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Purpose:
surgical laser and the aiming diode laser beams foci.

Design:
Nidek YC-1800 Nd:YAG laser apparatus.

Subjects: None.

Methods:
Additionally, theoretical calculations were performed.

Main Outcome Measures:
aiming beams inside the eye.

To evaluate the divergence between the neodymium-doped yttrium aluminum garnet (Nd:YAG)

Optical analysis and measurements were performed using a Volk Goldmann 3-mirror lens with a

We used the Zemax OpticStudio program for the model of Nd:YAG treatment in a human eye.

The divergence between the Nd:YAG laser focus and the intersection of the 2

Results: Focal points of the 2 laser beams converge 8 mm behind the cornea. Posterior to this point, the
intersection of the diode laser aiming beams lies in front of the focal point of the Nd:YAG treatment laser, with
distance between the 2 foci progressively increasing up to 305 microns at 24 mm behind the cornea.

Conclusions: We report the degree of divergence between the 2 lasers’ focal points due to the difference in
refraction between the corresponding wavelengths. These results have high practical relevance, as they provide a
starting point for increasing the accuracy of Nd:YAG laser treatment, particularly when applied to the posterior
segment, thereby minimizing the risk of complications. Current Nd:YAG laser devices have the built-in ability to
modify the focal point of the aiming beam along the z-axis, thus providing possibility for an immediate application
of our findings in clinical practice.
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Neodymium-doped yttrium aluminum garnet (Nd:YAG) is a
synthetic crystal used in solid-state lasers. One of the main
advantages of an Nd:YAG laser is that in its Q-switched
mode it can deliver pulsed energy that causes photo-
disruption, rather than coagulating the tissue. In practice,
this means that the energy delivered to the target tissue
produces plasma, vapor bubbles, and an acoustic
shock wave that ruptures the tissue at the laser’s focal point.
In 1973, Beckman and Sugar first reported the use of an
Nd:YAG laser for cyclodestruction in ophthalmology.'
The wavelength of light emitted by an Nd:YAG crystal
lies in the invisible infrared spectrum. Therefore, to visualize
the predicted focal point of the Nd:YAG laser beam, a second
red, visible laser is aligned with and used to aim the Nd:YAG
laser. At a spatial point where the 2 aiming beams converge
into 1, the practitioner will know that this is the location
where the energy of the treatment beam is concentrated.””

© 2024 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.

Typically, Nd:YAG laser machines use a cone-shaped laser
beam with 2 aiming beams outlining the Nd:YAG laser
cone.” This cone configuration allows the unfocused energy
to pass through transparent tissues without causing any
damage, while creating the desired disruptive effect in the
target tissue deep inside the eye. The ability to cut tissues
inside the eye while keeping the eye-wall intact is the most
valuable advantage of this type of laser. However, as it passes
through different tissues deep in the eye, the light is refracted,
and different wavelengths are refracted differently, a phe-
nomenon known as chromatic aberration. As a result, the
focal points of the diode and Nd:YAG lasers may not be
aligned precisely. Ophthalmic surgical lasers therefore have
the added ability to adjust the focus along the z-axis (ante-
riorly or posteriorly) to compensate for this aberration.

In clinic, we use the ability of Nd:YAG machine foci
adjustment in daily practice for anterior segment procedures.
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The manual, and our personal experience with the machine,
both indicate that the offset may be changed by up to 500
microns in either direction using steps of 25 microns.’
Proper use of this feature assumes that the location of the
treatment beam’s focal point, indicated by the device
control, is correct. However, within the eye, refraction by
the tissue causes a shift in the focal point location. The
aiming beam intersection point is shifted as well, yet due
to intraocular dispersion, the shifts are not equal. The
device’s control dial thus loses its calibration. The purpose
of this study is to quantify the disparity in the 2 shifts and
thus restore the ability to calibrate the instrument readout
of the focal point location.

This modulation of the offset makes our results appli-
cable immediately to any similar machine, improving the
efficacy and safety of any laser-assisted procedure per-
formed in the posterior pole.

Methods

For this study, we used a Nidek YC-1800 laser machine. It has a Q-
switched Nd:YAG laser beam (1064 nm wavelength) for treatment
and 2 diode laser beams (635 nm wavelength) for aiming. The
diode beams intersect and are focused at the same point.

Measurement of the Aiming-Beam Intersection
Angle

The angle of intersection of the aiming beams was measured by
observing their transillumination on a Smm grid paper, placed in
the plane of the rays. Based on this, the half-angle value used
subsequently in the analysis was 8°. (For further detail, see the
“Technical Details” section in the Supplementary Data.)

