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1 Zusammenfassung

In dieser Dissertation wurden softwarebasierten Methodiken zur Berechnung der Au-
gensicherheit entwickelt mit dem Fokus auf Laserstrahlung, die auf der Netzhaut des
Auges abgebildet wird. Die entwickelten Tools umfassen zum einem die korrekte digi-
tale Implementierung der Lasersicherheitsnorm [TEC, 2014], welche Grenzwerte enthal-
ten, und zum anderen die Entwicklung eines Computermodells zur Simulation thermi-
scher Netzhautschadigungen, welche zur Weiterentwicklung und Validierung der Nor-
men genutzt werden kann. Insgesamt wurden drei Studien durchgefiihrt. Die erste
Studie befasst sich mit der Entwicklung eines Analyseverfahrens fiir Netzhautbilder,
welches eindeutig und hinreichend restriktiv ist und die Anforderungen aus der Laser-
sicherheitsnorm [IEC, 2014] und der Lampensicherheitsnorm [IEC, 2006] erfiillt. Die
Netzhautgrenzwerte reprisentieren photochemische, thermische und thermomechani-
sche Gefahrdungen. Mit der Bewertung der Augensicherheit gehen umfangreiche Rech-
nungen einher, bei denen die Grofle der Netzhautbilder durch die Winkelausdehnung
der scheinbaren Quelle o beschrieben wird, welcher den Winkel représentiert, den das
Netzhautbild im Auge aufspannt. Wahrend die Norm hierfiir lediglich eine implizite
Erklarung vorstellt, wird in dieser Studie ein Verfahren mit einer eindeutigen Definition
entwickelt. Es wurde ermittelt, dass die Winkelausdehnung nicht aus Strahlparametern
der Laserquelle, sondern durch Analyse der Netzhautbilder abgeleitet wird und zu ei-
nem Netzhautbild mehrere Ergebnisse vorliegen kénnen. In der zweiten Studie wurde
ein GauBstrahl mit unterschiedlichen Wellenldngen und Strahltaillen in verschiedenen
Absténden vor einem Auge platziert. Unter der Verwendung des Luft dquivalenten
Augenmodells, wurden mittels Wellenpropagation die Netzhautbilder fiir verschiede-
ne Akkommodationszustinde berechnet und ausgewertet. GauBstrahlen stellen héufig
einen ersten Ausgangspunkt bei Augensicherheitsrechnungen von Laserstrahlung dar.
Es wurde gezeigt, dass die bisher verwendeten analytischen Beschreibungen Beugungs-
effekte vernachlissigen, welche das Gefahrdungspotential erhchen. Daher wurde eine
erweiterte analytische Formel eingefiihrt und validiert, die diese Effekte beriicksichtigt
und zu sicheren Ergebnissen fithrt. In der letzten Studie wurde das Computermodell
zur Simulation thermischer Netzhautschadigung entwickelt. Dieses beinhaltet ein Au-
genmodell zur Berechnung des Netzhautbildes und ein 3D-Modell der Netzhaut zur
Bestimmung des Wirmetransportes. Es wurden elliptische Gauflverteilungen, sowie
rechteckige und elliptische Top-Hat-Verteilungen fiir verschiedene Einzelpulsdauern
und ProfilgroBlen untersucht. Fiir die Normrechnung wird ein Verfahren verwendet,
bei dem die gemittelte Profilgréfie eingeht. Dieses Vorgehen beruht auf keiner experi-
mentellen Grundlage und daher wurde dieser Datensatz simulativ erzeugt. Fiir die in

dieser Studie untersuchten Profile konnte das Verfahren der Norm validiert werden.



2 Summary

In this thesis software-based methods to evaluate the eye safety were developed with a
focus on laser radiation that is imaged on the retina. The developed tools include on
one hand the correct digital implementation of the laser safety standard [IEC, 2014]
which provide limits and on the other hand the development of a computer model for
simulating retinal thermal injuries which can be used for the further development and
validation of the standards. In total, three studies were performed. The first study
focuses on the development of an analysis method for retinal images that is unambigu-
ous and sufficiently restrictive and fulfills the requirements of the laser safety stand-
ard [IEC, 2014] and the lamp safety standard [IEC, 2006]. The retinal limits represent
photochemical, thermal, and thermomechanical hazards. The eye safety evaluation
involves extensive calculations in which the size of the retinal images is described by
the angular subtense of the apparent source «, which represents the angle that the ret-
inal image spans in the eye. While the laser safety standard only provides an implicit
explanation for this value, in this study a procedure is developed where this value is
unambiguously defined. It was determined that this quantity cannot be derived from
beam parameters of the laser source, but by analysing the retinal images and that
multiple results for the a-value can be obtained. In the second study, a Gaussian beam
for different wavelengths and beam waists is located in front of an eye at different
distances. By using the air equivalent eye model and wave optical propagation, retinal
images were generated for different accommodation states and evaluated according to
the laser safety standard. Gaussian beams often represent a first starting point for
eye safety evaluations of laser radiation. It was shown that the analytical descriptions
used up to now neglect diffraction effects which increase the hazard potential. For this
reason, an extended analytical formula was introduced and validated that takes these
effects into account and leads to safe results. In the last study, the computer model
for simulating thermal retinal damage was developed. This includes an eye model to
calculate the retinal image and a 3D model of the retina to evaluate the heat transport.
Elliptical Gaussian distributions, and rectangular and elliptical top-hat distributions
were investigated for different single pulse durations and profile widths. For the evalu-
ation according to the standard, a procedure is used in which the averaged profile size
is included. This procedure has no experimental basis and therefore this data set was
generated simulatively. The calculation procedure was validated for profiles examined

in this study.
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5 Introduction

5.1 Motivation

The invention of the laser (short for Light Amplification by Stimulated Emission of
Radiation) in 1960 [Maiman, 1960] marks an important turning point in the history
of technology and innovation. The laser has become an integral part of countless
fields, such as industry, manufacturing, medicine, information technology, science and
research. Even in the everyday life of each individual, the laser finds its use, such as
in laser pointers, optical disc drives or in laser printers. In addition, the laser is also
used for entertainment purposes such as in laser shows. A laser beam can be described
by an electromagnetic wave with the special characteristics that it is monochromatic,
coherent, can have small divergences and can be highly focused resulting in high irradi-
ance levels. Many properties of laser radiation, such as a specific pulse pattern, power,
wavelength, phase or polarization, can be precisely adjusted resulting in a range of
applications. Research on the laser is still ongoing and further innovations will enable
a wider range of applications in the future.

However, with lasers also comes a potential hazard, as the radiation can interact
with biological tissue and causes damage. The eye is the most sensitive part of the
body in terms of laser damage. For a certain wavelength range, the radiation propag-
ates through the eye and can be highly focused on the retina. Damages to the retina
are irreversible and are accompanied by a loss of vision in the damaged regions. The
potential hazards of lasers were recognized early on, and so five years after the invention
of the laser, there was the first guide in the field of laser safety. [Ministry of Aviation,
1965] As lasers have been further developed, there has also been a lot of research in
laser safety, and today the International Commission of Non-Ionizing Radiation Pro-
tection (ICNIRP) provides guidelines that include a collection of exposure limits for
laser radiation for wavelengths between 180 nm and 1 mm. [ICNIRP, 2013b] The In-
ternational Electrotechnical Commission (IEC) provides relevant international product
safety standards that contain a classification system from laser Class 1 to Class 4. The
most important standard for laser products is the IEC 60825-1:2014. [IEC, 2014] How-
ever, the application of this standard is not always a trivial matter, because as diverse
as laser radiation can interact with the biological tissue, the set of analysis rules in
the standard is also correspondingly extensive. To a large extent, the limit values and
analysis methods contained in the laser safety standard attempt to resemble the high
complexity of biophysics in the field of laser-tissue interaction. For this reason, there
is not always a clear answer to various questions. The following quote shows that at

some points one is forced to make assumptions with the aim to provide limits that
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are sufficiently safe ‘Finally Prof. Wolbarsht, the chair of the Ocular Bioeffects Sub-
committee just sent out a set of limits without giving a rationale and all agreed to the
limits.” [Sliney, 2005] These two aspects, the non-trivial application of the standard and
the answering of research relevant questions regarding safe limits, will be addressed in
this thesis. The first aspect is a major challenge, since the laser standard only provides
an explicit evaluation scheme for simple laser systems such as static, collimated and
regular pulsed beams. For more complex systems, e.g. scanning laser systems emitting
multiple wavelengths, one must rely on implicit descriptions that have room for inter-
pretation. This problem is aggravated when considering radiation that is imaged on
the retina. An unambiguous description to ensure sufficiently restrictive evaluations
is strongly needed. Another important point is the eye safety evaluation of Gaussian
beams which are often used for simple descriptions of laser systems. Since Gaussian
beams can be described analytically, the laser safety standard refers to their specific
characteristics that are included in the evaluation. However, this approach has a lim-
ited application, since wave optical phenomena lead to behavior that deviates from the
analytical descriptions of Gaussian beams and have a significant impact on eye safety
calculations. This means that, according to the current state of the standard, there is a
potential risk to significantly underestimate the eye hazard. In the second aspect, open
questions are addressed, which among others form the basis in the laser standard. Es-
pecially for retinal images, which do not show circular symmetry, there is an evaluation
scheme in the standard, but no experimental data on which it is based. For this reason,
a computer model is further developed in this thesis, with which thermal damages on
the retina can be simulated and thus the evaluation scheme can be validated.

The studies in this thesis are motivated with the aim to close current gaps in the
laser safety standard using a software-based approach. The methodologies developed
here contribute to the further development of standards and guidelines and can support
in the development of a laser product, whereby potential hazards to the eye are already

identified in early stages of the development process.

5.2 The human eye

The eye is a sensory organ that enables vision and has the main function to image
light on the retina. It not only has the ability to focus on objects at different distances
from about 10 cm to infinity, but is also able to adapt to different ambient brightnesses
and different source intensities. It is estimated that the human eye can see several
million colors [Judd et al., 1963] and it is even hinted that it is able to detect a single
photon [Tinsley et al., 2016]. The human eye is almost spherical in shape with a
diameter of about 24 mm. [Gross et al., 2008b] Figure 1 shows an illustration of the

human eye with the essential eye parts.
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Figure 1: Illustration of a cross section of a human eye. The different parts of the eye
are highlighted and labeled.

The main parts of the eye that are responsible for the image formation are the
cornea and the lens whereas the cornea makes about two thirds of the total refractive
power of the eye. [Gross et al., 2008b] The refractive power of the cornea is about
43 diopters. [Smith and Atchison, 1997] In consequence of the absence of blood vessels,
oxygen and nutrients are transported to the cornea via tear fluid and the aqueous
humour located in the anterior chamber. [Ng et al., 2012] The cornea is a transparent
medium with a refractive index of about 1.376 and is embedded in the sclera. Its
diameter is about 12mm and at the center the thickness is around 0.55mm. At the
edges, the thickness of the cornea slightly increases. The aspherical shape at the edges
reduces spherical aberrations in case of large pupil diameters. Between the edge of the
cornea and the inside of the eyelid is the conjunctiva. This consists of connective tissue
and multilayer epithelium. The conjunctiva enables smooth eye movement with no
friction and produces part of the tear fluid, which is distributed by the blinking of the
eyelid. [Lang, 2019] The largest part of the outer layer of the eye is the sclera. It has a
whitish color and helps to maintain the spherical shape of the eye. It covers the eye at
about 80 % and has a water content between 65 % and 75 %. [Dische, 1970] The sclera is
connected to the cornea and at the front of the eye it is covered by the conjunctiva. On
the opposite side of the eye, the sclera has an exit point for the optic nerve. Six small
muscles are attached to the sclera and enable eye movements. [Hahn, 2012] When light
enters the eye through the cornea, it passes through the anterior chamber of the eye,
which is filled with a fluid called aqueous humour, before it hits the lens. The anterior
chamber is the area between the lens and the iris. The aqueous has a refractive index of
1.336 [Kaschke et al., 2014] which is very similar to the refractive index of the cornea.
For this reason, the incoming rays are only very weakly refracted at the boundary of

both tissues. [Pedrotti et al., 2017] The aqueous is produced in the posterior chamber
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which is located between the iris and the ciliary body. The main functions of the
aqueous is to bring oxygen and nutrients to the lens and cornea and to dispose waste
products. In addition, it helps to maintain the shape of the eye through its internal
pressure. [Ng et al., 2012] The amount of light that is entering the eye is regulated
by the iris, a pigmented aperture in front of the lens. This aperture is referred to as
eye pupil. The iris is composed of 2 layers where the first anterior layer, the stroma,
contains blood vessels and nerve tracts. It is connected to a sphincter muscle, which
serves to reduce the pupil size. The pupil can be enlarged again by a dilator muscle.
The second posterior layer is a pigmented epithelial layer, which is two cells thick and
filters stray light. [Kaufman et al., 2003; Oyster, 1999] The amount of pigmentation
defines the eye color. The thickness of the iris varies from 370 pm to 640 pm. [Frangois
et al., 2007] The dilation and constriction ability of the pupil allows a diameter variation
from about two to eight millimetres. [Gross et al., 2008b] At high ambient brightness
levels, the pupil contracts, which has the additional benefit of blocking peripheral rays
that would cause aberration. At low brightness levels, the diameter increases which
improves the signal-to-noise ratio. [Navarro, 2009]

To enable sharp images on the retina, the lens of the eye has the ability to change the
focal length by accommodation. Besides the cornea, the lens is the second important
optical element for imaging and contributes about one third to the total refraction
power of the eye. Light that passing through the aqueous and the pupil is refracted at
the eye lens. The lens is connected to the ciliary body by the zonular fibers. Different
accommodations can be achieved through the ciliary body. The ciliary body consists
of the ciliary muscles, blood vessels and connective tissue and allows to set different
accommodation states by changing the shape of the lens. [Lang, 2019] The lens is
made up of several layers, which means that the refractive index is not homogeneous.
While the refractive index in the center is about 1.41, it is about 1.38 in the outer
area. [Pedrotti et al., 2017] Since the lens has neither blood vessels nor nerves, nutrients
are provided by the aqueous. Its length is about 10 mm [Bille and Schlegel, 2005] and
its thickness increases with age from about 4 mm to more than 4.7mm. [Adler, 1965
The lens is inserted into an indentation of the vitreous body. The vitreous body, also
vitreous humour, is a jelly-like substance that makes up 80 % of the total volume of the
eye. It helps to stabilize the eye, and the pressure causes the retina to be pressed against
the choroid. [Oyster, 1999] The refractive index of the vitreous is 1.336. [Pedrotti et al.,
2017]

The retina is the part of the eye that converts the imaged light into electrochemical
energy and sends it further to the brain. The retina is divided into three parts. The
first part is the pars iridica retinae, which is located at the back of the iris. Then, there

is the pars ciliaris retinae and it is located at the back of the ciliary body. And lastly,
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Figure 2: Structure of the retina and choroid. The light comes from the left side. On
the right side of this illustration, the sclera is indicated.

there is the pars optica retinae which covers the rest of the interior of the eye. The first
two parts consist only of an epithelial layer and are therefore not responsible for vision.
The third part of the retina enables vision. It is referred to as sensory retina and is
illustrated in Figure 2. The first layer of the sensory retina are the photoreceptors which
can be divided into two types, rods and cones. The photoreceptors absorb light signals
and transmit the signals to the other neuronal layers. First, the signal is transmitted
to the horizontal cells, the bipolar cells and the amacrine cells. Via the ganglion cells,
the processed signals are transmitted to the optic nerve which consists of about 1
million nerve fibers. [Kahle et al., 2001] The rods are highly sensitive to light and
enable brightness level vision in low light environments (scotopic vision). The cones
are used for color vision and function in bright environments due to their low light
sensitivity. [Gross et al., 2008b] Both types are built by stacked discs whereas the rods
are longer and thinner than the cones. In total, the retina has about 7 million cones
and between 75 and 150 million rods. At the location where the optic nerve exits the
eye, no photoreceptors are present and no vision is possible. The rods and cones are not
evenly distributed. The cones are clustered in an area about 3 mm in size in the center
of the retina which is referred to as macula. The fovea is the area of the retina where
the sharpest vision is present. It covers a diameter of approximately 200 ym, in which
cones are predominantly located. Since the measured light signals are transmitted
practically directly to the optic nerve, the neuronal layer here is thinner and the fovea
is formed as an indentation in the retina. Outside the macula are predominantly rods
and this area is called the paramacula. The photoreceptors are directly located on the
retinal pigment epithelium (RPE). Due to a high concentration of melanin, this layer
is highly absorptive and therefore appears black. [Schmetterer and Kiel, 2012; Kahle
et al., 2001] The RPE has a thickness of approximately 10 ym. [Liilllmann-Rauch et al.,
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2019] The high absorption of the RPE suppresses scattered light, but also leads to
high temperature elevations and therefore to potential retinal injuries in case of high
irradiance exposures. [Ham et al., 1970; Beatrice and Steinke, 1972; Lund et al., 2000]

The choroid is located between the retina and the sclera. Figure 2 shows the general
structure of the choroid which can be divided into four areas. It supplies oxygen and
nutrients to the retina via the lamina vitrea, which is the boundary layer to the RPE.
The lamina vitrea, or Bruch’s membrane, represents the first tissue layer of the choroid
and has a thickness between 2 um and 4 pym. [Lee et al., 2006] The next area is the
choriocapillaris. It is approximately between 10 pm to 30 um thick and serves to supply
nutrients. [Nickla and Wallman, 2009] The third area is the lamina vasculosa, which
contains blood vessels and can be divided into Sattler’s and Haller layer. Sattler’s
layer is close to the choriocapillaris and contains medium-sized blood vessels. The
Haller layer is next to Sattler’s layer and contains large blood vessels. The last layer
is the lamina suprachoriodea. This consists of pigmented connective tissue cells and
collagen fibers and lies directly on the sclera. [Duane et al., 1996] The permanently
present blood flow in the choroid also allows heat transport. Light is strongly absorbed
in the RPE layer and the RPE heats up correspondingly. The RPE also transfers some
of the heat to the choroid, which is then removed by the blood flow.
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5.3 Eye injuries due to optical radiation

Optical radiation refers to radiation in the wavelength range from approximately 180 nm
to 1mm. It can induce eye injuries by different laser-tissue interaction mechanisms.
While the wavelength of radiation provides information on which part of the eye is
most likely to be damaged, the irradiance as well as the exposure duration determine
which type of damage mechanism is most likely to occur. This is shown schematically
in Figure 3. A distinction is made between photochemical, thermal, and thermomech-
anical processes. For low irradiances and long exposure durations, a photochemical
injury can occur. However, this damage mechanism can only be present at shorter
wavelengths, since a certain photon energy is necessary to generate toxic radicals in
the tissue. For example in sunburns, the photochemical process damages DNA, which
can lead to skin cancer. The photochemical damage is of cumulative nature, meaning
that it is not necessarily a single exposure leading to an injury, but multiple exposures
over a long period of time. Often, photochemical damages can occur together with
thermal damages. In the case of thermal damage, there are burns of the retina, which
can be described as denaturation of proteins. [Birngruber et al., 1985] If temperatures
above 100 °C are reached, liquids can evaporate and carbonization can occur. [Hende-
rson and Schulmeister, 2003] In thermomechanical processes, the tissue is heated up
that fast that shock waves can develop. These shock waves cause mechanical damage
to the surrounding tissue. For exposure durations shorter than a few nanoseconds, the
tissue becomes ionized and plasma is formed, which in turn leads to acoustic transients
and shock waves. This is referred to as photodisruption.

Depending on the wavelength of the radiation, different parts of the eye can be
affected. In the UV range, the cornea and lens will absorb the radiation. In the UV-C
range, there is strong absorption in the cornea, causing all radiation to be absorbed in
its outermost layer. With very short exposure times in the nanoseconds range and cor-
respondingly high irradiances, photoablation takes place, whereby the irradiated part
of the layer can be ablated. For example, if the eye is exposed to UV-C stray light for
a long time, photochemical processes take place leading to inflammation of the cornea
(photokeratitis) or conjunctiva (photoconjunctivitis). This is a typical consequence
that can occur during welding work. Since the cornea renews itself after a few days,
the eye can regenerate from this kind of damage. In the case of UV-B radiation, the
radiation can propagate deeper into the eye and the lens can also be affected, which
can lead to cataract. Since the eye cannot regenerate from this damage, surgery is of-
ten performed to replace the crystalline lens by an artificial lens. In the case of UV-A
radiation, the absorption at the cornea is lower and most of the radiation is absorbed

by the lens. Since the wavelength is longer in this region, damage to the lens is more
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probably caused by a thermal process. If IR radiation is present, then the damage
is described by thermal processes or, for short exposure times, by thermomechanical
processes (ablation of tissue). While IR-A radiation is still partially imaged on the
retina, IR-B and IR-C radiation can cause damages to the cornea. For longer exposure
durations to IR-A and IR-B radiation, the lens is increasingly affected, which can result
in a cataract.

Damages to the anterior parts of the eye are either reversible or treatable, damages
to the retina, however, are irreversible. Radiation with wavelengths between 400 nm
and 1400 nm reach the retina and depending on irradiance and exposure time, one
of the damage mechanisms shown in Figure 3 may occur. Although it is not visible,
near-infrared radiation can propagate through the ocular media with little attenu-
ation and reach the retina. Photochemical damages occurs predominantly in the blue
wavelength range up to approximately 550 nm for long exposure times [Henderson and
Schulmeister, 2003] and the produced radicals may lead to retinopathy [Wu et al.,
2006; Hunter et al., 2012; Ivanov et al., 2018]. For exposure durations between a few
microseconds to seconds, thermal damage occurs with a denaturation process of pro-
teins in the tissue. Since the sensory part of the retina is largely transparent, most of
the radiation is absorbed in the RPE layer, which is where the damage occurs. If a
cell in the RPE layer is damaged, this will lead to the degeneration of the overlaying
photoreceptors of the sensory part of the retina. At even shorter exposure durations,
the tissue is rapidly heated in a very short time, resulting in thermomechanical damage.
Here, the fluid around the melanin particles in the RPE layer can evaporate, forming
cavitation bubbles. If a shock wave spreads, this can damage the tissue and blood

vessels (haemorrhage).

5.4 Laser safety of products emitting optical radiation

In this section, the focus is on the eye safety of optical products that operate lasers. For
this purpose, the first guidelines for safe use were published very early, 5 years after
the invention of the laser. [Ministry of Aviation, 1965] Nowadays, the International
Commission of Non-lonizing Radiation Protection (ICNIRP) provides guidelines for
laser radiation. [[CNIRP, 2013b] These guidelines contain a collection of exposure limits
derived on the basis of damage measurements. This is discussed in the first subsection.
The second subsection addresses the laser safety standard IEC 60825-1:2014 [IEC,
2014], which refers to the exposure limits from the ICNIRP guidelines and introduces
a laser classification system that enables to evaluate the potential associated risks of a

laser product.
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5.4.1 Definition of exposure limits

In order to determine whether a laser system can pose a potential hazard, certain con-
ditions must be considered. For this reason, the ICNIRP guidelines contain exposure
limits (ELs), also referred to as maximum permissible exposures (MPEs), which specify
a radiation level below which no injury is expected to occur. These ELs are derived
from damage experiments, most of which have been performed on animals such as rab-
bits [Cain and Welch, 1974], rats [Noell et al., 1966b], non-human primates [Marshall
et al., 1975; Stuck, 1984], or enucleated porcine eyes [Schuele et al., 2005]. In such
experiments, there is no clear limit between the amount of irradiation that is safe and
that which causes injuries. Because of biological variability, there may be a broader
range where damage may occur. Other factors that affect the width of the transition
zone are experimental variables and the minimum visible lesion. For this reason, the
probit curve, introduced by Finney [Finney, 1971], is used for the analysis of the ex-
perimental measurements. From this analysis, the ED5q value is obtained, which gives
the amount of radiation for which there is a 50 % probability that damage will oc-
cur. [Sliney et al., 2002] This value is then referred to as the damage threshold. ELs
are derived from these determined values using a reduction factor (RF) with no unit.
This factor is often in the range of 10, but depends on the wavelength of the radiation,
the exposure time, and the mechanism of damage. Generally, larger RFs are present
when uncertainties are larger or when a small amount of measurement data is available.
For example, when considering photochemical damage, the RFs applied here are high
compared to the thermal damage range. In a study by Lund examining photochemical
damage at a wavelength of 441 nm, an RF of 23 was determined [Lund et al., 2006].
For thermal damage to retinas, minimal RFs are obtained at a wavelength of 530 nm
and for single pulses. [Jean et al., 2017, 2019] Since in such experiments the conditions
are clearly defined and the probit analysis shows low uncertainties, RFs with the value
2 are considered as sufficiently safe. [[CNIRP, 2013b]

5.4.2 Laser safety standard

The laser safety standard IEC 60825-1:2014 [IEC, 2014] is an international standard
that enables a manufacturer to classify laser product. The laser safety standard adapts
the exposure limits from the ICNIRP guidelines [ICNIRP, 2013b] and provides the
accessible emission limits (AELs) from them. The classification system consists of four
main classes, numbered from one to four. There are various criteria for classifying a
product into a particular class. These are the exposure duration, where a distinction is
made between long-term exposure and short-term exposure, or the viewing condition,

whether the naked eye is exposed to radiation or whether optical viewing instruments
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Table 1: Overview of laser classes in the laser safety standard [IEC, 2014]. The meas-
urement condition 3 resembles a naked eye and condition 1 the presence of optical
viewing instruments. A short-term exposure refers to a duration of 0.25s. A long-
term exposure is 100 s for wavelengths above 400 nm and 30000 s otherwise. The table
shows the potential danger of a laser class for different exposure conditions. The table
is modified from [Henderson and Schulmeister, 2003].

Long-term exposure Short-term exposure

Laser . .

Class Cond. 3  Cond. 1  Cond. 3  Cond. 1 lefuse reflections/
Skin exposure

1 safe safe safe safe safe

1M safe hazardous safe hazardous safe

2 hazardous hazardous safe safe safe

2M hazardous hazardous safe hazardous safe

3R hazardous hazardous low risk low risk safe

3B hazardous hazardous hazardous hazardous low risk

4 hazardous hazardous hazardous hazardous hazardous

(such as telescopes, magnifiers or binoculars) are used. Furthermore, potential skin
damage or hazards posed by scattered radiation are considered. An overview of all
classes from the laser safety standard is shown in Table 1. The laser Class 1C has not
been mentioned, since this is intended for an application on the skin where specific
standards must be applied to the product. In principle, with a higher class comes a
higher risk potential. The term of an eye safe system is used when a laser product meets
the requirements of laser Class 1 according to the laser safety standard (see section 3.37
in [IEC, 2014]). For the classes listed in Table 1, the letter M represents a potential
hazard for the use of magnifying optical viewing instruments. Laser systems of Class 2
do not represent a risk for short-term exposure. This class can only be present for
visible laser radiation, because under exposure an aversion reaction is possible. There
are two subclasses for laser Class 3. In laser Class 3R, there is a low risk in the case
of a short-term direct look into the laser beam. The letter R stands for reduced or
relaxed requirement. Class 3B describes laser products for which even a short-term
exposure poses a risk to the eye. Diffuse reflections and irradiation of the skin present
a low risk. The letter B has a historical origin from earlier versions of the laser safety
standard. The highest laser class is Class 4 and represents the highest risk potential.
Here, both diffuse reflections and exposure of the skin are dangerous. Such lasers often
also pose an additional fire hazard. In order to assign a laser product to a class, the
accessible emission (AE) is measured. This is a measured amount of radiation under
defined conditions, such as the measuring distance to the product or the size of the
measuring aperture. If the AE is smaller than the AEL, which is to be assigned to a

certain laser class, then the requirements of the corresponding laser class are fulfilled.
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6 Objectives and expected outcome of doctoral re-

search

The goal of this thesis is to develop software-based solutions that can support eye
safety calculations as well as that can be used for research purposes. Laser radiation
in the visible and near infrared wavelength range is particularly complex in eye safety
calculations, as this radiation is imaged on the retina of the eye. The focus of the thesis
is on this subject area. Two main aspects will be addressed, namely the implementation
of the evaluation schemes from the laser safety standard IEC 60825-1:2014 [IEC, 2014]
and the validation of the standard by damage simulations in the thermal damage region.
Several challenges are faced when an optical system is evaluated with regard to the
eye safety by using simulations. These concern the choice of the propagation method
and the associated generation of retinal images, as well as the correct implementation
of the analysis procedure of the retinal images according to the laser safety standard.
The first study of this thesis relates to the topic of retinal image analysis. By means
of this analysis, it is possible to perform eye safety calculations for radiation imaged
on the retina. This analysis method is developed in a general way that it can be
applied both to coherent radiation according to the laser safety standard [IEC, 2014]
and to incoherent radiation according to the lamp safety standard [IEC, 2006]. An
incorrect implementation could lead to an underestimation of the hazard potential.
The aim of this study is to introduce an unambiguous evaluation method that leads
to a restrictive result. In the second study, the propagation method is investigated. A
Gaussian beam, the simplest form of a laser source is placed in front of an eye in this
study. By using an air-equivalent eye model, retinal images are calculated using wave
optics. The retinal images are evaluated according to the method determined from the
first study. Here, the question is investigated what influence wave optical effects can
have in eye safety evaluations and where simplifications with analytical descriptions
can be made. In the last part of this thesis, a computer model is further developed
to simulate thermal injuries to the retina caused by laser radiation. The computer
model allows the investigation of single or multiple pulsed laser beams with different
beam profiles. The thresholds simulated with this computer model will be compared
with the results of the laser safety evaluations. The reason for this investigation is that
beam profiles deviating from circular symmetry have to be evaluated in a certain way
according to the standard, although there is no experimental threshold data available.
The aim of the investigation is to extend the threshold data by simulation and to use

this data to validate the evaluation scheme from the standard.
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7 Results and Discussion

The investigations and results made within the scope of this thesis were published in
three publications, which can be viewed in the appendix. In the first study, the re-
quirements for an eye safety calculation according to the laser safety standard [IEC,
2014] are listed in detail and are digitally implemented. The focus here is specifically
on radiation that is imaged on the retina. The newly developed image analysis method
allows an eye safety evaluation which is applied to retinal images. The image analysis
is developed in such a general way that it also meets the requirements for incoherent
radiation according to the lamp safety standard [IEC, 2006]. The detailed study can
be viewed in the appendix A3. The second study deals with the consideration of Gaus-
sian beams in terms of eye safety. On the basis of the air equivalent eye model, wave
propagation is used to simulate the retinal images for different input parameters of
the Gaussian beam. The obtained retinal images are then evaluated using the image
analysis. An analytical formula is derived and validated, which allows an eye safety
evaluation without the need of simulating retinal images and analysing them. The
corresponding results can be seen in detail in the paper from appendix Al. In the
last study, a computer model is further developed with which thermal retinal damage
can be simulated. By comparing the simulated thresholds to the calculated limits,
the evaluation procedure according to the laser standard and thus the image analysis

procedure is validated. The entire study is presented in the paper in appendix A2.

