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BEAM SHAPING OF HIGH POWER LASER DIODE BARS

1 INTRODUCTION

The need for efficient lasers with high average output powers is increasing. One important
military application of such lasers is in countermeasures, in particular against heat seeking
missiles and thermal imaging cameras applying the 3-5 um wavelength band. To obtain the
required output powers at such wavelengths in practical systems, non-linear conversion
techniques are applied where the frequency of a high power pump source is shifted to the 3-
5 um band. The pump source in such systems is usually a diode-pumped solid-state laser,
either a Neodymium-laser emitting at ~1 pum or a Thulium- or Holmium-laser emitting at
~2 um. This report describes a technique which is used to couple the output from high-power
diode laser arrays into such lasers to obtain efficient lasers with more than 10 W average
output power.

The design of an effective laser requires that the pump light is effectively coupled into and
absorbed in the laser material, and that the resulting gain distribution in the laser matches well
with the laser mode distribution. One usually distinguishes between end-pumping and side-
pumping geometries. In end-pumping geometries the pump light enters the laser crystal
parallel with the laser mode, i.e. it entersthe laser crystal at one or both ends. The advantage of
this geometry is that good overlap between the pump and the laser mode usually can be
obtained, giving potential for good beam quality and high efficiency. The disadvantage is that
scaling of the output of the laser to the multi-watt regime is difficult because available high
power laser diodes have a highly astigmatic emission, making focusing of the light through the
(narrow) end faces of the laser rod and obtaining a good overlap with the resonator mode
difficult. The side-pumping geometry in which the pump light enters the laser material
transversally to the laser mode, can easily be scaled to higher pump power, but has
disadvantages in terms of poorer overlap between the pump and laser mode distributions,
leading to less efficient lasers. We have previously studied both these pump geometries for
moderate pump powers [1-3]. In this work, we study a recently invented pump geometry [4]
that allows higher pump powers to be obtained in an end-pumping geometry. This report
concentrates on the pump geometry itself, whereas design of and results from laser
experiments will be presented in later reports.

The light from commercially available laser diodes with output power above 20 W is usually
highly astigmatic. They consist of a linear array of ~20 or more active regions which each
consists of many small emitters. The resulting emitting area of the laser diode istypically 1 cm
x 1 pm where the beam quality of the narrow dimension is M?~1, whereas the beam quality in
the wide direction may be M? > 1000. Several techniques of reshaping the output from such
laser diodes have been proposed. These include coupling the light directly from individual
active regions into optical fibers and collecting the 20-100 fibers into a bundle of ~1 mm
diameter [5, 6], imaging the active regions onto an array of prisms, which ‘transposes’ the
emission of the array and enables tighter focusing [7-9], as well as use of diffractive optical



components [10], arrays of microlenses [11-13], or by using tapered lens ducts [14]. All of
these techniques suffer from transmission losses and, in most cases also of reduced brightness
compared to the original diode emission. The technique we have found most promising was
invented by Clarkson and Hanna at the University of Southampton [4]. In this geometry, the
light from the different active regions are stacked on top of each other by use of two paralel
mirrors. Transmission in excess of 90% and a far more symmetric beam can be obtained,
giving potential for efficient multi-watt operation of end-pumped lasers. In some cases the
brightness of the diode emission can also be increased by this technique.

This report describes the theory, design, and simulations of the beam transformation technique
as well as experimental measurements of the transformed beam. A brief overview of the
planned laser concept is given in Chapter 2 before presenting the laser diode pump sources in
Chapter 3. The theory, design and simulations of the beam-shaper are described in Chapter 4,
and measurements of the beam profile after the beam shaper are shown in Chapter 5.

2 LASER CONCEPT

A sketch of the planned laser set-up is shown in Figure 2.1. The pump source in this laser is a
20-50 W laser diode. The output from this diode is collected and imaged through a series of
cylindrical lenses onto the beam shaper which consist of two paralel highly reflective mirrors
placed at approximately 45 degrees to the incident beam. The reshaped output beam is focused
through two crossed cylindrical lenses into the end of a laser rod. The laser will usually consist
of two mirrors, the laser rod, and, perhaps, a Q-switch. To increase the laser output power
further, the light from a second laser diode can be reshaped in a similar manner and focused
into the laser rod through the other end. This report describes the diode laser, the beam-shaper,
and the optics before and after the beam-shaper. Laser experiments with different laser
materials will be described in separate reports.

Cylindrical
Cylindrical lenses lenses Q-switch
Diode ylindri Beam shaper (optional)
laser |_| ponmnes ;
/A - — o | : H
% : :
7 |_| U i
// Laser Laserrod Laser
LI y/ in_put ou_tput
mirror mirror

Figure2.1  Schematic of the laser concept

3 THEDIODE LASER

We have bought high-power laser diodes from two different manufacturers (Coherent and
IMC). These have much in common, but the geometries of the light emitting area of the diodes
are different. As will be seen later, this has considerable influence on how the beam-shaper
should be designed. All diodes will be briefly described in the following, but in most of the
calculations for the beam shaper in Chapter 4, we have used the data for the diode from
Coherent.



31 Diode laser geometry

The diode bars available to us are all 1 cm wide monolithic arrays consisting of a number of
sub-arrays occupying 30-50 % of the total width of the bar, as illustrated in Figure 3.1a. A
hyperbolic fiber lens (LIMO FAC850) mounted on the bar package is used to collimate the
~40° (FWHM) divergent output beam in the direction normal to the p-n junction (see Figure
3.1b). The resulting beam, even at wide emission angles, is well collimated, as can be seen in
Figure 3.2 where results from ray-tracing calculations are shown. The beam profile in the
collimated direction can be approximated by that of a Gaussian beam with 300-500 um waist
radius (40° FWHM divergence leads to 488 pm waist).

+T——— diode sub-array

hyperbolic fiber lens

/
- (b)

. >
0

Figure3.1 Diode bar layout seen from above (a) and from the side (b)

1 mm

68 degree

LIMO
FAC850

Figure3.2 Ray-tracing calculation of the laser diode and the collimating lens. Good
collimation is obtained up to a full angle of 68°

In the rest of this work, we will refer to the sub-arrays as emitters, and the beams from the
emitters as a sub-beams. For later use we define the following coordinate system and general
diode bar parameters:
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X - direction parallel to the p-n junction

y - direction normal to the p-n junction

z - beam propagation direction

w - width of emitter (sub-array)

d - center-to-center spacing of emitters (sub-arrays)

N - number of emitters (sub-arrays)

o - beam divergence FW(1/€’)M parallel to the p-n junction for each emitter (sub-
array)

o1 - Gaussian beam waist radius normal to the p-n junction after collimation with the
fiber lens