Modeling the Rays by Software

To model the divergence along the z-axis between the 2 lasers’
focal points, a light-cone of angle 16° (half-angle equal to 8°) and
wavelength 1064 nm was created in the existing eye model in the
Zemax OpticStudio (ZOS), together with a pair of rays of wave-
length 635 nm, that cross and focus at the same point. The me-
chanical displacement between the 2 beam systems was assumed
fixed such that in air (zero dispersion) there is no deviation and the
foci coincide.

The first-order equation of chromatic aberration is given by the
(first-order) differential of the focal distance with respect to
changes in the wavelength.

Let An be the variation in the refractive index due to the range
of wavelengths A,

dn
An=—"AA
"=l
Then the first-order equation of the chromatic aberration Af is:
Af = Doy
dn

where f is the focal length, and n is the refractive index at a
specific point in the medium. This equation can be used to calculate
the chromatic aberration for different wavelengths in the spectrum
or different locations within the eye.
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Quantitative Description

Refraction of the light in the eye can be quantified using the
refractive index, n. To calculate the focal point of a beam passing
through a surface within a medium, Gauss’s formula is used.

In the given context, the incident parallel beam is described as
coming from infinity, as it is approximately parallel to the optical
axis. From this, it follows that Gauss’s formula takes the form

and it can be seen that the focal point, located at a distance s, =
n'f, depends on the refractive index of the medium through which
the beam passes.

The chromatic longitudinal aberration refers to the color
distortion along the optical axis across the visible spectrum and is
calculated depending on the focal length of the lens. The basic
formula for calculating the expected aberration calculates the dif-
ference between the focal points of different wavelengths.

In simplified form, it appears as

f
57
with Anv;s and Afy;s. the variation of the refractive index and the

focal length, respectively, across the visible spectrum. The “Abbe
Number,” V, is defined by the formula

CLA = AfVis. = iAnVis. =
dn

V = ng — 1
nc — ng

where ng is the refractive index at the short wavelength (blue),
nc is the refractive index at the long wavelength (red), and nq is the
refractive index at the middle wavelength (yellow).

In our case, we evaluate the chromatic aberration due to the
difference in wavelength between the Nd:YAG beam at 1064 nm,
and the red guide-beams (aiming beams) at 635 nm, rather than the
aberration across the visible range.

The expression for the chromatic longitudinal aberration can be
adagted by rescaling the visible-range aberration by the factor.

W where Alvis, =Ac — Ap and Alcuide—yac = Ana:vac —
AGuide -

This can be written:

f
Afcuide-vaG = v
using a rescaled Abbe number,
V=V A )
AAGuide—YAG

However, the formula becomes more complex when dealing with
thick lenses, when the material on either side of the lens is not air,
or when the incoming beam is not collimated. Here, we present the
formulas that can be used in the eye, which has multiple surfaces
and refractive indices (the complete development is presented in
the section “Technical Details” section in the Supplementary Data).

The chromatic aberration is the deviation As’ between the focal
distance (intersection), distance of the red aiming beams, and the
focal point of the Nd:YAG light-cone, which satisfies

A = | ny AQ _nv—l 1 _ AQ
Q+1 Vv Q+4 Q+14
1 1
_I_E r_ A_Qs/_ T
Vv ny Vy
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where the subscript "V" denotes the vitreous humor, and

Q El
f
The latter is known as the “optical power;” the depth of the focal
point within the eye, s’ can be computed from the location of the
focal point s’ before entering the eye (via the Gauss formula) as

/
/ n

s = 9—4‘%7
For thin lenses, the total power is given by:
Q= ++..4+Q9,,
where it follows from above that the power of each surface is
given by
Q; = Mgl — M
Rip1
The total chromatic deviation in the power AQ is expressed as the
sum of the aberrations for each surface:
AQ = AQ; +AQ, + ... +AQ,

Finally, the aberration for a beam passing from refractive index
n; to refractive index n;; is calculated using %

i

AQ; — [Tl _MiC
Vi Vi Nip] — Ny

niy1 — 1 _ n; — 1 1
‘7,'+1 ‘7,' Ri+l ’

By substituting the values of the parameters — index of refraction,
n;, curvature, R;, and (adjusted) Abbe number, V; of the tissues in
the eye, the following first-order model was obtained for the de-
viation between the Nd:YAG-beam focus and the aiming-beam
intersection as a function of the depth of the latter within the eye:

1
Ao, 1wy

ny Vv

3278, l—15),

As' = =
S 134° 2117

2.4465">—0.0125'

