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ABSTRACT  10 
A computer model predicting thresholds for laser induced corneal injury was used to 11 

systematically analyze wavelength, pulse duration and beam diameter dependencies for 12 

wavelengths between 1200 nm and 1500 nm, for the exposure duration regime of 10 µs to 100 s. 13 

The thresholds were compared with maximum permissible exposure (MPE) values to protect the 14 

cornea as specified in ANSI Z136.1-2022, ICNIRP 2013 and IEC 60825-1:2014. In the wavelength 15 

range between 1200 nm and 1400 nm, the dominant hazard transitions from the retina to the cornea. 16 

Consequently, limits are needed to protect both the cornea and the retina. In the lower wavelength 17 

range, the retinal limits are more conservative, while in the higher wavelength range, the corneal 18 

limits are lower. Comparison with injury thresholds shows that the ANSI MPEs include a large 19 

safety margin for all wavelengths. Due to the 7 mm aperture stop defined in IEC 60825-1, levels 20 

permitted by the Class 3B limit exceed predicted injury thresholds for small beam diameters and 21 

wavelengths between approximately 1350 nm and 1400 nm. The Class 3B limit does not appear 22 

to be sufficiently protective for these conditions. For the skin MPEs, the margin between corneal 23 

injury thresholds and MPEs decreases steadily for wavelengths approaching 1400 nm. However, 24 

normal eye movements can be expected to reduce the effective exposure so that skin MPEs may 25 

serve as adequate limits to protect the cornea for wavelengths less than 1400 nm until a specific 26 

limit to protect the cornea is promulgated by ICNIRP.  27 

 28 

 29 
Keywords: laser safety, corneal injury, damage threshold, computer model, ANSI Z136.1, IEC 60825-1. 30 
 31 

 32 

I. EXPOSURE AND CLASSIFICATION LIMITS 33 

A. Introduction 34 

Exposure limits to protect the eye are defined in the laser safety standards IEC 60825-11, ANSI 35 

Z136.12 and the ICNIRP3 guidelines. In the following, these documents are sometimes referred to 36 

simply as “IEC”, “ANSI” and “ICNIRP”, respectively. The European4 standard EN 60825-1:2014 37 

was identical with IEC 60825-1 at the time of publication. In 2021, amendment A11 was 38 

published5, which featured an additional emission limit to protect the cornea. The term exposure 39 

limits (abbreviated to EL) is used by ICNIRP and the term maximum permissible exposure 40 

(abbreviated to MPE) is used in the ANSI and IEC standards, but the numerical values are in most 41 

cases the same; the differences are discussed below. IEC 60825-1 lists the MPEs, copied from the 42 

ICNIRP ELs, in an informative annex. Consequently, the discussion on IEC MPEs also applies to 43 
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2 

the ICNIRP ELs. The IEC standard lists MPEs for the purpose of determining hazard distances for 44 

Class 3B and Class 4 laser products. The primary purpose of the IEC standard is product safety 45 

classification, based on accessible emission limits (AELs). Class 1 AELs are derived directly from 46 

the MPEs by multiplication by the area of the measurement aperture.  47 

 48 

The ANSI Z136 committee and ICNIRP review injury thresholds, mostly from animal studies, and 49 

derive MPE values set some factor below known injury thresholds. This factor is called reduction 50 

factor by ICNIRP but can also be called safety margin. It is known from animal studies (see Jean 51 

et al.6 for a list), that the corneal injury thresholds are strongly dependent on wavelength and pulse 52 

duration, and to a lesser extent on the diameter of the laser beam incident on the cornea. A 53 

computer model for predicting corneal laser induced injury thresholds was developed at the 54 

Seibersdorf Laboratories and is described elsewhere6,7. The model is based on calculating the 55 

temperature as function of time in the cornea with a finite element software package and applying 56 

the Arrhenius integral to determine the threshold for a minimum lesion. The model was validated 57 

against all relevant experimental injury thresholds for exposure durations from 1.7 ns to 100 s and 58 

wavelengths from 1064 nm to 10.6 µm. The ratio of computer prediction to experimental injury 59 

threshold was used as a figure of merit to evaluate the model. The largest ratio found was 1.8, 60 

where 169 experimental injury thresholds were considered. The maximum factor of the model 61 

prediction being lower than an experimental threshold was 2.0. The threshold data computed for 62 

different wavelengths, pulse durations and beam diameters provide the basis for a systematic 63 

comparison with exposure limits, that was previously not available.  64 

 65 

The wavelength range from approximately 1200 nm to 1400 nm is a transition zone where the 66 

anterior parts of the eye are relatively transparent at 1200 nm and highly absorptive at 1400 nm. 67 

