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High-Power Higher Order Hermite—Gaussian and
Laguerre—Gaussian Beams From Vertical External
Cavity Surface Emitting Lasers

Michal L. Lukowski, Jason T. Meyer, Chris Hessenius, Ewan M. Wright, and Mahmoud Fallahi

Abstract—We report a vertical external cavity surface emitting
laser (VECSEL) with an optical pumping scheme for the gener-
ation of higher order Hermite-Gaussian transverse modes. The
VECSEL chip with emission around 1068 nm in a linear cavity con-
figuration is capable of delivering a variety of higher order modes
with Watt-level output power. A very good agreement between the
modeling and experimental results validate the ideas underpinning
the method. Additionally, simultaneous lasing of two independent
and collinear transverse modes from a single laser cavity is demon-
strated. An external astigmatic mode converter is finally utilized
for the conversion of Hermite-Gaussian modes into corresponding
Laguerre-Gaussian modes.

Index Terms—Vertical external cavity surface emitting lasers,
Hermite-Gaussian beam, Laguerre-Gaussian beam, multiple
optical pumping.

1. INTRODUCTION

7 ASER sources delivering higher-order Hermite-Gaussian

(HG) or Laguerre-Gaussian (LG) transverse modes have
been of increasing interest for a wide range of applications. Espe-
cially, higher-order LG modes gather increased attention thanks
to their capability to carry orbital angular momentum. Atom and
microparticle trapping [1]-[4], light-atom interactions [5], non-
linear optics [6] and biological cells manipulation [7] can be
achieved by using axially or circularly symmetric laser beams.
Such higher-order modes have been previously demonstrated
in optically pumped solid-state lasers [8], [9], microlasers [10],
spatially structured vertical cavity surface emitting lasers [11],
[12], surface-emitting lasers with an integrated intra-cavity all-
dielectric meta-surface [13], by use of spiral phase plates [14]
or astigmatic mode converters (AMC) [15]. Most recently, ver-
tical external cavity surface emitting lasers have been utilized to
produce higher-order HG modes by use of an intracavity mode
control element [16], [17].
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For over the past couple of decades, optically pumped vertical
external cavity surface emitting lasers have been widely studied
and proven to be areliable laser source delivering high brightness
and high output powers over a wide spectral emission range [18].
The flexibility of semiconductor gain structures allowed for las-
ing operation in visible, near infrared and mid-infrared spectral
regions [19], [20]. The open cavity design provided opportuni-
ties to achieve outstanding results in wavelength tunability [21],
pulse generation [22] and nonlinear frequency conversion [23].
While in the above cases mostly the TEMgo mode is being used,
our team recently started exploring VECSELSs for generation of
higher-order HG and LG modes [16], [17].

Previously, we utilized an intracavity mode control element
to introduce a loss for a non-desired HG mode, thus favoring a
targeted higher-order transverse mode. Here, we propose a dif-
ferent approach using a flexible pumping control to efficiently
generate various HG modes. An empty linear cavity consist-
ing of an output coupler curved mirror and VECSEL chip with
emission ~1068 nm along with multiple optical pumps focused
onto a chip is used. The position of the focused pump spots,
with respect to the center of curvature of the output coupler
mirror, allows for the control of the lasing transverse mode. In
this scheme, there is no loss inside the laser resonator, and gain
provided by optical pumping is efficiently utilized to obtain a
desired higher-order HG mode. Very good agreement between
the modeling and experiment is reported. Moreover, this laser
is capable of operating simultaneously with two independent
and collinear transverse modes. The higher-order lasing output
is directed into an astigmatic mode converter to obtain corre-
sponding LG modes. All of the demonstrated transverse modes
reach Watt-level output powers.

II. VECSEL GAIN STRUCTURE, FABRICATION
AND LINEAR CAVITY

For this experiment a chip from a VECSEL wafer with
strain-compensated InGaAs/GaAs/GaAsP multiple quantum
well (MQW) heterostructure designed for emission at ~1068 nm
was used. It consisted of 12 compressively strained 8 nm thick
InGaAs QWs with pump absorbing GaAs barriers and GaAsP
layer between each QW for strain compensation purposes. A
distributed Bragg reflector (DBR) stack consisted of 25 pairs
of alternating AlGaAs/AlAs layers provided high reflectivity
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Fig. 1. Schematic of two optical pumps linear cavity VECSEL with external
astigmatic mode converter.