Z - position of beam waist of the collimated beam

A - laser wavelength

P - nominal laser output power

BQ - beam quality: Product of beam diameter and beam divergence (FW(1/€*)M). At

780-800 nm wavelength, the value of this product in units of mm-mrad is
approximately equal to the dimensionless M? beam quality factor

The main difference between the diodes from the two manufacturers is the geometry of the
diode bar. While the diode from Coherent consists of 19 emitters, each 150 um wide, the IMC
diodes consist of 48 emitters, each 100 um wide. In Table 3.1, the data for the diodes are
summarized.

w d N o o1 Z1 A P BQx

pHmM  pm mrad pm mm nm W mm-mrad
Coherent 150 500 19 50 300 -100 785 30 500
IMC 100 200 48 117 -* -* 806 40 1170

Table 3.1 Summary of laser diode parameters. *) The output from the IMC diodes was
multi-transverse in the y-direction and it was not possible to deduce a value for
o1 and V4)

There is no phase correlation between different emitters, so the total bar is essentially
incoherent with a divergence equal to that of each emitter. In the y-direction, the beam quality
is approximately that of a Gaussian beam, i.e. M>~1 or about 1 mm-mrad for ~800 nm
wavelength.

For the diode from Coherent, the divergence in the y-direction after the collimating lens was
about 1.7 mrad given by

22
Ty,




11

3.2 Transverse modesin they-direction

It has commonly been assumed that the field in the y-direction from a laser diode consists of
the fundamental Gaussian mode. However, we have observed that this is not the case for our
diodes. In the far field of the collimated diodes, it was observed for all diodes that there were
two or more ‘lobes’ in the collimated direction. These lobes had slightly different direction of
propagation and divergence angles. For the Coherent diode, the pattern consisted of a strong
main lobe, and a weaker side lobe, while for the IMC diodes, the pattern was more
complicated and consisted of several lobes. In Figure 3.3, a photograph of the main mode and
side mode is shown for the Coherent diode.

Neither diode manufacturer was aware of this mode pattern, nor could they provide an
explanation of its origin. We believe that these modes stem from different eigenmodes of the
waveguide structure in the laser diode. The multi-mode structure is undesirable as it may be
difficult to couple all light through the input aperture of the beam shaper. This may therefore
reduce the useful pump power from the laser diode.

Figure3.3  Photograph of the main and the side mode in the far field of the Coherent diode.
The image of the laser diode was magnified in the x-direction by a 25 mm
cylindrical lens

3.3 Smile-effect

Ideally, the emitters should be positioned along a straight line in the x-direction. There is,
however, often a variation of a few microns in the vertical (y-) positions of the emitters along
the array. This is commonly called the smile-effect, which after collimation with the fiber lens
results in a variation in the vertical pointing direction of the beams from the emitters. As shall
be seen in the next chapter, the smile-effect may have a detrimental effect on the transmission
through the beam-shaper.

The smile for each diode was found by measuring the height and shape of the emission from
each emitter by a knife-edge scan. This was done behind a 25 mm cylindrical lens in the x-
direction which magnified the image of the diode bar enough that the individual emitters could
be characterized (see Figure 3.3). The results of these measurements are shown in Figure 3.4.
In the calculations in the next chapter where the smile-effect has been accounted for, we have
used the measured smile-effect of the Coherent laser diode.
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Figure3.4 The measured smile-effect of the laser diodes from (a) Coherent and (b) IMC

4  THE BEAM TRANSFORMATION METHOD

4.1 Principle and theory

4.1.1 The beam shaper

The main objective of the beam transformation is to reduce the high aspect ratio of the output
beam from the diode array and provide a reasonably symmetric pump beam in the diode
pumped laser rod. The main principle of the method used here is to provide a transformation
such that the output beams from the N emitters are stacked on top of each other instead of side-
by-side, asillustrated in Figure 4.1.

The transformation is performed in the following way: L1 and L3 provide an image of the
diode array at the beam shaper BS, with a magnification M = f3/f; in the x-direction. L2
provides a refocusing of the beam in the y-direction, such that the beam acquires a new vertical
beam waist with radius oy, a the center of the BS (i.e. the z-position where the center sub-
beam from the diode bar hits the BS). The BS consists of two parallel, highly reflective mirrors
with separation s. The mirrors are placed at an orientation that is described by the angles 6 and
o, where @ is the angle between the surface normal of the mirrors and the x-z-plane (typically
10-12°), and ¢ is the angle between the x-axis and the intersection of the mirrors in the x-z-
plane (typically 45°). The top edge (TE) of the first mirror of the BS is positioned such that the
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beams from the diode bar pass just above it with minimal clipping. The sub-beams are
reflected by the second mirror, and, because the mirrors are tilted, the reflected beams will
experience multiple reflections between the mirrors, until they escape past the vertical edge
(VE) of the second mirror, as indicated in Figure 4.1. The mirrors have HR coatings that cover
the mirror surfaces all the way to the critical edges, TE and VE. At the output of the BS the
images of the sub-beams from the emitters are stacked on top of each other. Each beam has a
width of M:w in the x-direction and a beam radius mg, in the y-direction, which will be
discussed in more detail in connection with Figure 4.13.

- X I
\¥
- BS
diode L1 —

laser f L2 z

Figure4.1  Top view of beam transformation technique. L1-L3: Cylindrical lenses with
focal lengthsf; —f; BS. Beam shaper, consisting of 2 parallel mirrors

In order for the sub-beams to be exactly on top of each other at the exit aperture, the x-
displacement Ay in each reflection must be equal to the center-to-center distance of the emitters
in the magnified image, i.e. Ax = M-d. For diode bars with a large number (=30) of emitters
one may wish to stack 2 or more sub-beams side by side at the output from the BS to reduce
the height of the output beam. In such cases the x-displacement should be A = k-Md, where k
is the number of sub-beams stacked in each row. However, as will be seen in Section 4.1.3,
choosing k > 1 will lead to clipping of some of the sub-beams at the exit aperture. We will
therefore assume k = 1 in the following and return to the case of k > 1 in Section 4.2.3.2.

The y-displacement Ay in each reflection should be as small as possible in order to have a
narrow stacked beam in the y-direction at the output of BS. However, since Ay also represents
the vertical entrance aperture of the BS as seen by the beams, it must be large enough to avoid
significant clipping and loss of power.

The horizontal and vertical displacements per (double) reflection in the BS can be expressed in
terms of the mirror spacing s and the angles € and ¢ defined above:

A, =2scosfsing

A, =2ssing (4.1)
s, 8 and ¢ are selected in order to satisfy Ay = M-d and to obtain a suitable value of Ay. The
optimal value for Ay depends on the vertical beam radius oo, and the magnitude of the smile-
effect and transversal mode pattern discussed in Sections 3.2 and 3.3. Thiswill be discussed in
more detail in Section 4.1.2 below.