As a result, the location of threshold level eye injury is the retina for wavelengths at 1200 nm and 68 

transitions to the cornea for wavelengths approaching 1400 nm. The  wavelength dependence of 69 

the currently promulgated retinal MPEs reflects the sharp increase in absorption in the anterior 70 

parts of the eye within the transition zone. Since the MPEs to protect the retina are expressed as 71 

permitted irradiance at the surface of the eye, for wavelengths approaching 1400 nm, the retinal 72 

MPEs permit very high levels of exposure for the anterior parts of the eye. Also, retinal MPEs for 73 

large apparent sources are associated to high levels of permitted corneal irradiance, even for 74 

wavelengths towards the lower end of the wavelength transition range. Consequently, an additional 75 

limit is needed to protect the cornea. This paper only discusses potential corneal injury and limits 76 

to protect the cornea. In a hazard assessment or product classification, also the retinal limit needs 77 

to be considered. For small apparent sources, the retinal limit is the more conservative one and 78 

limits the ocular exposure: for instance, for 10 s exposure duration the retinal limit is lower than 79 

the ANSI corneal limit for wavelengths up to almost 1300 nm. However, for apparent sources of 80 

100 mrad angular subtense, the ANSI corneal limit for 1200 nm is equal to the retinal limit.  81 

  82 

The model predictions for single pulses are used in this paper for the comparison with the MPEs 83 

to protect the cornea in the wavelength range of 1200 nm to 1500 nm. The comparison can serve 84 

as a basis for laser safety committees to consider possible improvements of the MPEs and product 85 

safety limits. A comparison of multiple pulse thresholds against the respective MPE values is 86 

beyond the scope of the paper but has been discussed in an ILSC 2019 proceedings paper8.  87 

 88 

 89 
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B. Maximum permissible exposure values 90 

In the 2013 to 2014 time - frame, some of the exposure limits promulgated by IEC, ANSI9 and 91 

ICNIRP were updated. In 2020, ICNIRP10 provided additional information to the 2013 update. 92 

Compared to previous editions, the limits to protect the cornea for exposure to laser radiation with 93 

wavelengths above 1500 nm were not changed. Of relevance to this paper is the significant increase 94 

in MPEs to protect the retina in the 1250 nm to 1400 nm wavelength range. Prior to the 2013/2014 95 

revision, the retinal limit, defined in the retinal hazard wavelength range of 400 nm to 1400 nm, 96 

was low enough so that the cornea was not at risk as long as the exposure of the eye was below 97 

the retinal limit*. In previous editions, there was a “clean cut” at 1400 nm between the limit to 98 

protect against injury of the retina for shorter wavelengths and injury to the cornea at longer 99 

wavelengths. The increase of the retinal limit in the wavelength range from 1250 nm to 1400 nm 100 

made it necessary to define additional limits to protect the cornea. Due to the strong absorption of 101 

the pre-retinal media in this wavelength range, the cornea can be damaged at levels below the 102 

retinal exposure limits. The additional limits to protect the cornea in the wavelength range below 103 

1400 nm have been defined differently by ICNIRP, IEC and ANSI. The MPEs to protect the cornea 104 

are summarized in Table I and are discussed in detail in the following subsections.  105 

  106 

 
* For exposure to highly divergent beams at very close distances, for large retinal image sizes and relatively deeply 

penetrating wavelengths, the iris and lens can be at risk even though the exposure is below earlier retinal thermal 

limits; IEC and ANSI introduced corresponding guidance already in the pre-2013/2014 editions, and this issue is not 

in the scope of this paper. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.23

51
/7.

00
01

37
5



4 

 107 

 108 
Table I. MPEs to protect the cornea for infrared wavelengths between 1200 nm and 1500 nm and exposure 109 
durations greater than 1 ns, expressed in terms of the incident radiant exposure in J cm-2. IEC and ICNIRP 110 
specify the MPEs in J m-2.  111 

Wavelength Exposure 

Duration 

ANSI: dedicated “corneal” 