(~99.9%) at the emission wavelength. The wafer heterostruc-
ture was grown by the means of Metal Oxide Chemical Vapor
Deposition process as a “bottom emitter”, such that the active
region is grown first on a GaAs substrate, then followed by the
DBR layer. The composition and thickness of the gain region
was designed such that each QW is positioned at the antinode
of the cavity standing wave, thus allowing it to take advantage
of resonant periodic gain.

The optimal thermal management is crucial to achieving effi-
cient lasing, thus the VECSEL chip has to be fabricated before
being fully operational. Used as a heat spreader, chemical vapor
deposition diamond and a chip were coated with Ti/Au layers
and indium solder bonded together. The GaAs substrate was
removed by selective chemical wet etching, which resulted in
optically flat surface of a bonded chip. Ref. [24] provides a de-
tailed description of fabrication process. A finished chip was
mounted and clamped to a water-cooled copper heat sink and
maintained at a temperature of 10 °C.

The VECSEL linear cavity with an external astigmatic mode
converter is presented in Fig. 1. A 300 mm radius of curvature
and 97% reflective output coupler mirror was placed ~270 mm
away from the ~1068 nm chip, determining a beam waist diam-
eter of the fundamental Gaussian mode to be ~340 um. Two
~808 nm pump diodes were fiber-coupled and refocused to
~380 pum diameter spot sizes on the chip. When both pumps
were placed in the “center” (with respect to the center of cur-
vature of the output coupler mirror), only the HGog trans-
verse mode was supported by the gain provided from optical
pumping. When the pumps were displaced from the “center”
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position by a certain distance, and the output coupler mirror
remained fixed, the higher order HG,, , modes could be in-
duced. Thus, this VECSEL setup provided lasing outputs with
Hermite-Gaussian transverse mode profiles, which then were
converted to Laguerre-Gaussian beams by use of an astigmatic
mode converter. Two identical cylindrical lenses with focal
length of 30 mm were used as AMC. The distance D between
pair of these lenses is dependent on their focal lengths f as
follows [15]

2f
V2
thus, it resulted to be ~42 mm. Additionally, for proper mode

conversion, the incoming HG mode has to be refocused to a
certain Rayleigh range zp, where

zR=(1+%)f @

and its beam waist positioned in the center between the pair of
cylindrical lenses [15]. To ensure these conditions and based on
the Rayleigh range of the incoming HG mode, a 200 mm fo-
cal length spherical lens was chosen, and appropriate distances
were calculated. This lens was placed ~180 mm behind the out-
put coupler mirror, and ~390 mm in front of the first cylindrical
lens of the AMC. Finally, because the incoming HG mode axis
of symmetry has to be oriented diagonally at 45° with respect
to the curvature axis of the cylindrical lens, the pair of lenses
in the AMC was rotated accordingly. The Laguerre-Gaussian
mode orders LGl when obtained via AMC, are correlated
to Hermite- Gaussmn mode orders HG,, , as | = |n — m/| and
p = min(m, n) [25]. All of the lenses were antireflection coated
at ~1068 nm, therefore the total loss introduced by the AMC
was minimal and smaller than 0.5%.

D= 1

1II. MODELLING OF HIGHER-ORDER HERMITE-GAUSSIAN
MoDES IN VECSEL LINEAR CAVITY

In our model the chip acts as a flat reflector and the cavity
is formed along with a curved mirror of radius of curvature R,
a distance d from the chip. By virtue of the optical pumping,
the chip imparts gain to the circulating field that varies in the
transverse (z, y) plane perpendicular to the cavity axis z. We
allow for two pump beams of identical transverse profile that
are symmetrically displaced with respect to the cavity axis, and
write the spatially dependent gain as

(—Lo)®  (w—1Ly >2}
g(z,y) =giexp |— -
[ Whs Wy
L 2 L 2
+ grexp __( ‘|'2 x) _ (y +2 y) 3)
Wz Way

where wy,;, and wp, are the pump spot sizes along their respec-
tive directions, and L, and L,, the corresponding displacements
of the pump beam centers. The quantity g(z,y) is the gain
length product for the chip induced by the pump beams, and
91,2 denote the peak values for each beam. The net gain experi-
enced by the circulating field after reflection of the chip is then
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G(z,y) = e9(=¥). Adopting a reference plane above the chip
in Fig. 1 and traveling into the external cavity, the wave opti-
cal equation describing successive round trips of the field in the
cavity is given by