The first study deals with the correct digital implementation of the laser safety
standard and the development of a general evaluation scheme. As it can be seen
in Fig. 4, the wavelength of the radiation is decisive for which part of the eye can
potentially be damaged. In an experiment performed by Boettner and Wolter [Boettner
and Wolter, 1962; Boettner, 1967|, the spectral transmittance of different parts of the
eye was measured. In their studies, eyes from several subjects of different ages were
enucleated. The results are shown on the left side of the Figure 4. The transmittance
is plotted for wavelengths from 250 nm to 2500 nm. Based on these measured data,
the corresponding penetration depths of the wavelength regions into the eye parts are
indicated on the right side of Figure 4. It can be seen that not only visible light is
imaged on the retina, but additionally IR-A radiation. For this wavelength range, the
anterior optical media, i.e. the cornea, the aqueous, the lens, and the vitreous, are
largely transparent. Only for wavelengths above about 1150 nm the transmittance of
the anterior media is low and a reduced amount of radiation energy reaches the retina.
Radiation that is imaged on the retina poses an especially high hazard potential, since

the focus ability of the eye allows the radiation to be imaged on a small area. Here,
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Figure 4: Depiction of the spectral transmittance characteristic of the human eye.
Left: Total transmittance measured at the anterior surface of the corresponding eye
part (Adapted with permission from [Boettner and Wolter, 1962; Boettner, 1967]).
Right: Sketch of the penetration depth of the different regions of optical radiation into
the eye.

the irradiance can increase by a factor of up to 10°. [Niemz, 2004] Because of this focus
ability, the thresholds for retinal damages can be much lower than for damages to the
other parts of the eye. For UV-C radiation as well as for IR-C radiation, most of the
radiation is absorbed at the cornea. In the UV-B range, the radiation can propagate
deeper and reaches the lens. Any damage here can affect both the cornea and the
lens. For even longer wavelengths in the UV-A range, the transmittance of the cornea
is higher, which is why most of the radiation is absorbed by the lens. Wavelengths
in the IR-B range are absorbed in both the cornea and the lens. The laser safety
standard provides a set of accessible emission limits (AELs) which are dependent on
the wavelength of the radiation to cover all possible eye injuries. In the following,
the focus is on radiation that is imaged on the retina which refers to wavelengths
between 400 nm and 1400nm. In case of a retinal image which spans over an area
larger than about 25 pm, it is called an extended source and allows an increased AEL.
To perform corresponding eye safety evaluations, the retinal image has to be analysed.
For this purpose, it is necessary to introduce an eye model which is used to create
these images from arbitrary laser sources. Such an eye model is shown in Fig. 5. To
fulfill the requirements from the laser safety standard, the air equivalent eye model
shows a 7mm diameter aperture stop, an ideal lens and a plane detector representing
the retina. The plane detector has the distance ds=17mm to the ideal lens. The focal
length f is variable between 17 mm and 14.53 mm realizing accommodation distances

between 10 cm and infinity. An essential part of the eye safety evaluation is to measure
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Figure 5: Illustration of the air equivalent eye model. The model consists of a circular
aperture stop, an ideal lens and a plane detector. Furthermore, the field stop I is
shown which is used for measuring the accessible emission. The field stop spans the
two angles v, and 7, which is referred to as angle of acceptance.

the accessible emission (AE). This is done by placing a field stop I' into the retinal
image and determining the radiant energy contained therein. The field stop has several
degrees of freedom. It can be placed at any location (xg,y0) on the retina and can be
rotated by an angle 6. Though Fig. 5 only shows a rectangular shaped field stop, it
can also be elliptical. The two half widths of I', a and b, are also varying parameters
with the restriction that the angle of acceptance v, and -, have to be within o, and
Omax(t)- These limitations are defined in the laser safety standard and the maximum
limitation is dependent on the emission duration . As mentioned earlier, the AEL can
be increased for larger retinal images. This increase is defined by the angular subtense
of the apparent source a which represents the image size and is between the minimum
and maximum limitation. However, there is no explicit definition available and using
common beam diameter definitions, e.g. the FWHM or the dgs-diameter, can lead to an
underestimation of the hazard potential. For this reason, a general evaluation scheme
to obtain this parameter is developed. In principle, this is achieved by varying all
possible configurations of the field stop for either a rectangular or an elliptical shape.
For a specific configuration, the AE is determined and the averaged value of 7, and

7y, namely 7, goes into the evaluation of the AEL. The angles ~, and -, are clearly
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On this basis, the image analysis to obtain « is defined by
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The angular subtense « is derived from the configuration that gives the highest value
and therefore the most restrictive result. This procedure can also be applied to the eye
safety evaluation of incoherent sources as it also fulfills the requirements of the lamp
safety standard. [IEC, 2006]

In case of coherent radiation where the laser safety standard applies, the AEL shows
up to three different dependencies on the angle of acceptance. These dependencies can

be expressed by the piecewise defined function x©

7, if t < Ty (7)
KO (7) = 7 10w, if ¢ > Tp (v) . (4)
v 10~ mamma, if ¢ > Ty (77) and (M)

The time T5 is a parameter from the laser safety standard and represents an emission
duration for which eye movements lead to a blurred retinal image. This is the reason
that the AEL remains constant for emission duration larger than 75. The designation
(M) refers to the magnifying condition where viewing aids like a telescope or binoculars
are used. This condition leads to an increase in the size of the retinal image by a factor
of 7.

To investigate the effect of these three dependencies on the determination of the
angular subtense, a radial symmetric Gaussian distribution is examined as a retinal

image. The width of the distribution was varied and with the image analysis the value
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Figure 6: Results of the image analysis for a Gaussian distribution with a varying
width dgg. The short-time, long-time and long-time-magnifying « values are evaluated
for a circular and a square field stop. On the left side, the angular subtense is plotted
and on the right side this value is recalculated to a dy-diameter for the corresponding
distribution.

of a was determined. The obtained values are denoted as short-time (ay), long-time
(cv) and long-time-magnifying (al(M)) representing the different cases for AEL from
equation (4) from top to bottom. The results are shown in Fig. 6 where a maximum
limitation of 100 mrad is assumed. The kinks in the plot come from the maximum
limitation of the angular subtense. In case of the long-time-magnifying result, the kink
appears for smaller distribution widths than for the other two « values. Generally, the
angular subtense is the highest for the long-time-magnifying method and the lowest
for the short-time method. Another important result is that the a does not follow
a specific beam diameter definition which can clearly be deduced from the right plot
of Fig. 6. The only exception is for as < auax Where the corresponding dg-diameter
stays approximately constant for a varying distribution width. For a square shaped
field stop, the angular subtense can be given by the dgo 5-diameter and for a circular
shaped field stop, it can be given by the dr; 5-diameter. Furthermore, when comparing
both possible field stop shapes, the use of a square field stop yields smaller angular
subtenses and more restrictive results than a circular field stop. As this evaluation is
performed on a radial symmetric retinal image, it is not necessary to vary the rotation
angle ¢ of the field stop.

To point out the importance of the rotation, a further retinal image is investigated.
Since it does not matter whether the field stop or the image itself is rotated, the
procedure in which the retinal image is rotated was chosen. The investigated retinal

image shows an elliptical Gaussian irradiance distribution with the 1/e-widths of 25 um
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Figure 7: Image analysis of a retinal image with an elliptical Gaussian irradiance
distribution. The image is rotated by 45° (left), 22.5° (center) and 0° (right). The
obtained « values are shown by the black rectangles and are listed in Table 2.

Table 2: Determined « values of the three differently rotated images in Fig. 7.

Rotation angle . . ]
Angular subtense 45° 225 0

a, (mrad) 4573 2691  5.44
o, (mrad) 28.97 46.61 52.78
a (mrad) 37.35 36.76 29.11

and 700 um along both orthogonal directions. The image analysis is performed with
rectangular shaped field stops and the long-time method with a maximum limitation
of 100mrad. The rotation angles are set to 45°, 22.5° and 0° and the results can
be seen in Fig. 7 and Table 2. As one would intuitively expect, the smallest and
most restrictive result is obtained for the case where the field stop is aligned along
the elliptical Gaussian irradiance distribution. The results from Fig. 7 decrease from
left to right. Comparing the results between 45° and 0°, there is a deviation of about
28.3 % for the angular subtense. If a complete eye safety evaluation is performed where
a static retinal image is assumed for long times, then a 22.3 % higher laser power would
be obtained for the image rotated by 45° and therefore the hazard potential would be
greatly underestimated. In general, rotation is necessary to find the most restrictive
case. If the retinal image has at least one axis of symmetry, then a rotation from 0°
to 45° needs to be performed. For any retinal image, due to the symmetry of the field
stops, the rotation angle has to be varied from 0° to 90°.

Another improvement that comes with the image analysis presented here is the
treatment of multiple wavelengths. According to the laser safety standard, there is
only an implicit specification here as well. If a laser system has multiple sources of

different wavelengths in the visible and near-infrared region, the retinal image must be
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Figure 8: Left: Unweighted retinal image consisting of three different wavelengths
A1=400nm, Xy and A3=900nm. Center: Weighted retinal image for A;=1100nm.
Right: Weighted retinal image for Aa=1200nm. The black rectangles show the an-
gular subtense a for each image.

given in terms of a spectral irradiance distribution.

To apply the image analysis on these systems, a weighted retinal image is neces-
sary. The weighting is done by integrating the spectral irradiance multiplied by the
reciprocals of the correction factors Cy and C';. These correction factors are defined in

the laser safety standard and in an extended form they are given by

;

1, if A € [400 nm, 700 nm)
Cy(A) = < 10w (A=7000m) i X € [700 nm, 1050 nm) (5)
5, if A € [1050 nm, 1400 nm)
(
1, if A € [400 nm, 1150 nm)
C7(\) = < 10%m° (A-1150nm) if A € [1150 nm, 1200 nm) - (6)
8+ 105w (A—12500m) 5 A e 11150 nm, 1400 nm)

In the following, the retinal image shown in Fig. 8 is analysed. The image is constructed
so that the top two spots have the wavelength A\;=400nm, the middle spot has the
wavelength Ao and the bottom two spots have the wavelength A\3=900nm. Fig. 8 also
shows the weighted retinal images for two different values of \y. Applying the image
analysis using the short-time method and a rectangular field stop with a maximum
limitation of 100 mrad leads to the results listed in Table 3. It can clearly be seen that
due to the weighting of the image, the maximum irradiance level shifts to the upper
two spots. The reason for that is that the correction factor C7 increases for higher
wavelengths and thus reducing the weighted irradiance. In case of \;=1100nm the

weighting leads to comparable irradiances to the upper two spots and the « results

28



Table 3: Results for the angular subtenses of the retinal images shown in Fig. 8.

Retinal Image | Unweighted Weighted Weighted
m Ap=1100nm  Ay=1200 nm
xo (um) 0 0 650
Yo (pm) 0 240 650
a, (mrad) 91.41 100 23.23
o, (mrad) 45.58 72.03 23.23
a (mrad) 68.49 86.01 23.23

enclose the spots for A\; and Ay. For Ay=1200 nm only the upper two spots are decisive
for the a determination. If a detailed eye safety evaluation is made based on the results
for the unweighted retinal image, then a radiation power with a factor of 10 higher than
allowed would be obtained. This shows the importance of a correct weighting in eye
safety evaluations of laser systems having multiple wavelengths.

In summary, in this study a general evaluation procedure was developed that can be
used for eye safety evaluations of radiation in the visible and near-infrared wavelength
region. With this procedure, an explicit definition of the angular subtense of the
apparent source is introduced for the first time. According to the standards, there is a
free choice regarding the shape of the field stop which is used for the evaluation. It was
found that the use of a rectangular shape leads to more restrictive results than for an
elliptical shape. Another important finding is that the angular subtense of the apparent
subtense is not a characteristic value of a laser source, but must be derived from the
retinal image and can have several values. In total, three different methods were found
to determine «, which are referred to as short-time, long-time and long-time-magnifying
method. In addition to the AELs that depend on the angular subtense, there are also
the so-called photochemical limits. For these limits a slightly different image analysis
has to be used which can be derived from the developed algorithm in equation (3).
As the photochemical limits provide a fixed angle of acceptance 7, there is no need
to vary the widths of the field stop in the algorithm. Therefore, the image analysis
covers all kind of retinal limits from the laser safety standard and even the lamp safety
standard. Regarding the lamp safety standard, the provided procedure also improves
the definition for the angular subtense and provides the most restrictive results.

The results obtained in this study provide a fundamental basis for eye safety eval-
uations. The investigations done here can be repeated in a future study on a larger set
of different retinal images. This would allow a stronger statement about the character-
istics of the image analysis. This concerns statements like that the use of a rectangular
field stop is more restrictive than an elliptical one or that the long-time method always

leads to more restrictive results than the short-time method. Another point that can be
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discussed in more detail is the required computational power. In the procedure presen-
ted here, a variation of many parameters is foreseen, which can be time-consuming
from a computational point of view. Since a complete eye safety evaluation of a laser
product does not include the consideration of a single retinal image, but a multitude,
as different accommodation states and distances to the laser source have to be taken
into account, this problem is aggravated. For this reason, algorithms that can optimize

different calculation steps or that point to the most restrictive results are needed.

The second study focuses on the wave optical properties of laser radiation and its
influence on eye safety evaluations. Physically, the light that can be perceived with hu-
man vision can be described by an electromagnetic wave in a specific wavelength range.
An electromagnetic wave is a transverse wave in which the direction of propagation,
the the electric field vector and the magnetic field vector are perpendicular to each

other. Electromagnetic waves satisfy the wave equation

0’E

AE — =
€€ Lo 012

=0 7)
which arises from Maxwell’s equations assuming non-conducting materials. [Zinth and
Zinth, 2013] Here E is the electric field vector, €y is the vacuum permittivity, € is the
relative permittivity, g is the vacuum magnetic permeability, and ¢ is the time. A
laser beam is also an electromagnetic wave and is described in its simplest form by a
Gaussian beam. Gaussian beams are solutions of the Helmholtz equation, which is a
time-independent form of the wave equation. To the concept of Gaussian beams belongs
a set of solution sets, which are called Gaussian modes. In this study, a Gaussian beam
is considered in the most fundamental mode, the TEM(, mode, which is given by the

irradiance distribution

I(r,z) =

e () ®

where the z-axis is the optical axis and 7 the radial distance to it. The parameter w(z)
refers to the 1/e%-width of the distribution and follows

w(z) :wo\/1+ (Z;RZ°)2 9)

with the beam waist wy and the Rayleigh length zr

m
2R = Xwg. (10)
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The Gaussian beam is therefore completely characterized by setting a wavelength A
and a beam waist wy. The width w(z) in equation (9) represents the wave optical
propagation of the Gaussian beam in the free space in terms of the Fresnel-Kirchhoff
diffraction equation [Zinth and Zinth, 2013]. A propagating Gaussian beam shows a

broadening of the distribution and a divergence angle can be calculated according to

0= ﬁ (11)
TWo

As the retinal images are needed for the eye safety evaluation, the propagation through
the air equivalent eye model from Fig. 5 has to be considered. This is done by a
computer simulation where the diffraction equation is solved. The essential propagation
steps are at first a translation with distance d; which is the distance between the beam
waist and the eye model. Afterwards the truncation at the circular aperture with
radius 7, is calculated. Then the refraction at the ideal lens with the focal length
f is taken into account and at last a translation with the distance ds=17mm to the
retina is performed. The simulated retinal images are analysed with the image analysis
from equation (3) where the angular subtense of the apparent source is obtained. In
addition, Gaussian beams have a special feature in the fields of eye safety. These beam
profiles are the only exception with an explicit definition for the angular subtense a.
Here, according to the laser safety standard, the dgz-diameter of the distribution can be
used for the determination of a. This approach is commonly used where an analytical

formula for the distribution width on the retina is applied. This formula is given by

couf(-5) () (aea(-9) o

Since the truncation effect of the circular aperture lead to a limited application, an

extended analytical formula is presented in this study. Here, the calculation of « is

done by the piecewise function

2 arctan L1+ Gt <7ra
o= fd V2 & . (13)
Qarctand—; 79,/ +—21>7“A

The width w! represents a truncated Gaussian distribution and is defined by

N TR

31



=y
=y

a) b)

—~08 —~08
-} =}
S o6 S o6
-02‘ i A - -02‘
= < » =

0.4 0.4
c t c
8 2w, 8
c c

0 0 — —
-1 -0.5 0 0.5 1 -10 5 0 5 10
location (mm) location (um)

Figure 9: Simulation of retinal images for a Gaussian beam with wy = 10 mm and for
a wavelength of A\ = 1400 nm where in plot a) the eye accommodates to a distance of
10 cm and in plot b) the eye accommodates to infinity.

In the following, the applicability of this newly introduced formula is investigated by
an comparison with the results obtained by the computer simulation.

In a first investigation, the effect of the circular aperture on the simulated retinal
images is considered. For this purpose, a Gaussian beam with a waist of wy=10mm
is considered which has a larger size than the circular aperture diameter. The retinal
images can be seen for two different accommodation states in Fig. 9. As the Gaussian
beam has a radially symmetric irradiance distribution, the plotted retinal images depict
one slice within the retinal area. Due to the truncation of the Gaussian beam, the outer
parts of the distribution are cut off in the left plot of Fig. 9. The resulting width can
be described very well with the parameter w’ from equation (14). In this example,
this diameter is about 1.2mm. In case of the right plot of Fig. 9, the so-called ‘Airy
disc’ appears. Here, the accommodation to infinity projects the far field diffraction
pattern of the circular aperture into the focal plane. The size of the distribution can
be estimated with

dpiry & 1.22id2 ~ 4.1 pm. (15)
2ra

The laser safety standard also includes this effect of a minimal retinal image size. For
this reason, there is the minimum limitation ay,;,=1.5mrad which corresponds to an
absolute size of about 25 um. This is larger than the diameter of the Airy disc, but
this value refers to an approximate size of how it is actually imaged in the human eye,
where for example scattering effects prevent a perfect minimum spot size.

The study is divided into two sections. At first, collimated Gaussian beams are
considered and afterwards divergent Gaussian beams are analysed. The wavelength
region that is imaged on the retina goes from 400 nm to 1400 nm and the whole study
was performed for the smallest and largest wavelength. As the results is the same
for both wavelengths, only the analysis for the wavelength 400 nm is shown. For a

collimated beam, the beam divergence angle is small enough so that the influence
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Figure 10: Determination of the angular subtense « for a collimated Gaussian beam
with the wavelength 400 nm. Left: The beam waist is set to 7mm and the focal length
f of the eye model is varied. Right: The focal length is set to 14.53 mm and the beam
waist is varied.

of the distance d; between the beam waist and the eye model is negligible and is
therefore set to 0mm. A Gaussian beam was considered to be collimated in case of
a divergence angle smaller than 0.5mrad. The results for the angular subtense for
a varying focal length of the eye model and a varying beam waist w, are plotted in
Fig. 10. For the analytical evaluation, both cases of equation (13) are shown regardless
of the corresponding conditions. In addition, two image analyses were performed where
a square and a circular shape of the field stop was used. In the left plot of Fig. 10, it can
clearly be seen, that the o determination using w, from equation (12) yields too large
values underestimating the potential hazard. The calculation according to w! from
equation (14) lies within the results determined with the image analysis. In the right
plot of Fig. 10 where the beam waist is varied, it shows that for certain regions either
w, or w! is an appropriate choice for a. The image analysis shows a kink at about
4mm. This means that for smaller beam waists, the Gaussian beam is not big enough
so that a significant truncation at the circular aperture appears affecting the image.
The conditions in the piecewise function from equation (13) represents the intersection
point between w, and w’. This means that for small beam waists w, applies and for
larger beam waists w’. applies. This combined curve lies within the image analysis
result. Another interesting finding is that there is a maximum retinal image size. For
an increasing beam waist, the image analysis shows a saturation in the right plot of
Fig. 10 at about 72mrad. As a higher focal length leads to smaller retinal images, a
collimated Gaussian beam can therefore not produce spot sizes larger than 1.2 mm.
In the second half of this study, divergent Gaussian beams are considered with di-
vergence angles higher than 0.5mrad. The results are shown in Fig. 11. In the left
plot, the Gaussian beam has a divergence angle of 51 mrad and is positioned far away

enough from the eye model so that truncation occurs. Therefore, the o determination

33



80

70 ,\\ —-—-w, calculation
8 N, —w: calculation
= 60 r N\, — I lvsi /'C.J\ 80
= N cireutar anal ysiS ®© theoretical
0501 N Square anayse 3 calculation
b ’ 5 60 — — image analysis
S 40 -, 1) =
o o —d, =01m
= C
% 30 | 8 40 ——d,=02m
5 a
K e Py > ——d,=03m
3200 NN i F @ Q !
O —
e g © 20 N
© 10+ S e
g
0 : : - ‘ s T 0 : - - - -
14.5 15 155 16 16.5 17 °0 5 10 15 20 25
focal length f (mm) input beam radius w; (1m)

Figure 11: Evaluation of the angular subtense « for divergent Gaussian beams with
a wavelength of 400 nm. Left: Varying the focal length of the eye model with a beam
waist of 5 um and a distance of d;=0.3m. Right: Varying the beam waist for a fixed
focal length at 17 mm where only the piecewise function in equation (13) and the image
analysis using a circular field stop are shown. Here, the distance d; was set to 0.1m,
0.2m and 0.3 m.

using the w, calculation from equation (12) is leading to incorrectly high results. The
evaluation using the w’ equation shows smaller « values and shows sufficiently restrict-
ive results when compared to the image analysis. The angular subtense « reaches the
minimum limitation of 1.5 mrad for a focal length at about 16.1 mm. This focal length
refers to an accommodation distance of 0.3 m where the beam waist is located. The
right plot of Fig. 11 shows the image analysis results using a circular field stop and
the results obtained by the piecewise function from equation (13) for different diver-
gent beam configurations. Due to a variation of the beam waist, a kink appears in
the plot which represents a change in the retinal image behavior due to truncations.
The truncation appears in this case for smaller beam waists as a smaller beam waist
leads to higher divergence angles and therefore higher beam diameters at the circular
aperture stop. The results by the newly developed analytical formula yields restrictive
and correct results.

In summary, the study was performed on all possible configurations of a circular
symmetric Gaussian whereby the most important results were shown. Based on the
results made, it can be clearly said that the new formula introduced here produces
restrictive results and is validated by a comparison with the computer simulations.
Furthermore, it addresses the current gap in the state of the art, where the hazard
potential can be severely underestimated. A further interesting result can be seen in
the image analysis when comparing both possible field shapes. The use of a square field

shape leads to smaller angular subtenses than a circular field stop and is therefore more
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restrictive. A further interesting question in this area arises when elliptical or simple
astigmatic Gaussian beams are investigated with regard to the eye safety. Since these
beam profiles have two different beam waists, the question arises whether the formula
presented here can be applied separately to both axes and whether the comparison
with the image analysis also validates it. Such a study is more extensive, since these
systems show additional degrees of freedom. Furthermore, in this study ideal Gaussian
beam with a perfect coherence where investigated. In reality, laser beams can deviate
from this, which is described by means of the M? factor. Here, a value of one represents
an ideal Gaussian beam and a larger value leads to a different relationship between the
beam waist and the beam divergence and to a partial coherence. Such beam profiles
can be described by the Gaussian Schell-model [Sudol and Friberg, 1984]. In a further
study where this model is used, the influence of partial coherence can be investigated.
This leads to a weakening of the truncation effect, which can increase the retinal image
size leading to higher « values. Here, the analytical calculation formula must take this
effect into account and has to be adjusted. This formula can then be validated by

further computer simulations.

In the last study of this thesis, a three-dimensional computer model was developed
to simulate retinal thermal injuries. The peculiarity in the study is that irradiance
profiles which are not radially symmetric are considered. According to the laser safety
standard, an averaged size of the retinal image goes into the eye safety evaluation.
However, currently there is no experimental data on which this procedure is based on.
For this reason, the data set is extended simulatively with the computer model and
thus the evaluation procedure of the standard is validated.

The computer model to simulate retinal thermal injuries can be divided into three
steps which is sketched in Fig. 12. At first, an eye model is used to calculate the retinal
image from a laser source. Here, the LeGrand eye model [LeGrand and ElHage, 1980]
is applied where also the transmittance characteristics from Fig. 4 are included. To
take intraocular scattering into account, the following effective transmittance is used
which depends on the total transmittance Trota1, the retinal image size rgpoy and the

wavelength \ of the radiation

1 )\ 27AS ot
Teft (A TSpot) = TTotal (A) (1 ~3 exp <_883 nm) exp (—m)) ) (16)

The expression in the bracket is multiplied by the total transmittance and represents

the effect of intraocular scattering. Depending on the wavelength of the radiation and
the retinal spot size, the scattering can reduce the transmittance up to about 30 %.

Furthermore, the eye model is based on paraxial approximations and includes chro-

35



1) Eye model for simulating 2) Tissue simulation to determine 3) Solving the Arrhenius equation

the retinal image the temporal temperature curve to calculate the threshold value
vitreous . .
i neuronal retina 30
aqueous lens body retina RPE ————— > .
humor CHO o
cornea sclera -’
1o
<
0 i
107 102 10!
Time (s)
1
—
HFL 05
-
ganglion layer
ruch' g 0
Bruch's membrane = ~10 0!
Time (s)

Figure 12: Evaluation steps to simulate retinal thermal injuries of laser radiation in
the visible and near-infrared region. In the first step, the retinal image is evaluated by
using an eye model. In the second step, the retinal tissue is simulated by finite elements
and the heat source is derived from the retinal image. In the third step, the simulated
temperature of the RPE layer is inserted into the Arrhenius equation to obtain the
threshold value.