MPEs for  < 1400 nm  

IEC/ICNIRP: for  < 

1400 nm skin MPEs 

used to protect the 

cornea 

1200 - 1400 nm 1 ns - 100 ns 0.3 K  J cm-2 0.02 C4 J cm-2 # 

100 ns - 1 ms  

1.1  C4 t0.25 J cm-2 # 1 ms - 4 s 0.3 K + 0.56 t0.25 - 0.1 J cm-2 

4 s - 10 s 0.3 K + 0.7 J cm-2 

>10 s 0.03 K + 0.07 W cm-2 0.2 C4 W cm-2 # 

1400 - 1500 nm 1 ns - 1 ms 0.3 J cm-2 § 0.1 J cm-2 $ 

1 ms - 4 s 0.56 t0.25 + 0.2 J cm-2 § 0.56 t0.25 J cm-2 $ 

4 s - 10 s 1 J cm-2 § 

>10 s 0.1 W cm-2  §$ 

Correction factors 

 

K = 100.01(1400-) for ANSI 

C4 = 5 from 1050 to 1400 nm for IEC (referred to as CA 

in ICNIRP and ANSI) 

 112 
# To protect the cornea for wavelengths less than 1400 nm, ICNIRP and IEC recommended that 113 

the skin MPEs be applied as an additional limit (footnote d for Table 5 in the 2013 ICNIRP 114 

guidelines applicable to the infrared wavelength range, but see also ICNIRP comments10 2020; 115 

footnote f for Table A.4 in IEC 60825-1:2014 applicable to wavelengths between 1250 nm and 116 

1400 nm). For wavelengths less than 1400 nm, ANSI defines the same MPEs as ICNIRP/IEC to 117 

protect the skin, but has a specific set of MPEs to protect the cornea (Table 7f of the ANSI 118 

standard). This means that in the ANSI standard, for wavelengths less than 1400 nm, the skin and 119 

the corneal MPEs are different.  120 
§ For wavelengths above 1400 nm, the ANSI corneal and skin MPEs are the same.  121 
$ For wavelengths above 1400 nm, the ANSI, IEC and ICNIRP skin MPEs are all the same. While 122 

ANSI has deviating corneal limits between 1400 nm and 1500 nm, for ICNIRP and IEC the skin 123 

MPEs are the same as the corneal MPEs, and these were not changed in the 2013/2014 revision.  124 

 125 
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 127 

To protect the cornea for wavelengths between 1200 nm and 1400 nm, the ANSI committee 128 

developed specific MPEs for the cornea, extending the corneal MPEs which previously applied 129 

only to radiation with wavelengths longer than 1400 nm, to 1200 nm. For pulses, the corneal MPEs 130 

were increased for wavelengths above 1400 nm, so that the ANSI corneal MPEs avoid a step 131 

function at 1400 nm. For wavelengths below 1400 nm, the ANSI corneal MPEs feature a 132 

wavelength dependence expressed by the factor K, which ranges from K = 100 at 1200 nm to 133 

K = 1 at 1400 nm (see Fig. 1(a) and Fig. 1(b)). The ICNIRP 2013 revision3 and the ICNIRP 2020 134 

comments10 recommend that the skin MPEs be applied to protect the cornea in the infrared 135 

wavelength range (i.e. in principle down to wavelengths equal to 700 nm). IEC 60825-1 notes in 136 

the footnote to the MPE tables A.1 to A4  that: “In the wavelength range between 1 250 nm and 1 137 

400 nm, the limits to protect the retina given in this table may not adequately protect the anterior 138 

parts of the eye (cornea, iris, and lens) and caution needs to be exercised. There is no concern for 139 

the anterior parts of the eye if the exposure does not exceed the skin MPE values.” We note that 140 

for the IEC and ICNIRP exposure limits, for wavelengths above 1400 nm, the skin MPEs are equal 141 

to the ocular MPEs to protect the cornea, and at 1400 nm, for an exposure duration of 10 seconds,  142 

there is a step function with a discontinuity of a factor of 10. For exposure durations less than 100 143 

ns, there is no step function at 1400 nm. For exposure durations longer than 100 ns the skin MPE 144 

for  < 1400 nm and therefore the discontinuity at 1400 nm start to increase up to a factor of 10 at 145 

10 seconds exposure duration. The origin of this step function for the skin MPEs at 1400 nm is 146 

that for wavelengths above 1400 nm, the MPEs to protect the skin are equal to the MPEs to protect 147 

the eye.  148 

  149 
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 155 
 156 

FIG. 1. MPEs and classification emission limits relevant for corneal protection for wavelengths less than 157 
1500 nm. Presented as function of wavelength together with retinal MPEs in (a) for 1 second exposure 158 

duration and (b) for 10 seconds. In (c) presented as function of exposure duration. With the exception of 159 
the Class 3B limit, the limits are not  diameter-scaled, i.e. for a proper comparison of permitted corneal 160 

exposure levels, the retinal, ANSI and skin limits apply to beam diameters that are larger than the limiting 161 
aperture (see section I.C). 162 