14

Using (4.1) and requiring that Ax = M-d, we obtain the following relation which will be used
later in the report:

tan@
A =M.d——-.

In order for the sub-beams to be stacked on top of each other, we also have to adjust VE of the
second mirror in the BS such that the projection of VE in the x-y plane is vertical. This can be
achieved by rotating the second mirror an angle y about an axis normal to the mirror. If VE
was vertical before the mirror was rotated ¢ and 6, i.e. for ¢ = 6 = 0, the required rotation
angle y is given by:

y=arctan(sinftang). (4.3)

It should be observed that the adjustment of y does not affect Ax or Ay, so this adjustment can
be made after the other parameters (s, 6, ¢) have been set. In addition, VE must be translated in
the x-direction in order for the stacked beams to be centered in the BS output aperture, defined
by VE and the horizontal displacement Ax.

Finally, in order to maximize the transmittance through the BS, the top edge TE of the first
mirror in the BS must be adjusted such that its projection onto the x-y plane is parallel to the
magnified image of the diode array (i.e. approximately horizontal), and such that the image is
centered in the BS input aperture, defined by TE and the vertical displacement Ay. This is
achieved by arotation about the mirror normal and by a vertical translation.

From (4.1) we observe that A« is almost independent of & for relevant values of 8 (<5%
reduction of A for 8= 0 — 18°). Consequently, & can be used to adjust Ay without affecting Ax
significantly. In order to obtain the desired values of Ax and Ay we have found the following
procedure to be convenient: First, we set ¢ to about 45° and 6to ~12°, and adjust Sin order to
obtain the desired Ax. Then @ is adjusted to obtain the desired Ay, and, if necessary, a final fine
adjustment of s or ¢ can be made in order to optimize Ax and obtain exact vertical stacking of
the beams at the output of the BS. A more detailed discussion concerning alignment
procedures for the entire beam transformer systemis given in Section 4.2.

Typical parameter values used in the experiments described in this report are: d = 0.5 mm,
M=2s=0.72mm, ¢ = 45", and 6 =12°, which gives Ay =1 mm (=M-d), and Ay = 0.3 mm.
The choice of Ay is related to the transmission through the beam shaper and will be discussed
below.

In general, when choosing parameter values, considerations must be made regarding the input
and output apertures, the difference in path length through the BS for the different sub-beams,
mirror sizes, imperfections in the laser diode (smile, higher order transversal modes), and
requirements concerning the symmetry of the pump beam after it is focused into the laser rod.
These aspects will be discussed in some detall later.
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4.1.2  Transmission through the beam shaper

As discussed above, the input aperture is defined by the top edge (TE) of the first mirror and
Ay. However, in calculating the transmission through the input aperture, one must also account
for the fact that the different sub-beams hit the BS at different z-positions relative to their beam
waists. In Figure 4.2, the transmission is shown as function of the input aperture size assuming
a 20 mm wide magnified array of sub-beams at the BS, a 50 um vertical beam waist wo, at the
center of the BS, and ¢ = 45°. We observe that good transmission can be obtained with input
apertures as small as 200 um for diodes without the smile-effect. However, as was shown in
Figure 3.4, this is not always the case. Also shown in Figure 4.2 is the calculated transmission
when the measured smile-effect for the Coherent laser diode in Figure 3.4(a) was taken into
account and the lens system between the laser diode and the BS was adjusted to minimize the
smile-effect at the position of the BS (see Section O for details about this).

o 0.98
o

G

£ 096

& >
c =
S 0.94 S
= 5

S
0.92 §

100 150 200 250 300 350
Input aperture (um)

Figure4.2  Transmittance through the BSinput aperture as a function of aperture height for
an input beamwaist radius of 50 um at the center of the BS, 20 mm beam width
at the BS and ¢=45°. Also shown is the transmission when the smile-effect in
Figure 3.4(a) is accounted for

For a given input aperture it is clear that the transmission will be higher for smaller ¢ since
each sub-beam can be closer to its waist when it hits the BS. On the other hand, it is also clear
that the difference in path length at the exit aperture for the different sub-beams will increase
as the angle ¢ is reduced. The difference in path length between adjacent sub-beams is given

by:

(cosesin2¢_tan¢]M d. (4.4)

A larger AL will lead to a reduced beam quality of the output beam from the BS because the
spread in propagation distance between the individual emitters is greater. Figure 4.3 shows
how the transmission is increased and how the difference in path length is increased at smaller

.
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Figure4.3 (a) Calculated transmission through 200 um and 250 um apertures as function
of the angle ¢ for diodes without smile and through a 250 um aperture
accounting for the smile-effect shown in Figure 3.4(a). we;= 50 umin all cases.
(b) Calculated difference in path length for adjacent sub-beams relative to the
distance between the sub-beams. Here, 0 and s was adjusted as ¢ was varied to
keep Ay= 250 um and Ay = 1 mm

Finally, the required size of the mirror also increases with increasing ¢:

W _N-M-d

mirror '

cos¢ (4.9

where N is the total number of sub-beams, i.e. N-M-d is the total width of the beam at the BS.

In thiswork ¢ has been chosen to be 45° as a compromise between the different requirements.
The choice of @ directly relates to the input aperture according to (4.2). With M = 2, d =
0.5 mm, and ¢ = 45°, we find that 6= 12° gives 300 pum input aperture, which was seen to be
the smallest practical aperture for the current laser diode.

The transmission through the BS is also affected by the mirror reflectance. If we number the
sub-beams, starting with 1 at the beam that passes the BS without reflection, then sub-beam
number m has been reflected 2(m-1) times. If R is the reflectance of the mirrors, then the
transmittance through the mirror system is given by

1 1- RN
T=— R"=———— .
N go N-(1-R?) (46)

The transmission for N = 19 is shown in Figure 4.4 as function of R. It is clear that, owing to
the high total number of reflections, N (N-1), the transmission is vulnerable to even small
losses in the BS mirrors. The total transmission of the beam shaper is found from the
combination of this transmission and the transmission through the entrance aperture in Figure
4.3.
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Figure4.4  Calculated transmittance through the BS mirror system as function of mirror
reflectivity

4.1.3 Thelens system before the beam shaper

The purpose of the optics between the laser diode and the BS is to image the diode-bar with a
certain magnification in the x-direction at the position of the BS, and to focus the beam to a
suitable diameter at the BS in the y-direction. The advantages of a magnification in the x-
direction is partly that the exit aperture of the BS is bigger, making it easier to align, and partly
that the divergence in the x-direction after the BS is reduced. The disadvantage is that larger
mirrors (and larger lenses) are needed and that the transmission in the BS is reduced because
the difference in path length is bigger and may become comparable to the Rayleigh length in
the y-direction. In this work we have chosen to use a magnification of ~2 which seemsto be a
reasonable choice.