Measuring the Focal Length of an Ophthalmic
Lens

Given the fact that the emmetropic eye’s structure (the model eye)
causes convergence of parallel light rays on the retina, any beam of
light that is already convergent, like the Nd:YAG laser, cannot be
focused on the retina; the maximal depth of its focus inside the eye
will be just behind the lens. A diverging lens that cancels the eye’s
converging effect is needed to focus this laser on the posterior pole
of the eye and perform treatments in this region. In our model, we
simulated the use of a Volk Goldmann 3-mirror lens, as reported by
Mainster,” to focus the laser beam on the posterior pole of the eye.
For theoretical measurements and modeling, we used the ZOS
Simulation software program® (Radiant ZOS LLC) that emulates
refraction by computer modeling. This system allowed us to
measure the optical aberrations arising from the different
wavelengths, based on the geometry of our model.””

In this study, we used 3 methods to determine the dioptric
power of the lenses and their focal points. First, we used the
traditional method of measuring the parameters of the real image in
the distance, for example by projecting the light on a screen. This

method is suitable only for converging lenses; to measure a
diverging lens, a converging lens with a known higher absolute
dioptric power is aligned with the diverging lens during the mea-
surements. The power of the diverging lens is calculated by sub-
tracting the known power of the converging lens from the result.

This traditional method is less suitable for submillimeter pre-
cision. We therefore also measured the lens using a Melos
measuring system obtained from Moller—Wedel'® in which a
direct beam passing through the lens forms the image in the focal
plane. To determine the focal point of the lens, the image should be
in focus. The upper part of the device is a glass table with cali-
bration scales that are used to measure the exact size of the image.
Following a 1-time calibration method,'" the size of the image can
be used to determine the focal length.

Measurements of the focal length were also performed using
approximately monochromatic sources of several wavelengths. The
measurements were carried out using an infinity-corrected system.
This method is similar to auto-collimation. However, instead of using
a mirror, an additional focusing lens is placed in the path of the re-
flected light, and the image is obtained on a screen or paper at the focal
point. The Melos device is also based on an infinity-corrected optical
system. With the method used, however, when measuring a plano-
concave lens of nonnegligible thickness such as the Volk Gold-
mann, both the index of refraction and the radius of curvature are

determined. In this case, the former was found to be aboutn = % =
1.8, and the latter approximately R = E—Fﬁ = % = —25cm.

It is important to note that the dignital lensometers commonly
used to measure the power of eyeglasses were not suitable for our
study, as the dioptric power of the diverging lenses used for laser
treatments far exceeds the range of these instruments. However,
using the focal points of the lenses in air, it is possible to calculate
the difference in focal points between the diode laser beam and the
Nd:YAG laser beam after they pass through the refractive media—
the cornea, the lens, and the vitreous. We present these data both
graphically and in a table, as a function of depth of the 2 aiming
beams intersection in the eye.

Measurements were made at each of the 3 wavelengths: red,
blue, and green. The spectra of the light sources'' used in the
measurements can be found in the Technical Details online-only
appendix.

Chromatic Aberration Measurement—
Extrapolation to Near-Infrared

This work showed that the focal length of the lens is not dependent
on the measured wavelength, suggesting that the ophthalmic lens
(Volk 3-mirror lens) is optimally designed to minimize chromatic
aberration, at least in visible light. The extent of deviation in the
near-infrared can be estimated by considering the refractive index
as a function of wavelength for BK-7, a common optical glass (see
Fig. 3 in the article by Slushetz et al'").

As the wavelength increases, the refractive index decreases, and
in particular flattens out. At large wavelengths, the refractive index
converges monotonically toward an asymptotic value n.. Ac-
cording to the lensmaker’s equation, the focal length of a plano-
concave lens, R—ll = 0, is given by:

n—1

f=R2

Clearly there exists an inverse relationship between the focal length
of the lens and its refractive index. Thus the focal length of the lens
will increase and converge monotonically to an asymptotic value.
As long as n, — 150, the latter will be finite and the curve will
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again flatten out (see Fig. 3 and Table 1 in the article by Slushetz et
al'"). The difference in focal length of this lens for the red aiming
beam wavelength and the YAG wavelength, is about the same or
smaller than the focal deviation in the visible range:

Afcuigce-yac < CLA

In conclusion, since the measurements of the focal length for the
Goldmann 3-mirror lens conducted at (3) shorter, visible wave-
lengths found similar results for all of them, the chromatic aber-
ration will not cause any significant separation of foci between the
aiming beam and the Nd:YAG beam within the lens and it can be
assumed to be negligible.

