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Abstract

In part I of this work (Scholes and Forbes, Appl Phys B, 2021. https://doi.org/10.1007/s00340-021-07657-y), we provided
a general model for optically induced thermal aberrations due to high power structured light pumps, highlighting the impli-
cations for arbitrary structured probes. We showed how the thermal effects impact on various structured light fields, and
illustrated how to mitigate these effects using the structure of light as a new degree of freedom for control. Here, in part
II, we demonstrate that thermo-optical effects can be simulated experimentally with cheap and fast digital micro-mirror
devices. This approach represents a fully configurable, versatile, low-power physical simulator which replicates all the sali-
ent effects seen with high power sources, the latter notoriously difficult to experiment with. We demonstrate the efficacy of
this simulator with various structured light beams under realistic thermal conditions which we programme as phase-only
computer generated holograms, effective because the pertinent thermal effects themselves are phase-only aberrations to the
field. Our work provides a new means to simulate thermal aberrations due to high power lasers and could be extended to

correction techniques too.

1 Introduction

Optically induced thermal effects have been extensively
studied to date, both theoretically [1-4] and experimen-
tally [5, 6], motivated by the quest for high power and high
brightness laser sources, and the optimal delivery of such
beams through optical systems. In part I [7] of this two part
article, we provided a comprehensive model of optically
induced thermal effects and their concomitant deleterious
impact on the optical beam. In particular, the model incor-
porated both, arbitrary forms of structured light [8] as the
pump source in laser systems, and as the delivered beam
through optical systems, where the “pump” and “probe”
are one and the same. As illustrative examples, we char-
acterised the optically induced thermal effects such as the
temperature profile and thermal stress in a optics with both
radial and Cartesian symmetries when heated by a variety
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of structured light sources, and considered the reciprocal
thermally induced optical effects, including a full aberration
treatment to deduce the phase distortion and its impact on
the structured light beam.

Given that thermally induced optical aberrations are pre-
dominantly observed in high power applications and take
effect over short time scales, experimental verification is
challenging and always limited to very specific test cases,
most often high power Gaussian beams passing through
some medium (optical windows for example) or solid-
state lasers that output high power beams but suffer from
thermal effects in the gain medium. Numerous approaches
have been used to measure thermal aberrations both inside
and external to lasers, including simple power monitoring
[9], interferometeric methods [10-14], lens-based methods
[15-17], and techniques using specialised equipment such as
Shack—Hartman wavefront sensors [18-21]. Together with
advances in measurement has been advances in aberration
correction, most notably with adaptive optics [22-24]. How-
ever, high power laser studies involving the impact of ther-
mal aberrations on structured light fields and the mitigation
thereof remain largely neglected due to the complexity of the
experiments. The limited studies include thermal and gain
effects on Ince—~Gaussian beams [25, 26], Helmholtz—Gauss-
ian beams [27] and Bessel-Gaussian beams [28], as well
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as some intra-cavity mode control with adaptive optics
[29-34]. It has also been demonstrated that annular pump
beams could be used to reduce the thermal lensing effect
on Gaussian beams passing through the centre of the optic
[35, 36]. Such annular pumps have been used to create high
power annular structured light fields, for example, cylindri-
cally symmetric vector vortex beams such as radially polar-
ised beams, and the scalar equivalent vortex beams carrying
orbital angular momentum [37—41].

Here, we show what we believe to be the first demonstra-
tion of a fully configurable, real-time experimental simulator
of thermally induced optical aberrations without the need
for high laser powers or sources. We make use of a digital
micro-mirror device (DMD) programmed with computer
generated holograms (CGHs), foregoing the need for spe-
cific optical materials and lasers. This is possible, because
the reciprocal effect of the medium on the beam is a phase-
only perturbation and thus excellently suited to CGH simula-
tion. Here, we employ only a single Spatial Light Modulator
(SLM), but the system could be easily extended to simulate
multiple optical mediums and multiplane conversion with
the use of additional modulators or multiple passes [42].
The flexibility and speed of DMDs allows us to fully map
out the parameter space of the models, and to demonstrate
the thermal effects in real time. To demonstrate the predic-
tions of part I [7], we implement our experimental simu-
lator using the selection of probe beams and heat sources
shown in Fig. 1. Structured light is a highly topical field and
describes the ability to tailor light in all its degrees of free-
dom, opening up a myriad of applications [8, 43—46], and
fuelling the development of structured light sources [44],
particularly at high powers [47-53]. In parallel, DMDs have
been used extensively to create [54—64] and to a lesser extent
detect [65—68] structured light fields, and have gained in
popularity of late [69]. However, they have yet to be used
to simulate perturbing media, and in particular thermally
induced optical effects. By doing so, we are able to fully
characterise the impact of thermal aberrations on structured
light, demonstrating our prior predictions and outlining a
robust toolkit for future studies. Although we consider only
thermal aberrations here and not polarization distortions
due to thermally induced stresses, it is possible to extend
the DMD demonstration to cover this too by exploiting its
ability to modulate polarization states independently and in
real time [70-72].