Table 4: Thermal characteristics of the simulated retina for evaluating the heat transfer.

thermal characteristic ‘ value
conductivity k 0.6305 ¥
specific heat C 4178 ﬁ
density p 992 ~%

initial temperature 7Ty 310.5 K

matic aberration which has the most dominant influence on the spot size. Aberrations
of higher modes like spherical aberrations or astigmatism are not considered since their
effects on the retinal spot are limited and are implicitly covered by intraocular scat-
tering [Jean and Schulmeister, 2014a]. In the next step, the retinal tissue is realized in
a three-dimensional model using finite-elements. The simulated layer are the neuronal
retina, Henle’s fiber layer (HFL), ganglion layer, Bruch’s membrane, RPE, choroid
(CHO) and the sclera as illustrated in Fig. 12. Each layer is constructed by multiple
tetrahedons where for each element the heat transfer equation in biological tissue is
solved

or
EZkAT‘FQ(taF)‘i‘%(T)- (17)

The tissue is characterized by the thermal properties from Table 4. The term g, (T')

pC'

represents the heat dissipation due to the blood flow in the choroid layer. The heat
source is given by the term ¢ (¢, 7) and defines the amount of energy of the retinal image
that is responsible for heating up the retinal layer. In general, for each wavelength there
are different penetration depths and thus the heat source has a strong dependence on

it. However, the most amount of radiation energy is absorbed by the RPE [Ham et al.,
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1970; Beatrice and Steinke, 1972; Lund et al., 2000] and the retinal thermal injuries
appears in this layer. Therefore, the simulated temperature rise within the RPE layer

is of further interest. To simulate the injury, the Arrhenius equation is used

Q) = A /0 exp (_RTL@,)) ar. (18)

The parameter A is a frequency factor and set to 1.05x10% s~ and E is the inactivation
energy and equal to 5.99 x 10° J/mol. This equation describes the denaturation of
proteins and the temporal temperature curve T'(t) has to be inserted. The process of
a denaturation is defined for {2 equals one. A retinal thermal injury is defined for a
circular area with a diameter of 20 ym within the RPE for which all contained points
fulfill the condition 2 < 1. The computer model described here was further developed
based on the Seibersdorf Laboratories Model, which is validated against approximately
250 EDj values of non-human primates [Jean and Schulmeister, 2017, 2014b]. The
model is only valid for emission durations at 100 us and higher. Another limitation of
the computer model is that the retinal images are considered to be stationary and eye
movements are not taken into account. In reality, eye movements cannot be prevented
which lead to the retinal image being blurred, thus reducing the hazard potential. As
a result, the model provides restrictive results, which is seen as advantageous in the
development of the laser safety standard. The safety standard still includes the effect
of eye movements. Here, the emission limits are set to a constant value after a certain
exposure time. When using the computer model, no times longer than this upper time
limit from the standard are considered, which means that eye movements do not have
to be simulated.

In this study, the computer model is applied on three different irradiance profiles,
namely an elliptical Gaussian, an elliptical top-hat and a rectangular top-hat distribu-
tion. In addition to the simulation of thresholds (THRs), an eye safety evaluation is
performed where the maximum allowed energy (MAE) is calculated. The ratio between
those to values is referred to as reduction factor (RF). As the MAE should be below
the THR, the RF has to be larger than one. A MAE value that leads to RFs of about
two or higher is considered as sufficiently safe for the thermal damage regime [ICNIRP,
2013b]. The analysed irradiance profiles are assumed to have a wavlength of 530 nm.
The human eye shows here the highest sensitivity and the RFs show the lowest values
in this region. Furthermore, with the computer model a single pulse is simulated where
the emission duration is varied from 100 us to 50s. The size of the irradiance distri-
bution on the retina is given by the widths d, and d,. The width d, is set to a value
of 83.4 ym and the width d,, is varied from 83.4 ym to 2502 ym. A complete overview

of the simulation parameters can be seen in Fig. 13. In total around 130 parameter
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Figure 13: Overview of the parameter sets in this study. In set 1 the emission duration
is varied and in the sets from 2 to 8 the width d,, is varied.

variations were investigated where for each variation the computer model was applied
to. The heat transfer equation (17) is solved for each of the variation with the finite-
element method and in Fig. 14 an exemplary result where the isothermal curves are
plotted can be seen. The isothermal curves clearly resemble the corresponding irradi-
ance profiles. Both top-hat distributions show a plateau where the temperature is the
same within the irradiated region. In case of the elliptical Gaussian, it is different. Due
to a decrease in the irradiance level, the temperature increase is lower at the outer parts
of the distribution. Furthermore, there is a better cooling from the surrounding tissue
leading to a lower maximum temperature in the center. For this reason, a higher peak
irradiance is needed to induce an injury in comparison to the both top-hat profiles.

2 is needed to induce

an injury, the peak irradiance for the Gaussian distribution needs to be 7.1 Wmm™2.

Where in this exemplary case an irradiance of about 6.8 Wmm™

This can also be seen in Fig. 15 where the THRs expressed by the irradiance are plotted
for a varying emission duration and a varying width d,. In these plots there is almost
no difference between both top-hat results as the temperature rise is similar for both
cases. The irradiance levels are higher for the Gaussian distribution in all cases. In
order to get a better understanding of the irradiance levels on the retina, two examples
are given. In the first example, a green laser pointer with a power of 1mW and a
beam diameter of 1 mm is considered. This is a collimated laser beam where the total
radiation power propagates into the eye. It produces a minimal spot on the retina and
the irradiance is then approximately 1.3 mWmm™2. In a second example, sun gazing is
considered. Under realistic conditions, the pupil is contracted, resulting in a decreased
radiant power entering the eye. For the standardized ASTM G173 sun spectrum, the
irradiance at the pupil is at about 1000 Wm~2 and the retinal image is a circular spot

with a diameter of about 9mrad or 150 ym in absolute size. [Halbritter et al., 2018]
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Figure 14: Plot of the isothermal curves in the RPE layer for the three different ir-
radiance profiles. The pulse duration is 1 ms and the widths are d, = 166.8 um and
d, = 417 pm. The isothermal curves show the temperature rise at the end of the pulse
and due to symmetry, only the first quadrant is shown.

For pupil diameters between 3mm and 7mm, this results in a retinal irradiance of
between 0.4 Wmm ™2 and 2.2 Wmm~2. In the left plot of Fig. 15, the irradiance de-
creases for a longer single pulse duration. This means, that for a denaturation that
processes over a longer time, a lower irradiance is needed. As a result, the reached
maximum temperature also decreases for longer single pulse emission durations. The
right plot of Fig. 15 shows a variation of the width d, where the width d, is fixed.
A higher d, therefore results in a more elongated profile shape. At a width of about
500 pm, the THR converges. This can be explained by a heat plateau that is formed
in the center region of the retina. Here, the irradiance profile is too large to allow a
significant cooling from the surrounding tissue. For a smaller d,, width, there appears
a higher deviation between the THR results of both top-hat profiles. This can also
be explained by a different thermal behavior where the profile is small enough so that
the different cooling behavior affects the determination of the THR. As the elliptical
top-hat irradiates a smaller area than the rectangular top-hat, the cooling is better in
the center and a higher irradiance is needed to induce an injury.

For all parameter sets, the THR values are simulated and eye safety evaluations
are performed using the image analysis from equation (3). For the image analysis,
rectangular as well as elliptical field stops were used and both results were used to
calculate the RFs. All RF's for the three irradiance profiles and for all parameter sets
are plotted in a histogram in Fig. 16. The corresponding statistical data can be seen
in Table 5. A total of around 250 RF are obtained for each profile. Generally, the RFs

appear to be lower for the Gaussian profile compared to both top-hats. Here, the mean
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Figure 15: Simulated THRs given in terms of the peak irradiance for the three different
irradiance profiles. Left: Results for parameter set 1 from Fig 13. Right: Results for
parameter set 4 from Fig 13.

RF is at 3.05 and for the elliptical top-hat it is at 3.48 and for the rectangular top-hat
at 3.62. The overall minimum RF is found for the Gaussian profile with a value of 1.52.
This minimum and also the minimum values for the top-hat profiles are reached for
parameter set 4 where the single pulse duration is 10 ms and the width d, is equal to d,
with a value of 83.4 pm. In addition, these minimum were obtained using an elliptical
shaped field stop. The largest RF appears for the rectangular top-hat with a value of
11.08. This value is present for parameter set 2 where the emission duration is 100us
and d,=d, using a rectangular field stop. A more detailed analysis between both field
stop shape methods shows, that the use of a rectangular field stop is more restrictive
than an elliptical shape leading to higher RF values. The results for the MAE for both
field stop shapes show an average deviation of 15.8 %. The minimum RF appears when
the width d, equals d, and a higher d, value therefore leads to an increase in the RF.
However, it cannot be stated for all cases that a more elongated profile leads to a higher
RF. This is shown in Fig. 17. It can be seen, that the RF increases for the single pulse
durations 100 ps, 1 ms, 10 ms and 100 ms meaning that a more elongated profile results
in a more conservative eye safety evaluation. For the longer single pulse durations, the
RF decreases and thus the eye safety evaluation is getting less conservative. However,
in these cases the RF is always above two and therefore the evaluation procedure can
be considered as sufficiently safe. The results for the elliptical top-hat are not plotted

here as the obtained results are similar to the rectangular top-hat.
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Figure 16: The calculated RF's for the three profiles are plotted as histogram containing
all parameter variations from Fig. 13. The box plots above show the minimum and
maximum values (dashed line), the first and third quartile (edges of blue rectangle)
and the median (red line). The statistics are listed in more detail in Table 5.

In summary, an extensive study was performed in which thermal injuries were simu-
lated for three different irradiance profiles on the retina. Here, the single pulse duration
as well as the width of the distribution along one axis were varied. The laser safety
standard defines a specific evaluation procedure for profiles that deviate from radial
symmetry. By comparison with the simulated values, the question can be answered
whether this procedure is valid. First, the calculation of the THR shows that for a
Gaussian distribution there are on average about 13.9 % higher threshold values than
for the two top-hat distributions. This can be explained by a difference in the thermal
behavior, where the Gaussian distribution shows a stronger cooling in the center. Eye
safety evaluations were performed with the image analysis using both rectangular and
elliptical field stops. It can be seen that using a rectangular field stop is on average
about 15.8 % more restrictive than using an elliptical one. Last, the RFs were calcu-
lated and the lowest values were found for the Gaussian distribution. The minimum
value of 1.52 was present for a radially symmetric distribution with an emission dura-
tion of 100 us. Here, the RF increases for a more elongated profile, meaning that the
procedure presented in the standard leads to a more restrictive evaluation. Overall,
the procedure from the laser safety standard can be considered as validated for the
investigated irradiance profiles.

In future studies, a larger set of different profiles can be investigated with respect

to the applicability of the evaluation procedure. The three profiles studied here show
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Table 5: Statistical data for the RFs from Fig. 13.

Irradiance Profile .
Statistics ell. Gaussian ell. top-hat rect. top-hat
15¢ quartile 2.29 2.42 2.58
median 2.53 2.79 2.95
3'4 quartile 3.01 3.36 3.42
minimum 1.52 1.97 1.87
maximum 8.83 11.03 11.08
mean 3.05 3.48 3.62
standard deviation 1.46 1.93 1.91
elliptical Gaussian rectangular top-hat
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Figure 17: Change of the RF for a varying d, width from parameter set 2 to 8, see
Fig. 13. The eye safety evaluation is performed using a rectangular field stop. Left:
Elliptical Gaussian profile. Right: Rectangular top-hat profile.

a single maximum irradiance. It would also be of interest to have profiles that show
multiple local maxima, resulting in a more complex temperature behavior. Another
important issue concerns the topic of pulsed profiles. According to the laser safety
standard, a certain evaluation procedure must also be applied in case of a pulsed ret-
inal image. This procedure is also complex and in the case of non-radially symmetric
distributions, there are further open questions which can be dealt with thermal sim-
ulations. First, simple pulse patterns, e.g. regular pulses at different pulse repetition
frequencies, could be considered and afterwards more complex and irregular pulse pat-
tern can be investigated. Furthermore, the topic of dynamic retinal images, as it is for
example the case with scanning lidar systems, still has many open questions, where

the computer model presented here can also be used to answer them.
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A1.1 Abstract

Lasers with wavelengths in the visible and near infrared region, pose a potential hazard
to vision as the radiation can be focused on the retina. The laser safety standard
[EC 60825-1:2014 provides limits and evaluation methods to perform a classification
for such systems. An important parameter is the retinal spot size which is described by
the angular subtense of the apparent source. In laser safety evaluations, the radiation
is often described as a Gaussian beam and the image on the retina is calculated using
the wave optical propagation through a thin lens. For coherent radiation, this method
can be insufficient as the diffraction effects of the pupil aperture influence the retinal
image. In this publication, we analyse these effects and propose a general analytical
calculation method for the angular subtense. The proposed formula is validated for

collimated and divergent Gaussian beams.

A1.2 Introduction

Laser systems emitting radiation above the accessible emission limits of the laser safety
standards [IEC, 2014; ANSI, 2014] or the exposure limits of the ICNIRP guidelines for
laser radiation [ICNIRP, 2013b] represent a potential hazard for the human eye and
skin.

For laser radiation in the visible and near-infrared wavelength region, defined from
400nm to 1400 nm according to the laser safety standards, the radiation is imaged on
the retina, the most sensitive part of the eye. The eye safety evaluation is based on the
retinal image where the angular subtense of the apparent source is determined [Kotzur
et al., 2020b]. Thus, a laser classification on a theoretical basis depends on three main
issues, the eye model, propagation method and analysis method. An eye model is

necessary to simulate the retinal image that is produced by the laser system as the
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Figure 18: Overview of different eye models, propagation methods and retinal image
analyses for laser safety evaluations.

damage takes place at the retina. For calculating the retinal image, an appropriate
propagation method has to be applied where relevant aspects of laser propagation are
taken into account. At last, the obtained retinal images have to be investigated with
an analysis method which is in accordance with the laser safety standard. In Fig. 18,
the three main issues are summarized and different possible approaches are shown.
The used models and calculation methods for this investigation are marked in colour.
The aim of this investigation is illustrated in Fig. 19 where an analytical formula is
proposed to perform an eye safety evaluation for Gaussian beams.

Generally, simulations use an air-equivalent eye model which consists of a circular
aperture, an ideal lens with a varying focal length and a plane detector. This model
emulates a human eye with a refractive index equal to one and a single lens [Henderson
and Schulmeister, 2003; Cain et al., 1997] is responsible for the refractive power. It is
assumed that the human eye is able to accommodate between 10 cm and infinity. For
the simulation of the retinal image, the choice of the appropriate propagation method
is currently an open question. Software tools like Zemax Optic Studio [Zemax, LLC] or
TracePro [LAMBDA Research Corporation, USA-01460 Massachusetts] use the rules of
geometrical optics. However, especially for laser radiation, diffraction effects can occur
which impact the eye safety evaluation. Furthermore, the IEC/TR 60825-13 [IEC,
2011] suggests to consider wave optics rather than ray optics to determine the angular
subtense of the apparent source. For this reason, we calculate the physically correct
retinal images with the software VirtualLab Fusion [LightTrans International UG, D-
07745 Jena] solving the diffraction equations numerically. At last, an analysis method
has to be applied to the retinal images to obtain the angular subtense of the apparent
source which is an important parameter in eye safety evaluations. Here, the laser

safety standard provides different approaches where for example the dgz diameter of
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Figure 19: Comparison of the simulation based and analytical approach including a
mapping of the essential equations. In the simulation, the propagation of the Gaussian
beam is calculated using the diffraction equation and the retinal image is analysed.
The analytical procedure proposes several equations replacing the simulations.

a Gaussian beam can be used or where an extensive image analysis is used involving
either a rectangular or elliptical shaped measurement aperture [IEC, 2011].

Fig. 19 illustrates the main aspect of this investigation with the aim of providing
analytical equations to replace the wave optical simulation of retinal images in laser
safety evaluations. As radiation we assume the fundamental mode of a Gaussian beam.
In the simulation based approach, the retinal image is simulated with an air-equivalent
eye model and by solving the diffraction equations. For these retinal images, an extens-
ive analysis method has to be applied to obtain the angular subtense of the apparent.
As all calculation steps require a high computational effort, it would be beneficial
to analytically describe the retinal image or to be more precise the angular subtense

of the apparent source where the essential wave optical phenomena are included. In
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this investigation, a set of analytical equations is proposed and validated against the

simulation based evaluation.

A1.3 GGaussian beam propagation through the air-equivalent

eye model

The air-equivalent eye model is generally used in theoretical eye safety evaluations as
well as experimental setups in laser safety test laboratories. Compared to realistic
eye models where the complex point-spread function includes effects such as optical
aberrations [Artal et al., 1988], the air-equivalent eye model provides idealized retinal
images resulting in conservative eye safety evaluations. Another effect that is neg-
lected in this model is thermal lensing which appears in the near-infrared wavelength
region [Vincelette et al., 2007, 2009]. Due to a strong absorption of the vitreous body,
local temperature changes lead to the development of a negative lens in case of Gaus-
sian beams. As a result, the retinal spot sizes increase lowering the hazard. Thermal
lensing is a relatively unexplored effect and is discussed in more detail with regard to
experimental threshold data by Vincelette et al. [Vincelette et al., 2008].

In the following, the Gaussian beam propagation will be derived for the air-equivalent
eye model. By using the paraxial Helmholtz equation, an analytical description of laser
radiation can be derived [Pedrotti et al., 2017]. The Helmholtz equation yields several
modes of the beam whereas we focus on the fundamental mode, the TEMg, mode. For

this mode, the normalized spatial intensity distribution I(r, z) is expressed by

W?z)z exp (—2#;2) . (19)

Here, it is assumed that the z-axis is the direction of propagation. The distance

I(r,z) =

perpendicular to the z-axis is the radius r. The TEMy, mode in equation (19) shows
a Gaussian distribution. The width of the distribution is defined by the beam radius
w(z) which describes a decrease by a factor of e?. With this radius, the free space

propagation of the Gaussian beam is defined by

w(2) :wo\/l—i- (Z ;RZ°>2. (20)

The radius wy is the beam waist located at z5. The Rayleigh length 2 can be calculated

using
2R = gwg. (21)

Only two parameters, namely the beam waist wy and the wavelength A, are required
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Figure 20: Description of the air-equivalent eye model in paraxial approximation using
the ray transfer matrices.

to completely characterize a Gaussian beam. The relation between the waist and the

divergence is given by the beam parameter product

2\
= —, 22
UJOQ - ( )

Equation (20) describes the free space propagation of the Gaussian beam according to
the Fresnel-Kirchhoff diffraction [Zinth and Zinth, 2013]. For the propagation through
an optical system, the ray transfer matrices, also known as ABCD matrices can also
be used for the Gaussian beam propagation [Zinth and Zinth, 2013; Bodem and Re-
idenbach, 1976].

As shown in Fig. 20, three essential matrices describe the propagation through the
air-equivalent eye model. One matrix represent the refraction at an ideal lens and the
other two are translation matrices.

It is assumed that the eye model is located at a distance d; from the waist of the
Gaussian beam. According to the laser safety standard, the refractive power of the
eye model shall be varied for accommodations between infinity and 10cm. As the
distance ds between the lens and the detector is set to 17 mm, the focal length f of the
lens varies between 14.52mm and 17 mm. With the description in Fig. 20, the retinal

irradiance distribution is given by a Gaussian distribution with the beam radius w,

N R Y e o)

The same result is described in a previous investigation by Galbiati in 2001 [Galbiati,

2001]. However, in this description the human pupil which is represented by a circular
aperture is excluded. According to the laser safety standard, the circular aperture, also
referred to as aperture stop, has a diameter of 7mm. The applicability of equation (23)
is restricted to Gaussian beams much smaller than the pupil aperture. Generally, the

propagation through the eye is affected by diffraction at the edges of the aperture.
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Figure 21: Both plots show the intensity profile for a specific accommodation of the
artificial eye for an incident Gaussian beam with A = 1400 nm and wy = 10 mm. The
left plot a) shows the intensity distribution on the retina for f = 14.53 mm (focusing
on a distance of 10cm). In the right plot b), the radiation is focused on the retina
with f = 17mm (accommodating to infinity). The propagation was simulated using
VirtualLab Fusion [LightTrans International UG, D-07745 Jena].

This results in a truncated Gaussian beam with a cut off of outer parts. In a previous
publication [Kotzur and Frederiksen, 2018], a more general formula was proposed to
describe the truncated retinal image. The formula is obtained by multiplying a specific
factor to equation (23). This factor is calculated by the ratio between the radius 74 of
the aperture and the radius of the Gaussian beam at the aperture. The radius w!. of

the truncated retinal image size is given by

et ey,

r 2
1+ (L) @

This parameter w’. does not follow the previous diameter definition like in equation (20)

and (23) since it describes the location on the retina where the irradiance is cut off.
Equation (23) and (24) describe two physically different propagations for a Gaussian
beam entering the eye. Both are examined with regard to their application for eye

safety calculations.

A1.4 Wave optical phenomena in the field of eye safety

Several aspects of the human vision like spherical aberrations or astigmatism can be
explained using geometrical optics. However, especially for laser radiation the applic-
ation of wave optics is more precise since two wave optical effects have an impact on
the eye safety evaluation. One effect is the characteristic that the radiation cannot be
focused on an infinitely small spot and the other effect is the truncation of the Gaussian
beam at the pupil aperture. Both phenomena are shown in Fig. 21.

In Fig. 21 the size of the collimated Gaussian beam is larger than the aperture
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which leads to interference. In case the radiation is not focused on the retina, which is
depicted in the left plot of Fig. 21, the Gaussian beam is truncated and accompanied
by oscillations. The calculation according to equation (23) would result in a diameter
dgz of 2.3 mm whereas the hazard potential is underestimated compared to the real
imaged radiation, which shows a smaller extent. With equation (24) the diameter
is approximated to 1.2mm. Since this formula assumes a beam profile in which no
oscillations occur, the question arises whether this approximation is sufficiently precise
for eye safety calculations.

The other effect which is depicted in the right plot of Fig. 21, represents the diffrac-
tion limit daj., caused by the circular aperture of the pupil. The characteristic intensity
pattern consists of a circular main lobe maximum, referred to as ‘Airy disc’, and sev-
eral concentric sidelobes with decreased peak intensities. This intensity distribution
is described by the far field approximation of the diffraction equation, the Fraunhofer
diffraction, whereas the far field image corresponds to the imaged radiation in the focal
plane of the ideal lens. The calculation of the distribution in the right plot of Fig. 21
is based on the Fourier transform of the circular aperture whereby the intensity peaks
are given by the Bessel function of the first kind [Zinth and Zinth, 2013]. The width

of the main lobe maximum can be estimated by

dAiry & 1.22%@. (25)
According to this equation, the width of the ‘Airy disc’ is calculated to approximately
4.1 pm for the beam parameters in Fig. 21. This limit cannot be obtained with the
propagation formula for a Gaussian beam in equation (23) because the diameter of the
imaged Gaussian beam decreases continuously for increasing incident beam widths.
The laser safety standards [IEC, 2014; ANSI, 2014] also include a minimum spot
size. It is stated that laser sources which produce retinal spots smaller than the min-
imum spot size are referred to as point sources. The ICNIRP guidelines [ICNIRP,
2013b] explain the imaging behavior of point sources due to the eye resolution [Gross
et al., 2008a]. The smallest spot is set to an angular subtense of 1.5 mrad which cor-
responds to an absolute size of 25.5 um [Sliney and Wolbarsht, 1980]. The deviation
from the theoretical expectation according to equation (25) of about one order of mag-
nitude is due to the assumption of an idealized eye model. However, the question of
the minimum spot size for the human eye is rather complex and currently there is no
definite answer. Experimental measurements on rhesus monkeys show that there are
marginal dependencies of the injury thresholds on spot sizes smaller than 5 mrad [Lund
et al., 2007; Zuclich et al., 2008]. In these measurements the spot size of 5mrad could

be interpreted as minimum spot size. The retinas of rhesus monkeys represent a suit-
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able model to derive exposure limits as they are more sensitive compared to human
retinas [Marshall et al., 1975; Stuck, 1984; Schulmeister and Jean, 2017]. However, a
possibly smaller spot size cannot be excluded for human retinas. For this reason, the
thresholds of the above mentioned measurements are used for the exposure limits for
point sources whereby a safety margin of 10 was applied [Schulmeister et al., 2011]. In
addition, there are studies, which show that it is possible to produce smaller spot sizes
on the retina. Experimental measurements with rabbit eyes done by Birngruber et
al. in 1979 [Birngruber et al., 1979] demonstrate that an advantageous beam position
leads to a minimum spot size of 7 um representing the diffraction limit. However, due
to scattering there is an intensity loss of about fifty percent. It was found that also
for the human eye a diffraction limited focus can be achieved [Campbell and Gubisch,
1966; Gubisch, 1967]. In another study which was done by Lund et al. in 2008 [Lund
et al., 2008] measurements on non-human primates were performed by using wavefront-
corrected beams to reduce refractive errors and aberrations. Though the results show
lower thresholds than without using wavefront correction the retinal spot size could
not be determined. More detailed examinations regarding the minimum spot size in
the fields of laser safety can be found in further literature [Sliney, 2005; Jean and
Schulmeister, 2017, 2014b].

In consequence of the uncertainties regarding the accurate determination of the min-
imum spot size, the description of point sources from the laser safety standards [IEC,
2014; ANSI, 2014] is used in this investigation. The size of the analysed intensity pat-
terns is set to a minimum value of 25.5 ym in case the actual sizes have a lower value.
The other effect, the truncation of the beam, is not mentioned in the current laser
safety standards. The propagation of a Gaussian beam through a circular aperture is
numerically studied in previous works [Kuttner, 1986; Campbell, 1987]. In this invest-
igation we propose an analytical formula for the width of a truncated Gaussian beam
which can directly be used for the determination of the angular subtense of the appar-
ent source. We simulate the retinal images with the air-equivalent eye model using the
software VirtualLab Fusion [LightTrans International UG, D-07745 Jena] and compare
them to the analytical descriptions according to equation (23) and (24) in terms of eye
safety. Furthermore, two wavelengths 400 nm and 1400 nm will be investigated as they
define the borders of the wavelength range which is imaged on the retina according to

the laser safety standards.

A1.5 Laser safety evaluation of retinal images

An eye safety evaluation for retinal images can be performed in two different ways,
namely assuming a point source or an extended source. By assuming a point source,

the whole radiation is considered to be contained within the minimum spot size. In
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case the retinal image shows an irradiance distribution that is much larger than the
minimum spot size this approach is over restrictive. According to the laser safety
standards, the accessible emission limits increase for larger spots of extended sources.
The spot size is expressed by the angular subtense of the apparent source. However,
an extensive calculation method has to be applied to the retinal image to obtain the
angular subtense [Schulmeister, 2005, 2015; Kotzur et al., 2020b]. The size of an
arbitrary retinal image could be characterised by different beam diameter definitions
like the second moment diameter or the FWHM criterion used for different applications.
In terms of the eye safety, such diameter definitions are not suitable to determine the
angular subtense [Schulmeister et al., 2006]. The tophat and the Gaussian profile are
the only exceptions. For a tophat profile, the angular subtense is equal to the extent
of the profile. In case of a Gaussian profile, the laser safety standards state that the
dgz diameter can be used for a conservative evaluation. It should be emphasized that
this method can only be used if the laser beam creates a Gaussian irradiance profile

on the retina.

A1.5.1 Image analysis for extended sources

For the classification of an extended source, the angular subtense « is needed. This
size is obtained by analysing the retinal image. The general procedure is to determine
the most restrictive size for the angle of acceptance v, which defines a field stop used to
calculate the ‘accessible emission’ (AE). This worst case is found by varying v to max-
imize the ratio between AE and the ‘accessible emission limit’ (AEL). This procedure
is referred to as image analysis and is illustrated in Fig. 22 for a Gaussian intensity
distribution where the variation of the angle of acceptance v and the angular subtense
a of the apparent source are shown. It is stated in the laser safety standards [IEC,
2014; ANSI, 2014], that the field stop can either be placed in front of a detector or close
to the apparent source. In our simulation-based method the field stop is on the retinal
image. There are two possible shapes of the field stop defined, namely an elliptical and
a rectangular shape [IEC, 2011].

The AE and the AEL depend on the angular subtense a. By assuming a laser

source with the total radiation power F,, the AE can be given with

AE (Oé) = PO Tlpupil Mretina (a) . (26)

The factor npupi is the extraocular factor and gives the power percentage of F that
passes the pupil and enters the eye. The factor 7etina (@) is the intraocular factor and
is calculated by dividing the radiation energy contained within the field stop by the

total energy of the retinal image. For an unknown angular subtense, the field stop is
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Figure 22: Illustration of the image analysis for a Gaussian distribution with the dia-
meter dgz (solid red line) using elliptical shaped (green) and rectangular shaped (blue)
field stops. By varying the angle of acceptance 7, and v, (dashed lines) the angular
subtense « (solid lines) is determined.

defined by the angle of acceptance v, and ~, representing both orthogonal directions.
By performing the image analysis, both «, and <, are varied within the limitations
defined in the laser safety standards. In addition, the location of the field stop in the
retinal image has to be varied for a complete analysis. It should also be noted that
the field stops have to be rotated from 0° to 90°. However, rotating the field stops
is not necessary in this investigation as the analysed retinal images are rotationally
symmetric.

The AEL increases with the angular subtense a and the laser safety standard defines
two different functional behaviors. Depending on the emission duration ¢, the « de-

pendencies are given by the piecewise function

a, if ¢ S T2 (Oé)
k(o) = . (27)
a 10" sammed,  if ¢t > T («)

with the time 75 () defined in the laser safety standard IEC 60825-1:2014 [IEC, 2014]
Ty (o) = 10 x 10Hemin)/985mrad] g (28)

In the following, the image analysis for ¢t < T5 () is referred to as ‘short-time method’
and for the other case the term ‘long-time method’ is used. As the time 75 depends
on the angular subtense, the value is determined during the image analysis. Here, for
times greater than 10s both the short and long-time have to be applied whereas the
most restrictive result is used.