Results

Here, we analyzed the divergence predicted to occur be-
tween the focal points of the Diode beam and the Nd:YAG
beam (used for aiming and treatment, respectively) along the
z-axis. When adding the diverging lens to the model, it is
imperative to define both its power and focal point. One of
the common lenses that allows a direct (noninverted) view
of the fundus is the Goldmann-type 3-mirror lens (its central
part). The power of such lens may vary slightly between
different manufacturers.'>'> For this study, we used a Volk
lens with a power of Q = —67 diopters.

We describe the progressive divergence between the
focal points of the 2 laser beams in our theoretical model by
repeatedly calculating it at different distances of the laser
from the eye. The closer the laser machine is to the eye, the
deeper its foci become inside the eye. The results are pre-
sented in Table | and graphically in Figure 1.

A best-fit quadratic approximation was obtained to
describe the graph:

Table 1. Separation Between the Nd:YAG and Diode Laser Foci
as a Function of Depth Within Eye

Distance to Eye (mm) Depth Within Eye (mm) Separation (Micron)

28.58 142 -3.35
28.00 8.00 —0.03
27.50 8.50 3.28
217.00 9.00 7.01
26.00 10.00 15.73
25.00 11.00 26.12
24.00 12.00 38.19
23.00 13.00 51.94
22.00 14.00 6738
21.00 15.00 84.52
20.00 16.00 103.35
19.00 17.00 123.89
18.00 18.00 146.14
17.00 19.00 170.11
16.00 20.00 195.82
15.00 21.00 223.27
14.00 22.00 252.47
13.00 23.00 283.45
12.33 23.67 305.22

As we move the machine closer to eye, the foci are getting deeper and the
separation grows. Nd:YAG = neodymium-doped yttrium aluminum garnet.
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Figure 1. The graph shows the distance between the 2 focal points, neo-
dymium-doped yttrium aluminum garnet (Nd:YAG) and its aiming
beam, as a function of the depth inside the eye. As the device is moved
closer to the eye, the depth of the focal points of both the Nd:YAG and of
diode laser increases, while the 2 points progressively diverge from one
another.

As' = 0.8536s"> — 7.57335' + 6.0183

Table 1 and Figure 1 show the predicted distance between
the 2 focal points as a function of the depth inside the
eye. Figure 2 shows how the analytical model compares
to ZOS calculation.

We found that the predicted distance between the focal
points (fyag-fGuide) changes from a negative value to a
positive value approximately 8 mm inside the eye, as the
laser is moved closer to eye. Anterior to this convergence
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Figure 2. Divergence between foci of neodymium-doped yttrium
aluminum garnet and aiming beam as a function of the depth inside the
eye. Analytical calculation using first-order aberrations as compared to
modeling in Zemax OpticStudio (ZOS). The analytical model is shown in
the dashed line while the ZOS model is represented by a solid line. One can
see that both models show increased separation of foci with deeper aiming.
The analytical model, however, does not account for lens thickness, but
rather assumes that all lenses are ideal and thin; thus, it is overestimating
the divergence between foci.
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point, the focal point of the Nd:YAG laser lies in front of the
focal point of the diode aiming beam; posterior to this point,
the focal point of the Nd:YAG laser lies behind the focal
point of the diode aiming beam.'' When the thin rays strike
the surface of the eye orthogonally, they undergo no
dispersion; consequently, the chromatic aberration is zero."'

Discussion

In this work we have considered the influence of intraocular
dispersion. We calculated the divergence between focal
points of an Nd:YAG laser beam and a diode laser beam
using a Nidek Nd:YAG laser device with a Volk Goldmann-
type 3-mirror lens. For this purpose, we relied on Zemax
optical software, which accounted for the dispersion in
ocular tissues. According to the calculation, the foci diverge,
reaching 305.3 microns at a distance of 24 mm behind the
cornea. While the results themselves are not unexpected, it
is important to note that the manufacturer does not provide
these data, nor have they been published previously in a
peer-reviewed article. Indeed, our motivation for conducting
this study was the general paucity of relevant data.

An analytical model was developed for use alongside the
numerical calculation performed by ZOS. It can be observed
that both the graph obtained from the analytical calculation
and the graph obtained from ZOS software bear the same
general form. The discrepancy between them arises from the
fact that the eye cannot be considered a thin lens, which is
an assumption of the analytical model.