2 Experimental setup
We constructed the experimental setup depicted conceptu-
ally in Fig. 2 to demonstrate the approach covered in the

associated theory paper. A TI 3000 DMD with a screen
resolution of 608 X 684 pixels was used to physically
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Fig.1 A selection of heat sources Q and probe beams are used to
examine an optical medium under heating. The black dashed lines
in the probe beam panels indicate the boundary of the medium being
heated. In cases a through d, the area of the optic being heated and
the area illuminated by the probe are the same, whilst in e and f, the
probe beam and heat source are spatially separated. Specifically: a a
flat-top heat source and b HG probe beam; ¢, d a LG‘;,>0 heat source
and probe beam; e a probe beam passing through the centre of the
optic, shown here as an LG superposition and f an LG(}>0 heat source
at the boundary of the optic

simulate a heated optical element. The system is analogous
to an old film projector. By displaying an ordered series
of holograms where each hologram captures the tempera-
ture profile of the optic, beams with a phase Q(x,y) and
amplitude profile A(x, y) were created as though they had
been produced by a high-intensity source. A camera then
measured these beams at the focal plane of a lens f1, where
the phase would effect the intensity. Thus, by changing the
holograms, the setup can be easily configured to produce
beams which both match the cases presented in the theory,
and provide a physical simulacrum to a system experienc-
ing thermal aberrations. Because DMDs are amplitude-
only devices, we employ complex amplitude modulation
techniques [73, 74] to make it work for amplitude and
phase, with the resulting hologram transmission function
given by
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Fig.2 The experimental setup shown conceptually. We used a DMD
as though it was an old film projector, i.e., dynamically simulating the
heated optic by displaying an ordered set of holograms correspond-
ing to the temperature profile of the optic. Each hologram encodes
an amplitude A(x, y) and a phase, where the total phase Q(x,y) is
made up of three components: the phase inherent to the desired mode
w(x,); the phase of the thermal aberration ¢(r, t), and the corrective
phase accounting for the deformations to the DMD ¢ (x,y). A well-
expanded and collimated beam from a HeNe source was incident on
the DMD. The first-order diffraction from the hologram was filtered
by a 4f system (not shown) and recorded at the Fourier plane by a
camera

T(x,y) = % + %sign[cos((p) — cos(B)], €h)
with
@ = Qx,y) — 2wg(x,y), )
and
B = arcsin[A(x, y)]. 3

The function g(x, y) is an additional periodic grating
encoded into the hologram to spatially separate the desired
Ist order diffraction from the natural Oth order of the DMD.
This in conjunction with a 4f spatial filtering system allows
for the accurate measurement of the modulated beam. The
sign() function binarises the output from the cos() terms, cre-
ating a hologram which can be displayed on the DMD. The
DMD was oriented at 12° to the incident beam to maximise
efficiency whilst maintaining beam fidelity [69]. To ensure
accurate measurement of the effects of the encoded thermal
phase ¢(r, 1), the phase aberrations inherent to the DMD
were accounted for using techniques adapted from those
developed for liquid crystal SLMs [69, 75]. These additional
aberrations are a consequence of the finite manufacturing
tolerances of the DMD as well as the mechanical stresses
applied to the screen due to its mounting. Adding a prede-
termined corrective phase ¢’ to each hologram negates the
effect of these additional aberrations [76, 77]. The advantage
of verifying the theoretical approach using this experimental
system is that it provides a test bed which is highly versatile
(i.e., able to generate many test modes quickly) whilst being
simple, cheap, and safe to operate in comparison to existing
systems for measuring thermal aberrations.

3 Results for a flat-top source

Here, we experimentally simulate on our DMD the effect
of heating a Tm: YLF rod with a centrally positioned radi-
ally symmetric heat (flat-top) source of uniform intensity.
The parameters used for the heat source and the rod are
given in Table 1. An HG beam of index 2,2 and waist
3.5% 107* m having the appropriate thermally induced
aberration ¢(r, ) was created and measured by the experi-
mental setup in Fig. 2. The thermal aberrations were calcu-
lated using the first 100 even Radial Zernike polynomials.
For this case, we monitored the degradation of the beam
over time as the rod heated for 10 ms to mimic a physi-
cally meaningful system in which the thermal load would
not result in damage to the rod [78]. Figure 3 shows the
measured beam and corresponding phase and temperature
profiles at four selected points in time.