In the y-direction, the beam should be focused to a beam waist radius of 30-80 um for
optimum transmission through the BS, as can be seen in Figure 4.5. A too large focus will
obviously lead to aperture losses, but also atoo small focus will lead to this since the Rayleigh
length will be short compared to the path difference between center and side beams, leading to
aclipping of the side beams.

1

Without smile /
With smile =\

0.99

0.98

0.97

0.96

Aperture transmittance

0.95

0 20 40 60 80 100 120 140
Beam radius at center of BS (um)

Figure4.5 Calculated transmittance through a 300 um BSinput aperture as function of
beam waist radius at the center of the beam shaper for beams with and without
the smile-effect. A 20 mm total width at the BS was assumed

Additionally, the size of the focus at the beam shaper also influences on the size of the focus
that can be obtained after the BS (i.e. inside the laser rod). In Figure 4.18 in the next section,
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the shape (in the y-direction) of the beam in the focal plane of a 40 mm cylindrical lens placed
150 mm after the beam shaper is shown for 25 um and 50 um beam radii at the beam shaper. It
is clear that alarger focus at the BS leads to a smaller focus in the laser rod. One might argue
that a more narrow focus could be obtained by a stronger lens. This will, however, also affect
the divergence of the beam and thereby the ‘volume’ of the focused beam inside the laser rod.
Therefore, the beam size at the BS should be chosen as large as possible, i.e. 60-70 um radius
inthis case or even larger if some aperture loss can be accepted.

If the beam has a Gaussian profile in the y-direction with awaist radius wo; after collimation at
the output of the laser diode, and is focused by a lens of focal length f placed a distance a from
the waist position, the beam will be focused to a new waist radius wo a a distance b from the
lens according to the relations:

f2
Z02 - (a_ f )2+2012 201
b=f+22(a-f) (4.7)
Zn
z, :nwmz

Here, b is the distance from the lens to the new waist and we recognize zy as the respective
Rayleigh lengths. By inserting @, =300 um and assuming a + b = 250 mm (i.e. the distance
between the laser diode and the BS plus the value of z; in Table 3.1), we find that a 60 mm
lens gives 50 um waist radius, and a 100 mm lens gives 80 um waist radius. For such
configurations we find that b deviates from f by less than 1 mm.

To obtain a reasonably compact and simple lens system for the imaging in the x-direction, a
system of two cylindrical lenses was chosen. Since the beam is very wide (1 cm at the diode
and 2 cm after magnification) this results in the use of low f-number lenses and thereby
aberrations. In Figure 4.6 a plot of the ray-tracing of the center beam, a beam 2.5 mm from
center, and the edge-beam 5 mm from the center is shown. The lenses chosen were f =
25.4mm and f = 50 mm cylindrical lenses from Melles Griot. The distance between these
lenses were chosen to be 66 mm to ensure that the sub-beams are parallel after L3.

The position of the two-lens system relative to the laser diode will affect the position of the
image of the laser diode behind L3. The closer the lens system isto the diode, the further away
from L3 is the image of the laser diode. The exit aperture of the BS is typically placed 50 mm
behind L3. In Figure 4.7, the sizes of the three different sub-beams at this position are shown
as function of distance between the laser diode and L1 (with the L1-L3 distance fixed at
66 mm). These simulations were performed assuming that the 150 um wide emitters have a
50 mrad top-hat divergence.
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L2
25.4 mm 50 mm

Figure4.6  Ray-tracing of three emitters through the lens system. The vertical lineto the
right indicate the position of the exit aperture of the BS
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Figure4.7 Calculated beam size in the x-direction 50 mm after L3 as function of distance
between the laser diode and L1. The 150 um wide emitters were imaged by the

lens systemin Figure 4.6 (M = 2) assuming a 50 mrad full width top-hat
divergence

In Figure 4.8, the calculated beam sizes for the center, mid and edge sub-beams are shown as
function of distance from L3 with a fixed lens system at d1= 28 mm and L1-L3 = 66 mm. We

can clearly see the aberrations of the lens system since the sub-beams have their minimal beam
sizes at different positions.
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Figure4.8 Calculated beam size in the x-direction as function of distance from L3 for the
center sub-beam, a sub-beam 2.5 mm from the center (mid), and a sub-beam
5 mm from the center of the diode bar (edge). The 150 um wide emitters were
imaged by the lens systemin Figure 4.6 (M = 2) assuming a 50 mrad full width
top-hat divergence. The dashed line indicates the minimum obtainable beam size
(300 pum)
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The difference in propagation length for the different sub-beams at the exit aperture of the BS
should also be regarded. In Figure 4.9, ray-tracing calculations similar to those in Figure 4.8
have been combined with the calculated difference in path length through the BS according to
(4.4) to find the position of the minimum beam size for each sub-beam relative to the exit
aperture of the BS We observe that there is a considerable difference in the location of these
minima across the diode bar. In the calculations, d1 = 28 mm, L1-L3 = 66 mm, L3-BS exit =
50 mm, 6 =12° and ¢ = 45°.
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Figure4.9 Calculated position of minimum beam size relative to the exit aperture of the BS
accounting for aberrations in the lens system and path length differencesin the
BS

It is clear that this difference in position for minimum beam size will lead to a difference in
beam size for the different sub-beams at the exit aperture of the BS. The differences in
propagation distance are taken into account in Figure 4.10, which shows the calculated beam
size at the exit aperture for different sub-beams for different values of d1. The simulations
were performed using ray-tracing calculations through the system in Figure 4.6 assuming
150 um wide emitters with a 50 mrad full width top-hat divergence. It is important that the
sizes of the sub-beams at the exit aperture are smaller than the exit aperture to avoid clipping
of the sub-beams. We notethat by a proper choice of di, this can be achieved for the simulated
system. For diode bars with a higher number of emitters, like the IMC bars with 48 emitters, it
is clear that stacking of e.g. two sub-beams side by side will lead to clipping at the exit
aperture; in this case the exit aperture will still be approximately 1 mm, while the minimum
beam size is increased from 300 um to 600 um (M-(d + w)), and the divergence angle is
significantly larger. The consequence of a larger beam divergence is that the beam is larger at
positions off its minimum value. We propose a ‘ non-imaging’ geometry for such diode barsin
Section 4.2.3.2.
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Figure4.10 Calculated beam size at the exit aperturein a BSwith ¢ =45° and §=12° where
the difference in path-length in the BSis accounted for. The calculated size is
shown for 4 different diode-L1 distances, d1

