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The fundamental transverse mode (TEM,) is preferable for experimental and theoretical study
on the laser-induced retinal injury effect, for it can produce the minimal retinal image and
establish the most strict laser safety standards. But actually lasers with higher order mode were
frequently used in both earlier and recent studies. Generally higher order mode leads to larger
retinal spot size and so higher damage threshold, but there are few quantitative analyses on this
problem. In this paper, a four-surface schematic eye model is established for human and macaque.
The propagation of 532-nm laser in schematic eye is analyzed by the ABCD law of Gaussian
optics. It is shown that retinal spot size increases with laser transverse mode order. For relative
lower mode order, the retinal spot diameter will not exceed the minimum laser-induced retinal
lesion (25 ~ 30 um in diameter), and so has little effect on retinal damage threshold. While for
higher order mode, the larger retinal spot requires more energy to induce injury and so the
damage threshold increases. When beam divergence is lowered, the retinal spot size decreases
correspondingly, so the effect of mode order can be compensated. The retinal spot size of macaque
is slightly smaller than that of human and the ratio between them is independent of mode order.
We conclude that the laser mode order has significant influence on retinal spot size but limited
influence on the retinal injury effect.
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effect.
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1. Introduction

The retina of the eye is vulnerable to visible and near
infrared laser which can propagate through the eye
into a small spot.' The injury threshold for expo-
sure to a laser source varies with the irradiated area
on the retina. Based on the study of thermal damage
model by Zuclich et al.,* the dependence of retinal
damage threshold on the retinal spot size varies with
injury mechanism which is determined by exposure
duration. For a pulse ranging from microseconds to
seconds, the retina damage is induced by thermal
effect, and the thresholds, in terms of total intra-
ocular energy (TIE), are proportional to the retinal
spot diameter.”” While for a pulse ranging from
nanoseconds to microseconds, the damage is induced
by nonthermal effects, such as microcavitation and
plasma effect, and the thresholds are found to be a
square dependence on the retinal spot diameter when
it is larger than 80-100 um.*” However, as the retinal
spot diameter decreases to about 25-30 um, the
threshold will be independent of it,'” which is the
basis for the establishment of laser safety standard.

According to the latest guidelines published by
International Commission on Non-Ionizing Radiation
Protection (ICNIRP), the dependence of maximum
permissible exposure (MPE) on the retinal spot size
(or source angular substance) varies with mechan-
ism,'! as showed in Fig. 1. From above discussion, we
can see that the retinal spot diameter is an important
parameter in the research of retinal injury threshold.

Undoubtedly, experimental data achieved by
using the TEM,;; mode can establish the most strict
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Fig. 1. Retinal spot size dependence of MPE corresponding to
thermal and nonthermal damage mechanisms.

laser safety standards for it can produce the mini-
mal retinal image. But some of the lasers which was
claimed to be in TEM,; mode by earlier investi-
gators was presumed to be in multimode actually.
The earlier thresholds were found to be generally
larger than the recent values, which probably
resulted from underestimation of the retinal spot
size.'>'? Nowadays, with significant advances in
laser technology, lots of lasers can export a beam
with TEM,, mode. But the output power of the
lasers with pure TEM;; mode might be too low to
induce observable damage. So a question is raised
that whether the higher order modes can be used in
the experimental study on the laser injury thresholds.
However, few quantitative analysis of the influence of
higher order mode on the retinal injury effects have
been performed in literature. In this paper, we aim to
analyze the influence of laser transverse mode on the
retinal spot size and retinal injury effect.

Theoretically, the laser spot diameter and
intensity distribution on the retina can be inferred
from the structure of the eye and the properties
of incident laser beam.'* ' As a living dioptric
system, the eye mainly consists of four media: cor-
nea, aqueous, crystalline lens and vitreous. Different
eye models for human and other animals have been
established.!”?* Among these models, the classical
simplified eye models with spherical surfaces and
homogeneous refractive index are still widely used
for paraxial ray calculations,' such as the four-
surface schematic eye model commonly accepted for
human, macaque, rabbit and rat.?'~?* Another issue
which should be considered is how to characterize
the propagation of higher order mode laser beam.
According to the literature, the embedded Gaussian
model, in which the higher order modes are treated
as the TEM,, mode, is frequently used for its con-
venience. In our model, we also use the four-surface
schematic eye model and the embedded Gaussian
model to estimate the laser spot diameter on the
retina. The laser wavelength in our calculation is
532nm which is widely used for the study on the
laser-retina injury effect.