C. The effect of the measurement aperture 163 

Selection of appropriate averaging apertures are important to determine the irradiance or radiant 164 

exposure that is compared to the MPE, particularly with small beam diameters or beams with 165 

hotspots. Consequently, for the safety assessment of ocular and skin exposure, both the MPEs and 166 

the averaging aperture are relevant. While ANSI, IEC and ICNIRP use the term “limiting 167 

apertures”, in terms of the radiometric effect11,12,13 it is actually an averaging aperture, because the 168 

irradiance and radiant exposure is averaged over the respective aperture area. The average 169 

irradiance is determined by dividing the power that passes through the aperture by the area of the 170 

aperture. If the beam is smaller than the aperture, or if there are hotspots in the beam smaller than 171 

the aperture, then this averaged irradiance will be less than the actual irradiance. Thus, compared 172 

to the actual corneal irradiance, the exposure level that is compared against the MPE is reduced. 173 

This reduction of the irradiance level is relevant for the comparison of the MPEs with injury 174 

thresholds, because if the averaged exposure level is equal to the MPE, the actual exposure of the 175 

cornea (at least when there are no eye movements) will be greater than the MPE and thus closer to 176 

the injury threshold than the MPE value implies. Thus, the averaging aperture has the effect of 177 

reducing the margin between the exposure level permitted by the MPE and the injury threshold. 178 

For example, if the laser beam profile on the cornea is a top-hat with a diameter of 1 mm and the 179 

averaging aperture has a diameter of 3.5 mm, the actual irradiance is a factor of 3.52 = 12.3 higher 180 

than the averaged irradiance. Generally, for top-hat beam profiles that are smaller than the limiting 181 

aperture, the ratio, here given the symbol , between actual irradiance and the averaged irradiance 182 

is equal to the ratio of the area of the limiting aperture to the area of the beam. The effect of the 183 

averaging aperture, when comparing injury thresholds with MPEs, must be considered in 184 

conjunction with eye movements. Animal experiments and computer modeling to determine injury 185 

thresholds are performed with a stationary beam and a stationary target tissue. For long-duration 186 
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8 

exposure of an awake human, some relative movement can be assumed, resulting in a reduction of 187 

the effective irradiance. However, these movements are not well defined and are difficult to 188 

account for quantitatively in a comparison of the injury thresholds with MPEs to characterize the 189 

effective safety margin. Therefore, the primary analysis and comparison is done in this paper for 190 

the assumption of a stationary beam and stationary tissue.  191 

 192 

In some research papers on skin injury, the injury thresholds were reduced based on the effect of 193 

the averaging aperture for comparison with the MPE14. Instead of reducing the injury threshold by 194 

the factor , we prefer to increase the MPE by the factor  for the comparison with injury 195 

thresholds. We prefer this approach, because the experimental injury threshold determined with a 196 

stationary beam and a stationary target tissue is governed by physical and biological properties 197 

that are not related to the averaging apertures defined in the standards. The MPEs that are increased 198 

by the factor  are in this paper referred to as “scaled” MPEs. This scaling is only necessary when 199 

comparing biological thresholds with MPEs to determine the safety margin. For a workplace 200 

hazard analysis (which is based on MPEs rather than injury thresholds), the MPEs are used as 201 

defined in the standards and it is the exposure level that is “scaled” (averaged by the measurement 202 

aperture). Again, we note that such a comparison is based on the assumption of a stationary beam 203 

and a stationary tissue target, which for 10 second exposure durations for normally behaving 204 

humans is not applicable.   205 

 206 

All standards and the ICNIRP guidelines define a 7 mm-diameter limiting aperture for the retinal 207 

MPE analysis from 400 nm to 1400 nm and a constant diameter of 3.5 mm for the skin MPE 208 

analysis for wavelengths up to 100 µm. For MPEs to protect the cornea in the infrared wavelength 209 

range, the diameter of the limiting aperture depends on the exposure duration t, as summarized in 210 

Table II. 211 

 212 

 213 
Table II. Limiting apertures defined for the determination of the exposure level to be compared against the 214 
MPEs to protect the cornea in the infrared wavelength range up to a wavelength of 100 µm.  215 