The angular subtense «a of the apparent source is not directly a characteristic of
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Figure 23: The results of the image analysis for a symmetric Gaussian intensity distri-
butions differ for the short- and long-time method (as and ay) as well as for the choice
of the field stop (elliptical and rectangular). The z-axis shows different extents of the
Gaussian distribution defined by the dgg-diameter and the y-axis shows the determined
angular subtense expressed as dy-diameter. The markers show all kinks in the curves.

the source of the radiation. But it is derived from the retinal images the laser source

produces. The image analysis is defined with

{f}/ max Tretina (7) }

K (7)
in case of radially symmetric retinal images where 7, equals 7, and is illustrated in

(29)

=

Fig. 22. The calculation for the angular subtense can differ depending on the evaluation
time according to equation (27). Fig. 23 illustrates the behavior for a Gaussian retinal
image with varying widths.

The kinks of all curves arise from the limitation of the angular subtense to 100 mrad.
While both angular subtenses stay approximately constant for the short-time method
an increasing curve can be seen for the long-time method. For the symmetric Gaussian
intensity distribution, the choice of a rectangular field stop leads to a smaller angular
subtense than for an elliptical field stop.

As the TEMgy mode of the Gaussian beam is investigated, see equation (19), the ret-
inal images are radially symmetric. Thus, the retinal intensity distributions expressed

in polar coordinates is Igi(r). The extraocular factor nyupn is given with

3 d3 !
wil = 1 — —2=14+—= . 30
Tlpupil exXp wg < + Z%L) ( )

The intraocular factor 7.eina depends on the shape and size of the field stops. Due to
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radial symmetry, the center of the field stops coincide with the center of the intensity

pattern and the shape is circular or square. Therefore, the factor is given by

] z 4/ 1+tan? o d tan §
B (0) = 5 / / T () dr dyp (31)
0 0

in case of a square field stop and

G o do tan%
s (@) = 5 [ Iy (32)
RI JO

in case of a circular field stop. The radiation power Pg; describes the total power
within the retinal image and is equal to Py times the extraocular factor. The upper
limit of the surface integral in equation (31) and equation (32) depends on the angular
subtense or in case of the image analysis on the angle of acceptance. This shows that
each retinal image leads to a different behavior of AE.

All results are expressed by the maximum allowed power F,. This power is calcu-
lated by equating AE and AEL. For emission durations greater than T, the emission
limit from TEC 60825-1:2014 [IEC, 2014] is used to calculate a wavelength-independent

power with

ST

ja 7 x 1074 (—TQ(Q))_

Qtmin 1s

_ W. 33
0407 Tlpupil Mretina (a) ( )

The wavelength of the radiation does not appear on the right side of equation (33) and
determines both correction factors Cy and C;. For wavelengths smaller than 700 nm,
both factors are not defined according to the laser safety standard and they are set to

one.

A1.5.2 Proposed extended simplified method for Gaussian beams

For Gaussian beams, there is a procedure described in the laser safety standards [IEC,
2014; ANSI, 2014] to determine the angular subtense. The dg3 diameter can be used
to calculate the angular subtense with the requirement that the total radiation power
entering the eye is assumed to be contained in a. With this requirement, the described
method is more restrictive than the image analysis. However, as this method is only
applicable to Gaussian intensity distribution on the retina, it is not suitable in case of

a beam truncation. We propose a piecewise defined function to extend this method

given by
2
2 arctan —=r Ml,/l—l—d—z}<m
2ds’ 2 z
o = ;{; 2 g d? (34)
Qarctanz, 75,/1—1—%2“
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Figure 24: Region plot using the conditions from equation (34) to illustrate which case
of the piecewise function applies for a specific distance d; and beam radius wg. The
plot is for a wavelength of 400 nm. Other wavelengths up to 1400 nm show a similar
upper horizontal boundary line of w,. The lower diagonally rising boundary line of w,
shifts up to a factor of three for the wy values.

where both conditions on the right side ensure a continuous transition of the functions.
The regions showing which function from equation (34) has to be used are illustrated in
Fig. 24 for different distances d; and input beam radii wy. Analogous to equation (33),

the wavelength-independent maximum allowed power is determined with

1
-4 o To(a)\ 4
g Tx107e (B
= W. 35
C’46’7 Tlpupil ( )

The intraocular factor 7etina is set to one. This proposed extended method will be

compared with the results from the image analysis to verify its applicability.

A1.6 Results

In this section collimated and divergent Gaussian beams with the wavelengths 400 nm
and 1400 nm are investigated with regard to eye safety. Here, the beam parameters as
well as the parameters of the eye model are varied to simulate retinal images which are

analysed with the image analysis and compared to the proposed analytical formula.

A1.6.1 Collimated Gaussian beams

In the following, collimated Gaussian beam showing divergences smaller than 0.5 mrad
are investigated. As the distance d; is a negligible factor for the simulated retinal

images it is set to zero. Therefore, the minimum beam waist wy, the wavelength A and
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Figure 25: The figure shows the free parameters to create all possible retinal images in
case of collimated beams. The left image a) shows a configuration where the Gaussian
beam is smaller than the eye pupil and in the right image b) the beam size exceeds the
pupil which leads to non-negligible diffraction effects.
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Figure 26: The plot shows the retinal image size expressed as the dg3 diameter for
different input beam waists. The solid lines show the wave optical simulation. The
dashed lines correspond to equation (23) and the dotted lines to the estimation of the
diffraction limit using equation (25).

the focal length f of the eye model are the essential parameters to define all possible
configurations. The free parameters and the eye model are shown in Fig. 25.

As it was previously shown in Fig. 21, there are two major diffraction effects. The
diffraction limit occurs when focusing the radiation on the focal plane (f=dy=17 mm).
The size of the simulated retinal image in dependence of the input beam waist as well
as the theoretical expectations as defined in equation (23) and (25) are shown for the
two essential wavelengths in Fig. 26.

For a sufficiently small beam radius wq, estimated to be smaller than 1.9 mm, the
Gaussian beam propagation from equation (23) where the circular aperture is excluded
can be used for a correct calculation. However, for an increasing beam waist the
diffraction at the aperture influences the image and the deviation increases. For larger
input beam waists, the calculation for the diameter dgsz is primarily based on the main
lobe maximum and can be approximated by the diffraction limit from equation (25).
These retinal images show spots smaller than the minimum spot size and are classified

as point sources according to the laser safety standards.
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Figure 27: Retinal images for a Gaussian beam with an input beam waist of 7mm and
for 400 nm and 1400 nm where the normalized intensity distribution along a symmetry
is plotted. The focal length of the eye model is set to 16.7 mm in plot a) and 14.5 mm
in plot b). The simulation was performed with VirtualLab Fusion [LightTrans Inter-
national UG, D-07745 Jena).

For focal lengths smaller than 17 mm the beam truncation occurs. This can be seen
in Fig. 27 where the retinal images show oscillations. The frequency and amplitudes
of the oscillations differ significantly for both wavelengths. A wavelength of 1400 nm
generally leads to lower frequencies and higher amplitudes compared to the wavelength
of 400nm. The angular subtense « is calculated with equation (29) using a circular
and square field stop. All results obtained by varying the focal length of the eye are
shown in Fig. 28 together with the analytical calculation from equation (34).

The calculation using w, in equation (23) yields much larger o values leading to
an underestimation of the eye hazard. Here, the w! calculation from equation (24)
shows more accurate results. Furthermore, depending on the shape of the field stop,
the image analysis gives slightly different angular subtenses. The circular field stop
according to equation (32) leads to larger o values than the square field stop from
equation (31). The figure depicts only the results for 400 nm as both wavelengths were
found to be identical in case of the theoretical calculation which can be seen in Table 6.
Regarding the image analysis, the differences are less than 1 %.

The results for a Gaussian beam with a varying beam waist at a fixed focal length of
14.53 mm can be seen in Fig. 29. As a result of the truncation effect there is a maximum
retinal image size. For beam waists above approximately 5mm the angular subtense
show a saturation value. For the circular field stop, a kink occurs and the saturation
value is at about 72mrad. The image analysis using the square field stop has a lower
maximum value which is at 66 mrad. The analytical calculation for the truncated radius
wt from equation (24) fits the image analysis results. The maximum « value describes
a retinal image with a spot size of 1.2mm. For beam waists smaller than 4 mm,
equation (23) which describes the radius w, is more suitable to calculate the angular
subtense. With the angular subtense a and the intraocular factor, the wavelength-

independent maximum allowed power can be calculated according to equation (33)
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Figure 28: The angular subtense « for a Gaussian beam with a beam waist of 7mm
and a wavelength of 400 nm where the focal length of the eye is varied. The angular
subtense is calculated using the analytical approach (w, and w! calculation) and using
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Figure 29: Calculation of the angular subtense for a Gaussian beam with a wavelength
of 400 nm where the beam waist is varied. The eye model is defined for a focal length
of 14.53 mm.

and equation (35). The obtained radiation power is shown in Fig. 30.

For larger beam waists, the w, calculation method gives an allowed power more than
ten times higher than with the image analysis. At about 7 mm, there is a discontinuity
due to the limitation of the angular subtense to 100 mrad. The w! calculation fits
the results of the image analysis for large beam radii where the effect of truncation
appears. Table 6 lists the maximum allowed power for specific beam waists regarding
a wavelength of 400 nm and 1400 nm.

In general, it can be stated that the differences for both wavelengths 400 nm and

1400 nm are negligibly small. This means that the oscillations in the retinal images
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Figure 30: Determination of the maximum allowed power for the beam parameters
from Fig. 29.

shown in Fig. 27 have no decisive influence on the evaluation. Regarding both image
analysis methods, the maximum allowed power is higher for a circular field stop than
for a rectangular field stop. The difference between both methods decreases with
increasing beam radius from 10 % to about 4 %.

In case of small beam waists where no truncation occurs, the w, calculation from
equation (35) is more restrictive than both image analysis methods. In this beam
radius region, the w! calculation method leads to incorrect results. The piecewise
function defined in equation (34) contains both above mentioned calculation methods
with corresponding conditions to define their scope. The conditions are derived from
the intersection between equation (23) and (24). The application of the piecewise
function is more restrictive than the image analysis using circular field stops. For a
collimated Gaussian beam, the piecewise function can be extended. A further condition
checks if a classification according to an extended source has to be performed which is

given by
dy

S 1+\/§2 .Sum'

5
wo

(36)

In a second condition a boundary for the minimum beam radius is set to

22
w(]?:\/TQA+\/T4A—Fd%. (37)

In case the minimum beam waist wy is smaller than w the upper case of equation (34)

applies and in the opposite case truncation occurs and the lower equation is used. The

boundary wg is equal to the upper boundary line from Fig. 24.
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Table 6: Calculation of the maximum allowed power for different approaches to perform
eye safety evaluations.

maximum allowed power Fy/(C4C7) for

400 nm (mW)
beam radius 1400 nm (mW)
Wo theoretical image analysis
calculation
w, wt square circular
1 mm 3.71 18.36 0.23 2.79
3.71 18.67 0.28 2.76
9 mm 7.58 18.40 10.65 11.83
7.59 18.42 10.67 11.80
3 mm 12.31 19.83 16.24 18.05
12.31 19.84 16.26 18.03
5 29.31 29.18 27.89 30.09
29.30 29.18 27.90 29.95
7 66.97 47.09 46.29 48.89
66.96 47.09 46.32 48.93
10 mm 304.90 84.15 83.58 87.61
304.84 84.15 83.55 88.82
95 mm 8875 477.50 477.60 498.20
8875 477.50 476.60 500.50

A1.6.2 Divergent Gaussian beams

In comparison to collimated Gaussian beams, investigating divergent beams is more
extensive as an additional degree of freedom, the distance d;, has to be taken into
account. Generally, a divergent Gaussian beam is obtained for a beam waist in the
micrometer regime and is expressed by the full divergence angle which is calculated ac-

cording to equation (22). Fig. 31 shows the free parameters varied in this investigation.

At first, the focal length f is varied for a divergent beam illustrated in the right
configuration of Fig. 31. Here, the distance d; is 0.3m and the Gaussian beam has a
divergence angle of 50.9 mrad. This divergence is obtained for a beam waist of wy =
5 pum in case of a wavelength of 400 nm and for wy = 17.5 um in case of 1400 nm. By
accommodating to the beam waist, the minimal spot size is achieved. Accommodation
to other distances result in larger retinal images with truncation. Fig. 32 shows the
truncation for two examples. Both curves show a sudden decrease in the intensity
distribution. Varying the focal length leads to different retinal image sizes. By applying
all calculation methods, the corresponding angular subtenses are shown in Fig. 33.
It was found that the curves for both wavelengths slightly differ from each other in

case of the image analysis. In case of the theoretical calculations the results for both
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Figure 31: The figure shows the free parameters to produce all possible retinal images.
In the left image a) the beam has a low divergence leading to a small beam size at
the pupil. In the right image b) the high divergence leads to diffraction effects at the

pupil.
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Figure 32: Retinal images for accommodating to 10cm a) and to infinity b). The
intensity distributions for a wavelength of 400 nm and 1400 nm are shown. The results
were obtained with VirtualLab Fusion [LightTrans International UG, D-07745 Jenal.

wavelengths were identical. For this reason, only the curve for the wavelength 400 nm
is plotted.

The angular subtense minimizes for a focal length of about 16.1 mm which corres-
ponds to an accommodation to the beam waist. Using the w, diameter from equa-
tion (23) incorrectly results in a too large angular subtense. The w! calculation from
equation (24) fits the image analysis results. With equation (33) and (35) the maximum
allowed power is calculated which is shown in Fig. 34. For focal lengths around 16 mm,
the maximum power is at 1.15mW. This value is reached for all calculation methods
due to the minimum spot size limitation from the laser safety standard. Table 7 lists
the maximum allowed power for specific focal lengths and for both wavelengths of
400 nm and 1400 nm.

Though the differences for both wavelengths are generally larger than compared to
the investigation done for collimated beams, the differences are still negligibly small.
Therefore in case of divergent Gaussian beams, the effect of the oscillations can also be
neglected. Furthermore, the analysis with circular field stops gives about 4-6 % higher
allowed powers than the analysis with square field stops. The w! calculation turns out
to be more restrictive in case of focal lengths from 16 mm to 17 mm than both image
analysis methods. For other focal lengths, the results are slightly higher.

For the proposed extended simplified method from equation (34), further conditions
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Figure 33: Determination of the angular subtense for a divergent Gaussian beam with
a wavelength of 400 nm and a divergence angle of 50.9 mrad. The distance d; is 0.3 m.

60 r
% \.\ —-—-w_calculation
= S0r ‘\.\ —wtr calculation
N~
O, N\, — — circular analysis
) 40 1 \.\ -------- square analysis
\o .
2 30
o
3
Q 20
S
=}
E 10
=
©
S
0

145 15 15.5 16 16.5 17
focal length f (mm)

Figure 34: Determination of the maximum allowed power for the investigation from
Fig. 32.

can be given. The first conditions are the inequalities

-1

d 1 2R (25.5 im)?
S P I A2+ 22) — d2 38
Islerz s G@ra | g GTw ok (38)
and
f> L+i+z—Rx M(d2+z2)—d2 ) (39)
T3+ dy dy (47 + 23) 2w PorRe T

For focal lengths that meet the conditions, the retinal image is larger than the min-
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Table 7: Calculation of the maximum allowed power for specific focal lengths regarding
the investigated beam from Fig. 34 for both wavelengths 400 nm and 1400 nm.

maximum allowed power Fy/(C4C7) for

400 nm (mW)
focal length - — 1400 nm (mW)
f theoretica . .
caleulation image analysis
w, wt square circular

453 55.08 35.70 33.89 35.54
‘ 55.09 35.70 33.76 35.70
15,00 mmm 37.13 24.06 92.49 923.55
‘ 37.13 24.06 92.34 93.73
15,50 19.40 12.57 11.19 11.75
Y Tm 19.40 12.57 11.15 11.93
115 1.15 1.15 115
16.08 mm 1.15 1.15 1.15 1.15
12.85 8.33 9.19 9.82
16.50 mm 12.85 8.33 9.07 9.81
17 00 mm 27.56 17.86 18.54 19.69
: 97.56 17.86 18.42 19.79

imum spot size and a classification according to an extended source can be performed.

Furthermore, a boundary beam waist can be defined with

22
w(]]3 = \/Ti —\/Th — =& (40)

For beams waists smaller than w$ the lower case of equation (34) applies and for beam
waists larger than wg the upper case is used. The boundary wg is equal to the lower
boundary line from Fig. 24.

The validity of these conditions is demonstrated in Fig. 35 where the beam waist is
varied in its size as well as in its position. Due to the variation of the distance d;, the
boundary condition from equation (40) for the correct calculation of the beam radius
changes. For smaller distances the effect of the truncation occurs for a smaller beam
radius. In addition, for 400 nm the truncation appears for smaller beam waists than for
1400 nm as the divergence angle appears to be generally higher for larger wavelengths.
The theoretical calculation gives generally smaller angular subtenses than the image
analysis. As the factor 7eina is set to one in the theoretical calculation, the results for

the maximum allowed power are more restrictive than using the image analysis.
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Figure 35: The angular subtense « is shown for the theoretical calculation based on
equation (34) and for the image analysis where the circular field stop was used. The
parameters d; and wy of the divergent Gaussian beam are varied and the focal length
is 17mm. The left plot a) shows the result for a wavelength of 400 nm and the right
plot b) for a wavelength of 1400 nm.

A1.7 Summary and Conclusion

A simulative approach to perform laser safety evaluations for radiation in the visible
and near-infrared region is used to determine the angular subtense of the apparent
source. The diffraction equations for radiation entering an air-equivalent eye model
are solved to calculate the retinal image. An image analysis according to the laser
safety standards is used to the retinal images to obtain the angular subtense.

This procedure is applied to the Gaussian beam and compared with analytical
equations from the laser safety standard where the dg3 diameter is used to determine
the angular subtense. For a coherent beam, it was found that the analytical calculation
according to the standards can lead to significantly larger angular subtenses when
truncation occurs due to the diffraction at the pupil. This results in an underestimation
of the hazard as larger retinal spot sizes would be assumed.

We propose a new analytical formula to correctly calculate the angular subtense
for possible configurations of collimated and divergent Gaussian beams. This proposed
extended method was compared to the correct results from the simulative approach.
It was found that our proposed analytical approach is sufficiently precise and can be
applied to Gaussian beams in the visible and near-infrared wavelength region. The ma-
jor advantage of this method is that the angular subtense a can be directly calculated
where there is no need to extensively simulate and analyse the retinal image.

In conclusion, it can be stated that the wave optical propagation is essential for a
simulation-based classification of a laser system. The use of common Gaussian beam
propagation equations can lead to wrong results and an underestimation of the hazard.
For the fundamental mode of the Gaussian beam, an alternative calculation method

was proposed and validated.
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A1.8 Outlook

In a future study, the investigation can be expanded to elliptical or simple astigmatic
coherent Gaussian beams where there are more free parameters. According to the laser
safety standards, the angular subtense is calculated by averaging the size along both
orthogonal directions. Here, the proposed formula can be applied to each direction to
obtain the angular subtense. A comparison with the results of an image analysis could
verify the applicability for these beams.

An important aspect of this study is that the investigated Gaussian beams are
coherent. In reality, laser radiation deviates from ideal Gaussian beams which is de-
scribed by the M? factor [ISO, 2005]. Partial coherent beams can be described with
the Gaussian Schell-modell beams [Sudol and Friberg, 1984]. Here, the diffraction be-
haves different and the truncation effect is reduced [Schulmeister, 2019]. In a further
investigation, this model can be used to derive a more general formula to perform eye

safety evaluations for Gaussian beams with an M? factor larger than one.
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A2 Simulation of laser-induced retinal thermal in-
juries for non-uniform irradiance profiles and

the applicability of the laser safety standard.

Kotzur, S., Wahl, S., & Frederiksen, A. (2021). Simulation of laser-induced retinal
thermal injuries for non-uniform irradiance profiles and the applicability of the laser
safety standard. Opt. Eng., 60(6), 0066115. doi:10.1117/1.0E.60.6.066115

A2.1 Abstract

Significance: A validated biophysical computer model simulating retinal thermal
damage thresholds is used to investigate elongated retinal images. The ICNIRP guide-
line [ICNIRP, 2013b] and the laser safety standard IEC 60825-1:2014 [IEC, 2014] in-
clude a method for averaging non-uniform extended sources, however, there are no
studies that have examined the applicability in detail. This study represents a method
that can also support future research in the field of eye safety.

Aim: As there is currently no experimental data available for non-uniform irradiance
profiles, the calculation procedure given in the laser safety standard is derived from
symmetric retinal images. In our study, we aim to verify this calculation procedure for
such profiles on the retina in the thermal hazard regime.

Approach: A three dimensional computer model which solves the heat transfer equa-
tion and the Arrhenius equation describing the denaturation of the proteins in the
retina, is used to simulate the threshold values for the retinal thermal injury. In this
study, three different non-uniform irradiance profiles, elliptical Gaussian, elliptical top-
hat and rectangular top-hat distributions, are investigated for a wavelength of 530 nm.
The profiles are varied in their sizes and simulated for different single pulse durations.
By applying the laser safety standard, the maximum allowed energies are calculated
and divided by the corresponding threshold values to obtain the reduction factor (RF)
which is a crucial parameter in our study.

Results: Due to the thermal behavior in the retinal tissues, the Gaussian irradiance
profiles yield larger threshold values than both top-hat profiles. Furthermore, the ratio
between the threshold values and the maximum allowed energies are found to be the
lowest for the Gaussian profiles.

Conclusion: The simulated retinal thermal injury thresholds for the three investig-
ated non-uniform irradiance profiles show larger reduction factors than the minimum
reduction factor found for symmetric profiles. This supports the applicability of the

evaluation scheme of the laser safety standard for non-uniform retinal images.
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A2.2 Introduction

Lasers with wavelengths in the visible and near-infrared region represent a potential
hazard for the retina. Unlike other eye injuries, e.g. photokeratitis, retinal injuries
are irreversible and impair the vision or lead to a permanent vision loss. Due to
the focusing ability of the eye the radiation can be imaged on a small spot on the
retina which increases the irradiance by a factor up to 10°. The retinal injuries can
be caused by photomechanical, thermomechanical, thermal or photochemical damage
mechanisms. It depends on the wavelength, the emission duration and the peak power
which of the listed mechanism dominates.

The definition of emission limits is needed for the development of safe laser products.
These emission limits are derived predominately from experimental threshold values
measured in the non-human primate (NHP) [Sliney et al., 2002; Marshall et al., 1975;
Stuck, 1984; Schulmeister and Jean, 2017]. The International Commission on Non-
Ionizing Radiation Protection (ICNIRP) reviews the experimental data and publishes
guidelines with exposure limits. Based on the ICNIRP Guidelines [[CNIRP, 2013b],
the International Electrotechnical Commission (IEC) develops a laser safety standard
(current edition IEC 60825-1:2014 [IEC, 2014]) providing emission limits and calcu-
lation instruction for the evaluation and classification of laser systems. The emission
limits depend on the wavelength, the emission duration and, regarding retinal limits,
on the imaged spot size expressed by the angular subtense of the apparent source [Lund
et al., 2007; Zuclich et al., 2008; Schulmeister et al., 2008].

All threshold experiments with NHPs are done with circular laser profiles with a
Gaussian or a top-hat shape. For the eye safety analysis of arbitrary non-uniform retinal
irradiance distributions, the laser safety standard and the ICNIRP guidelines instruct
to measure the amount of the retinal radiant energy which is contained in a field stop
and to compare it to the limit. This field stop has to be varied in its size, position and
orientation to obtain the most restrictive result [Kotzur et al., 2020b]. It is stated that
the averaged field stop size and therefore the averaged retinal image size is used for the
calculation of the emission limit without giving a rationale. There are few studies that
have specifically addressed this issue. The applicability of this calculation method is
mainly supported by studies done by Freund et al. [Freund et al., 1996; Freund and
Sliney, 1999]. Here, however, only the temperature course in the retina was simulated
and no damage simulation was performed. An example of a laser product leading
to a non-uniform retinal image is a line laser with a collimated and a divergent axis.
A classification according to the laser safety standard IEC 60825-1 is based on the
averaged size. Fig. 36 illustrates non-uniform rectangular and elliptical retinal images

and their corresponding averaged size. Since there is no explicit definition of the shape
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Figure 36: Illustration of non-uniform retinal images with the extents o, and o, and
their average spot size according to the laser safety standard. In laser classifications,
the averaged spots are assumed to contain the same radiant power as the non-uniform
spot. In this example, both the extents o, and o, are each smaller than the maximum
limitation oy, defined in the laser safety standard.

of the field stop [IEC, 2011], a rectangular and an elliptical field stop are depicted. As
both the non-uniform retinal image and the averaged spot are assumed to contain the
same radiant power, the irradiance of the averaged spot is generally lower.

In this publication, the question if the procedure of the averaged spot size for
non-uniform retinal profiles is suitable will be answered. The damage thresholds for
such retinal images for which there are currently no experimental data available are
simulated by means of a computer model and compared with the evaluation schemes
and emission limits of the laser safety standard IEC 60825-1:2014. For the simulation
of the threshold limits, we focus on the retinal thermal damage regime and use a
computer model based on the work of Jean and Schulmeister [Jean and Schulmeister,
2017, 2014b].

A2.3 Theory of the Retinal Thermal Damage Mechanism

The retinal thermal injury mechanism is dominant for emission durations in the micro-
second and second regime. It is a denaturation of the proteins within the retina and can
be described as a thermal burn. As a consequence, necrosis of the cells occurs leading
to vision loss in the concerned regions. If the retina is exposed to laser radiation, the
radiant energy will be absorbed by the retinal pigment epithelium (RPE) [Ham et al.,
1970; Beatrice and Steinke, 1972] leading to an increased temperature in the RPE.
The damage mechanism can be described analytically. As the reaction speed is
independent of the temperature [Birngruber, 1980] the process can be given by a rate

equation [Birngruber et al., 1985]

de(t)
dt

= k(T () c(t). (41)

The value ¢ (t) is the concentration of not denatured molecules. The function k is the
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temperature-dependent reaction rate

E

k(T (t)) = Aexp <_RT—(15)) : (42)

Here, R is the ideal gas constant. A is a rate factor and FE is the inactivation energy.
Both values can be measured experimentally [Jacques, 2006]. With the rate equa-

tion (41) the Arrhenius equation can be derived to represent the denaturation [Jacques,

2006; Pfefer et al., 1999
(0) / B\,
=A — dt’. 4
0 o TP\ RT@) 43

The temperature dependence of A is negligibly small compared to the exponential

o

Q(t)=1In

function in the integrand and is assumed to be constant [Birngruber et al., 1985]. The

value {2 represents the percentage of denatured molecules with the relation
Cdenatured (t> =1- exp (_Q (t)) . (44)

In general, a thermal injury occurs for {2 > 1. The computer model used in this
investigation is based on the definition of a damage threshold where 2 equals one. This
corresponds to a degree of denaturation of 63%. In another study it was suggested that
5% is sufficient to induce cell death [Lepock, 2003]. However, the frequency factor A
was different which changes the meaning of the value €.

Equation (43) shows that the criterion for the denaturation process is not based on
a temperature limit but rather on the temporal temperature profile. For this reason,
the thermal damage is strongly coupled to the shape of the retinal image and the

emission duration.

A2.4 Description of the Computer Model to Simulate Retinal
Thermal Thresholds

In this section, the computer model used to predict the threshold values for non-
uniform irradiance profiles is presented. These thresholds are defined as the EDj5, values
representing the 50 % probability of inducing retinal injuries. The principal procedure
to build a retinal thermal injury model is to determine the retinal image with an eye
model and derive a heat source within the retinal layers. Then, the heat transfer
equation is numerically solved and the temporal temperature behavior is inserted into
the Arrhenius equation (43) [Takata et al., 1974; Takata, 1977; Welch and Polhamus,
1984]. The procedure is illustrated in Fig. 37.

The used computer model is a further development of the Seibersdorf Laboratories
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Figure 37: Procedure to simulate a retinal thermal injury threshold value. In the first
step the retinal image is determined with an eye model. In the second step, the heat
source within the tissue is defined and the heat transfer equation is numerically solved.
In the last step, the threshold value is calculated with the Arrhenius equation €2, for
which the temperature increase AT is used.