2. Methods

2.1. Embedded Gaussian model
and ABCD law

The two main families of higher order transverse
mode beams are Laguerre—Gaussian beam and
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Hermit-Gaussian beam.?>? Most lasers export

Laguerre-Gaussian beam with cylindrical sym-
metric irradiance pattern due to the circular res-
onance mirror. As shown in Fig. 2, the patterns
of the higher order transverse modes, TEM,,, are
described by two parameters which are radial order
p and azimuthal order I

The “embedded Gaussian beam” is a convenient
means by which the calculation can be simpli-
fied.?"?" The TEM,, mode is embedded in it, as
shown in Fig. 3. The beam parameters of TEM,,
mode as a function of the propagation distance
from the waist position are expressed as follows:

beam radius at location z:

Wo(2) = wo/2p + 1+ L 1+(i>2, (1)

20

waist radius: W, ._g = wo\/2p +1+1, (2)

angle of divergence: 0, = 0p/2p +1+1, (3)
beam propagation factor: M2 =2p+1+1. (4)

In above equations, A is the laser wavelength, z, is
the Rayleigh length, wy is the waist radius of the
TEM,, mode (corresponding to the position where
the local irradiance is 1/e? of the central maximum
level®7), 6, is the divergence of the TEM,, mode,

W, and 0, represent the waist radius and the
divergence of higher order mode beam, respect-
ively.?” The waist radius and the divergence of the
higher order modes are M times larger than that of
the TEMyq mode. Consequently, the beam diameter
of the higher order mode beam will always be M
times that of the TEM,; mode beam in any cross
section. The complex parameter of the beam can be

expressed as:

1 1 CAM?
— + 1 ,
gu(2)  Ry(z)  7W}

where R, (z) is the curvature radius of the wave

front at distance z. In paraxial optical systems, the

ABCD law is frequently used to describe the pro-

pagation of the Gaussian beam from one reference

plane to another. After the beam propagates

through an optical system, its complex parameter
changes to:

(5)

Ag, + B
P (6)
2 qull + D

Then the beam radius can be expressed as:
S S
omIm(1/qy,)

(7)

where Im denotes the imaginary part of a complex
number.
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Fig. 2. Diagrams of intensity distributions of different Laguerre-Gaussian modes. The two numbers represent the radial order p

and azimuthal order [ in the sequence.

Fig. 3. The embedded Gaussian model.
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2.2. Four-surface schematic eye
model and retina localization

The four-surface schematic eye model is established
according to literatures.?’* In the model, the fol-
lowing parameters are involved: the curvature of
anterior and posterior surfaces of the cornea and
lens, the thickness and the refractive index of the
cornea, aqueous, lens and vitreous. All the inter-
faces in the eye model are ideal spherical surfaces.
The details are shown in Fig. 4 and Table 1. The
refractive indices of ocular media listed in Table 1
refer to the values at the wavelength of 532 nm,
which are calculated by using the values at 589 nm
and assuming that the ocular media has the same
dispersion with water.?! As the macaque is the most
favored animal model for the retinal injury studies,
we also listed its parameters for comparison with
human.

By histology analysis, it is found that the laser-
induced retinal damage is localized at the RPE
layer.*> The RPE is a monolayer of cells containing
melanin granules which is a strong absorber of
optical radiation. The absorbed energy results in
tissue heating and damage.**** In our model, the
exact location of the retina (RPE layer) is set at the
intraocular beam waist for paralleled TEM,, mode
at 532 nm, which is 16.57 and 12.93 mm post-len-
ticular in the human and macaque eye respectively,
as shown in Table 1.

The transfer matrix for the ocular system can be
obtained by multiplying eight individual matrices
(four refractive media and four interfaces) in the
opposite order of the ray propagation, as shown in

Eq. (8).
w(2 )

-
N

Vitreous Lens Aqueou Cornea

Fig. 4. The four-surface schematic eye model.

Table 1. Geometrical characteristics of schematic eye models.