4131 Reduction of smile

The smile-effect describes the fact that the individual emitters may have slightly different
pointing angles, and thereby, slightly different vertical positions at the position of the BS. It is
possible to compensate partly for this effect by tilting the cylindrical lens L1 a few degreesin
the yz-plane. This is based on the fact that the thickness of the lens observed by a beam near
the edge of the lens is smaller than for a beam near the center of the lens. When the lens is
tilted, this leads to a different shift in vertical (i.e. y-) position which also resembles a kind of
smile across the beam. At an optimum angle the spread in vertical positions at the BS will be
minimal, giving maximum transmission through the input aperture. In Figure 4.11, the
calculated transmission of the Coherent diode based on ray-tracing calculations is shown for
250 pm and 300 um apertures and 50 um beam radius at the beam shaper as function of
angular tilt of L1. In the ray-tracing calculations, the focal lengths of L1, L2, and L3 were
25 mm, 60 mm and 50 mm, respectively. For the transmission curve with smile-effect in
Figure 4.2, the optimum value of 5° was assumed. Taking the smile-effect as well as alignment
tolerances into account, we conclude that the minimum practical aperture in our experimental
setup is limited to about 300 um. In Figure 4.12 the calculated vertical positions of the
different emitters at the BS are shown without and with a 5 degree lens tilt. It is clear that the
maximum deviation from the straight line is reduced with the lens tilt.
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Figure4.11 Transmittance through the BSinput aperture as a function of angular tilt of L1
for 50 um beam waist radius and 250 um and 300 um input apertures
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Figure4.12 Calculated vertical position at the BSwith untilted L1 and with L1 tilted 5°

4.1.4  Thelens system after the beam shaper

The beam pattern at the output of the BS is sketched in the left part of Figure 4.13. The
dimensions of each sub-beam will be approximately M-w = 300 um in the x-direction for w =
150 um and M = 2, and 100 um (FW(L/€)M) in the y-direction for @, = 50 pm. As discussed
in Section 4.1.3, there is a variation in these dimensions due to the fact that the sub-beams
have propagated different distances through the BS and also from the aberrations in the
imaging system. As was seen in Figure 4.9, the positions of the smallest beam size of the
different sub-beams vary with 47 mm in z-direction in the output beam from the BS. As the
sub-beams propagate away from the BS, they diverge and overlap each other in the y-direction,
as illustrated in the right part of Figure 4.13. The divergence in the x-direction will be o/M,
where « is the divergence at the output from the diode bar. The divergence in the y-direction
will be that of a Gaussian beam with a beam waist radius of oy, i.€e. 2A/(Txny).
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Figure4.13 Beam pattern at the output of the BS (left) and at a distance z-zgs after the BS
(right)



23

The final step in the beam transformation is focusing of the beam after the BS. This is
performed by two cylindrical lenses L4 (x-direction) and L5 (y-direction), as shown in Figure
4.14.

<l a4 -
B - X
/ L4
BS fa
< — > = > y
BS éx
L5

Figure4.14 Final focusing of the output from the BSin the x-direction (upper part) and y-
direction (lower part, only 5 of the sub-beams are indicated). L4 and L5 are
cylindrical lenses.

4.1.4.1 Focusing in the x-direction

We have seen that the image of each emitter in the vicinity of the output from the BS has a
width M-w, where w is the width of each diode emitter and M is the x-magnification between
the diode bar and the BS. With the parameters defined in Figure 4.14, the image width w after
focusing with L4 becomes

W, = M-w, (4.8

b, = : (4.9)

o, (4.10)

and the beam quality is
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BQ =W, =W-« . (4.11)

As expected, the beam quality for a single sub-beam is independent of M, a4, and fs, and is
equal to the beam quality of the sub-beam at the output of the diode bar. Assuming w =
150 pm, e =50 mrad, M = 2, f, = 50 mm, and a4 = 150 mm, we find that wy = 150 pum, b, =
75 mm, o4 = 50 mrad, and BQy = 7.5 mm-mrad. If the lens system between the diode and the
BS imaged all sub-beams onto the exit aperture, then this would also have been the
characteristics for the total beam in the x-direction.

Unfortunately, this is not the case, as was seen in Figure 4.9. The difference in position of the
minimum beam size will both affect the sizes and positions of the images of the sub-beams
after L4, as well as the far field divergence angle, since the distance a4 will be different in
(4.8), (4.9), and (4.10). In Figure 4.15 the image size, z-positions of the image, and divergence
of each sub-beam behind L4 are shown for the case of d1=28 mm in Figure 4.10.
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Figure4.15 Calculated image size, position of image, and far field divergence of each sub-
beam after a 50 mm lens 150 mm fromthe BS,

Thiswill influence on the size and shape of the focus behind L4. In Figure 4.16, the total beam
width is plotted as function of distance from L4. The beam diameter was estimated by adding
19 top-hat beams with equal power using the focusing parameters shown in Figure 4.15, and
smoothing the total beam by a stepwise linear function. The diameter was found at the 1/e*-
level of this function. We observe that the beam diameter at the focus is ~350 um, i.e. more
than twice that of each emitter. The beam quality of this beam was 20 mm-mrad.
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Figure4.16 Calculated beam diameter in the x-direction after a 50 mm lens placed 150 mm
behind the BS using the sub-beam parameters from Figure 4.15

4.1.4.2 Focusing in the y-direction

As discussed before, the beams from the different emitters are stacked on top of each other at
the output of the BS, with a center-to-center separation Ay given by Equation (4.1). Each sub-
beam is assumed to have a beam waist radius of an, a the center of the BS. The sub-beams
after the BS are parallel to each other and will therefore cross each other in the focal plane of
the lens L5. The beam radius in the focal plane is equal to the far field divergence of the
incoming sub-beams multiplied by the focal length fs of L5. The beam diameter w, in the focal
plane therefore becomes:

W, =22y (4.12)
02

The far field divergence o of this image is approximately equal to the total beam height after
the BS divided by the focal length fs, i.e.:

N-A,
a, = : (4.13)
fs
The beam quality becomes
2N A
BQ, =wa, = NAZ, . (4.14)
T Wy

Assuming anz = 50 um, Ay = 300 pm, fs =25 mm, N =19, and A = 0.79 um, we find that w, =
250 pum, ¢ = 230 mrad, and BQ, = 58 mm-mrad. We observe that for the given assumptions w
= 0.7w, oy = 4ok, and BQy = 3BQy, i.e. the beam is quite asymmetric in the focal region. From
Equation (4.14) we see that BQ, is proportional to Ay/an, , which is 6 with the given
assumptions. As can be seen in Figure 4.2, there is, in theory, potential for reducing the ratio
Aylan, somewhat without significant clipping by the BS input aperture. However, the
mentioned problem with the smile-effect has prevented us from achieving this in the
experiments.
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In Figure 4.17, the calculated beam diameter after a 25 mm focusing lens placed 150 mm
behind the BS is shown as function of distance from the lens. The beam was taken to have a
50 umwaist radius at the BS (wgz). In contrast to the results in the x-direction, but as expected
according to (4.12), the ~20 mm difference in path length through the BS did not have any
effect on the size of the focus. Also shown is the calculated beam profile (in the y-direction) at
three different positions around the focal plane. We see that the beam is focused to a spot of
~200 pm 10-90 diameter* (corresponds to Wy, ~ 250 pm) while the image of the individual
emitters appear a agreater distance from the lens (approximately 30 mm in this case).