Model (SLM). The SLM was build by Jean and Schulmeister who validated the model
against 31 studies with 253 experimental ED5o values of NHPs [Jean and Schulmeister,
2017, 2014b]. As the retina of NHPs is more sensitive than the retina of humans, the
thresholds for humans are higher [Marshall et al., 1975; Stuck, 1984; Schulmeister and
Jean, 2017]. Based on the SLM, we developed a three dimensional model to investigate
non-uniform retinal images. The model predicts the EDj5q threshold value in terms
of the total intraocular energy of the retinal irradiance profile. This refers to the
amount of radiant energy to induce a minimal visible lesion (MVL) with a probability
of 50% [Sliney et al., 2002]. The computer model is valid for pulse durations longer
than 100 us and is therefore only applicable to retinal thermal injuries. In case of
shorter pulse duration there is an increasing probability of inducing a retinal injury in
the thermomechanical damage mechanism regime where microbubbles and shockwaves
can be formed [Brinkmann et al., 2000; Gerstman et al., 1996; Kelly, 1997].

A2.4.1 Optical Properties of the Eye

The retinal image size is calculated with the LeGrand model for the relaxed human
eye [LeGrand and ElHage, 1980]. The eye model consists of four layers, namely the
cornea, the aqueous, the lens and the vitreous body, see Fig. 37. The sizes of these layers
are scaled with a factor of 0.8 to approximate the eye properties of the NHP [Ham et al.,
1970; Medeiros et al., 1979]. In the following, the laser beam is treated as a Gaussian
beam and the size given by the divergence. The retinal image size is calculated using
the elements of the ray transfer matrix representing the optical system [Zinth and

Zinth, 2013]. As laser radiation cannot be focussed on an infinitely small spot, there
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is a minimum spot size for the retinal image. The measurements with non-human
primates show that the threshold values converge to a constant energy for laser sources
smaller than 5mrad [Zuclich et al., 1999, 2000; Lund et al., 2007; Zuclich et al., 2008].
This is set as the minimum spot size for NHPs in the computer model. The propagation
of the laser radiation through the eye is accompanied by absorption at the layers of the
eye model and by intraocular scattering [Birngruber et al., 1979; Pinero et al., 2010).
The amount of radiant energy that is not scattered out of the defined retinal image
depends on the wavelength and on the beam size. It is distinguished between the total
transmittance 7o, and the direct transmittance Tpieer [Boettner and Wolter, 1962].
The total transmittance refers to the whole radiant energy that is transmitted through
the medium where the direct transmittance is measured within a narrow angle along the
direction of propagation. Therefore, for small retinal images the direct transmittance
and for relatively large retinal images the total transmittance is used.

It is suggested by Jean and Schulmeister [Jean and Schulmeister, 2017] to use an
equation that ensures a continuous transition from small to large retinal spot sizes.

The effective transmittance is given by

Teff (/\7 TSpot) = TTotal (1 —9g (/\) h (rSpot)) (45)
with | )
90 = 50 (~ g (46)
and 5
h(r) = exp (_60();1&1) . (47)

These functions were obtained by validating against EDsy data. Furthermore, the
function h (r) represents the suggestion by Boettner [Boettner and Wolter, 1962] where
most of the radiant energy is within a cone of 3deg and where about 35% is scattered
out of an 1-deg cone. The effective transmittance from equation (45) describes the
case of a circular spot on the retina. In the case of non-uniform retinal profiles, this
equation cannot directly be applied, but is used as a basis to derive another function.
This topic will be discussed in more detail later.

The radiation that propagates to the retina is absorbed by macular pigments,
melanin and hemoglobin. The macular pigments are located in the neural retina of
Henle’s fiber layer [Subczynski et al., 2010] which is a part of the retina and the melanin
is mostly concentrated in the RPE cells [Delori et al., 2001] but can also be found in
the choroid (CHO) [Beatrice and Steinke, 1972]. The absorption is assumed to be
homogeneous within the tissue layers which means that the pigments are assumed to

be equally distributed. Most of the radiation energy that propagates to the retina is
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Table 8: Thermal properties of the retina to simulate the heat transfer by a laser
source [Jean and Schulmeister, 2017].

thermal property ‘ value
conductivity k 0.6305 -
specific heat C 4178 ﬁ
density p 992 &

initial temperature 7Ty 310.56 K

absorbed by the RPE and the choroid which supplies the retina with blood. [Geeraets
and Berry, 1968; Vassiliadis, 1971]. The absorption within the sclera is neglected since
it is lower than in the RPE or the CHO [Vogel et al., 1991]. In addition, the front
side of the RPE and the back side of the CHO show a reflection behavior [Delori and
Pflibsen, 1989]. In this model multiple reflections are neglected and only one reflection
at the tissue boundary is considered. The detailed optical properties of the tissue can

be seen in the work of Jean [Jean and Schulmeister, 2017].

A2.4.2 Thermal Interaction at the Retina

The amount of radiant energy that is absorbed by the retinal layers will be directly con-
verted into thermal energy and therefore the absorption behavior of the tissue defines
a heat source ¢ (¢,7). The heat transfer equation in biological tissues is given by

aor

PCE = kAT +q(t,7) + ¢ (T). (48)

The thermal properties of the tissue are listed in Table 8. They are assumed to be
homogenous and similar to water since more than 80% of the retina consists of wa-
ter [Berman et al., 1974]. However, the melanosomes show a higher mass density p with
about 1400kgm 2 and a lower specific heat capacity C' with about 2700 Jkg ' K™*
than water [Neumann and Brinkmann, 2005]. As both of these values appear in equa-
tion (48) as a product the calculation results in a similar value as for water. The term
¢ (T) on the right-hand side of the heat equation describes the heat convection in the
vascular layers and depends on the specific heat C, the density p, the perfusion rate
and the arterial blood temperature [Ooi and Ng, 2008]. In the computer model, the
heat convection term ¢, (T') is implicitly considered in the boundary conditions of the
system. Furthermore, the thermal properties are assumed to be independent of the
temperature which results in a linear behavior with regard to the heat source or in
case of a laser irradiated retina, to the laser power.

The heat transfer equation is numerically solved with a finite element method. As

only a finite volume representing a part of the retina can be modelled, the Neumann
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boundary condition is used.

A2.4.3 Evaluation of Thermal Injury Thresholds

To determine the thermal injury threshold value, the Arrhenius equation (43) has to be
solved. Here, the temporal temperature behavior of the RPE layer is needed since the
lesion forms within this layer [Ham et al., 1970; Beatrice and Steinke, 1972; Lund et al.,
2000]. In addition, the model was validated with the definition that there is a MVL
which has a diameter of 50 ym for the non-human primate. Therefore, to determine
the threshold value the temperature in the RPE layer at the edge of the MVL circle
has to be considered. This will result in a value of €} > 1 within the MVL area where
all enclosed cells are damaged [Schulmeister et al., 2011]. Smaller damaged areas are
not considered to be a lesion. In the computer model the factors of the Arrhenius

equation (43) have to be correctly chosen. Here, the frequency factor is set to

1
A =1.05x 10 = (49)
s
and the inactivation energy to
Joul
E =599 x 10> 22€, (50)
mol

The above mentioned values are adopted from the study of Jean [Jean and Schulmeister,
2017]. With these factors the Arrhenius equation can predict the energy that is needed
for a specific heat source to induce an injury.

We would like to emphasize that we have built our model based on the SLM and
up to this point the only difference is that we have added a spatial dimension to be
able to evaluate non-uniform retinal images. In section A2.5.1, we will discuss another
difference, where we introduce an adjusted transmittance function, which is necessary
for the investigated beam profiles. We validated our model by comparing the simulation
results for circular beam profiles with results of the two dimensional SLM which is
described in the work of Jean and Schulmeister [Jean and Schulmeister, 2017]. Here,
we have investigated a circular top-hat as well as a circular Gaussian beam profile with
different wavelengths between 400nm and 1000nm. We performed the simulations
for a selected data set where emission durations ranged from 100 us to 10s and spot
sizes ranged from 1.5mrad to 100 mrad. The compared parameters are the simulated
threshold values and the maximum temperature reached at the RPE. Regarding the
injury thresholds, the mean deviation is 0.47 % with a standard deviation of 0.29 %.
The results for the maximum temperature have a mean deviation of 0.86 % with a

standard deviation of 1%. These deviations are negligible small and can be explained
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Figure 38:  Depiction of an elliptical Gaussian (left) an elliptical top-hat (middle)
and rectangular top-hat (right) retinal irradiance profile used to simulate the thermal
injury threshold values.

by uncertainties arising from the discretization in the used finite element method. This

analysis shows that our model is validated and yields the same results as the SLM.

A2.4.4 Threshold Values for the Human Eye

The SLM is validated against NHP threshold data [Jean and Schulmeister, 2017]. How-
ever, the main issue of this investigation is to predict the laser-induced threshold values
for non-uniform retinal images regarding human eyes. Therefore, the minimum visible
lesion is set to 20 um even though such small lesions are not detected by ophthal-
moscopes. Usually, a minimum lesion diameter of 25 um or larger can be detected in
threshold experiments. [Lund et al., 2001]. Furthermore, the minimum spot size for ret-
inal images is set to 25 um [Schulmeister et al., 2011; IEC, 2014; ICNIRP, 2013b; Sliney,
2005]. At last, the focal length of the relaxed human eye is set to 16.68 mm [Atchison
and Smith, 2000; LeGrand and ElHage, 1980].

The changes made here allow small spot sizes to be considered restrictively. The
laser safety standard also assumes smaller spot sizes than those resulting from experi-
mental measurements with NHPs [Kotzur et al., 2021b].

A2.5 Methods and Materials

A2.5.1 Irradiance Profiles on the Retina

In this investigation three different irradiance profiles are considered, the elliptical
Gaussian, the elliptical top-hat and the rectangular top-hat. The irradiance profiles are
illustrated in Fig. 38. In the following, the irradiance profiles are given in a coordinate
system with an z- and y-axis. All profiles are characterized by the two widths d, and
d, representing the extent of the image in the corresponding orthogonal axis. The

Gaussian distribution as well as the elliptical top-hat can be described by an elliptical
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shape. With the use of polar coordinates this shape is defined by
Sl r =rll(p),0<p<2on (51)

with
d.d,

4\/(% sin (gp))z + (dgy coS (@))2‘

The rectangular top-hat is given by a rectangular shape which can be expressed in

Cartesian coordinates with

d d — 44
gre, {TEETST Jor Y= EY (53)
—2<y<, for x==4%

The top-hat profiles show a constant irradiance value within the area defined by the

shapes S and S™*. The elliptical Gaussian irradiance distribution is defined by

cos? sin®
IGaussian (Ta 90) = €Xp (-47“2 ( 2 4 + 2 90)) (54)

Y

where d, and d, refer to the 1/e-diameter definition. As both profiles are axisymmetric
the heat transfer equation (48) can be simplified by defining two symmetry planes where
only two octants of the three dimensional model have to be solved.

For the application of the computer model, which is validated using circular retinal
images, two issues have to be discussed. The first issue is the determination of the
transmittance which gives the amount of radiant energy that propagates to the retina.
In case of circular spots, this is given by equation (45) where the effect of intraocular
scattering is taken into account. Regarding non-uniform retinal profiles, it was found
in our previous investigation [Kotzur et al., 2020c| that a new transmittance equation
which is based on equation (45) can be used. Here, equation (45) is integrated along
the retinal image shape and divided by the limits of the integration.

For an elliptical top-hat irradiance profile with the widths d, and d, the averaged
effective transmittance is calculated by

ell 2 (% ell
O dedy) = 2 [T (0 r0) i (55)
Here /() is described in equation (52).

For a rectangular top-hat irradiance profile the averaged transmittance is calculated
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Figure 39: Illustration of intraocular scattering in case of a circular (left) and elliptical
(right) irradiance profile. The amount of radiant energy that is scattered out of the
defined retinal image is represented by the blue arrows.

by

T (A, dy dy) = = /WCT . d+/gT A2 ) dp| (50
oft VR0 T 2\ T\ 2c0s () 7 oo T\ 25sin (p) v

with

d
¢ = arctan (d_y> : (57)

The question of how to physically determine the transmittance of non-uniform ret-
inal images is complex and approximations are needed. In the case of circular spots,
a function is proposed in the study by Jean and Schulmeister [Jean and Schulmeister,
2017] that depends on the spot size, see equation (45). For smaller spot sizes on the
retina, the amount of radiant energy scattered out of the spot increases. In these cases
there is mostly forward scattering and the studies of Birngruber et al. [Birngruber
et al., 1979] show that for spot sizes near the diffraction limit about 50 % of the en-
ergy is scattered out. According to equation (45), a circular spot with a diameter of
83.4 pm results in a transmittance of about 77 % of 7. Fig. 39 shows schematic-
ally in the left figure that for such a circular spot the out scattered radiant energy is
isotropic according to equation (45). The right illustration shows an elliptical profile
composed of a juxtaposition of circular spots qualitatively explaining the out scattered
radiant energy. It can be seen that the radiation scattered out to the left and right
of the symmetrical spots compensate each other in the elliptical profile. Above and
below the elliptical profile, the radiant energy is still scattered out. Our proposed
equation describes this behavior, averaging along the image shape. In the exemplary
case of an elliptical profile with widths of 83.4 yum and 1668 pum, the transmittance is
approximately 81 % of T,t.. The complex issue of intraocular scattering especially for
non-uniform retinal images is approximated by our approach.

The other issue is the definition of the minimal visible lesion (MVL) from sec-
tion A2.4.4 where the MVL is set as a circle with a diameter of 20 um. In case of a

non-uniform irradiance profile, the temperature curve will show higher values along the
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Figure 40: Temperature profile within the RPE layer for an elliptical Gaussian irra-
diance profile. The MVL is represented by the white circle.

larger image width as there is less cooling. This can be seen in Fig. 40. According to
the MVL definition, the Arrhenius integral has to yield values greater than one within
the circular area. For this reason, the temperature increase along the shorter axis of
the irradiance profile has to be used in equation (43). This issue dominates for retinal
irradiance profiles where one width is in the region of the minimal spot size and the
other width is much larger. However in this investigation, the profiles have a minimum
width of about 85 um which is about four times the size of the MVL. For this reason,

both the temperature increase along the x- and y-direction can be used.

A2.5.2 Maximum Allowed Energy according to the Laser Safety Standard

In this study, the maximum allowed energy (MAE) refers to the total radiant energy
entering the eye for which the accessible emission limit (AEL) for laser Class 1 according
to the laser safety standard [IEC, 2014] is reached. As the computer model also gives the
thresholds in terms of the total intraocular energy, these can be compared directly with
the MAE values. When applying the laser safety standard, the eye pupil is described by
a 7mm circular aperture. To calculate the MAE, the angular subtense of the apparent
source « and the intraocular factor 7 are needed. The angular subtense « is a
term from the laser safety standard [IEC, 2014 and describes the retinal image size.
The AEL increases for larger retinal profiles and is therefore dependent on the angular
subtense. The angular subtense is determined by varying the angle of acceptance with
a field stop in the retinal image [Kotzur et al., 2020b] according to the laser safety
standard [IEC, 2014] and the ICNIRP guidelines [ICNIRP, 2013b]. The shape of the
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field stop can either be an ellipse or a rectangle with the widths 7, and v, which are
referred to as angles of acceptance [IEC, 2011].

The intraocular factor is calculated by dividing the radiant energy contained in the
field stops by the total radiant energy of the whole retinal image, which is equal to
the energy entering the eye. For normalized irradiance profiles Iy, the total radiant

energy is equal to one and the intraocular factor is calculated with

9gx gy

nfg;ma (Yas Vy) / /\/ i sin o) 24 ( % cos o) Igyrdrde (58)

in case of an elliptical field stop and with

Mhetia (Vs Vo) / / Irp dady (59)
97
in case of a rectangular field stop. The lengths ¢, and g, are obtained by
Tk .
gr = 2tan ( 5 ) 17mm, withk =uz,y. (60)

The length 17mm is explained by the air-equivalent eye model used in laser safety
evaluations and correspond to the distance between the eye lens and retina. The
angular subtense is determined by maximizing the relation between the intraocular
factor and the AEL from the laser safety standard

{fyx,fyy ma;

The angular subtense of the apparent source « is then calculated by averaging as follows

. withy, € [min, Omax (1)] - (61)

Yo =0Cz,Yy=0y

< TNretina (71’7 ’Yy)
AEL ()

a = W‘ (62)

This procedure is also illustrated in interpretation sheet 1 of the laser safety stand-
ard [IEC, 2017]. The limitations o, and apma.x (t) are defined in the laser safety
standard. Using the current standard IEC 60825-1:2014, the minimum limitation is
given with

Oin = 1.5 mrad (63)
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and the maximum limitation is given with

5 mrad, for t < 625 pus
Omax (1) = € 200yt mrad, for 625us <t <0.25s. (64)
100 mrad, for t>0.25s

The accessible emission limit depends on the averaged angle of acceptance of the field
stop. Solving equation (61) gives the angular subtense and the intraocular factor 7 etina-
The MAE is calculated with the relation

AEL («)

MAE = )
Thretina (Oé)

(65)
The determination of the angular subtense according to the procedure given in equa-
tion (61) strongly depends on the emission duration. There are two time-dependent
functions that have an influence on the resulting angular subtense. The first is the
maximum limitation in equation (64) which is a decisive factor for retinal image sizes
larger than 5 mrad. The second function concerns the behavior of the AEL depending
on the angular subtense. For emission durations longer than 10s, the AEL can show
two different behaviors which can be described with the piecewise function [Kotzur
et al., 2020b]
a, for t < T, ()
k(o) = . : (66)
a 107 39tmmaa,  for ¢ > Th (o)
The time T is a factor from the laser safety standard which depends on the angular

subtense according to

10s, for o < ami
T, (a) = 10 x 105;?7&?211, for apin < o < 100mrad - (67)
100s, for « > 100 mrad

To avoid possible discontinuities in the behavior of AEL, both function behaviors have
to be considered, resulting in two « values. Both solutions must be used in equation (65)
to find the most restrictive result [Kotzur et al., 2020a).

A2.5.3 Reduction Factor

The reduction factor (RF) is an essential parameter in laser safety [Sliney et al., 2002].
All available emission limits [IEC, 2014; ICNIRP, 2013b] are derived from EDsq values

which represent the 50 % probability of injury and are understood as threshold values
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(THR). In this study, the threshold value is given in terms of the total intraocular
energy. By applying the laser safety standard [IEC, 2014] to the investigated ret-
inal images the corresponding maximum allowed energies (MAE) are calculated. The
reduction factor is defined as THR

RF = MAE’ (68)
where both the THR and MAE represent the total intraocular energy which is the
radiant energy passing through the 7 mm circular aperture.

The definition of a suitable RF depends on several factors, e.g. the general uncer-
tainty of the measured threshold data, the knowledge about the damage mechanism or
the differences between the NHP and the human. For this reason, the reduction factor
does not always exactly reflect a safety margin between the threshold values and emis-
sion limit as there may be different uncertainties in the measured data. The greater the
uncertainty is the greater the safety margin is set to derive the emission limit. Differ-
ent damage mechanisms can lead to different RFs. As for example the photochemical
damage mechanism show several uncertainties the reduction factor are relatively high
compared to the retinal thermal damage mechanism. In a study by Lund et al. where
the retina is irradiated for 100s with a laser of the wavelength 441 nm the reduction
factor was determined to be 23 [Lund et al., 2006].

The measured threshold data are investigated with the probit curve introduced
by Finney [Finney, 1971]. From the slope of the probit curve the uncertainty can
be derived. The probit curve reflects the biological variability and the influences of

experimental errors. With the definition of the slope s as

_ EDg  EDy
- EDsy  EDyg

s (69)
the value of one would correspond to the ideal case. For retinal thermal and thermo-
mechanical damage the slope of the probit curve is about 1.15 to 1.2 [Sliney et al.,
2002]. Therefore, in case of retinal limits the reduction factor can be below one order
of magnitude. The heat source behaves linear in the heat transfer in equation (48)
where it is assumed that the retinal thermal properties from Table 8 are constant and
independent from the temperature. As the equation is linear to the heat source it is
also linear to the laser power. In case of thermal injury if the temperature increase
that produces a damage is about 20 K, then half the incoming radiant energy would
lead to half the temperature increase. A reduction factor of 10 would therefore lead
to a temperature increase of 2 K which can be compared to having a fever. As the
thermal injury behaves in a non-linear way this would not result in an activation of
photocoagulation. [Birngruber et al., 1978] As a result, a high reduction factor is not

needed for the retinal thermal injury thresholds.
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Figure 41: Parameter sets used for the computer model to predict the retinal thermal
threshold values for single pulse emissions. For all parameter sets, the width d, is
83.4 pym.

However, threshold experiments with the minimal spot size have a greater uncer-
tainty and can show slopes larger than 2. Here a reduction factor of one order of
magnitude for the minimum spot size is needed as there are several uncertainties with
the minimum spot size [Kotzur et al., 2019]. In case of extended sources the actual
size of the retinal spot can be experimentally measured and the probit curves show
a decreased uncertainty regarding the threshold values. For this reason, a reduction
factor of two is sufficient [ICNIRP, 2013b].

A2.5.4 Overview of Simulation Parameters

The computer model was applied to the three types of irradiance profiles from Fig. 38
for a wavelength of 530 nm as the RF is here the lowest for single pulses [Jean et al.,
2017, 2019]. Eight parameter sets shown in Fig. 41 were simulated. The widths d,
and d, refers to the 1/e-definition in case of a Gaussian irradiance profile. In the first
parameter set, the emission duration is varied for an elongated profile with the widths
dy;=83.4 um and d,=2502 pm. For parameter set 2 to 8, the size of the irradiance
profile in x-direction is constant whereas in y-direction it is varied from 83.4 um to
2502 pm. In total around 130 different variations are investigated for each of the three
irradiance profiles. As a note, it is mentioned that the term emission duration refers

to the duration during which the eye is exposed to the radiation.

93



elliptical Gaussian elliptical top-hat rectangular top-hat

250 250 250 30K
200 200 200
= \ 20K
£ 150 150 150
>
100 100 100 0K
50 50 50
0 0 0
0 50 100 150 0 50 100 150 0 50 100 150 0K
x (pm) x (pm) r (pm)

Figure 42: Isothermal curves for an elliptical Gaussian (left), elliptical top-hat (center)
and rectangular top-hat (right) irradiance profile with the widths d, = 166.8 ym and
d, = 417 pm for a pulse duration of 1ms. The curves show the temperature increase
within the RPE layer at the end of the pulse. Due to axial symmetry, the first quadrant
is plotted.

A2.6 Results

A2.6.1 Threshold Values from the Computer Model

The three irradiance profiles from section A2.5.1 lead to different heat propagation
within the tissue layers. The thermal behavior in the RPE layer is illustrated by
the isothermal curves in Fig. 42. The total radiation energy of the profiles is set to
the threshold value and the isothermal curves show the temperature at the end of the
pulse. For the elliptical Gaussian profile, the threshold value is about 388 iiJ. Regarding
the elliptical and rectangular top-hat profiles the thresholds are 375 puJ and 477 pJ.
The isothermal curves of both top-hat profiles clearly show a constant temperature
increase at the locations where the irradiances are also constant. This causes a strong
temperature gradient at the edge of the top-hat profiles. As a finite element method
is used, the isothermal curves show fluctuations during the heating process. In case of
the rectangular top-hat the corners of the curves are rounded and do not appear as
sharp as they would be in an ideal rectangular distribution. The reason for this is that
the heat propagation behaves in an isotropic way. On the other side, the Gaussian
irradiance profile causes a smoother temperature gradient as the irradiance decreases
continuously for larger distances to the center of the profile. For this reason, the inner
tissue is better cooled than compared to both top-hats. This can be seen in Fig. 42
where the area with the highest temperature increase is smaller than for the top-hat

profiles. As a result, a higher peak irradiance at the center of the profile is needed
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Figure 43: Threshold values expressed by the irradiance at the center of the profile
for the elliptical Gaussian, elliptical top-hat and rectangular top-hat profile regarding
parameter set 1 (left plot) and 4 (right plot) from Fig. 41. In the left plot the emission
duration is varied and in the right plot the width d, is varied.

for a retinal damage. In the example of the elliptical Gaussian irradiance distribution
the peak irradiance is about 7.1 Wmm™2. In case of the top-hat profiles, the threshold

irradiances are about 6.8 Wmm 2.

2.5ms after the pulse, which is not shown in the
figure, the hottest region is cooled down by the surrounding tissue and the temperature
increase is approximately the half of the maximum temperature increase at the end of
the pulse for all profiles. After 20 ms the area of increased temperature is about twice
the size of the initial heat region and the maximum temperature increase is about 4 K.

For all parameter sets from Fig. 41 the threshold values are simulated with the
computer model for the three irradiance profiles. A comparison is done using the
peak irradiance at the center of the profile. Two exemplary results are shown in
Fig. 43. For larger emission durations, the peak irradiance to induce thermal damage
decreases. The denaturation process can be described by the Arrhenius equation (43)
where the temporal temperature behavior is decisive. It follows from this equation
that the maximum temperature reached decreases for longer emission durations which
lowers the irradiance. In the left plot of Fig. 43 there is no visible difference between
the irradiances of both top-hat profiles. This is caused by the similar temperature
behavior which can be seen in the isothermal curves in Fig. 42. Both cases result in a
large area with the same temperature increase with similar cooling behavior. For the
Gaussian profile, the peak irradiance has to be larger to induce a retinal thermal injury

due to better tissue cooling of the center.
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Figure 44: Deviation of the irradiance thresholds for comparing the elliptical top-hat
with the rectangular top-hat (left), the Gaussian with the elliptical top-hat (center)
and the Gaussian with the rectangular top-hat (right). The median value (red line),
the first and third quartile (blue rectangle) and the minimum and maximum values
(dashed line) are shown.

By varying the width d,, of the irradiance profiles, the threshold values converge to
a constant value. This is caused by a plateau in temperature formed in a larger area in
the RPE layer where the cooling from the surrounding tissue is not sufficient to allow
a higher irradiance level. Furthermore, this plot shows a larger deviation between the
two top-hat profiles. The deviation increases for smaller widths d, and results from
different transmittance values. For decreasing d, widths, the intraocular scattering is
more dominant which leads to a larger difference between the transmittance calculation
for an elliptical profile according to equation (55) and for a rectangular profile according
to equation (56). A detailed analysis of the deviation between the profiles is shown
in Fig. 44 where all parameter sets are included. The deviation between the top-
hat profiles is the lowest. Here, the elliptical top-hat show slightly larger irradiance
thresholds than the rectangular top-hat. The median deviation is about 0.6 %. The
minimum deviation is 0.04 % which appears in parameter set 4 for 10ms emission
duration and the maximum deviation is about 14.6 %. The maximum deviation appears
for parameter set 7 (emission duration 10s) with both widths having a size of 83.4 um.
Between the Gaussian and the both top-hat profiles, the deviations are higher which
is due to the thermal behavior. Both minimum deviations appear in parameter set 2
for an emission duration of 10~*s since the pulse is too short for heat propagation.
The maximums are reached for parameter set 4 (emission duration 10ms) regarding
the comparison with the elliptical top-hat and for parameter set 5 (emission duration
100 ms) regarding the rectangular top-hat. The maximums are 20.7 % and 31.4 % and
appear for a width d, of 83.4 um. In case of the right plot of Fig. 44 the maximum

deviation is larger than in the center plot. In addition, the standard deviation of the
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Figure 45: The three different irradiance profiles are shown for parameter set 8 with the
emission duration 50 s from Fig. 41 with the width d,=1668 ym. The angular subtenses
are depicted with the white lines. The shape of the white lines correspond to the used
field stop shape. All solid white lines show the short time o and the dashed white
lines show the long time «. In the plots, the axes are scaled differently and the y axis
extends over a longer spatial range than the z axis.

distribution in the right plot is about 6.2 % whereas in the center plot it is about 3.2 %.

The reason lies in the different transmittance calculation.

A2.6.2 o and MAE Results according to the Laser Safety Standard

The size of the retinal image is needed for an eye safety evaluation according to the
IEC 60825-1:2014 [IEC, 2014]. This size is expressed by the angular subtense of the
apparent source and cannot be based on common diameter definitions, e.g. the second
moment or the Full-width-half-maximum, but has to be derived from the retinal image
with the image analysis from equation (61). According to the technical report of the
laser safety standard [IEC, 2011] either a rectangular or elliptical shaped field stop can
be used for the determination of a. In this investigation, both field stop shapes were
applied to calculate the MAE values for the parameter sets from Fig. 41. As previous
studies showed [Kotzur et al., 2020b], it must be taken into account that two different
a values have to be calculated for emission durations longer than 10s. This issue is
discussed in section A2.5.2. For a better differentiation the two analysis methods are
referred to as short time (¢t < T3) and long time (¢t > 75) method.