At t = 0, the modelled rod has a uniform initial tem-
perature distribution and so applies no phase to the beam.
Consequently, the measured beam is unaberrated. As the
rod heats, it takes on a non-uniform temperature distri-
bution introducing thermal aberrations dominated by a
defocus and a primary spherical aberration. These aber-
rations enlarge the total area of the beam and completely
degrade its structure. The results presented in Fig. 3 were
selected from a continuous set of measurements spanning
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Fig.3 The effect of a flat-top heat source on an HG probe beam over
time. The upper panels show the temperature u(r, #) of the modelled
rod and the aberrating phase ¢(r, r) of the hologram. The main panels
show the cross sections of the simulated beams and measured beams

as black dashed and orange solid lines, respectively. Measurements
are shown at four points in time, aatt=0,batt=3,cats =6, and
d at 7 = 10 ms, respectively. The cross sections are plotted on a trans-
verse axis in millimetres. The insets show the measured beam
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Fig.4 The self-action of an LG beam. The upper insets show the
temperature of the rod u(r, t) and aberrating phase ¢(r, t) of the hol-
ogram. Panels a—-d show the measured beams for an annular source
with its outer boundary at 0.36x, 0.6x, 0.8%, and 1Xx the radius,
respectively. The insets in these panels show the input beams. The
line plots show the profiles of an unaberrated beam and the measured
beams as black dashed and solid orange lines, respectively. Panel e
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0.8 1
Radial position of heat source (fraction of radius)

shows the correlation between the measured beam and the simula-
tion of an unaberrated beam as a function of heat source position. The
dashed red line indicates the line of best fit for the experimental data
with the shaded region indicating the 95% confidence interval. The
solid blue line is the theoretical prediction. The half panels depict the
phase and temperature profiles of the simulated rod
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Table 1 Material constants used in the simulation [78]

Parameter Value
Heat source radius (m) 470 x 107°
Rod radius (m) 1.5% 1073
Rod length (m) 5% 1073
Absorption coefficient (m™") 143
Thermal conductivity (W m™'K™!) 7.2
Fractional heat load 0.33
Density (kg m™>) 3990
Specific heat capacity (J kg™'K™") 790

Heat source energy (W) 200

Heat source duration (s) 0.01
Refractive index per unit temperature (K1) —66 x 1077

the 10 ms heating time. These as well as the results for
subsequent figures are available as .gif files in the sup-
plementary materials.

4 Results for an annular source
4.1 The self-action

The self-action of an annular heat source was observed using
an LG beam which had the same parameters as those given
in Sect. 3. The LG beam had a waist of 2.5 X 10~ m and was
expanded towards the radius by adjusting its azimuthal index
¢. The aberrating phase ¢(r, ) imparted to the beam was
calculated using the first 100 even Annular Zernike polyno-
mials. Figure 4 shows the measured beam and corresponding
aberrating phase ¢(r, t) and temperature u(r, t) distributions
for an annular source with its outer boundary at four posi-
tions. The measurement at 0.36X the radius corresponds to
the minimum size of an annular source

The temperature insets in Fig. 4 show that as the annular
heat source moved towards the radius of the modelled rod,
an area of uniform temperature distribution formed within
the area encompassed by the annulus. However, aberration
is still present within the heated annular region. When the
beam was near the centre of the rod, a defocus and a primary
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Fig.5 The intensity through an aperture for a Gaussian beam passing
through the modelled rod: over time on the left, and as the annular
source moves outward on the right. The dashed red line indicates the

line of best fit for the experimental data with the shaded region indi-
cating the 95% confidence interval. The solid blue line is the theo-