g 50 25.5
2 .5 mm
E 12 =5 —
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2 1 o4 30 mm
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8 06 > 3
o D 20 mm
202 =1 \
20 22 24 26 28 30 32 -1 -0.5 0 0.5 1
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Figure4.17 Left: Calculated 10-90 beam diameter after a 25 mm lens placed 150 mm behind
the BS. Right: Calculated beam profiles at three different positions indicated by
the dashed lines in the left graph

By studying equation (4.12) we see that the size of the focused spot is inversely proportional
with the focused beam radius at the BS. In Figure 4.18 the calculated shape of the focused
beam after a 25 mm lens is shown for two different beam waists at the BS. We see that to
obtain a minimum pump mode volume in the laser rod, the beam waist at the BS should be
chosen as large as possible while still maintaining good transmission through the BS.
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Figure4.18 Calculated shape of a beam (in the y-direction) inthe focal plane after a 25 mm
lens placed 150 mm behind the BS

! The 10-90 diameter is defined as the distance between the positions (x,) where the normalized (knife-edge)

X I~
integral | f(x)dx/j f (x)dx equals0.1and 0.9
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4.1.5 Beam symmetry inthe laser rod

When using the focused beam to end-pump a laser rod one would prefer the beam to be
circularly symmetric over the pump absorption length in the laser rod. From the discussion
made above it is clear that this cannot generally be achieved. If the absorption length was
sufficiently short, the beam divergence would not be of any importance, so in that case wy and
wy could easily be made equal and with a good matching to the TEMg, mode of the laser
resonator. However, relevant laser materials have absorption lengths of several mm, and over
this length the asymmetry will be substantial. In Figure 4.19, the calculated beam diameter in
the x- and y-directions are shown as function of distance from the common focus inside YAG
(refractive index = 1.82). To obtain the common focus, the f4 = 50 mm lens in the x-direction
was placed 150 mm from the BS and the fs = 40 mm lens in the y-direction was placed 35 mm
behind L4. In the x-direction, the diameter is found where the intensity is 1/€* of its peak
value, while in y-direction the 1/e* diameter is found by multiplying the 10-90 diameter found
from knife-edge integration over the beam profile by 1.56 (i.e. assuming a Gaussian Cross-
section).
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T05 x-direction
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Figure4.19 Approximate 1/e* beam diametersin a YAG laser rod after focusing the pump

beam with 50/40 mm cylindrical lensesin the x-/y-direction placed 150/185 mm
behind the BS

The asymmetry shown in Figure 4.19 will have two detrimental effects on the pumped laser:
First, the difference in gain region in the two directions may lead to a multi-transverse mode in
one or both directions, and, secondly, the difference in thermal lens may lead to different
resonator stability conditions in the two directions. The optimal focusing in the two directions
will depend on the absorption length, resonator mode size, resonator losses, gain, and thermal
lensing effects (the 2 latter effects being dependent on the pump power).

Another possibility is to launch the focused beam into an optical fiber. The beam leaving the
fiber will then be circularly symmetric and can be refocused to yield a symmetric pump beam
in the laser rod. The main disadvantages of that method are the need for additional optical
components, a depolarized pump beam, a certain pump power loss, and a slightly poorer
overall beam quality.
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4.2 Alignment of the beam shaper

4.2.1 The lenses before the beam shaper

The distances listed in this section are for the special case studied in this work, with cylindrical
lenses from Melles Griot: L1: f = 25.4 mm, product # 01LCP006, L2: f = 60 mm, product #
01LCPQO5, and L3: f =50 mm, product # 01LCP133.

The distance from the laser diode to the BS should be 14-15 cm (14.5 cm to the exit aperture).
Start by placing lenses L1-3 in their approximate positions. The use of an alignment beam may
help ensure that the lenses are at the correct x- and y-positions and that they (L2 and L3) are
perpendicular to the beam. The tilt of L1 (to reduce the smile effect, see Figure 4.11) can be
adjusted by monitoring the reflected alignment beam. The beam from the laser diode should be
monitored with an IR-card or by a camera. A suggested procedure to obtain the correct z-
positions of the lenses is as follows: Position L2 such that the beam waist in the y-direction is
placed at the center of the BS. As could be seen from (4.7), the position of thiswaist is close to
the focal plane of L2. However, an error in this position of a few mm has only negligible effect
on the transmission. Next, L1 should be positioned 25-30 mm from the laser diode (distance to
flat back side of lens, see Figure 4.6 and Figure 4.10), and L3 should be adjusted to collimate
the pump beam. The distance between the plane surfaces of the two lenses should be
approximately 66 mm.

4.2.2  The beam shaper

If the beam shaper consists of two independently adjustable mirrors, a proper alignment
procedure could be as follows:

Start with the mirror the beam first ‘hits (the mirror to the right in Figure 4.1). € and ¢ can
easily be aligned by monitoring the reflection of the laser diode on the optical table. The
position of this point is:

= p3n¢
tan@ 4.15
_h 1 _cosg ) (4.19)
i 2sin20cosg  tand

where h is the height of the beam above the optical board and the position is relative to the
point of reflection at the beam shaper mirror. After this alignment, the angle y needs to be
adjusted, for instance by comparison with a vertical reference looking in the opposite direction
of the laser beam (with the laser beam turned off). In the x-direction, the mirror should be
placed to reflect all but the outmost emitter. When this procedure is done, the mirror closest to
the laser can be inserted. The top edge should be horizontal and placed in height close to the
beam, but underneath it. This mirror is parallel with the first mirror when the transmitted
beams are propagating in parallel in the z-direction. The distance between the mirrors and the
height of the mirror closest to the laser should then be adjusted assuring a one-to-one emitter
stacking at the exit aperture and to assure optimum transmission.
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4.2.3  Alignment tolerances

4231 Mirror height

The tolerance for the height adjustment of the mirror closest to the laser is approximately
+20 um, as can be seen in Figure 4.20 where the input aperture transmission is plotted as
function of mirror height. In these simulations, woz = 50 pm and Ay = 300 pm were assumed.
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Figure4.20 Calculated transmission through the input aperture of the BS as function of
height of the mirror closest to the diode. A compensated smile-effect is
accounted for, woz iS50 um, and the input aperture is 300 pm

4.2.3.2 Mirror paralelism

If the mirrors fail to be parallel by an angle ¢, each sub-beam will be 20 off angle with the
adjacent sub-beam, and the angle between the top and bottom beams will be 365. A
misalignment of 0.2 mrad, which is caused by a 10 um error in mirror spacing across a 50 mm
wide mirror, will thus lead to an angle difference of 7.2 mrad between the top and bottom sub-
beams. If this error was entirely in the x-direction, this will cause a deviation from a vertical
line (top to bottom sub-beam) of ~1 mm at L4 150 mm behind the BS, leading to alarger focus
and a poorer beam quality (see below). If this error was entirely in the y-direction, the effect
will depend on whether the total beam is diverging or converging. A diverging beam will, in
fact, lead to a smaller focus because the focus becomes closer to the waists of the sub-beams
(see Figure 4.17). For comparison, the deviation from perfect collimation in the x-direction
owing to aberrations in the lens system before the BS is less than 5 mrad.

