beam of one into the lightless regions of the other at 
the output of the polarization beam combiner. 

Fig. 3. Quartz-plate stacks: (a) Perspective view, (b) Top view with di-
mensions, (c) Optical configuration of a single plate with two beams. 

Table 1 
Parameters of the diode laser stacks (model QD-Qxyzz-BS, Quantel) (www. 
quantel-laser.com).  

Parameter Symbol Value Unit 

Wavelengths λ 790, 808, 830, 915, 940, 980 nm 
Fast axis beam 

divergence1 (1/e2) 
θx  36 degrees 

Slow axis beam 
divergence1 (1/e2) 

θy  9 degrees 

Emitter width 2w0y  100 µm 
Emitter pitch2 pe  400 µm 
Number of emitters per bar Ny  19 Units 
Output power per bar Pbar  60 W 
Number of bars per stack Nx  8 Units 
Pitch between bars3 pbar  8 mm 
Output power per stack Pstack  480 W  

1 The divergences are referred to each bar (FWHM). 
2 The emitter pitch refers to the spacing between emitters. 
3 The pitch of bars refers to the spacing between bars. 

Table 2 
BPP ratios after each individual bar and at the fiber facet.  

Beam Position Value 

Single bar beam After single bar ~1900 
Multispectral beam Before fiber ~4.374  

L. Leggio et al.                                                                                                                                                                                                                                   

http://www.quantel-laser.com
http://www.quantel-laser.com


Results in Optics 5 (2021) 100150

4

In order to validate our results, let’s look at another important 
parameter that is etendue. The etendue of the source must be smaller 
than that of the fiber input, so that Astack⋅sin2φstack ≤ Afiber⋅sin2φfiber, 
where Astack and Afiber are the areas of the light source and of the 
transversal surface of the fiber, respectively, whereas φstack and φfiber are 
the solid angles subtended by the beam emitted by the source and by the 
beam focused into the fiber, respectively. 

We calculate the area of a single bar as Abar = 2w0x⋅2w0y⋅Ny⋅FFbar, 
where FFbar is the beam fill factor and is the ratio between the emitter 
width 2w0y and the emitter pitch pe. Thus, the area of a stack is Astack =

Abar⋅Nx⋅FFstack, where FFstack is the beam fill factor and is the ratio be-
tween the emitter width 2w0x (assumed as 1 µm) and the bar pitch pbar. 
Ultimately, the area of the stack can be expressed as Astack =

16w2
0x⋅w2

0y⋅Nx⋅Ny/(pe⋅pbar). The transversal area of the fiber is instead 

expressed as Afiber = (d/2)2⋅π. As concerns the angles, they are distin-
guished between fast and slow axes, so it is necessary to express them in 
terms of an equivalent solid angle (Rajpoot, 2015) as 

φsource/fiber = 2cos− 1⋅
{ʀ

π

− 2sin− 1ʀ tan
ʀ
θx source/fiber half

)
⋅tan

ʀ
θy source/fiber half

) ) )/
π
}

Therefore, the values of solid angles are φstack = 3007,2 mrad and 
φfiber = 2838,3 mrad, respectively and the condition of etendue conser-
vation is fulfilled. 

Fig. 4 shows an asymmetric beam size of 860 μm ⋅ 380 μm at the 
input of the fiber, being the beam width significantly larger in the fast 
axis than in the slow axis. This is due to the considerable difference in 
size before beam focusing and, at the same time, to the chromatic ab-
errations. After 20 cm of propagation in fiber, the beam symmetrization 
is considerably improved at the fiber output, resulting in a circular 
profile (Fig. 5). However, after the fiber output, the power coupling 
efficiency is ~ 89 % and the maximum power density is ~ 0.73 MW/ 
cm2. The total power computed at the fiber input is ~ 1996 W and at the 
output is ~ 1776 W. 

4. Conclusions 

An innovative, compact, and effective beam shaping design modeled 
in Zemax has been proposed in this work. It has been demonstrated the 
beam homogenization of six 8-bar diode laser stacks by using several 
optical elements in the setup. FAC lenses and the beam twisters are used 
to rearrange the beam of each individual bar. In particular, the addition 
of the beam twisters as beam shaping elements is considered a key so-
lution for beam symmetrization when efficient fiber coupling of large 
diode laser arrays is required, so the BPP ratio is significantly reduced. 
The six beams emitted by the individual diode laser stacks are reduced in 
size with the polarization beam combiners and are combined in a multi- 
wavelength beam with the quart-plate stacks and the dichroic mirrors. 
At last, a doublet of cylindrical lenses is employed to focus the combined 
multi-spectral beam into an optical fiber with fiber core diameter of 1 
mm and N.A. of 0.5. The calculations show a maximum power density of 
~ 0.73 MW/cm2 at the output of the fiber, resulting on a coupling ef-
ficiency of 89%. 

The results show the potential of the proposed topology for appli-
cation where high-power multi-spectral beams are coupled to optical 
fibers. In particular, biomedical imaging applications such as photo-
acoustic tomography and endoscopy, among others could greatly benefit 

from it. In that regard, the authors invite to research groups with 
properly equipped facilities to carry out the experimental validation of 
the design here presented. 
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