Structure
characteristics ~ Symbol Human Macaque
Index of Cornea ny 1.380 1.380
Refraction
Aqueous Ny 1.340 1.340
Lens ng 1.423 1.423
Vitreous n 1.339 1.340
Curvature Anterior surface 1 7.8 5.75
(mm) of cornea
Posterior surface Pa 6.5 5.12
of cornea
Anterior surface P3 10.2 10.34
of lens
Posterior surface P4 —6.0 —6.39
of lens
Thickness Cornea Iy 0.55 0.40
(mm)
Aqueous ly 3.05 2.84
Lens l3 4.0 2.98
Vitreous ly 16.57 12.93
1 0 1 0
(1 11,
“\0 1) M sl o 1 )| Bs T2 2
4Py Ny n3ps N3
1 0
% 1 lQ 1 ll
0 1/({"2=™m ™ flo 1
USTZ; U]
1 0
X ny —ny Ny . (8)
1 p1 nl

3. Results

3.1. Intraocular propagation of
different transverse order mode

For the calculation of the retinal spot size, no dif-
fraction effects or effect of the aperture on the beam
are considered, i.e., the lens diameter is assumed to
be infinite (or at least much larger than the beam
diameter).*” In our model, the diameter of the pupil
is set to 7mm. The laser parameters are as follows:
wavelength — 532nm, distance from laser source
to the anterior surface of cornea — 2.4m, beam di-
vergence of the embedded TEMy;, mode — 0.2 and
0.5 mrad. The setting is a trade-off between the beam
diameter and the pupil diameter. Figure 5 shows the
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Fig. 5. Calculated beam diameter of different transverse modes focused by human eye under the conditions: wavelength — 532 nm,
distance from laser source to the anterior surface of cornea — 2.4 m, beam divergence of the embedded TEM,, mode — 0.2 mrad

(a), 0.5 mrad (b).

intraocular propagation of different order modes in
human eye. The retina is located at the zero pos-
ition of the horizontal axis. As can be seen in Fig. 5,
the beam waist of higher order mode locates at the
same position as that of the TEM,; mode. The spot
diameter on the retinal plane increases with the
mode order. The calculated retinal spot diameter
of TEMy, mode with the divergence of 0.2 and
0.5 mrad is 6.4 and 16.1 um, respectively.

3.2. Influence of radial and azimuthal
order on the retinal spot diameter

Figure 6 shows the influence of radial and azimu-
thal order on the retinal spot diameter. The beam

Retinal spot diameter (pum)

divergence of the embedded TEM, mode is 0.2 mrad
and other laser parameters are same with Fig. 5. It
can be seen that the effect of radial order is stronger
than that of azimuthal order. The maximum retinal
spot diameter corresponds to TEM,, mode, which is
23.1 ym for human and 18.2 um for macaque.

3.3. Influence of beam propagation
factor on the retinal spot diameter

The highest order of transverse mode involved in
our calculation is TEM,, mode, which corresponds
to the beam propagation factor 13. Figure 7(a)
shows the dependence of the retinal spot dia-
meter on beam propagation factor for human and

Retinal spot diameter (pum)

Fig. 6. Retinal spot diameter versus radial order p and azimuthal order [ of transverse mode for human eye (a) and macaque eye
(b). The beam divergence of the embedded TEM, mode is 0.2 mrad, other parameters are same with Fig. 5.
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Fig. 7. Retinal spot diameter versus beam propagation factor for human and macaque (a) and the ratio between the two species

(b). Parameters are same with Fig. 5.

macaque, and Fig. 7(b) shows the ratio between
them. The laser parameters are same with Fig. 5.
We can see that the spot diameter of both species
increases monotonously, while the ratio between
them is independent of beam propagation factor.

3.4. Influence of beam divergence

on the retinal spot diameter
Figure 8(a) shows the dependence of the retinal
spot diameter of TEM,, and TEM,, mode on beam

divergence of the embedded TEMg;, mode for
human and macaque. The ratio between the retinal

300

= — Human-TEMOO
4 Macaque-TEMOO
250 - | —o— Human-TEM44

| | —~— Macaque-TEM44 E
200 | /
150 | / /

Retinal spot diameter (um)

N e ol NAPUE T SRR S SN SR R
00 02 04 06 08 1.0 1.2 14 16 18 20 22

Beam divergence (mrad)

(a)

spot diameters of the two species is shown in
Fig. 8(b). The laser parameters are same with
Fig. 5. We can see that the retinal spot diameter
increases rapidly and linearly with beam divergence.
The ratio between the retinal spot diameters of the
two species decreases slightly with beam divergence.