Neodymium-doped yttrium aluminum garnet lasers are
currently used in ophthalmology for a variety of procedures,
including iridotomy, pupilloplasty, synechiolysis, anterior
and posterior capsulotomy, and vitreolysis.® Their cone-
shaped beam allows the light energy to pass through the
cornea without causing damage while producing the desired
therapeutic photodisruption inside the eye. Complications
associated with the use of an Nd:YAG laser include retinal
breaks, retinal detachment, and damage to lens.'* " '° Some
of these complications, such as laser-induced pitting of the
intraocular lens (IOL), might be the direct result of incorrect
modulation of the target along the z-axis.'®

The importance of accuracy while aiming the laser beam
cannot be overemphasized.

While focusing on a target in the x-y plane is relatively
straightforward,” focusing along the z-axis is considerably
more difficult due to the above-mentioned chromatic aber-
rations. Moreover, since the early applications of Nd:YAG
laser in ophthalmology were designed to treat pathologies in
the anterior segment, calibration of the Nd:YAG laser ma-
chines using the diode laser was initially optimized for the
anterior segment.

In recent years, however, there has been a trend toward
using this laser in the posterior segment for procedures such
as vitreolysis aimed at vitreous floaters,'’ decompression of
the posterior hyaloid to remove trapped blood,"® " and
dislodging central arterial emboli.”' Given the proximity of
the retina, even a small deviation along the z-axis can cause
severe damage, leading to complications such as bleeding,
retinal breaks, retinal detachment, and macular holes.”>**

We realized that there is a need to quantify the degree of
divergence between the 2 laser beams when targeting the
posterior segment. To address this issue, we modeled the
divergence between the focal points of Nd:YAG and
diode laser beams over distance.

Dispersion of the Volk lens itself was not considered, as
no significant dispersion was detected when this was
measured. Therefore, an ideal (paraxial) lens was employed
as our initial model. Effectively, this implement made the
assumption that the lens was designed to operate in the
visible range and at 1064 nm, and that it was tailored to
show no aberration between these 2 wavelengths. The effect
of deviations from this assumption will be investigated in
further efforts.

Nearly 3 decades ago, Tsai et al** described their
procedure for performing vitreolysis in which they
focused the laser on the retina and then gradually
retracted it until it was focused on the floater. However,
neither they nor others mention any compensation for the
expected chromatic  aberration.”” When teaching
ophthalmology residents to perform laser posterior
capsulotomy, we routinely instruct them to position the
Nd:YAG beam 150—250 microns posterior to the visible
target of the diode laser to avoid pitting of the IOL; this
instruction is based largely on our knowledge and
experience, not on any theoretical calculation. However,
when dealing with subhyaloid hemorrhage and floaters
located adjacent to the retina, it became clear to us that
we lack sufficient experience and are unwilling to take
any unnecessary risks that may cause complications
significantly more severe than pitting of the IOL.?>*°
Indeed, our results show that to align both focal points
24 mm behind the cornea, in our setting one should
position the focal point of the Nd:YAG laser beam 305
microns anterior to the focal points (and crossing point)
of the visible diode laser beams. This adjustment, which
is accomplished relatively easily, will likely increase
safety and efficacy when using an Nd:YAG laser to treat
lesions close to the retinal plane. For floaterectomy,
measuring the position of floaters inside the eye by
ultrasound or by OCT might be important to further
improve the precision of treatment. The Nidek YC-1800
can adjust the offset up to £500 microns in 25-micron
steps’ allowing for immediate implementation of our
findings.

A limitation of our study is that we evaluated only a
single laser device and a single lens; we did not study the
more modern lenses that were designed specifically to treat
the vitreous pathologies such as the Ocular Karickhoff lens,
Ocular Peyman lens, or Volk Singh lens. However, the basic
principles behind the chromatic aberrations and our
modeling of it should apply to any direct-view lens, and the
Goldmann 3-miror lens is still used and readily available in
most ophthalmic clinics. Another limitation of our study is
the lack of clinical or even laboratory experience that might
differ from theoretical calculations; a clinical study, how-
ever, will necessitate an entirely different setting. We are
aware that the results might differ in pseudophakic eyes;
however, any modification of the existing ZOS software
model of the human eye to account for pseudophakia will
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necessitate multiple calculations for a plethora of different
IOLs in clinical use. This project has yet to be attempted
exhaustively; it is currently under consideration as an
avenue of further investigation, with clear applications.

In summary, the 1064-nm wavelength Nd:YAG laser
beam refracts less than the 635-nm wavelength diode laser
beam, resulting in a deeper focus for the Nd:YAG laser, if
this difference is not accounted for and corrected optically.
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