As a result, up to four different angular subtenses can be determined for a single
retinal image of a specific simulation parameter. In Fig. 45 the o values are shown for an

exemplary configuration from Fig. 41 for the three irradiance profiles. The exact sizes
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Table 9: List of all a values shown in Fig. 45. For the three irradiance profiles the
short and long time method were applied for both a rectangular (rect) and an elliptical
(ell) field stop. The angular subtense « is the average of o, and «,. In addition, the
intraocular factor is calculated.

profile Gaussian elliptical top-hat rectangular top-hat

a method short long short long short long

field stop | rect ell rect ell | rect ell rect ell | rect ell rect ell

a, (mrad) | 80 10.1 9.0 11.8| 50 50 50 50| 50 10.3 5.0 114
a, (mrad) | 479 53.3 76.0 85.5|49.4 100 77.5 100| 100 100 100 100
« (mrad) | 28.0 31.7 425 487|272 525 41.3 525|525 552 525 557
Mretina (70) | 49.0 51.7 70.9 74.8 |60.2 100 87.6 100 | 100 95.9 100 96.7

of the angular subtenses as well as the intraocular factor 7,etin, are listed in Table 9. For
the top-hat irradiance profiles (center and right plot of Fig. 45), the angular subtense
is equal to the distribution in case of the corresponding field stop shape. Here, the
size of the angular subtense in z-direction is 5mrad and the size in y-direction is
100 mrad for both the short and long time method. Furthermore, the resulting angular
subtense contains the total radiant energy leading to an intraocular factor netina of
one. Regarding the Gaussian irradiance distribution (left plot of Fig. 45), all angular
subtenses differ. The short time method gives smaller a values than the long time
method. The use of the rectangular field stop also leads to smaller angular subtenses
than the elliptical shaped field stops. In general, the AEL increases for larger a values as
the radiant energy is distributed over a larger area on the retina decreasing the hazard
potential. On the other hand, a larger « is accompanied by a higher intraocular factor.
For this reason, the most restrictive calculation method cannot be derived directly from
the angular subtense but from the MAE calculation. In Fig. 46 the deviation for MAE
and a between the elliptical and rectangular field stop is shown. For all results, the
analysis with the elliptical field stop yields higher MAE and « values than the analysis
with the rectangular field stop. In case of emission durations longer than 10s where
both the long and short time method have to be applied, the most restrictive result
was used to obtain the MAE value. The average MAE deviation is about 15.8%. A
minimum deviation of 2.6 % is present in parameter set 8 (emission duration 50s) for
the elliptical top-hat profile where the width d, is 83.4%. The maximum deviation
is 27.3% and appears for the rectangular top-hat profile in parameter set 1 with an
emission duration of 0.5 ms. A deviation of 27 %, has the highest number of counts in
one bin. This is due to parameter set 1 (varying emission duration), set 2 (emission
duration 100 us) and set 3 (emission duration 1ms) for the elliptical and rectangular
top-hat profile. For set 1 the maximum deviation appears for an emission duration

of 0.1ms and for set 2 almost all d, variations are close to the maximum. For set
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Figure 46: Comparison between the analysis with an elliptical and a rectangular field
stop. In the left histogram the deviation regarding the MAE values is shown for a bin
size of 0.5% and in the right histogram the deviation of the « values can be seen for
a bin size of 1%. In addition, the median value (red line), the first and third quartile
(blue rectangle) and the minimum and maximum values (dashed line) are presented.

3 a maximum appears for a width d, of 2502 um. In general, high deviations are
accompanied by short durations and high differences between the d, and d, width. In
the right histogram of Fig. 46 the a deviation is based on the averaged value between «,
and a,,. The average deviation is about 14 % and the maximum is at 93 % (elliptical top-
hat profile, parameter set 8, emission duration 50s, d,=1668 yum, short time method).
This deviation can also be seen in the center plot of Fig. 45 where the elliptical shaped
white line is compared to the rectangular solid white line. A minimum deviation of
almost 0% is primarily reached for all profiles in parameter set 2 for an emission
duration of 100 us as the investigated retinal image sizes are larger than the maximum
« limitation according to the laser safety standard. The obtained angular subtenses are
limited by cuax which is 5mrad for an emission duration of 100 us, see equation (64).
In addition, a minimum deviation is also reached for parameter set 3 (emission duration
1ms) and 4 (emission duration 10ms) in case of the elliptical top-hat where the width
d, is much larger than d,. In the right histogram of Fig. 46 there are two peaks with
more than 60 counts, respectively. The left peak is located at a deviation of 5.5% and
comes from the rectangular top-hat profile. The right peak appears at 13.5% and is

caused by the Gaussian irradiance profile.

A2.6.3 Reduction Factors

For all parameter sets from Fig. 41 the thresholds were simulated with the computer

model, see section A2.6.1, and compared to the laser safety evaluation according to
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Figure 47: Histograms for the calculated RF's regarding all parameter sets from Fig. 41
for the three irradiance profiles and the two field stop shapes. The bin size of the
histograms is set to 0.2. The median value (red line), the first and third quartile (blue
rectangle) and the minimum and maximum values (dashed line) are shown. Further
statistical values are listed in Table 10.

Table 10: List of statistical values regarding the RF's for all parameter sets from Fig. 41
based on the three irradiance profiles. The RF's based on both elliptical and rectangular
shaped field stops were analysed to obtain the statistical data.

W ell. Gaussian ell. top-hat rect. top-hat combined

Statistics
1% quartile 2.29 2.42 2.58 2.42
median 2.53 2.79 2.95 2.72
3'd quartile 3.01 3.36 3.42 3.34
minimum 1.52 1.97 1.87 1.52
maximum 8.83 11.03 11.08 11.08
mean 3.05 3.48 3.62 3.38
standard deviation 1.46 1.93 1.91 1.80

the TEC 60825-1:2014 [IEC, 2014], see section A2.6.2, and the RF is calculated with
equation (68). For each of the three irradiance profiles around 250 RF's are calculated.
Fig. 47 shows the histogram of all RF for each profile. The corresponding statistical
values are listed in Table 10. In general, the RF's are the lowest for the Gaussian profile
with a median RF of 2.5 and a minimum RF of 1.5. All minimum RFs from Table 10
are reached for parameter set 4 for an emission duration of 10 ms with d,=d,=83.4 ym
in case of the elliptical analysis method. The maximum RF appears in parameter set 2

(emission duration 100 us) for d,=83.4 pum for the rectangular top-hat profile evaluated
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Figure 48: Relative variation of RF as a function of the width d, for the elliptical
Gaussian (left) and rectangular top-hat (right) irradiance profile analysed with rectan-
gular field stops. The plot shows the results for the different emission durations from
the parameter sets 2 to 8 of Fig. 41. The relative variation of the RF is calculated by
referring to the RF for d,=d,=83.4 ym.

by the rectangular analysis method. For the elliptical top-hat the highest RF of 11.03
is reached for parameter set 1 for an emission duration of 10~*s using the rectangular
analysis method. This is consistent with the results from the previous section where
the rectangular analysis method leads to a more restrictive laser safety evaluation than
the elliptical analysis method.

In the following, the relative variation of the RF is investigated for a varying width
dy. As the minimum RF is reached when d, equals d, for parameter set 4 (emission
duration 10ms) from Fig. 41, the RF increases for larger d, values. However, this
is not the case for all other parameter sets, which can be seen in Fig. 48 using the
example of the elliptical Gaussian and rectangular top-hat irradiance profile. The
plot shows an increase in the RF for the emission durations 100 us, 1ms, 10ms and
100 ms. Additionally, the RF has an asymptotic behavior which is more pronounced
in the top-hat than in the Gaussian profile. With longer emission durations, the RF
for elongated irradiance profiles decreases compared to symmetric profiles. As the RF
in these cases has always been above two, the evaluation procedure is nevertheless
sufficiently safe [ICNIRP, 2013b]. The analysis of the elliptical top-hat also leads to
similar results compared to the rectangular top-hat. The same statements and similar
results are obtained for using rectangular field stops.

In summary, all reduction factors are shown in Fig. 49 combining the results for all
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Figure 49: Histogram of all calculated RF's from Fig. 47. The bin size of the histograms
is set to 0.2. In addition, the median value (red line), the first and third quartile (blue
rectangle) and the minimum and maximum values (dashed line) are shown. Further
statistical values are listed in Table 10.

irradiance profiles. The statistical values for all approximately 800 reduction factors
are listed in the right column of Table 10. The largest count number in Fig. 49 is
reached at a value of 2.5. At this value the elliptical top-hat and rectangular top-hat
profile also show the maximum number of counts in Fig. 47. The maximum count
number for the Gaussian profile is at a value of 2.3. In total, 17 reduction factors
are below a value of two whereas a total of three counts come from the elliptical and

rectangular top-hat profile.

A2.7 Summary and Conclusion

In our study, we investigated the applicability of the laser safety standard for non-
uniform retinal images. For this purpose, a three dimensional computer model based
on the SLM was used to predict the thresholds laser-induced retinal injuries for non-
uniform irradiance profiles. The SLM solves the heat equation and the Arrhenius
integral with the temporal temperature behavior and is only valid for pulse durations
greater than 100 us.

With an integrating transmittance calculation [Kotzur et al., 2020c|, we investig-
ated an elliptical Gaussian, an elliptical top-hat and a rectangular top-hat as retinal
irradiance distribution and compared the simulated threshold values with laser Class
1 according to the laser safety standard IEC 60825-1:2014 [IEC, 2014].

We analysed eight different parameter sets with varying emission durations and
profile widths. It was found that due to a better tissue cooling for a Gaussian dis-

tribution, a higher irradiance than with both top-hats is required to induce a retinal
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injury. Here, the average threshold is about 13.9 % higher compared to the elliptical
top-hat and 17.3 % regarding the rectangular top-hat. The threshold irradiances for
both top-hats are approximately the same in most cases due to their similar thermal
tissue behavior.

The calculation of the maximum allowed energy is performed with an image analysis
according to the laser safety standard [Kotzur et al., 2020b] with a rectangular and
an elliptical shaped field stop. The elliptical shaped field stop leads to larger angular
subtenses and larger MAE values then a rectangular shaped field stop. The average
deviation for the MAE is about 15.8% and about 13.6 % for the angular subtense.
Short emission durations and large differences between the d, and d, width show high
MAE deviations with a maximum of 27.3 %. This indicates that for irradiance profiles
showing one local maximum or plateau, an eye safety evaluation using rectangular
shaped field stops is more restrictive than using elliptical field stops.

At last, the reduction factors are calculated by the ratio between the threshold
values and the maximum allowed energies. It was found that the Gaussian irradiance
profile shows lower reduction factors than both top-hats. Furthermore, the elliptical
top-hat yields lower reduction factors than the rectangular top-hat. For increasing d,
widths, the reduction factors increase for emission durations in the millisecond regime
and decrease for the second regime. The total average reduction factor is at 3.38
which verifies the calculation method from the laser safety standard [IEC, 2014] for
the investigated irradiance profiles. A total of 17 RFs were found to be smaller than
two. The minimum value of 1.52 is reached for a circular Gaussian profile with a width
of 83.4 um and an emission duration of 0.1 ms where the elliptical analysis method is
applied.

Complex laser systems have many different parameters affecting the damage thresh-
olds. The available experimental data is limited and it is not possible to analyse all
parameters by experiments with NHPs. Therefore, research questions in the field of
eye safety can be investigated with simulation models, which have been validated using

the available experimental data.

A2.8 Outlook

This publication focuses on single pulse emissions for elongated retinal images based
on three types of irradiance profiles. For future investigations, a more broad variety
of retinal images should be analysed with regard to the applicability of the calculation
procedure according to the laser safety standard IEC 60825-1:2014 [IEC, 2014]. Unlike
the investigated retinal images, more complex irradiance profiles can lead to a different
thermal behavior where for example different heat regions are formed.

Additionally, the study can be expanded to the topic of pulse trains. For pulsed
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emissions, the calculation procedure of the laser safety standard IEC 60825-1:2014 [IEC,
2014] requires three pulse criterions. Recently, a new calculation scheme regarding
irregular pulse trains was validated in a study by Jean et al. [Jean et al., 2020]. This
study was done for circular spots, but further investigations can be performed on non-
uniform retinal images.

In general, the used computer model can be applied to spatially and temporally

complex emission patterns in order to validate novel calculation schemes.
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A3 Image analysis of retinal images in eye safety

evaluations for optical systems

Kotzur, S., Wahl, S.; & Frederiksen, A. (2023). Image analysis of retinal images in eye
safety evaluations for optical systems. Opt. Eng., 62(1), 016102.
doi:10.1117/1.0E.62.1.016102

A3.1 Abstract

Optical systems that emit radiation between the visible and near-infrared wavelength
region pose a potential hazard to human vision as the radiation is imaged on the retina.
The radiation interacts with the retinal tissue in a photomechanical, photothermal and
photochemical manner which can result in irreversible injuries. To ensure an eye safe
system, it is important to correctly apply the laser safety standard IEC 60825-1:2014
or the lamp safety standard TEC 62471:2006. We aim to provide a general calcula-
tion procedure for both coherent and incoherent sources which are compliant with
the respective safety standards. An air-equivalent eye model generates retinal images.
Two software-based calculation methods are introduced which are referred to as im-
age analysis. The first method calculates the angular subtense of the apparent source
needed for photomechanical and photothermal limits. The second method applies to
photochemical limits. Using exemplary optical systems, the image analysis is investig-
ated. The proposed image analysis gives guidance for missing aspects in the standards
and reduces ambiguity and complexity. The proposed method can be used for eye
safety evaluations since it follows the concept of the safety standards with conservative

approaches.

A3.2 Introduction

The hazard of common laser pointers to the human eye is well known [ICNIRP, 1999;
Robertson et al., 2005; Hadler and Dowell, 2013; Lofgren et al., 2013; Schulmeister,
2013; Strzelecki et al., 2017]. Due to the focussing ability of the eye, the irradiance
can be increased by a factor of 10° when imaged on the retina. Laser pointers with
output powers of only a few hundred W are considered as safe for intentional long-
term viewing according to the laser safety standard IEC 60825-1:2014 [IEC, 2014]. In
contrast, line lasers which have a collimated and divergent axis are generally allowed
to have a higher laser output power as the radiation will be imaged on a larger area on
the retina and additionally a less amount of power enters the eye. The determination

of the laser class for line lasers requires more extensive calculations in comparison to
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laser pointers. The laser classification according to the laser safety standard is more
difficult for these systems and in some instances even unclear. This concerns emerging
technologies like lidar [Fersch et al., 2017; Beuth et al., 2018] (light detection and
ranging) or laser projection systems [Frederiksen et al., 2012; Heussner et al., 2014].
The issue does not only refer to laser systems but also to optical systems emitting
incoherent radiation [Jager and Sternecker, 2016]. By analogy to the laser radiation,
these systems can be assigned to so called risk groups according to the lamp safety
standard IEC 62471:2006 [IEC, 2006]. Nowadays, the use of light emitting diodes
(LEDs) in lamp application is increasing. For example, LEDs are used for the interior
and exterior lighting of a vehicle or for the backlight of a smartphone.

Generally, the optical light sources are divided into two groups, namely coherent
and incoherent sources. The ‘International Comission on Non-Ionizing Radiation Pro-
tection” (ICNIRP) publishes guidelines with limits for coherent [ICNIRP, 2013b] and
incoherent sources [ICNIRP, 2013a]. To ensure the safety of an optical product, the
limits from the laser safety standard TEC 60825-1:2014 [IEC, 2014] and the lamp safety
standard TEC 62471:2006 [IEC, 2006] which are generally based on the corresponding
ICNIRP documents have to be taken into account. For retinal hazards it is possible to
perform an evaluation according to an extended source. In this evaluation procedure,
retinal images which are created by placing the light source in front of an eye model are
analysed. This procedure is not explicitly described in the current safety standards,
which means that there can either be a certain scope for interpretation or some facts are
not correctly implemented and the hazard of optical radiation can be underestimated.
For this reason, users of the relevant safety standards, for example a manufacturer,
a laser safety officer or test laboratories, apply different interpretations which are not
always in conformity with the standards and might not be restrictive enough. There-
fore, a novel procedure is presented in this publication, which is described in detail and
remedies the described problems. This procedure comprises two general image analysis
methods for retinal eye safety evaluations according to both safety standards. In one
method the angular subtense of the apparent source is determined and in the other
method an evaluation regarding the photochemical hazard is performed. The angular
subtense describes the retinal spot size and determines the emission limits of the cor-
responding safety standards. The emission limits depend on the angular subtense and
can be assigned to the photomechanical, thermomechanical and thermal retinal injury
mechanisms. The limits for the photochemical injury do not depend on the angular
subtense. As it was shown in previous investigations [Schulmeister, 2005, 2015, 2019;
Kotzur et al., 2019, 2021b, 2020b] the definition of the angular subtense does not follow
a common beam diameter definition and is a characteristic value for a specific retinal

image. The use of other definitions which are not in accordance with the safety stand-
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ards could therefore lead to an underestimation of the hazard. The great advantage of
our presented analysis method is that it introduces an unambiguous definition for the
angular subtense of the apparent source leading to conservative eye safety evaluations.

The paper is structured as follows. First, the methods are presented, showing how
the retinal image analysis procedure is developed in compliance with the requirements
of the safety standards. This is followed by the results section, in which this ana-
lysis procedure is applied to examples and new findings are drawn from it. Finally, a

conclusion and an outlook on further topics follow.

A3.3 Methods

This section details the steps to perform a correct eye safety calculation according to the
laser safety standard TEC 60825-1:2014 and the lamp safety standard IEC 62471:2006
for optical systems in the visible and near-infrared wavelength region. To gain a better
understanding of the emission limits, this section begins with a brief overview of the
possible retinal injuries, namely the photomechanical, thermomechanical, thermal and
photochemical damage. This is followed by an outline of the requirements of the two
safety standards that contain the emission limits which represent the possible retinal
injuries previously mentioned. This forms the framework under which the retinal image
analysis procedure is constructed. The following section describes how the accessible
emission for retinal images is determined. The accessible emission is an important
quantity from the safety standards, since it is directly compared to the accessible
emission limits. Finally, in the last section, our developed image analysis is introduced,
which is used to perform eye safety evaluations. Here it is distinguished between an
analysis concerning the photochemical limits and an analysis for the determination of

the angular subtense of the apparent source, which is used for the other retinal limits.

A3.3.1 Retinal Injuries

The most sensitive part of the human eye is the retina where irreversible damages
can lead to a permanent loss of vision. A retinal injury can occur for wavelengths in
the visible and near-infrared region. The damage mechanism depend on the exposure
time, the radiant power and the wavelength of the radiation. Generally there are four
different kinds of retinal injuries, the photomechanical, thermomechanical, thermal and

photochemical damage.

A3.3.1.1 Photomechanical damage

The photomechanical damage is caused by radiation with pulse durations in the femto-

second and picosecond regime and high irradiances. Here two different processes, the
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plasma-induced ablation and the photodisruption, can occur [Niemz, 2004]. In the first
process, plasma is formed within the tissue where the whole energy is released in the
region of the exposure. The surrounding tissue is not ablated and therefore the damage
region is well defined. In case the energy is high enough, the photodisruption occur

where a shockwave is formed spreading through the tissue and causing further injuries.

A3.3.1.2 Thermomechanical damage

The thermomechanical damage mechanism appears for exposure duration in the nano-
second and low microsecond regime. Due to a rapid localized heating within the ret-
inal pigment epithelium (RPE) microbubbles around the melanosomes are formed and
causing a rupture of the cell structure (intracellular damage) [Brinkmann et al., 2000;
Gerstman et al., 1996; Kelly, 1997]. After this microcavitation process, there is a
probability that the formed bubble will collaps. This induces shockwaves and acous-
tic transients which lead to extracellular damage and possibly also to the rupture of
blood vessels (haemorrhage). This probability is correlated with the size of the formed

microbubble.

A3.3.1.3 Thermal damage

The third damage mechanism is the thermal injury which is dominant for exposure
durations between the microsecond and second regime. These injuries are basically
a burned area within the retina and are visible within 24 hours after exposure. The
thermal damage is the denaturation of the proteins due to the heating of the tis-
sue [Birngruber et al., 1985]. The heating of the tissue results from the absorption of
the radiation mainly within the RPE layer [Ham et al., 1970; Beatrice and Steinke,
1972]. Since the absorption in the RPE layer is largely independent of wavelength, the
only wavelength dependence of this damage mechanism is the transmission behavior
during propagation through the eye. The damage criterion is not based on a temper-
ature increase limit but rather on the temporal temperature profile. Analytically, the
thermal retinal injury can be described using the Arrhenius equation which gives the
concentration of denatured molecules [Jacques, 2006; Pfefer et al., 1999; Kotzur et al.,
2020c, 2021a. The thermal damage mechanism is strongly coupled to the shape and
size of the retinal image and the exposure duration. Larger retinal images result in
higher injury thresholds as the radiant energy is distributed over a larger area. How-
ever above a certain maximum spot size the hazard does not decrease any more, since
the tissue in the center of the spot is no longer sufficiently well cooled. The criterion

for this maximum thermal spot size depends on the exposure time [Schulmeister et al.,

2008].
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A3.3.1.4 Photochemical damage

The last retinal injury mechanism is the photochemical damage. It is a long-time cu-
mulative process primarily for the blue wavelength region. Radicals are formed which
can cause photic retinopathy for exposure durations longer than 1s [Wu et al., 2006;
Hunter et al., 2012; Ivanov et al., 2018]. The photon energy causes the creation of
singlet oxygen which is a reactive form of oxygen and leads to reactions with the sur-
rounding molecules (photo-oxidation). The molecule bonds of several molecules can
break resulting in the death of a cell. The damage develops after a period of 24 to
48 hours after exposure. There are two types of photochemical damage mechanisms,
namely the Noell damage [Noell et al., 1966a] (class I damage) and Ham damage [Ham
et al., 1978] (class IT damage). The class I damage mainly refers to reactions concerning
the photoreceptors and its action spectrum approximately behaves like the visual pig-
ment absorption spectrum. In case of class II photochemical damage, the RPE layer is
mainly damaged and the action spectrum shows a peak in the ultraviolet range, which
is why this damage is also referred to as ‘blue-light hazard’. Current laser and lamp
safety standards provide emission limits on class II photochemical damage. Unlike the
thermal damage, the photochemical damage strongly depends on the wavelength and
is independent on the size of the retinal image. It is indicated that the photochemical

damage favours the pathogenesis of age-related macular degeneration.

The laser safety as well as the lamp safety standard provide several emission limits
which represent the different retinal injury mechanisms. The emission limits depend
on the wavelength of the radiation, the emission duration and in case of photomech-
anical, thermomechanical and thermal limits on the retinal spot size expressed by the
angular subtense of the apparent source a. As it is shown in this investigation, the
angular subtense can be obtained by an image analysis applied on the retinal image.
The angular subtense is a characteristic value that depends on the irradiance distri-
bution on the retina. The photochemical limits do not depend directly on the retinal

spot size, but have to be applied to a fixed area on the retina.

A3.3.2 Requirements Defined in the Standards

In the following, the methods to perform eye safety evaluations for systems emitting
optical radiation described in the laser safety standard IEC 60825-1:2014 and the lamp
safety standard IEC 62471:2006 are used. Both standards require the use of an imaging
system representing the human eye for the generation of retinal images. Table 11 and
Table 12 summarize the most important specifications for the retinal hazard evaluation.

The retinal hazard region for incoherent sources (380 nm to 1400 nm) is larger than for
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Table 11: List of the relevant specifications of the laser safety standard for the eval-
uation of the retinal hazard. The capital letter (M) represents the ‘magnifying meas-
urement condition’ of the laser safety standard. Some parameters have a dependence
on the emission duration ¢.

Specification | IEC 60825-1:2014 [IEC, 2014]

Wavelength region
(i) Thermal/thermomechanical

hazard 400 nm to 1400 nm
(ii) Photochemical hazard 400 nm to 600 nm
Diameter of aperture stop 7mm, 50 mm (M)
Minimum

angular subtense a, 1.5mrad, 1.5/7mrad (M)

5mrad, if t<625us
Maximum Omax(t) = {200/t/1smrad, if 625us <t <0.25s
angular subtense imax 100 mrad, if t>025s
Omax (1) /7 (M)
11 mrad, if 10s <t <10%s
Angle of acceptance 7,y Ypu(t) = 31.1 t/1smrad, if 10%°s <t <10%s
(for photochemical hazards) 110 mrad, if 10%s <t <3x10%s

“ph (t)/7 (M)

Table 12: List of the relevant specifications of the lamp safety standard for the eval-
uation of the retinal hazard. Some parameters have a dependence on the emission
duration ¢ and luminance Ly.

Specification | IEC 62471:2006 [IEC, 2006]

Wavelength region

(i) Thermal hazard 380nm to 1400 nm

(ii) Photochemical hazard 300 nm to 700 nm

Diameter of dns (1, L) = 3mm, if ¢>0.25s, Ly > 10 I‘;}%

aperture stop Ap A BV 7mm, else

Minimum

angular subtense i, 1.7mrad

Maximum

angular subtense .y 100 mrad
Qmin, if ¢t S 0.25s

Anele of Qminy/t/0.25 s mrad, if 0.25s<t<10s

(ﬁrf d‘fo(;_viz‘;:)ptance 7 ~(t) = {11 mrad, if 10s <t <100s
min (11 t/lOOsmrad,amax) Cif 10%s <t < 10%s
O'maxs if ¢>10%s
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Figure 50: Illustration of the requirements from the laser and lamp safety standard
listed in Table 11 and Table 12 for evaluating the retinal hazard using an eye model. In
this exemplary figure, a divergent laser beam enters a relaxed eye and creates a large
retinal image.

coherent sources (400nm to 1400nm). To generate the retinal images for radiation
in these wavelength regions, it is necessary to consider an eye model. Fig. 50 shows
the eye model as ideal imaging system according to the safety standards. Both safety
standards refer to a circular aperture stop with 7-mm diameter representing a wided
pupil. In addition, the lamp safety standard makes an exception for sources with
emission durations longer than 0.25s and having luminances above 10 cdm™2 where
the diameter is assumed to be 3mm. This refers to a contraction of the eye pupil,
which adjusts to the surrounding brightness. Usually the effect is accounted for by
the fact that a measurement is still performed with a 7-mm aperture stop, but the
corresponding limit values are increased by a factor of (7/3)%. The aperture stop
defines the intraocular radiant power and in case of coherent radiation it can also
influence the shape of the retinal image [Kotzur et al., 2019, 2021b].

The size of the retinal image is expressed by the angular subtense of the appar-
ent source. In both standards there is a lower and upper limitation of the angular
subtense. The lower limit oy, considers that the radiation cannot be focused on an
infinitely small spot. This size is often associated with the resolution of the human
vision [ICNIRP, 2013b; Gross et al., 2008a]. However, as scattering effects influence the
minimum spot size this value was rather derived by experimental measurements [Sliney,
2005]. As a counterpart to the minimum spot size there is also a maximum spot size
defined. The angle .« represent the thermodynamic behavior for large retinal spots
where the surroundings cannot sufficiently dissipate the heat of the center of the spot.
Therefore the emission limits do not increase further for angles o larger than auyay.
The definition of the maximum spot size is time dependent in the laser safety standard
which is not the case for the lamp safety standard. In addition to the angular subtense
« of the apparent source, the angle of acceptance is defined which is a fixed measure-
ment angle. In case of the laser safety standard, the angle of acceptance 7, is used to

determine the accessible emission which is compared to photochemical emission limits.
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For incoherent sources, the lamp safety standard defines an angle of acceptance v that
is used as the field-of-view to determine the radiance representing the accessible emis-
sion. The time dependent definition of the field-of-view 7(¢) is usually not needed as
the risk group classification is performed for specific emission durations, namely 0.25s,
100s and 10000s according to the lamp safety standard. For these emission durations
the field-of-views are 1.7mrad, 11 mrad and 100 mrad.

Another difference is the ‘magnifying measurement condition’ (M) which is only
defined in the laser safety standard (IEC 60825-1:2014 [IEC, 2014], Table 10, Condition
1). This measurement condition represents the use of viewing aids, e.g. telescopes
or binoculars potentially increasing the hazard. In these cases the retinal image is
generated with an aperture stop with a diameter of 50 mm. To simulate an enlarged
retinal image, the obtained angular subtense of the apparent source is increased by a
factor of 7 for the calculation of the emission limit. As a consequence, the corresponding

a limitations and the angle of acceptance .y, are reduced by this factor.

A3.3.2.1 Limits for coherent sources

The laser safety standard [IEC, 2014] defines a set of accessible emission limits (AEL)
which can be assigned to all kinds of retinal damage mechanisms, namely the pho-
tomechanical, thermomechanical, thermal and photochemical damage. Except for the
photochemical limits, all other limits show a dependency on the size of the retinal
image which is expressed by the angle that is subtended by the image. This angle
is referred to as the angular subtense of the apparent source. All emission limits are
either given in units of the radiant power ® (in W) or the radiant energy @ (in J). The
retinal limits that depend on the angular subtense follow the piecewise function x°
a, if t <715 ()
£C (@) = Q @10 s9mma, if ¢ > Ty () : (70)
a 10" mrmma, if t > Ty (7a) and (M)

where the time 75 («) is defined by

105, if o < amin
Ty () = ¢ 10 x 10355 mead s, if o < a < 100mrad - (71)
100s, if @ > 100 mrad

This time T, is a characteristic value from the laser safety standard. For emission
durations higher than 75, the limit is temporally constant in terms of the radiant

power. The biophysical reason are eye movements blurring the retinal image for long-
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term exposures.