Ept1(z,y) = 7G (z,y) KE, (z,v) @)

where K is the Huygens integral operator for propagation around
the external cavity {26], n counts the round trips, and 7 is the po-
sition independent field reflectivity of the output coupler mirror,
which curvature matches the one of higher-order mode wave-
front. Following the numerical approach of Endo for optically
pumped lasers [27], we iterate Eq. (4) for an initial field Ey(z, y)
that is a transversely displaced copy of the Gaussian mode of
the unpumped cavity, so that it is a superposition of a large
number of cavity HG modes, and the iteration is continued un-
til the field settles down to a steady-state field profile F{x,y):
This yields the spatial profile of the oscillating laser mode with
maximum gain. Our later wave optical simulations will show
the calculated mode intensity profile |E(z,y)|? for a variety
of pump beam configurations. The passive cavity modes with-
out gain may be expressed as Ups, m,, (%, ¥) = Um,, (T)um, (¥),
with . (s) Hermite-Gaussian functions with respect to the z
and y axes, and mode indices m,, =0,1,2,... [28]. These
HG modes are based upon the passive cavity Gaussian spot size
wp as evaluated at the chip.

The VECSELS described here have low mirror losses and as
aresult the required gains g; » < 1 are low. As a result, it is rea-
sonable that, depending on the pump beam configuration, the
lasing mode of highest gain may be approximated by one of the
HG modes Uy, m, (,y). This leads to the simple approxima-
tion for the spatially averaged modal gain

g . fgoco SOuc g ((L‘, y) |Umz,my (-’E, y)IQd:Edy
Mg, My —
’ 120 1250 | Uy iy (2, 9) [ ddy

which depends on the pump beam configuration via Eq. (1).
As a concrete example, we consider the case of a single pump
beam varying the pump displacement L, along the y-axis while
keeping L, = 0. For this case we kept m, = 0 and calculated
the modal gain for a given L, versus m, according to Eq. (3).
The results are shown in Fig. 2 which shows the mode index
m,, of maximum modal gain as a function of beam displace-
ment L. As expected physically, the trend is that as the pump
beam displacement is increased, the oscillating laser mode of
highest gain becomes an HGg ,,, beam of increasing mode in-
dex m,,. These results apply in the case of displacement in the
z — direction as well, and are quite accurately reproduced by
our wave-optical simulations, including the jumps in lasing HG
mode with pump beam displacement. These results show the
same qualitative trends as those previously presented for single
pump beams [28], [29].

Fig. 3 shows an example with two equal-power pump beams
(91 = g2) with Ly = 360 pm and L,, = 390 pm, and the modal
gain is shown as a function of both HG mode indices (m, my).
For this example, the highest modal gain appears for the HGy 7
mode, which displays the capability of the two pumps configu-
ration for generating a rich set of HG modes. We note that the
generation of Hermite-Gaussian modes with variable (mg, my)
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Fig. 2. The mode index m,, of maximum modal gain as a function of beam
displacement L,,.

=
S ¢
o

An example with two equal-power pump beams (g1 = g2) with L, =

Fig. 3.
360 umand L, = 390 pm, and the modal gain shown as a function of both HG
mode indices (Mg, my,), with its maximum for HGg 7 mode.

in our case is possible due to the two pump beams, in contrast
to the arrangement in Ref. [28] where a single pump beam was
used in conjunction with suitable positioning of an opaque wire.

In the following sections we shall refer to the above results of
the simplified analysis in comparison to both the experimental
results and also the wave optical simulations.

IV. EXPERIMENTAL RESULTS

A variety of optical pumps displacements were tested to
demonstrate a broad range of obtainable higher-order Hermite-
Gaussian modes. The output powers, optical spectra and images
of transverse mode profiles were captured to demonstrate high
quality of produced beams.

The displacement of the optical pumps with respect to the
supported higher-order mode was measured using images of
the VECSEL chip surface. Due to the low resolution of the
used CCD camera, the error margin of these measurements was
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Fig.4. The output power of high order Hermite-Gaussian (Laguerre-Gaussian)
modes vs. absorbed optical pump power.
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Fig. 5. The optical spectrum of a lasing mode.

estimated to be ~80 pm. This data was plotted against the the-
orical curve previously shown in Fig. 2. Based on these results,
it is noticeable that experiment is with good agreement with the
calculated theoretical trend.