- K

retical prediction. The panels a—d show the measured beams at the
positions indicated by the arrows with the corresponding temperature
u(r, t) and aberrating phase ¢(r,t) profiles shown in the half panels
below. Note that each measured beam has been independently nor-
malised to aid in visualisation
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spherical aberration were dominant. These resulted in both
an enlargement of the beam as a whole, and a broadening of
its ring structure. This is seen by the large size discrepancy
between the profile of the measured beam and the profile of
an unaberrated beam shown in panel (a) of Fig. 4. As the
annular source moved outwards, more complex aberrations
created concentric rings of decreasing intensity around a
central high-intensity ring. Most importantly, with the annu-
lar ring near the radius of the modelled rod, the aberrations
were reduced as a consequence of the reduced temperature
gradient in the rod. The result was a reduction in the preva-
lence of the concentric rings, allowing the inner most ring
to approach the correct size and intensity for an unaber-
rated beam. The reduction in the strength of the aberrations
was quantified by calculating the correlation between the
measured beam and an unaberrated beam. Figure 4 panel (e)
shows this quantity as a function of the position of the outer
edge of the heat source. As the heat source moved outwards,
the correlation increased from less than 20% to in excess
of 80%. This result confirms that even when considering a
beam which is spatially coincident with a heated annular
region, the thermally induced aberrations are reduced as the
heated region approaches the radius.

4.2 Special annular cases

We now consider the special case where probe beams were
passed through the centre of the rod, whilst an annular heat
source moved outwards from the centre to the radius. To
quantify the reduction in thermal aberrations for a realis-
tic physical system, the loss in intensity of an aberrated
Gaussian beam of waist 3.5 x 10™* m passing through an
aperture at the focal plane was measured. The aperture was
sized at 1/¢* the width of an unaberrated beam. The total
intensity transmitted through this aperture was then meas-
ured, effectively performing a D86 measurement [79-81].
Two measurements were taken. First, to provide a baseline,
we used the same parameters as in Sect. 3. As heating
occurred, the Gaussian beam passing through the centre
of the modelled rod became aberrated and was partially
occluded by the aperture, with the corresponding loss in
intensity recorded. Second, the same system was fixed at a
time of r = 10 ms and the increase in intensity measured as
an annular heat source moved outwards towards the radius.

The left-hand side of Fig. 5 shows that under realistic cir-
cumstances, a Gaussian beam passing through a centrally
heated Tm: YLF rod may experience as much as a 75% reduc-
tion in aperture transmission at the focal plane. This is due to
the thermally induced defocus aberration, the effect of which
is clear when comparing the sizes of the beams in panels (a)
and (b). This degradation is significant, especially in industrial
applications where high beam intensity at specific planes is
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required [82—-84]. The right-hand side of Fig. 5 shows how as
the annular source moved outwards, the aperture transmission
increased. The plot depicts the increase in transmission against
the position of the outer edge of the heat source as a fraction
of the radius. Interestingly, an annular source initially resulted
in a reduction in the transmission. This occurred when the
annular source was sufficiently near the centre of the rod for
the Gaussian beam to overlap with it, resulting in the forma-
tion of concentric rings which can be seen in panel (c). These
concentric rings moved energy radially outwards resulting in
an overall decrease in transmitted intensity. As the annular heat
source was moved further outwards, the Gaussian beam was
contained entirely within the region of constant phase. Once
within this region the beam was unaberrated, thus the relative
transmission increased to a value of = 1.

Importantly, this region of constant phase bounded by
the heat source reduces aberrations for all beam types, not
only Gaussians. Figure 6 shows the temperature u(r, ) of
the rod for an annular source at the radius with the corre-
sponding aberrating phase ¢(r, t) calculated by the Radial
Zernike polynomials. Additionally, the figure shows the
effect of this phase on superpositions of HG and LG modes
passing through the centre of the optic. The high degree of
overlap between the profiles of the measured results and
the theoretical prediction for an unaberrated beam indicates
that even modes which are highly structured can pass undis-
turbed through the centre of an annular heat source.

Temperature (°C) Phase ¢ (7, t)
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Fig.6 The special case of an annular heat source with superpositions
of HG (c) and LG (d) probe beams. a The temperature u(r, t) of the
rod for an annular heat source (red lines) at its radius (white dashed
line). b The aberrating phase ¢(r, t) of the hologram. The insets in ¢
and d show the input beams. The line plots show the profiles of una-
berrated beams and the measured beams as black dashed and orange
solid lines, respectively
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5 Conclusion

In this work, we have presented an experimental simula-
tor built around a DMD which is capable of mimicking
thermally induced optical effects in real time and at low
power, which we used to experimentally demonstrate the
theory presented in part I [7] of this two part series. We
used our experimental test bed to simulate various exam-
ple cases, including a centrally heated optic, an annular
heated optic, and non-overlapping pump and probe beams,
including superpositions of structured light modes. Not
only do we demonstrate the theory of part I [7], but in
doing so outline a new toolkit for the study of fast thermal
processes in a simple, fast and safe manner.
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