The photochemical limits are independent of the angular subtense « or the angle of
acceptance 7, and only depend on the wavelength of the radiation and on the emission
duration. It is not necessary to specify the photochemical limits here, as they do not

influence the image analysis for photochemical hazards.

A3.3.2.2 Limits for incoherent sources

For incoherent sources, the lamp safety standard [IEC, 2006] provides photochemical
limits and limits depending on the angular subtense of the apparent source. All limits
are given in radiance L or time-integrated radiance. One exception is the photochemical
limit for small sources where the limit is given in terms of the irradiance. However, this
limit is derived from the general photochemical limit that is expressed in radiance and
therefore the photochemical limit for small sources is not considered here. Similar to
the laser safety standard, the photochemical limits do neither depend on the angular
subtense nor the angle of acceptance v,,. Therefore, it is not necessary to provide the
limits as the image analysis is not affected in case of the photochemical regime.

The other retinal limits in the lamp safety standard that depend on the angular
subtense refer to the thermal hazard. The retinal thermal emission limit is given in
radiance and follows

K (o) = —. (72)

This is a further difference to the laser safety standard which provides limits for the
thermal, thermomechanical and photomechanical hazard. Another difference is that
the lamp safety standard [IEC, 2006] defines the angular subtense of the apparent
source by the 50% emission points of the retinal image. In a further note of the lamp
safety standard it is defined that for multiple source elements the limit has to be

compared to each source element and the source as a whole.

A3.3.2.3 Implementation of the standard requirements

The laser safety standard and the lamp safety standard give the requirements for
performing eye safety evaluations of optical systems. Based on these requirements, we
developed the image analysis which is applied on retinal images. Here, a distinction
is made between two analysis procedures, namely the determination of the angular
subtense of the apparent source o and the analysis with photochemical retinal limits.
Fig. 51 shows an overview on how to perform the image analysis and shows where to
find the relevant evaluation steps in the corresponding sections of this paper. In the
first evaluation step, the retinal image has to be created. This is realized by placing the

optical system in front of an eye model. The retinal image is given by the irradiance
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Image Analysis for eye safety evaluations

) Evaluate the retinal image |

1
075 .Sec ‘A3 3.3.1
irradiance E
0.5 Eq. (73)
0.25 spectral irradiance Ey
0 Eq. (74)

Angular subtense of the apparent source Photochemical analysis
| 2) Define the field stop |
Sec. A3.3.3.2 Sec. A3.3.3.3
field stop I’ angle of acceptance ~ field stop I'y,

Eq. (75) Eq. (78) Eq. (80)-(88)
size ~y solid angle Qy angle of acceptance =,
Eq. (76) Eq. (79), Table 13 Table 11, Table 12
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Eq. (77) Eq. (79), Table 13
the field stop is used to determine the field stop is used to determine
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Eq. (96),(97) Eq. (99)

Result: Angular subtense Result:

of the apparent source o Position of field stop ',

Figure 51: Illustration to give an overview over the image analysis used to perform
eye safety evaluations on coherent as well as on incoherent sources. The green boxes
show in which section of this paper the evaluation procedure is described and the
red highlighted equations show where to find the corresponding formula. The image
analysis can be used to obtain the angular subtense of the apparent source o and
to perform an evaluation regarding the photochemical limits. The first step of this
overview shows the colorbar that is used for all retinal images in this publication.

E or spectral irradiance E, distribution, see section A3.3.3.1. On the left side of the
retinal image in the first step, the corresponding color bar is shown. Since the two
analysis procedures are independent of the scaling of the irradiance distribution, the
retinal image is normalized with respect to the maximum value. For this reason, the
color bar has a value range from zero to one. As the normalization if performed on

all retinal images in this study, the same color bar can be applied to them. In the
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second step, a field stop is placed within the retinal image to determine the accessible
emission. In case of the determination of the angular subtense the limit behavior & is
also evaluated. This procedure is described in section A3.3.3.2 and section A3.3.3.3.
In the last evaluation step, the field stop is varied according to the procedure described
in section A3.3.4.1 for determining the angular subtense v and section A3.3.4.2 for the

photochemical analysis.

A3.3.3 Accessible Emission

The accessible emission (AE) is the measured or simulated physical quantity that has
to be compared with the accessible emission limit. Since this paper presents a method
for eye safety evaluations, it does not matter whether the quantities are measured
or simulated, and the two terms measurement and simulation are used synonymously.
Determining the accessible emission differs for coherent and incoherent sources. In case
of coherent radiation, the accessible emission is either expressed in terms of the radiant
power ® or of the radiant energy (). For the determination of the angular subtense it
is irrelevant which one is used and here only the radiant power will be considered. In
case of incoherent sources, the radiance L or the time-integrated radiance is needed.
All quantities are evaluated by taking the amount of radiation into account that is
contained within a field stop. According to the safety standards, the field stop is placed
in the retinal image and subtends the angle of acceptance. For the determination of the
AE, an eye model is needed with which the retinal images are created. In this study,
an ideal air-equivalent eye model is used as it yields conservative results [Kotzur et al.,
2021b] and shows a plane retina. It consists of a circular aperture with a diameter
of dap,=7mm simulating the eye pupil, an ideal lens with focal length f and a plane
detector which represents the retina. The distance between the detector and the ideal
lens is given by do=17mm. The focal length of the lens can vary between 14.52 mm
and 17mm to simulate different accommodation distances from 10cm to infinity. In
Table 11 and Table 12 there are two exceptions listed regarding the definition of the
circular aperture diameter. In the laser safety standard a diameter of 50 mm has to
be used for the magnifying measurement condition and in the lamp safety standard
a diameter of 3mm is used for bright sources and long emission durations. Both
exceptions will not be considered in this investigation as they have no influence on the
evaluation procedure of retinal images.

In the following, the relevant measurand of the retinal image will be introduced.
Then the procedure to calculate the angle of acceptance and the field stop for photo-
chemical limits is shown. At last, the evaluation of the accessible emission expressed

in radiant power and radiance is presented.
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A3.3.3.1 The retinal image in eye safety evaluations

Different physical quantities are required for eye safety evaluations of coherent and in-
coherent sources. These required physical quantities can be calculated from the retinal
image which is obtained by exposing the air-equivalent eye model to the radiation. The
retinal image is the irradiance distribution at the detector for a specific focal length.

The irradiance E is calculated from the radiant power ® with

do®
E=—" 73
cos 6, dA (73)
where the radiant power is divided by an infinitesimal element of a surface dA of the
projected area having a normal vector at an angle of 6, to the direction of the radiation.
In case of incoherent sources or of coherent sources operating at multiple wavelengths,

the spectral irradiance FE
B d?®
~ cosf,dAd)

is needed. The procedure for considering spectral irradiance is described in detail in

(74)

the lamp standard for incoherent sources where a weighted irradiance is determined.
For the evaluation of coherent sources with multiple wavelengths, the ratios between
the accessible emission and the accessible emission limit for the individual wavelengths

must be evaluated additively according to the laser safety standard.

A3.3.3.2 Angle of acceptance and solid angle

The angle of acceptance is a term from the safety standards and refers to the size
of a field stop which is used to determine the amount of radiant power ® within the
field stop. In the following, a general definition of the field stop and its solid angle
will be introduced. It is emphasized that a field stop is used for all types of retinal
limits. However, the eye safety evaluation differs. While the field stop is clearly defined
for the photochemical limits, only an implicit indication is given for the other limits.
The other limits depend on the angular subtense of the apparent source and the field
stop to measure the AE has to be chosen to be identical to the angular subtense. As
the angular subtense is an unknown parameter in the beginning of the evaluation, all
possible field stops have to be taken into account to find the angular subtense. For
this reason, the general definition of the field stop in this section is mainly used for the
limits that depend on the angular subtense.

In general, the field stop can be varied in its size, orientation and position. In the
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a) circular/elliptical field stop b) square/rectangular field stop

Figure 52: Visual difference between the measured irradiance profiles on the plane
detector using the air-equivalent eye model (blue areas) and the actual retinal image
of the human eye (red areas). In the left figure a) the profiles are measured with a
circular shaped (I'y, I'y) and an elliptical shaped (I's) field stop. In the right figure b)
the field stops are square (I'y, I';) and rectangular (I';) shaped. The corresponding
field stops in the left and right picture have the same angle of acceptances v, and +,.

following, the field stop is defined by an area I" within the detector plane:

(Y, V)

Y(Var Vy) (75)

o (e, vy) =
Here, the angles 7, and v, are limited by the requirements from Table 11 and Table 12.
As there is no specification regarding the shape of the field stop, we use either a
rectangular shaped or an elliptical shaped field stop [IEC, 2011]. The reason why the
angles v, and v, are used to express the size of the field stop can be seen in Fig. 52.
As the air-equivalent eye model is used, the simulated retinal images are measured in
a plane while in a realistic eye the radiation would be imaged on a sphere. Due to
the projection, the area defined by a field stop I'; would be decreased on the curved
retina. However, the size of the field stop expressed by the angles ~, and 7, remain
unchanged. In Fig. 53 an exemplary measured retinal image is shown together with the
field stop I' with the half widths a and b, the center M = (xg, yo, d2) and the rotation
angle 0 around the center. The angle of acceptance is defined as the angle between the
vectors which are pointing from the center of the eye pupil (coordinate origin) to the
edges of the field stop. For each angle v, and +, the field stop I' can vary in its shape,

position M and its rotation §. Here, the rotation angle can be limited to be within a
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coordinate axis 'y plane detector

orientation (retinal image)
X

rotation angle

field stop I

center of the

field stop
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M=(x, Yo, d>)

Tx Yy

circular aperture stop
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0=(0, 0, 0)
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B

Figure 53: Illustration of the angle of acceptance in z-direction (v,) and y-direction
(7y) for the field stop I' which is placed in the retinal image. The shape of the field stop
is shown as a rectangle (red solid line) and an ellipse (red dashed line) with the half
widths a and b and the rotation angle . This figure also illustrates the air-equivalent
eye model whereas the eye lens is not shown.

\Zb

quarter rotation. The angle of acceptances in z- and y-direction are calculated by

af +ys — a® + d
\/d22 + (w0 + a cos6)” + (yo — a sin§)?

Y2 (%0, Yo, a, b,0) = arccos (

1
X )7 (76)
\/d22 + (z0 — a cos 8)” + (yo + a sin )
wd+ys— b+ ds
\/d22 + (yo + b cos 8)? + (o + b sin d)*

”Yy(xo,y(ba,b, J) = arccos (

x 1 ) , (1)
\/d22 + (3o — b cos 8)* + (zg — b sin d)”

where ¢ represents the direction of rotation from Fig. 53. For determining the angular
subtense of the apparent source, the angles in both directions have to be limited ac-
cording to auuiy, and .y from Table 11 and Table 12. After limiting these angles the

average is calculated by _ .
—

This averaged value has to be inserted into the emission limits regarding the thermal,

(78)
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Table 13: Formulas to calculate the solid angle € for different field stops located at the
center of the detector plane (M =

(0,0,dy)) from Fig. 53.

field stop shape solid angle 2
square 4 arcsin (sm ;’)
rectangle arcsin (sin 2 sin 2¢)
circle 47t sin? I
™
. . 3 1
ellipse 2r —4 fo — de
1+ an Ttan -5 .
(tan ’Yé" sin go)2+<tan ’YTy cos gp)

thermomechanical and photomechanical hazard and therefore into equation (70) for
coherent sources and into equation (72) for incoherent sources with a=+ as function
argument.

In case of incoherent sources, the radiance has to be evaluated from the retinal
image. For this calculation, the solid angle €2 subtended by the angle of acceptance
is needed. The solid angle is defined by projecting the field stop from Fig. 53 on
the surface of a unit sphere located in the coordinate origin. Depending on the size
and shape of the field stop, the corresponding solid angles can be calculated by the
equations listed in Table 13.

These €2 calculations refer to a field stop located the center of the retinal image
from Fig. 53. For field stops which are located at M =
can be determined with the solid angle Q2 of the centered field stop by

(20, Yo, d2), the solid angle 2,y

Q
/ wo‘*‘yo + 1

A3.3.3.3 Field stop I'y, for photochemical limits

Q= (79)

For coherent as well as for incoherent sources, the eye safety evaluation of the photo-
chemical hazard has to be performed for a fixed angle of acceptance 7,,. According
to the laser safety standard [IEC, 2014] and the lamp safety standard [IEC, 2006], the
field stop I'p,n that is placed within the retina to measure the accessible emission is
formed by a right circular cone directed to the retina and having a full opening angle
of 7pn. Unlike before, where a field stop is placed in the retina and the corresponding
angle of acceptances v, and 7, are evaluated according to equations (76) and (77),
the procedure for photochemical limits is the other way round. This can be shown in
Fig. 53, where a right circular cone is positioned in the coordinate origin O and both

angle of acceptances are equal to vypn. The field stop is defined by an area I'y, within
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the detector plane

Fpn o (pn) = (ﬂ%h)) (80)

y(’th)

and is obtained by the intersection between the plane detector and the surface of the
circular cone whereas the axis of the cone is hitting the detector at (ZRetina, YRetina)-
For a circular cone hitting the detector perpendicular at its center, the field stop is a
circle at M = (0,0, d,) with a radius 7 = dy tan 2. In case of all other intersection
points (ZRetina, YRetina) Detween the cone axis and the detector, the incident angle of the
cone changes and the resulting field stop is described by an ellipse. The intersection
can be evaluated by rotating the cone around the z-axis with the angle 6y (elevation)
and afterwards around the y-axis with the angle g (azimuth). Both angles are then
defined by

Oy = arctan —2ein? (81)
ds
0y = arctan (—% coS QH) . (82)
2

By intersecting the rotated cone with the plane detector, the field stop is defined by

an elliptical curve in the coordinate system of the detector
I'on: Crn(p) =%+ Kicospng + Koysinpn,, 0<p <27, (83)

The center of the ellipse xq is given by

g = 2dy cos Oy cos Oy (cos O+ sin 9H> _ (%) (84)

cosy + 2 cos? Oy cos? By — 1 — sin by Yo

and is not equal to the hitting point of the cone axis on the detector. The normalized

vectors n; and ng are evaluated by

1 LRetina
R > ek (85)
\/ TRetina T YRetina \ YRetina

1 —YRetina
n2 = ; t (6)
\/‘/ERetina + YRetina TRetina

and describe both orthogonal directions of the ellipse. The half length of both directions
are given by the scalar values K; and K,. Here, K; is the half length of the first axis

2d; cos 3 sin
cos7y + 2 cos? Oy cos? Oy — 1
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and K5 is the half length of the second axis

K — V2d, sin 24/1 — cos Oy cos Oy /1 + cos Oy cos Oy (38)
? V1 — cos? Oy cos? GV\/COS’y +2cos20ycos2fy — 1

Alternatively, instead of placing an elliptical field stop into the retinal image it would
also be reasonable to use a rectangular shaped field stop like in the procedure from
section A3.3.3.2. Here, the rectangle would be located at xo and would be having
the same orientation according to equation (84) and the same half lengths K and K>
from equations (87) and (88). This alternative is not provided in both standards, but
can safely be used as the rectangular shaped field stop encloses a greater area on the
retinal image leading generally to a higher measured accessible emission than for using

an elliptical shaped field stop having the same angle of acceptance 7.

A3.3.3.4 Radiant power of coherent sources

For coherent sources, the AE has to be generally given in terms of the radiant power
® which is enclosed by the field stop I'

() = /F EdT. (89)

It is emphasized that there are accessible emission limits which are given in terms of
the radiant energy (). However, as it was mentioned before it is irrelevant for the
determination of a to consider the radiant power or radiant energy. The mathematical
conversion of the radiant energy into the radiant power is performed by a division of
the time ¢ for the accessible emission limits. Therefore this conversion does not affect

the dependence on the angular subtense.

A3.3.3.5 Radiance of incoherent sources

In the lamp safety standard [IEC, 2006], the retinal limits for incoherent sources are
either expressed by the radiance L or the time-integrated radiance if the photochemical
limit for small sources is not taken into account and only the general photochemical
limit is considered. The lamp safety standard [IEC, 2006] describes a method where

the radiance L can be calculated by the irradiance F with the relation

_dE

L=—.
dQ

(90)
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By assuming a Lambertian source where the radiance does not depend on the solid

angle €2 the relation can be simplified to

L=—. 91
= (o1)
Here, a weighted irradiance is needed and the measured retinal image which is given by
the spectral irradiance distribution £ has to be weighted. According to the lamp safety
standard, a weighted irradiance F’ is evaluated from the retinal image by integrating
over a weighting function. The weighted irradiance differs depending on which type
of accessible emission limit is considered. In case of the thermal hazard regime, the
irradiance is defined by
1400 nm
E = / R(\)EY dA (92)
380 nm

and in case of the photochemical hazard regime, the irradiance is given by

700 nm
Jog / B\ E, ). (93)
300 nm
R()) is the burn hazard weighting function. In general, this weighting function repres-
ents the biological absorption of the radiation. It shows relatively small values for the
near-infrared wavelength region as more light is absorbed by the cornea and the lens
of the eye in comparison to the visible wavelength region. The burn hazard weighting
function shows a maximum at around 440 nm. The function B()) is referred to as blue
light hazard weighting function and also shows a maximum at the same wavelength as
for R()\). For higher wavelengths, B()\) decreases and reduces by 10* at 600 nm. For
lower wavelengths, the function also decreases and reduces by 10% at around 380 nm.
The blue light hazard function emulates the sensitivity to photochemical hazard as a
function of wavelength.

In the next step, an averaged irradiance F is determined by calculating the radiant
power enclosed by the field stop I placed in the retinal image and dividing by the area
of the circular aperture
[ E'dT
% (dAp)Q.
At last, it has to be taken into account that the field stop I' subtends a solid angle in
which the averaged irradiance E(I') was determined. By projecting the area of the field

E(T) = (94)

stop in the retinal image on the unit sphere, the solid angle Q(I") can be calculated.
The solid angle depends on the field stop size, shape and location. The calculation of

the solid angle is shown in Table 13.
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The radiance is determined by dividing the irradiance by the solid angle
L) = —=. (95)

The retinal limits in the lamp safety standard are either expressed by the radiance or
the time-integrated radiance. Here, the time-integration plays not an important role
for the determination of the angular subtense of the apparent source and for defining
the evaluation procedure regarding the photochemical limit and will therefore not be

considered in detail.

A3.3.4 Retinal Image Analysis

The introduced retinal image analysis is an evaluation procedure that is used for eye
safety evaluations of radiation that is imaged on the retina. This procedures is in
accordance with the laser safety standard [IEC, 2014] as well as with the lamp safety
standard [TEC, 2006] and can be applied both to coherent and incoherent sources. As
the image analysis yields the most restrictive result of the eye safety evaluation, it is
ensured that there is no underestimation of the hazard.

The basic principle of the analysis is to maximize the ratio between the accessible
emission (AE) of the radiation and the corresponding accessible emission limit (AEL).
However, as discussed before, there are two different types of retinal AELs, namely
the photochemical limits and the limits that depend on the angular subtense of the
apparent source «. The image analysis differs depending on which type of limit is
considered and in the following both analysis procedures are introduced. Whereas for
the photochemical hazard, the main scope of the image analysis is the correct position
of the field stop, for the other retinal limits the main issue is the correct determination

of the angular subtense of the apparent source.

A3.3.4.1 Angular subtense of the apparent source

In general, radiation imaged on the retina has a lower hazard potential if the radi-
ation extends over a larger retinal area at the same radiant energy. This behavior is
considered in the AELs of the safety standards where larger retinal spots increase the
limits for coherent sources and decrease the limits expressed in radiance for incoherent
sources. In the standards, the retinal image size is given by the angular subtense o
and this value defines the limits. However, there is no explicit definition for the an-
gular subtense and generally no beam diameter definitions for the sources or diameter
definitions of the retinal images are suitable for determining the angular subtense as
the eye safety evaluation could be underestimated. In addition, the AE describes the

amount of radiant energy the angular subtense of the apparent source o encloses, and
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is therefore also dependent on it. The image analysis is a procedure to determine the
angular subtense where it is ensured to obtain the most restrictive eye safety result.

We propose the following generalized definition of the image analysis:

{F(LE(M Yo, a, b7 5) max (96)

AE(T) }

k()

y=a (Ya=ae,Yy=0y)

The value v refers to the averaged angle of acceptance from equation (78) of the field
stop I'. As a result, the angle of acceptance v, for both orthogonal directions of the
field stop is varied within

Q'min S Vi S Omax- (97)

The AEL is given by the function x(«) which represents the o dependence of the limits.
For incoherent sources, equation (72) is used for the emission limit x and equation (95)
for the accessible emission. In case of coherent radiation,  is defined by equation (70)
and the accessible emission by equation (89). According to the image analysis in
equation (96), all possible field stops I' have to be considered which means that all
parameters xg, %o, a,b and 0, see illustration from Fig. 53, that define the field stop
have to be varied. As the extents a and b are varied so that the angle of acceptances

are within the interval from equation (97), the tilt angle § has to be varied within
Odeg < § < 45 deg. (98)

The field stop shape can either be rectangular or elliptical. The angle of acceptance ~
associated with the field stop that yields the highest ratio between the AE and AEL, is
the angular subtense of the apparent source a.. The retinal image analysis is illustrated
in Fig. b4.

A3.3.4.2 Photochemical analysis

The image analysis for photochemical limits differs in comparison to the analysis for
the other limits and is less extensive. The corresponding limits do not depend on
a retinal image size and are also independent of the angle of acceptance. Unlike in
section A3.3.4.1, where the angle of acceptance 7 had to be varied to determine the
angular subtense « that yields the most restrictive ratio, the angle of acceptance is
a fixed value equal to the photochemical angle of acceptance y=-,, which is defined
in the safety standards. In section A3.3.3.3 it is described that the field stop 'y, is
a circular cone with an opening angle of 7, intersecting with the retinal plane. The
field stop only defines the AE and the acceptance angle does not affect the AEL. As

a result, the image analysis for photochemical limits in case of a field stop 'y, with a
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Figure 54: Example of an image analysis for a retinal image with a Gaussian irradiance
distribution. The field stops are realized by a rectangle and an ellipse with varying
extents given by the angles of acceptance v, and 7,. The dashed green and blue line
indicate the variation of the angle of acceptance and therefore the variation of the field
stop I'. The solid lines represent the solution « of the image analysis. In addition, the
diameter dg3 of the Gaussian distribution is shown. The variation of the rotation angle
and the location is not depicted.

photochemical angle of acceptance ~y,y is defined by

{th (xRetinay yRetina) max AE (th)} ) (99)

where TRretina and YRetina 1 the intersection point between the cone axis and the retinal
plane. As a result, image analysis requires varying the intersection point for a given
angle of acceptance to find the position that encloses the most radiant energy within
the field stop.

A3.3.4.3 Radial symmetric retinal images

For radial symmetric retinal images, the irradiance distribution can be expressed in

polar coordinates
Egy (r,¢) = Eri (7). (100)

In the following it is assumed that the irradiance is monotonously decreasing for a
higher radius r. As a consequence, the most restrictive field stop I' has to be located
at r = 0 and there is no need to vary the position and the orientation. The field stop
has either a square or a circular shape with the half length or radius a. This size is

determined by the angle of acceptance vy with

a=dy tan%. (101)
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In case of a square aperture the radiant power within the field stop is calculated by

T v/ 1+tan? ¢ ds tan %
ik (v) = 8/ / Egri(r)rdrde (102)
0 0

and in case of a circular aperture by

do tan %

dC (y) =27 /0 Egi(r)rdr. (103)

For incoherent sources the radiance is needed and equation (95) can be transformed to

D5 (v) ° ()
PO) = ey N (104)
md}, arcsin (sin®2)  §di,v
and
P (v) € (v)
LM = Sy (105)
m2dy, sin® 7 (Z) dApV

respectively. For small angles, both equations (104) and (105) can be approximated
by the term on the right side. This approximation can be applied as the angle of
acceptance is in the mrad regime. Since the angle of acceptance is limited by .y, the
deviation caused by the paraxial approximation is less than about 0.1 %. By inserting
the radiance approximation and the s behavior from equation (72) into the image
analysis from equation (96), it can be seen that the same ratio has to be maximized as
for coherent sources with emission durations shorter than 7,. For incoherent sources,
the same image analyis is applied as for coherent sources with short emission durations.

In case of radial symmetric retinal images having a global irradiance maximum at
r = 0, the complexity of the image analysis reduces. For the determination of the
angular subtense «, see equation (96), only one parameter, namely the half length of
the square field stop or the radius of the circular field stop, has to be varied. In the
case of photochemical image analysis, no parameter needs to be varied. Here, the field

stop to determine the AE is located in the center of the image and has a fixed size.

A3.4 Results

In this section, the developed image analysis procedure is applied to exemplary optical
systems or retinal images, respectively, and relevant conclusions are made. Here, co-
herent and incoherent systems are considered separately regarding the determination
of the angular subtense of the apparent source, since the requirements of the corres-
ponding safety standards turn out differently which lead to a different behavior. It is

started with the determination of the angular subtense of coherent radiation. Using
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various examples, the application of retinal image analysis is demonstrated and it is
shown what has to be taken into account and what the results mean. In the following
section, the determination of the angular subtense for incoherent radiation is discussed.
Here, it is presented how our developed method improves the current definitions in the
lamp safety standard. Finally, the image analysis procedure is used to perform an eye

safety evaluation for photochemical limits.

A3.4.1 Angular Subtense of Coherent Sources

In comparison to the standard for incoherent radiation [IEC, 2006], the standard for
coherent radiation [IEC, 2014] shows far more complex correlations regarding the de-
termination of the angular subtense of the apparent source. Here, the accessible emis-
sions limits show three different dependencies on the angular subtense which are listed
in equation (70). Furthermore, the limitations for the angular subtense follow different
equations depending on the emission duration of the radiation and on the measure-
ment condition. The different dependencies are listed in Table 11 and Table 12. In
the following, four different exemplary retinal images are presented to illustrate the
complexity of the angular subtense of the apparent source for coherent radiation. It is
assumed that the retinal images are generated by the air-equivalent eye model where

the distance between the lens and the retina is de=17 mm.

A3.4.1.1 Field stop shape and limit behavior

In this section, a radial symmetric Gaussian irradiance distribution defined by

. 2 2
B (r) = exp <_2E) = exp <_8dT) (106)

will be analysed as retinal image. The width w refers to the 1/e definition of the
distribution and is varied in this investigation. The formula can be rewritten with
the corresponding dgg-diameter which is twice the size of the width w. The emission
duration is assumed to be larger than 0.25s which lead to a maximum limitation
of apax=100mrad for the angular subtense. The Gaussian retinal image is analysed
with a square and a circular field stop where the equations (102) and (103) are used
to determine the enclosed radiant power. The calculated radiant power within the
field stop I" is the AE from the image analysis in equation (96). All three different
behaviors of the emission limit k¢ are considered. Depending on the emission limits,
the image analysis can yield different results. For a clear distinction between the cases
of the k from equation (70), the application of the image analysis using the first case

will be referred to as short-time, the second as long-time and the third as long-time-
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Figure 55: The results of the retinal image analysis for a radial symmetric Gaussian
irradiance distributions differ for the short-time, long-time and long-time-magnifying
method (a5, oy and Oél(M)) as well as for the choice of the field stop (circular and
square). The z-axis shows different extents of the Gaussian distribution defined by the
dgg-diameter. In the left plot the y-axis shows the angular subtense « and in the right
plot the angular subtense is expressed as dg-diameter.

magnifying method. The results for the angular subtenses are shown in Fig. 55 for
both field stop shapes and all analysis methods. The kink of all curves arises from
the maximum limitation of the angular subtense to 100 mrad. The kink in the curve
for al(M) appears significantly earlier than for the other methods. The reason is the
reduction of ap., by a factor of 7. For the symmetric Gaussian irradiance distribution,
the choice of a square field stop leads to a smaller angular subtense than for using a
circular field stop. In addition, in regions where the angular subtense is not limited
by its maximum and minimum value the results are generally smaller using the short-
time method. Furthermore, the long-time-magnifying method shows the largest results
before reaching the maximum limitation. This can clearly be seen in the left plot of
Fig. 55.