The output power characteristics for fundamental and higher
order modes are compiled in Fig. 4. The measured powers of HG
modes (before the AMC) and LG modes (after AMC) are consid-
ered equal, because the lenses used did not introduce any signif-
icant loss. The output power is plotted against the total absorbed
optical pump power. The maximum output powers measured
for TEMOO, HG370, HG770, HGgo,o, HG4’4, HG7,1, HG6’7
and their LG mode counterparts were 2.36 W, 2.18 W, 2.18 W,
2.1 W,2.11W, 2.07 W and 2.01 W, respectively. Similarly, the
optical spectrum for all the beams was captured using an optical
spectrum analyzer and for all of the cases no significant spectral
shift was observed due to the resolation limitations. The emis-
sion wavelength stayed around ~ 1068 nm and a single spectrum
is demonstrated in Fig. 5.
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Fig. 6. Simulated and measured 2D profiles of various Hermite-Gaussian
modes: HGg 3, HGg,7, HG2p,0, HG4,4, HG1,7 and HGg 7, as well as their
corresponding Laguerre-Gaussian modes after astigmatic mode converter.

In the case of the HG modes, a scanning-slit DataRay
BeamMap?2 beam profiler was used, whereas for LG modes a
ThorLabs CCD camera was utilized to capture beam images.
Fig. 6 showcases the diverse range of simulated HG modes along
with their measured counterparts as well as their correspond-
ing LG modes obtained by use of the AMC. The experimental
profiles of HG modes clearly match the ones computed in sim-
ulation. Also, the images of HG and LG modes demonstrate
their high quality and efficient conversion of axially symmetric
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HG, = HG

Fig. 7.
HG modes lasing operation. Here, two cases are shown before (HG) and after
AMC (LG).

Two optical pumps allow for independent, simultaneous and collinear

modes into ones of circular symmetry. To further showcase the
uniqueness of our VECSEL setup, a simultaneous operation of
two different order transverse modes is presented in Fig. 7. By
usage of two optical pumps, lasing of two independent modes
is viable, which is not possible when using intracavity mode
control elements. The order of the modes can be controlled in-
dependently by the displacement of each pump. Here, pairs of
TEMog and HGg o0 as well as HG3 g and H Gy 29 modes with
their converted analogues are demonstrated. These beams were
also collinear, clearly noticeable when looking at corresponding
LG modes pairs. Such beams would not be obtainable by other
means and do not have their single LG mode counterparts.

V. CONCLUSION

In conclusion, we reported on the design, theoretical simu-
lations and experimental results of a single-chip linear cavity
VECSEL, which incorporates two optical pumps and no intra-
cavity elements to generate a wide range of Hermite-Gaussian
transverse modes at ~1068 nm. An astigmatic mode converter
was mode-matched to the linear laser resonator for efficient gen-
eration of Laguerre-Gaussian transverse modes. While the las-
ing threshold increased for higher-order modes, all of the beams
delivered Watt-level output powers and their transverse profiles
were of very high quality and matched the theoretical calcula-
tions. Only several higher-order modes were showcased, even
though this configuration allows for smooth transition between
many mode orders. The most unique feature of this VECSEL
is the capability of lasing operation with two collinear, simul-
taneous and independent HG beams of different orders, which
intensities can be controlled separately, which is not feasible by
other means such as intracavity opaque wires. This allows for
great flexibility of beam shaping, whether axially or circularly
symmetric transverse modes are demanded. In case of beams car-
rying angular momentum, the [-number values can be precisely
adjusted, which is of great importance for applications such as
atom and particle trapping. Moreover, there are no restrictions
which would limit the number of optical pumps to two, and more
could be used to generate multiple higher-order HG modes, and
if the orientation between transverse modes and AMC require-
ment is fulfilled, efficient conversion to LG modes can occur.
With this method, complex beam profiles, which are very dif-
ficult or impossible to generate, could be easily produced. Al-
ternatively, additional pumps can be used to provide more gain
to the same transverse mode, thus increasing maximum output
power. Based on our experiment, the maximum available mode
order is only limited by the size (aperture) of a VECSEL chip
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and end mirror. This advantage, combined with flexible design
of VECSEL heterostructure and free-space cavity, can lead to
obtaining a very broad range of higher-order transverse modes
or combination of them at a wide spectrum of wavelengths. Ad-
ditionally, this setup can be incorporated with a cavity designed
for mode-locking, wavelength tuning, or nonlinear frequency
conversion, thus expanding the variety of applications even
further.
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