4. Discussion

The aim of this paper was to analyze the influence of
laser transverse mode on the retinal spot diameter.
To achieve this, an embedded Gaussian model was
selected to characterize the propagation of higher

1.28

1.27

Ratio

1.25

1.24 |

1.23

| 1 1 1 | 1 1 1 1

00 02 04 06 08 1.0 12 14 16 1.8 20 22

Beam divergence (mrad)

(b)

Fig. 8. Retinal spot diameter of TEM,, and TEM,, mode versus beam divergence of the embedded TEM,, mode for human and

macaque (a) and the ratio between the two species (b).
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order mode of Laguerre-Gaussian laser beam; the
four-surface schematic eye model was chosen to
simulate the real ocular structure of mammal eye.
Several assumptions and simplifications were made to
facilitate our calculation. Firstly, the eye model was
established with spherical surfaces and homogeneous
refractive index, which was different from those eye
models characterized by aspheric surfaces or gradient
refractive index. Secondly, the chromatic aberration
has been avoided by setting the retina at the beam
waist of the paralleled TEM,;, mode for 532nm.
Finally, only the situation of the vertical centered
incidence was discussed, while that of optical tilt or
decentration was not taken into consideration.

Our calculation indicates that the transverse
mode order has remarkable influence on the charac-
teristics of the laser beam transmitted through
refractive ocular media. Firstly, as shown in Fig. 5,
the beam waist is behind the assumed retina plane
for all the calculation cases and its location is inde-
pendent of the mode order. As the beam divergence
increases, the distance between the beam waist and
the retina also increases. Secondly, the beam mode
order has a significant influence on the retinal spot
diameter. From TEM;,, to TEM,, mode, the spot
diameter increases about 3.6 times for both the 0.2
and 0.5 mrad beam divergences. The contribution of
the radial order p on the spot diameter is greater
than that of the azimuthal order [ (see Fig. 6), while
the retinal spot diameter increases with M? factor
monotonously, as shown in Fig. 7(a). Thirdly, the
increase of retinal spot diameter with radial order p,
azimuthal order [ and M? factor is obvious initially,
and then gradually slows down. The beam diver-
gence also has considerable influence on the retinal
spot diameter. From Fig. 8(a) we can see that the
retinal spot diameter increases rapidly and linearly
with beam divergence. From Fig. 7(a) we can see
that when the beam divergence is 0.2 mrad or lower,
the retinal spot diameter does not exceed 25 pum for
all the calculated mode orders; while for 0.5 mrad,
the spot diameter exceeds 25 pum for mode orders
with M? factor greater than 3.

It can be inferred from Fig. 1 that the spot size
dependence of retinal damage effect can be divided
into three distinct regimes. When the retinal spot is
larger than 1.7 mm (100 mrad), the threshold in TIE is
proportional to the square of retinal spot diameter;
when the retinal spot is smaller than 25 ym (1.5 mrad),
the threshold is a constant; when the retinal spot is
between 25 pym and 1.7mm, the threshold is either

linearly or squarely dependent on retinal spot diam-
eter, which is determined by exposure duration. OQur
calculation shows the retinal spot of higher order
modes may either be smaller or larger than 25 ym, or
even larger than 85 um [see Fig. 8(a)]. From above we
can infer that the laser mode order has no obvious
influence on retinal damage effect when the mode
order is low or the beam divergence is small. While for
higher mode order or larger beam divergence, the in-
fluence should not be neglected and the retinal damage
threshold may be elevated. Furthermore, by colli-
mating the incident laser beam, the influence of higher
mode order can be reduced. This may be a useful
guidance for experimental study.

The macaque monkey is widely used in the study
of retinal injury threshold for its similarities with
human eye in both the geometrical parameters and
physiological function. The retinal injury threshold
of macaque monkey is lower than that of human,
which has been attributed to lighter pigmentation
of human retina.® From our calculation, the retinal
spot diameter of macaque monkey is slightly smal-
ler, thus the retinal radiant exposure will be slightly
larger than that of human. This makes the MPEs
derived from the damage thresholds of macaque
safer for human. In addition, the ratio between the
retinal spot diameters of human and macaque is
independent of mode order (or the beam propa-
gation factor) [see Fig. 7(b)] but slightly depends on
beam divergence [see Fig. 8(b)]. So the retinal injury
thresholds of the macaque for higher mode order
can also be used for the determination of human
MPEs, so long as the retinal spot is small enough.

In our analysis, the laser wavelength is 532 nm
and its dispersion effect has been eliminated. It is well
known that the retinal spot size of infrared laser
beam is much larger than that of visible laser, mainly
due to dispersion effect. For example, the retinal spot
diameter of 1060nm laser for TEM,, mode was
about 90-120 um.*9% It can be inferred that com-
pared with the visible light, the influence of the
higher order transverse mode of infrared laser on the
retinal spot size will be more remarkable. We will
concentrate on this problem in subsequent research.
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