The investigation also shows that the angular subtense does not follow a specific
beam diameter definition. This can be seen in the right plot of Fig. 55 where the
angular subtense is recalculated as dy-diameter and shows a varying behavior. The only
exception is the short-time method where the angular subtense remains approximately
constant for an increasing width of the distribution. In case of the square field stop,
the angular subtense can be defined by the dgs 5-diameter and in case of the circular
field stop by the d7; 5-diameter. In the special case of a Gaussian distribution, the
dgz-diameter can be used for the calculation of the angular subtense according to the

laser safety standard. Here, in contrast to the image analysis, the total radiation power
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Figure 56: Plots of the elliptical Gaussian distribution for three different tilt angles
(Left: 45 deg, Center: 22.5deg, Right:0deg). The image analysis is performed using
the long-time method and a rectangular shaped field stop. The angular subtenses are
depicted by the black rectangles. The results are listed in Table 14.

is assumed to be contained within this diameter leading to a more restrictive eye safety
evaluation [Kotzur et al., 2021b].

A3.4.1.2 Rotation of the field stop

For applying the image analysis according to equation (96) on an arbitrary non-uniform
irradiance distribution, all possible field stops I' have to be taken into account to
maximize the ratio between the AE and AEL. When the shape of the field stop is
defined to either be rectangular or elliptical, the parameters to be varied are the widths,
the position and the rotation angle of the field stop. In general, measured retinal images
are two-dimensional matrices and not necessarily aligned along the axial directions of a
camera detector. By including the rotation of the field stop, it is ensured to obtain the
most restrictive result of the image analysis as all directions of the field stop are taken
into account. The rotation can be realized by two different procedures. One option is
to rotate the field stop and place it within the retinal image to evaluate the AE for the
corresponding angle of acceptance according to equations (76) and (77). The other
option is to rotate the retinal image in fixed rotation angle steps to create separate two-
dimensional retinal images to which the aligned field stops are applied. In the following
example, this procedure is used to illustrate the effect of the field stop rotation. Here,
the retinal image is a tilted elliptical Gaussian irradiance distribution which can be
seen in the left plot of Fig. 56. The 1/e-widths of the distribution are w,=25 ym and
w,=700 ym and the tilt angle is 45 deg. Fig. 56 shows three retinal images for different
tilt angles. For each image, the angular subtense is determined by using a rectangular
shaped field stop and the long-time method where the limit behavior of the middle case
from equation (70) applies. The results are listed in Table 14. In Fig. 56, it is clearly
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Table 14: Results of the image analysis for the retinal images from Fig. 56 with different
tilt angles.

Rotation angle
Angular subtense 45deg 22.5deg Odeg

a, (mrad) 45.73 2691 5.44
o, (mrad) 28.97 46.61 52.78
a (mrad) 37.35 36.76  29.11

visible that the angular subtenses «, and c, change significantly from left to right.
The angular subtense o which is the mean value of o, and «, decreases and reaches
a minimum for the aligned retinal image in the right plot of Fig. 56. The angular
subtense decreases about 5.6 % from a tilt angle of 45deg to 0deg. This means that
applying the image analysis on an incorrectly aligned retinal image could lead to an
underestimation of the eye safety evaluation. In this example, when assuming a static
beam irradiating the eye for long emission durations, the maximum permitted power
for laser class 1 is increased by 22.3 % if the 45 deg tilted elliptical distribution would
be analysed instead of the aligned distribution. It is emphasized, that the rotation of
the field stops does not only have to be performed on coherent radiation but also on

incoherent radiation.

A3.4.1.3 Emission duration and limitation of the angle of acceptance

In the laser safety standard [IEC, 2014], the maximum limitation of the angle of ac-
ceptance depends on the emission duration. This dependence is listed in Table 11
in the equation for the maximum angular subtense ay,.c. Furthermore, the emission
duration also affects the dependence of the AEL on the angular subtense according
to equation (70). As the magnifying measurement condition will not be considered
here, either the short-time or the long-time method is applied for the image analysis.
In this example, a Hermite-Gaussian source [Saleh and Teich, 2007] with the order
(1,2) and the 1/e* waist radius 8 mm is considered and placed directly in front of the
air-equivalent eye model. The retinal image is generated by solving the wave optical
diffraction equation [Goodman, 2005] for the propagation through the eye with a focal
length of f=14.53 mm.

The retinal image can be seen in Fig. 57 together with the results of the image
analysis for four different emission durations using rectangular shaped field stops. The
detailed results for the image analysis of Fig. 57 are listed in Table 15. As the maximum
limitation oy, is increasing for higher emission durations, the angular subtense of the
apparent source can also have higher values. In this example, the angular subtense is

equal to the maximum limitation in case of the first emission duration. For a higher
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Figure 57: 1In all plots, the angular subtense of the apparent source is determined for
the same retinal image. Depending on the emission duration ¢ of the radiation, the
maximum limitation ag,., changes and either the short or long-time method is used.
In (a)-(c) the emission duration is t < 625us, t = 0.1s and ¢t > 0.25s and the short
method is used. In (d) the emission duration is ¢ > 75 and the long-time method is
used. The results of the image analysis are listed in Table 15.

Omax, the angular subtense can enclose the left peak irradiance, see Fig. 57(b), and
also both the left and right peak irradiance, see Fig. 57(c). There is also a difference
in the angular subtense when comparing the results for the third and fourth emission
duration. In both cases the maximum limitations are identical but a different method
is used. For the long-time method, the angular subtense encloses almost the complete
retinal image, see Fig. 57(d).

This analysis shows that there is no specific angular subtense of the apparent source
when performing an eye safety evaluation for a laser source as there is a dependence
on the emission duration of the radiation. Furthermore, the angular subtense is not

a characteristic of the laser source but is determined by analysing the retinal image
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Table 15: Results of the image analysis for the retinal image from Fig. 57 for different
emission durations t. Also, the maximum limitation o,y is shown for the correspond-
ing emission duration. The results show the location (xg, o) and size (expressed by
the angular subtense o, and «,) of the rectangular shaped field stop.

Emission duration | t < 625us t=0.1s t>0.25s t>1Tp
Result short short short long
Omax (mrad) 5 63.25 100 100
xo (pm) -534.26  -420.17 0 0
yo (ym) 0 0 0 0
o, (mrad) 5 21.22 70.78  72.55
o, (mrad) 5 20.17 25.32  66.77
a (mrad) 5 20.70 48.05  69.66

created by the source. As a result, for a complete eye safety evaluation, all possible

focal lengths of the eye model have to be considered for the most restrictive result.

A3.4.1.4 Multiple wavelengths

For optical systems emitting coherent radiation at several wavelengths, a few addi-
tional steps have to be taken into account to perform the retinal image analysis. The
prerequisite for this is that the retinal image should be measured in terms of the spec-
tral irradiance distribution F like in case of incoherent sources. Biologically, different
wavelengths in the visible and near-infrared region show a different transmittance be-
havior when propagating through the eye. Especially in the near-infrared region, the
amount of radiant energy that reaches the retina can be significantly reduced. This
behavior is also reflected in the laser safety standard [IEC, 2014] by increasing the
accessible emission limit with the correction factors Cy(A) and C7(A). In the follow-
ing, the definitions for both correction factors are extended which enables to use a

generalised accessible emission limit:

(

1, if A € [400 nm, 700 nm)
Cy(A) = < 10%m A=7000m) i X € [700 nm, 1050 nm) (107)
9, if A € [1050 nm, 1400 nm)
(1, if A € [400 nm, 1150 nm)
Cr(A) = < 10%m (A-1150mm) —if \ € [1150 nm, 1200 nm) - (108)
8+ 105w (A=12500m) i \ ¢ 1150 nm, 1400 nm)

The laser safety standard provides limits that depend on the emission duration and

on the wavelength of the radiation whereas either the correction factor Cy or C7 is
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Table 16: Overview of the source characteristics used in the exemplary retinal image
in Fig. 58. The sources are created by an elliptical Gaussian irradiance distribution.

Source ‘ Wavelength ~ Center 2% /yg""¢ (mm) Width w,/w, (mm) Peak irradiance A ()

1 A -0.65 / 0.65 0.2/ 0.2 0.3
2 A 0.65 / 0.65 0.2 /0.2 0.3
3 Ay 0/0 1/03 1
4 A3 -0.65 / -0.65 0.2/ 0.2 0.3
5 A3 0.65 / -0.65 0.2/ 0.2 0.3

used. To simplify the evaluation of sources operating at multiple wavelengths, it is
advantageous to use a general limit where both correction factors always occur. With
this requirement and together with the above equations (107) and (108), all retinal

limits for extended sources can be transformed to have the following dependence:
K5 () = C4(N)Cr(N)KC () (109)

In case of multiple wavelengths, the laser safety standard states that the sum of ratios
between the accessible emission AE, and the corresponding AELs have to be taken
into account. The summation is realized by an integration over the wavelength and
only the parameter dependencies of the limits are considered. With a specific field stop

I', this results in the following term

AENT) .| 1 E B [ B(T)dT AE(T)
Lo = L femem M= ey e 0

Here, the weighted irradiance distribution £ is used which is obtained by integrating

over the spectral irradiance F) divided by the correction factors

E_/A—C4()\)C7()\) dA. (111)

This relation can be inserted into the image analysis described in equation (96) to
determine the angular subtense of the apparent source.

To illustrate the importance of the correct application of the image analysis, an
exemplary retinal image is investigated consisting of five elliptical Gaussian irradiance

distributions with the parameters listed in Table 16. The Gaussian distribution is

defined by
(fE _ xEH,G)Q (y _ yEll,G)Q
Egi(z,y) = Aexp (— 0o - 0 > .

2 2
w wy

(112)

Both widths w, and w, refer to the 1/e-definition. The peak irradiance A is given

in arbitrary units as the relative radiant energies between the sources are relevant for
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Figure 58: Left: Retinal image showing the measured irradiance distribution for the
example with the wavelengths A\;=400nm, Ay and A3=900nm. There are two sources
for both the wavelength A; and As. The source with the wavelength Ao shows a higher
irradiance peak than for the other sources. The results of the image analysis is depicted
by the black rectangles and are listed in Table 16. Center: The weighted retinal image
is shown for \y=1100 nm. The angular subtense now encloses both the center source
and both upper sources. Right: Weighted retinal image for As=1200 nm. By weighting
with the relatively high correction factor C7(\z), the center source is barely visible and
the angular subtense encloses a single A;-source.

the image analysis and not the absolute radiant energy. Fig. 58 shows the exemplary
retinal image. Table 17 lists the results of the image analysis. The sources 1 and 2
have a wavelength of A\;=400 nm and can be seen as two symmetric spots in the upper
half of the retinal images in Fig. 58. The sources 4 and 5 which are also symmetric
are located in the lower half of the retinal image and have the wavelength A3=900 nm.
The source in the center of the retinal images shows an elliptical shape of the Gaussian
distribution and two different wavelengths for Ay, 1100 nm and 1200 nm, are considered.
In the left plot in Fig. 58, the unweighted retinal image can be seen which represents
the irradiance distribution measured by a plane detector. The source in the center of
the image has the highest peak irradiance regardless of the wavelength A,. In the center
and right plot, each of the irradiance distribution of the single sources are weighted with
the correction factors and then summed up according to the relation in equation (111).
For the sources 1 and 2, both correction factors are equal to one and the weighting
does not change the irradiance levels. In case of the sources 4 and 5 which have the
wavelength 900 nm, the C; factor is equal to one and the C) factor increases by 2.5.
This results in a lower weighted irradiance for the lower two sources in the center and
right plot of Fig. 58 compared to the upper two sources. The weighting of source 3 is
different for both wavelengths. Here, in both cases the factor Cj is equal to 5 but the

factor C; increases from 5 to about 40 when increasing the wavelength from 1100 nm
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Table 17: Result of the retinal image analysis for the three retinal images from Fig. 58
which are weighted differently. The results show the location (g, yo) and size (expressed
by the angular subtense o, and ) of the rectangular shaped field stop.

Retinal Image | Unweighted Weighted Weighted
N Mp=1100nm  A,=1200 nm
xo (pm) 0 0 650
Yo (pm) 0 240 650
a, (mrad) 91.41 100 23.23
o, (mrad) 45.58 72.03 23.23
a (mrad) 68.49 86.01 23.23

to 1200 nm. This results in an irradiance level comparable to the upper two sources in
the center plot of Fig. 58 and in a barely visible source 3 in the right plot. Applying the
image analysis on all three retinal images using a rectangular shaped field stop leads
to three significantly different angular subtenses which are listed in Table 17. For the
unweighted retinal image, the angular subtense encloses the center source 3 and has a
value of about 68 mrad. As this evaluation does not take the weighting and summation
according to the laser safety standard into account, this result represent an incorrect
eye safety evaluation. The correct results are depicted in the center and right plot
in Fig. 58 by the black rectangles. For source 3 having a wavelength of 1100 nm, the
angular subtense encloses the upper two sources and the center source and has a value
of 86 mrad. The weighted irradiance of source 3 lowers for the wavelength of 1200 nm so
that the angular subtense only encloses one single source with the wavelength 400 nm
and has a value of 23mrad. In the right plot of Fig. 58, the black rectangle is only
drawn in source 2. However, another correct solution would be an angular subtense
enclosing source 1 as the same result is obtained.

This example shows the importance of the correct application of the image analysis.
Using only an unweighted irradiance distribution would result in a significantly different
angular subtense. For analysing retinal images consisting of multiple wavelengths, a
weighting according to equation (111) with the correction factors from equation (107)

and (108) has to be done.

A3.4.2 Angular subtense of Incoherent Sources

The determination of the angular subtense does not show a broad variability of calcu-
lation methods as it was the case for coherent sources. There is one single AEL that
depends on the angular subtense which is described by the behavior in equation (72)
and the maximum limitation a,,.y is a fixed value and does not depend on the emission
duration. A further difference is that the lamp safety standard [IEC, 2006] introduces
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(a) Retinal irradiance distribution in arbitrary units. (b) The white curve shows the 50% emission points
The retinal image was created by accommodation of the retinal irradiance distribution. This divides
to the filament. the source into several parts.

Figure 59: Measurement of the retinal image of a halogen lamp (a) and image analysis
procedure according to the lamp safety standard (b) [IEC, 2006].

an explicit definition for the angular subtense of the apparent source. Here, the angu-
lar subtense is determined by the 50% emission points of the retinal image. However,
depending on the retinal image, this determination may not be well defined. Fig. 59
shows a retinal image of a halogen lamp where the 50% criterion is applied. The figure
shows the retinal image, measured in irradiance, for accommodation to the filament
of the halogen lamp. This accommodation represents a restrictive condition. It can
clearly be seen that the criterion from the lamp standard would create several separate
source elements. The large source element in the center of Fig. 59 shows an angular
subtense with a,;=16.4 mrad, o,=18.1 mrad and a=17.3 mrad. Below this source there
is a smaller elongated source with the angular subtense a,=7.4mrad, a,,=1.5 mrad and
a=4.4mrad. According to the lamp safety standard, the hazard evaluation would have
to be done for each element and for the combination of the elements. This contradicts
to an intuitive approach where the halogen lamp is seen as a single source.

To avoid misunderstandings and to provide one single conservative result, we pro-
pose a general definition of the angular subtense with the retinal image analysis from
equation (96). The example of the halogen lamp from Fig. 59 is analysed with the ret-
inal image analysis using rectangular shaped field stops which can be seen in Fig. 60.
The pixel size of the camera detector is 4.54 ym and the distance dy between the eye
lens and the detector plane is set to 35 mm. With these settings the solution of the
retinal image analysis lead to a, = 18.1mrad, a, = 22.2mrad and o = 20.2mrad.
This evaluation yields more restrictive results than the procedure described in the
lamp safety standard and the deviation between both methods is about 2.7%. The
retinal image analysis for incoherent sources is comparable to the short-time method

for coherent sources. The radiance L divided by the AEL yields the same ratio as the
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Figure 60: Application of the image analysis to determine the angular subtense of
the apparent source with the use of rectangular field stops on the retinal image from
Fig. 59.

radiant power ® divided by the AEL for emission durations shorter than 75 which is

the upper case in equation (70).

A3.4.3 Photochemical Limits

In the previous sections, the eye safety evaluation was performed using retinal limits
that depend on the angular subtense of the apparent source. For coherent and incoher-
ent radiation with wavelengths in the photochemical hazard region, see Table 11 and
Table 12, a further image analysis has to be applied. For analysing retinal images with
regard to the photochemical limits, a rectangular or elliptical shaped field stop, which
size is defined by the photochemical angle of acceptance ~ypn, has to be placed within
the retinal images to maximize the AE. According to the photochemical image analysis
from equation (99), the maximization is performed by varying the position getina and
YRetina Of the field stop. In the following, an exemplary retinal image will be considered
which is shown in Fig. 61. The retinal image shows a grid consisting of several elong-
ated Gaussian distributions as well as several symmetric Gaussian distributions in the
gaps of the grid. The pixel size of the retinal image is 5 um and the distance dy between
the eye lens and retina is assumed to be 17mm. The image analysis is performed for
three different photochemical angle of acceptances vpn, 20 mrad, 40 mrad and 100 mrad.
The corresponding results using both possible field stop shapes are listed in Table 18.
In the left and center plot of Fig. 61, it can be seen that both possible field stops do
not necessarily have to be located at the same position of the retina to maximize the
AE. At an angle of acceptance of 20 mrad, the elliptical field stop is not large enough
to enclose more than one peak irradiance while two peak irradiances are included in

the rectangular field stop. In the right plot of Fig. 61, both field stops are placed in
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Figure 61: Result of the photochemical image analysis using a rectangular as well as
an elliptical field stop for an exemplary retinal image in case of an angle of acceptance
Ypon Of 20mrad (left), 40 mrad (center) and 100 mrad (right). The results are depicted
by the black field stops and the corresponding characteristics are listed in Table 18.

Table 18: Overview of the results of the photochemical image analysis of the exemplary
retinal image from Fig. 61. The results show the position Tgretina and Yretina Of the field
stop 'y, and the AE. A rectangular as well as an elliptical shape of the field stop was
used,

W 20mrad 40mrad 100 mrad
Result

Rectangular field stop

TRetina (JM) -130 0 0
YRetina (,U,Hl) 130 0 0
AE(T,,) (W) 2.26 8.54 47.25
Elliptical field stop

TRetina (M) 245 -240 0
YRetina (,U,I’Il) 245 0 0
AE(T,n) (W) 1.80 6.57 37.50

the center of the retinal image. Here, the rectangular field stop contains more radiant
power than the elliptical one. In the above example, the measured AE is by average
about 27 % higher when the rectangular shaped field stop is used which lead to a more
conservative eye safety evaluation.

At last, it should be noted that in this example the used field stops can be approx-
imated by a circle and a square which size is evaluated using equation (101). In this
exemplary investigation, the deviation between an approximated circle or square and

an elliptical or rectangular geometry described by equation (83) is less than 0.1 %.
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A3.5 Conclusion

In this investigation, a generalized image analysis is introduced for performing eye
safety evaluations of radiation in the visible and near-infrared wavelength region, The
developed image analysis is in accordance to the laser safety standard IEC 60825-
1:2014 [IEC, 2014] and the lamp safety standard IEC 62471:2006 [IEC, 2006] and can
therefore be applied to coherent as well as to incoherent radiation. In general, two
types of accessible emission limits are identified, namely limits that depend on the
angular subtense of the apparent source v and the photochemical limits. For each type
of limit, a separate image analysis is applied for the eye safety evaluation. The basic
principle of the image analysis is to maximize the ratio between the accessible emission
and the accessible emission limit.

In the laser safety standard, the limits that depend on the angular subtense rep-
resent the photomechanical, thermomechanical and thermal damage regime. For in-
coherent radiation, the lamp safety standard provides only one limit that depend on
the angular subtense and which represent the thermal hazard. In both cases, the an-
gular subtense describes an area within the retinal image and lead to an increase of
the accessible emission limit. Therefore, the angular subtense of the apparent source
is an important characteristics of the laser safety standard and lamp safety standard.
However, only the lamp safety standard provides an explicit definition of the angular
subtense which can lead to ambiguous results. The angular subtense does not follow
a specific beam diameter definition and for this reason, a new image analysis is intro-
duced which determines the angular subtense of the apparent source and yields the
most restrictive eye safety result.

With the investigated retinal images, it is shown that there is no specific angular
subtense for a certain optical system but it is a characteristic value of the retinal
image. In case of coherent radiation, the determination of the angular subtense is far
more complex than for incoherent radiation. It is shown, that there can be several
angular subtenses for the same retinal image. Due to different dependencies of the
accessible emission limits, there are three different analysis methods to obtain the
angular subtense of the apparent source which are referred to as short-time, long-time
and long-time-magnifying method. In the investigated retinal image, the short-time
method lead to the smallest v results whereas the long-time-magnifying method yields
the largest results. As two different field stop shapes, either rectangular or elliptical, can
be applied, a retinal image can have up to six different angular subtenses. The angular
subtense of the apparent source also depends on the emission duration of the radiation
as it defines the maximum limitation according to the laser safety standard. Therefore,

in case of coherent radiation the angular subtense can be limited between 5 mrad and
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100 mrad whereas for incoherent radiation the maximum limitation is fixed at 100 mrad.
This means that the temporal behavior of the coherent radiation also influences the
angular subtense. A further influence is the choice of the field stop shape where either a
rectangular or an elliptical shape can be used. As the interaction between the radiation
and the tissue behave in an isotropic way the use of an elliptical shape is more justified
than for a rectangular shape from a biological point of view. However, the realization
of a rectangular field stop is more simple as the measured quantities are often sampled
equidistantly. The investigation on the symmetric Gaussian irradiance distribution
indicates that the use of a rectangular field stop leads to smaller angular subtenses
than for the elliptical field stop and to more restrictive eye safety evaluations. For this
reason, the use of a rectangular field stop can be justified and offers a good alternative
to elliptical field stops. The image analysis for determining the angular subtense is an
extensive procedure where the field stop has to be varied in its size, position and even
tilt angle. The importance of the tilt angle is also shown in this investigation where it
was found that the eye safety evaluation would be underestimated by about 22 % for
an elliptical tilted Gaussian retinal image in case no alignment is performed. At last,
the image analysis is considered for multiple coherent sources at different wavelengths.
For a correct application of the analysis, it is important to consider a weighted retinal
image. The weighting has to be performed by dividing each spectral irradiance with
the correction factors and adding them up. This procedure is in accordance with the
laser safety standard and has a similarity to the investigation of incoherent sources.
In this investigation, the image analysis is also applied to incoherent sources which
has the advantage that the analysis yields one single conservative result in contrary to
the « definition of the lamp safety standard. It is found that the image analysis to
determine the angular subtense for incoherent sources is comparable to the short-time
method of coherent sources with a fixed maximum limitation of the angular subtense.
In the last part of the investigation, the image analysis is used to evaluate the eye
safety with regard to the photochemical limits. Here, the analysis is less extensive than
for the determination of the angular subtense as the size of the field stop is defined
by a fixed angle of acceptance and the field stop has to be varied in its position to
maximize the accessible emission. The shape of the field stop is defined to be either a
rectangle or an ellipse. The use of a rectangular shaped field stop is not mentioned in
the safety standards but it can safely be applied as it always measures a higher amount
of radiant power for the accessible emission than an elliptical shaped field stop and is

therefore more conservative.
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A3.6 Outlook

In this paper, an image analysis was developed and presented to perform eye safety
evaluations for radiation that is imaged on the retina of the eye. The image analysis is
in accordance with the evaluation scheme from the laser safety standard and the lamp
safety standard. The application of the image analysis was presented in this study
using exemplary retinal images. In a follow-up investigation, a much wider variety
of retinal images can be examined to further support the conclusions made in this
investigation. Examining more retinal images help to make more detailed statements
in how far the use of a rectangular field stop is more restrictive than with an elliptical
one. Regarding coherent sources and the determination of the anguluar subtense of the
apparent source, such investigations help to evaluate the deviations between the short-
time, long-time and and long-time-magnifying method. Another interesting point is
the comparison between an eye safety evaluation with simulated injuries induced by
the investigated retinal image as it has been done in a previous investigation for the
thermal damage regime [Kotzur et al., 2020c, 2021a]. For example, the topic of pulsed
patterns could be examined [Jean et al., 2019, 2020], whereby three criteria must be
used here according to the laser safety standard.

Another issue that can be addressed is performing a complete eye safety calculation
for an optical product. For a complete eye safety evaluation, usually not only one retinal
image has to be analyzed, but a large number of retinal images through different eye
positions and different accommodations to find the most restrictive result. To handle
this computational effort, it would be advantageous to develop algorithms that point to
the most restrictive result for a given optical product. For a collimated laser beam, the
most restrictive result is obtained when accommodating to infinity, since the radiation
is focused on the minimum spot size. However, in the case of single astigmatic beams,
it is unclear which accommodation leads to the most restrictive result, since there
are two beam waists that are locally displaced. Another example is a scanning lidar
system. When accommodating to infinity, the retina is scanned with a focused beam,
while when accommodating to the scanning mirror, the radiation is always imaged on
the same location on the retina. Here, both cases must be evaluated to determine the

more restrictive result.

A3.7 Appendix A: List of symbols

Q@ angular subtense of the apparent source
Omax maximum limitation of the angular subtense of the apparent

source
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Qmin

)

“ph

n;

no

Xo

Qum

q)C
(I)S

minimum limitation of the angular subtense of the apparent
source

angular subtense of the apparent source along the x-direction
angular subtense of the apparent source along the y-direction
angular subtense of the apparent source obtained for ¢ > T5
angular subtense of the apparent source obtained for ¢ > T5
and for the ‘magnifying measurement condition’

angular subtense of the apparent source obtained for ¢ < 75
rotation angle of T"

angle of acceptance of I’

field stop

angle of acceptance of I'py

angle of acceptance of I" along the k-direction with k& € {z,y}
angle of acceptance of I' along the x-direction

limited angle of acceptance of I' along the z-direction

angle of acceptance of I' along the y-direction

limited angle of acceptance of I" along the y-direction

field stop for photochemical limits

angle of acceptance of I'py

retinal limit dependence on «

retinal limit dependence on « for incoherent sources

retinal limit dependence on « for coherent sources
wavelength weighted quantity of x©

wavelength of the radiation

ellipse describing I'y, obtained by the intersection between
the retina and a right circular cone located at O with a full
opening angle of v, an elevation angle of 6y and an azimuth
angle of 6y

normalized direction vector of the first axis of the ellipse Cgy
normalized direction vector of the second axis of the ellipse
Crn

coordinate origin

center of the ellipse Cgy

solid angle

solid angle for field stops located at M

radiant power

radiant power measured by a circular field stop

radiant power measured by a square field stop
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Ergy
G
Eg)

sym

accessible emission measured by a field stop

spectral accessible emission measured by a field stop

center of "

angle of a normal vector to the direction of radiation for
evaluating the irradiance

azimuth angle of a right circular cone located at O
elevation angle of a right circular cone located at O

angular coordinate of a polar coordinate system

peak irradiance of Eg,

half width of I'

half width of "

blue light hazard weighting function defined in the lamp
safety standard IEC 62471:2006

correction factor defined in the laser safety standard
IEC 60825-1:2014

correction factor defined in the laser safety standard
IEC 60825-1:2014

distance between ideal lens and retina in the air-equivalent
eye model

diameter containing an arbirtrary power percentage of the
total radiant power of the retinal image

diameter containing 62.5 % of the total radiant power of the
retinal image

diameter containing 63 % of the total radiant power of the
retinal image

diameter containing 71.5 % of the total radiant power of the
retinal image

diameter containing 86 % of the total radiant power of the
retinal image

circular aperture diameter of the air-equivalent eye model
irradiance

weigthed and unaveraged irradiance

unweighted spectral irradiance

spectral irradiance

irradiance distribution on the retina / retinal image
elliptical Gaussian irradiance distribution

radial symmetric Gaussian irradiance distribution

focal length of the air-equivalent eye model
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Ky half length of the first axis of the ellipse Cgy
K5 half length of the second axis of the ellipse Cgy

L radiance

LC radiance measured by a circular field stop

L3 radiance measured by a square field stop

Ly luminance

Q radiant energy

r radial coordinate of a polar coordinate system

R()\)  burn hazard weighting function defined in the lamp safety
standard IEC 62471:2006

t emission duration

T time defined in the laser safety standard IEC 60825-1:2014
w 1/e-width of ES |

Wy 1/e-width in a-direction of ES

wy 1/e-width in y-direction of ES;

x coordinate in a Cartesian coordinate system

o z-coordinate of the center of I'

2mS z-coordinate of the center of ES,

TRetina T-coordinate of the intersection point between the retina and

the axis of a right circular cone representing I'pp,

Y coordinate in a Cartesian coordinate system
Yo y coordinate of the center of I
YoM S y-coordinate of the center of ES,

YRetina  Y-coordinate of the intersection point between the retina and
the axis of a right circular cone representing I',p,

(M) ‘magnifying measurement condition’ of the laser safety stand-
ard IEC 60825-1:2014
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