4.2.3.3 Mirror spacing

From (4.1) we find that an error of £20 pum in mirror spacing results in a 0.5 mm deviation
from a vertical line from top to bottom of the stack of sub-beams, assuming a 300 um input
aperture. This will lead to a slight clipping at the exit aperture. Disregarding this clipping, a
0.5 mm deviation from a vertical line at L4 leadsto an increase in the size of the focus in the x-
direction to ~0.45 mm (from 0.35 mm), and a subsequent increase in BQy from 20 mm-mrad to
30 mm-mrad. In these calculations, f4 = 50 mm and a; = 150 mm, as in Figure 4.16.
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4.2.34 Vertical exit aperture

The perhaps most difficult part of the alignment procedure is to assure that the exit aperture is
vertical (adjustment of y). An error of 80 mrad leads to ~0.5 mm deviation from a vertical line
from top to bottom of the stack of sub-beams. The results on the beam quality in the x-
direction are the same as above.

4.3 The non-imaging beam shaper

The BS described so far has been based on imaging the diode bar at the position of the BS and
stacking the emitters vertically. There are two main advantages by this. First, the light from the
diode will be more symmetrical and easier to focus into a laser rod. Second, the brightness
may be increased by removing the ‘dead space’ between the emitters. However, as was
discussed in connection with Figure 4.10, it is practically impossible to image diode arrays
with = 30 emitters (e.g. the diodes from IMC with 48 emitters along the 1 cm bar) in such a
way that al are transmitted without clipping through the exit aperture of the BS. In this case
there is no increase in brightness through the BS. However, the alignment of the BS can be a
lot easier: Failing to image the emitters will remove the requirement that the exit aperture is
exactly equal to the emitter distance, thus removing the strict limitation on the distance
between the mirrors.

The non-imaging BS can be described by the following functions: The input and exit apertures
are given by Ay and Ay from (4.1), respectively. The height of the output beam from the BS can
be approximated by

W tan (6
He(it:Cdling(%]Asz'Wdiode - ()

x snfe) o

where Wgioge (= N-d) is the width of the diode bar, and the ceiling-function returns the smallest
integer equal to or above its argument.

The output from the BS is still focused by two crossed cylindrical lenses into the laser rod. The
size of the image in the x-direction is given by

, (4.17)

where the symbols were defined in Figure 4.14. The far field divergence angle is given by
(4.10). In the y-direction, assuming that the Gaussian nature of the beam is retained, the size of
the focus is still given by (4.12), whereas the far field divergence angle in analogy with (4.13)
isgiven as

o, =—2*. (4.18)

The beam qualities are given by
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A A
BQ, =wo, = >a=—2-BQ
QX XX M MW QX
A H_ ’
Hup =5 - BQ)
T- Wy N-A,

(4.19)

BQ, =W, =2

where BQX/y' is are the beam qualities in the case of the imaging BS as defined in (4.11) and
(4.14), and Ay' is the vertical displacement in the imaging BS. If we calculate the beam quality
product, i.e. BQ = BQy«-BQy, we find that in the case of equal input apertures, BQ =~ d'w BQ'.
This stems from that the ‘dead space’ between the emitters is not removed with the non-
imaging geometry. It should be noted that these calculations neglect diffraction at the vertical
edge in the exit aperture. Diffraction may somewhat reduce the beam quality.

From (4.19) we see that the ratio of the beam qualities of the non-imaging and imaging BS
scales with the ratio of the size of the output beam in each direction. Thus, from (4.19) and
(4.16) it is clear that the output beam can be made more symmetric by a proper choice of Ay.
Thisisillustrated in Figure 4.21, where the calculated beam qualities are shown as function of
Ax for the Coherent diode. We observe that the beam qualities become equal for the given
parameters when Ax =~ 1.5 mm. For a diode bar with higher divergence in the x-direction, BQy
becomes poorer, and the value of Ay for the IMC-diodes where the beam qualities are
approximately equal is Ay= 1 mm.
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Figure4.21 Calculated beam quality in the x- and y-direction after a non-imaging BSas
function of the horizontal displacement Ax. In the calculations, Wgioge= 10 mm,
a = 50 mrad, M = 2, we=50 pm, and Ay = 0.3 mm. The stepwise behavior of
BQ, stems from the ceiling-function.

Since the requirement of imaging is lifted, the lens system between the diode and the BS can
be chosen differently than before. The primary requirements are now that the beam is
collimated in the x-direction and focused as before in the y-direction. The lens system may
also be chosen for an appropriate value of M. The compensation for smile is still desired, but
one may choose to increase the input aperture (Ay) to reduce the sensitivity to smile at the cost
of a poorer beam quality in this direction.
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5 RESULTS

In this Section the resulting beam after the BS is characterized for the three different laser
diode bars described in Section 3. The results depend to some extent on the actual parameters
of the laser diode itself, e g smile-effect and transversal mode pattern, but nevertheless give a
good indication of what is possible with the BS technology.

The beam quality was found by measuring how the 1/e* beam radius evolved around the focal
plane of a cylindrical lens. This was then fit to a curve calculated for a beam whose divergence
was M? times that of a fundamental Gaussian beam. For wavelengths ~800 nm, this value is
the same as the mm-mrad value. The values are vulnerable to errors in measurements of the
smallest diameter and have therefore considerable uncertainty connected to them.

51 I maging beam shaper

The Coherent laser diode bar consisted of 19 emitters, and it was therefore possible to use the
imaging BS. The diode delivered 30 W at 32 A driving current. With 350 um input aperture,
24.5 W was transmitted to the focal plane behind the BS and two crossed cylindrical lenses.
The intensity profile of the beam in the focal plane is shown in Figure 5.1. In Figure 5.2, the
measured beam size is shown for different distances around the focal plane. The curves
indicate the 1/€® value of the peak intensity. We notice the clear similarity between the
behavior of the curves in the y-direction and the calculated curves in Figure 4.17. The curves
used to find the beam quality are shown in Figure 5.3.
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Figure5.1 Measured intensity profile in the focal plane of two crossed 40 mm cylindrical
lenses
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Figure5.2  Measured beam profile as function of z-position behind two crossed 40 mm
cylindrical lenses
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Figure5.3 Measured beam radius as function of z-position after two crossed 40 mm

cylindrical lenses. The dashed curves are the best fits to Gaussian beams and
give the beam quality of the beam

5.2 Non-imaging beam shaper

The IMC diode bars consist of 48 emitters each, and it is therefore not practically possible to
use the imaging BS geometry, both because of the narrower distance between adjacent emitters
and because of the larger divergence in the x-direction from each emitter. For practical
reasons, the parameters of the non-imaging BS system was approximately the same as for the

imaging BS, with a ~300 pum input aperture and ~20 stacked beams in the y-direction at the
exit aperture.

521 IMCdiode SN 3114

With a 300 um input aperture, 35 W was transmitted through the BS and a pair of crossed
cylindrical lenses at a driving current of 52.5 A. The output from the laser diode was 46 W at
this driving current. In Figure 5.4, the measured beam profile in the focal plane behind two
crossed cylindrical lenses is shown (fx = 50 mm and f, = 60 mm). We observe that the beam
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diameter is approximately 0.5 mm in both directions. The z-dependence of the beam size is
shown in Figure 5.5. We note that the beam appears to be reasonably symmetric over a
distance of ~10 mm. The beam quality was found to be ~ 70 mm-mrad in the x-direction and ~
103 mm-mrad in the y-direction, as is shown in Figure 5.6.
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Figure5.4  Measured beam profile in the focal plane of two crossed cylindrical lenses (fx =
50 mmand f, = 60 mm)

y-direction (mm)

Figure55 Measured beam profile as function of z-position behind two crossed cylindrical
lenses, fy = 50 mmand fy = 60 mm
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In Figure 5.7, the measured beam profile in the focal plane behind two crossed cylindrical
lenses is shown (fx = 50 mm and f, = 60 mm). We observe that the beam diameter is somewhat
larger than for the other IMC diode; approximately 0.6 mm in the y-direction and 0.8 mm in
the x-direction. The z-dependence of the beam size is shown in Figure 5.8 and Figure 5.9. We
note that the beam is reasonably symmetric over a distance of ~10 mm in air. The beam quality
was found to be ~ 77 mm-mrad in the x-direction and ~ 107 mm-mrad in the y-direction, as is
shown in Figure 5.9. Of the 46 W output power from the laser diode at 52.5 A driving current,
34.2 W was available at the focal plane of lens 4 and 5 with 380 um input aperture of the BS.

Figure5.7
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Measured beam radius as function of z-position after two crossed cylindrical
lenses, fy = 50 mmand fy = 60 mm. The dashed curves are the best fitsto
Gaussian beams and give the beam quality of the beam

Measured beam profile in the focal plane of two crossed cylindrical lenses, fy =
50 mmand f, = 60 mm
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Figure5.8 Measured beam profile as function of z-position behind two crossed cylindrical
lenses, fx = 50 mmand fy = 60 mm. The curves correspond to 1/€* of the peak
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Figure5.9 Measured beam radius as function of z-position after two crossed cylindrical

lenses (fx = 50 mmand fy, = 60 mm). The dashed curves are the best fits to
Gaussian beams and give the beam quality of the beam

5.3 Summary of results

The results for the three laser diode bars are summarized in Table 3.1. As expected, the beam
quality of the imaging geometry is better than that from the non-imaging geometry, in
particular in the x-direction. For all cases, however, the measured beam qualities are about
50% poorer than the calculated ones (from calculations and simulations previously in this
work). Some of this discrepancy can be ascribed to the uncertainty in finding the smallest
beam radius in the measurements. Also, the beam radius may not be well-defined for a non-
Gaussian beam profile. Further, the assumed beam quality from the laser diode may be
incorrect, for example will « = 70 mrad instead of 50 mrad increase the calculated BQ, from 20
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to 32 mm-mrad for the Coherent diode. In the y-direction, the smile-effect has a detrimental
effect on the beam quality, but was not accounted for in the calculations. Uncertainty in the
values of mg, Ax and Ay also influence on the calculated beam quality according to Equations
(4.14) and (4.19). Additionally, it was observed after the measurements that the exit aperture
of IMC3180 was slightly non-vertical.

Geom. Ax Ay Pdode Pwans fa fs a wxy wy Measured Calculated

mm mm w w mm mm mm mm mm BQx BQy BQx BQy

Coherent I 1.0 035 30 245 40 40 150 045 035 32 99 20 67
IMC3114 N-I 0.8 0.30 46 352 40 40 170 05 05 70 103 48 72
IMC3180 N-I 1.0 0.38 46 342 50 60 147 0.9 0.7 77 107 59 76

Table 5.1 Summary of results from beam shaping of laser diode bars. Unitsfor BQ arein
mm-mrad

6 CONCLUSIONS

Beam shaping of the output from laser diode bars is a powerful technique for efficient coupling
of pump light into high-power end-pumped solid-state lasers. Using the parallel mirrors
technique originally developed at the University of Southampton, we have demonstrated beam
shaping of the highly astigmatic output from 1 cm wide diode bars, and focused the resulting
beam to less than 0.5 mm diameter spot with reasonably good symmetry over a 10 mm
distance around the focal plane.

By a thorough theoretical approach to the beam shaper system, we have identified two
operating regimes. The imaging and the non-imaging beam shaper. In the imaging beam
shaper, each emitter of the laser diode bar is imaged by a set of cylindrical lenses onto the
mirrors of the beam shaper, where the sub-beams can be stacked and rearranged. In the non-
imaging beam shaper, the light from the laser diode bar is still transferred to the mirrors of the
beam shaper, but the requirement of imaging the emitters is lifted. This will normally result in
a somewhat poorer beam quality, but also in greater flexibility in design and alignment of the
system. The size of the emitters, the distance between the emitters, and the divergence from the
emitters determine whether the imaging regime can be used or not. There are in general two
different geometries of high-power laser diode bars. One type consists of ~20 emitters with
~30% fill-factor of the 1 cm diode bar. This can be used with the imaging beam shaper. The
other type consists of ~50 emitters with ~50% fill-factor. This should be used with the non-
imaging beam shaper.

There are other parameters of the laser diode bar that have impact on the transmission through
the beam shaper system. These are the smile-effect of the laser diode, i.e. the diode bar’s
deviation from a straight line in the x-direction, and the transversal mode pattern in the y-
direction. The latter has often been considered to be that of the fundamental Gaussian, but our
measurements have shown that this is not the case. Both these effects have been seen to vary
considerably from diode to diode.
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In Figure 6.1 a photograph of the experimental realization of alaser-diode with a beam shaping
system is shown. The small footprint (~10 cm x 20 cm) makes this a flexible and attractive
building block for high-power diode-end-pumped solid-state lasers.

»
=g 5 2

Figure6.1  Photograph of a laser diode with optics and beam shaper
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