Document  Location in 

document 

Formulas; 

t in seconds 

Comments 

ANSI 

Z136.1-2022 

Table 10a 1 mm for t ≤ 0.30 s  

1.5 t0.375 mm for 0.30 s < t < 10 s  

3.5 mm for t ≤  10 s 

 

ICNIRP 2013 Table 5 for 

wavelengths 

above 1400 nm 

1 mm for t ≤ 0.35 s  

1.5 t0.375 mm for 0.35 s < t < 10 s  

3.5 mm for t ≤  10 s  

The application of the skin MPEs 

to protect the cornea, and the 

reference to the time-varying 

limiting aperture was clarified in 

the 2020 ICNIRP statement 

IEC 60825-

1:2014  

Table A.6, for 

the eye above 

1400 nm 

Same as ICNIRP It stands to reason to apply this 

limiting aperture when the skin 

MPEs is used to protect the 

cornea, even though this is not 

mentioned in IEC 60825-1 

 216 
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 217 

The diameters of the averaging (limiting) apertures used to determine corneal and skin exposure 218 

levels are defined in an equivalent way in the ANSI, ICNIRP and IEC documents. The ANSI 219 

standard, contrary to IEC and ICNIRP, specifically refers to limits to protect the retina, cornea and 220 

skin (Table 10a of the ANSI standard). For wavelengths above 1400 nm, for the MPEs to protect 221 

the cornea, all standards define an averaging aperture diameter that depends on exposure duration†: 222 

the diameter equals 1 mm for exposure durations up to 0.35 seconds (0.3 seconds in ANSI), and 223 

then increases with a t0.375 dependence (i.e. t3/8) to a diameter of 3.5 mm for an exposure duration 224 

of 10 seconds. The main rationale for the increasing averaging aperture for determining the corneal 225 

exposure level is the assumption of eye movements that result in a decrease of the effective relevant 226 

exposure level. It is clear that, with the exception of medically immobilized eyes, a certain extent 227 

of eye movements can be assumed for a 10-second exposure duration, so increasing the averaging 228 

aperture diameter seems justified. In turn, this means that increasing the MPE with , as in the 229 

analysis below, for 10-second exposure duration is overly restrictive, as it assumes a stationary 230 

beam and a stationary target. Therefore, for a more balanced discussion, more weight is given to 231 

the 1-second exposure duration, where the averaging aperture diameter is 1.5 mm and where the 232 

eye movements relative to a stationary beam might be small. 233 

 234 

Table 10a of the ANSI standard specifies the time-dependent limiting aperture for the cornea 235 

including for wavelengths less than 1400 nm, where the ANSI standard has a specific set of MPEs 236 

to protect the cornea. IEC and ICNIRP recommend using the skin limit as additional limit to protect 237 

the cornea in the 1200 nm to 1400 nm wavelength range. While ICNIRP clarified in the 2020 238 

Comment publication10 that the limiting aperture that is defined for the cornea is to be used, the 239 

IEC standard does not specifically state what limiting aperture to use for the measurement to be 240 

compared to the skin MPEs when applied to protect the cornea. It would stand to reason from 241 

biophysical and consistency principles to conservatively apply the  time-dependent aperture to 242 

protect the cornea for wavelengths less than 1400 nm, rather than the 3.5 mm aperture that is 243 

defined for skin hazard analysis. The diameter scaling of the MPEs in this paper was generally 244 

performed with the time-dependent limiting aperture.  245 

 246 

The scaling of limits is also applied for the case of the Class 3B AEL which is defined as additional 247 

emission limit by IEC 60825-1. This AEL is expressed as power or energy, such as 500 mW, and 248 

is to be compared with the accessible emission determined with a circular aperture stop. The AEL 249 

of 500 mW can be converted to an irradiance AEL by dividing the AEL by the area of the 7 mm 250 

aperture; for the example of 500 mW, this results in an irradiance AEL equal to 1.3 W cm-2. In 251 

effect, this permitted irradiance is also a permitted average irradiance in the same way as for the 252 

MPEs. In this paper, for comparison with injury thresholds, the actual permitted, scaled irradiance 253 

or radiant exposure AEL is used, i.e. obtained by dividing the AEL by the area of the beam top-254 

hat beam profile and not by the area of the 7-mm aperture. 255 

 256 

 
† Thus, while the MPEs are the same for the skin and eye for wavelengths above 1400 nm, the averaging 

aperture is different, which can make a difference for exposure to pulses when the diameter of the beam is 

smaller than 3.5 mm, or has irradiance hot-spots. 
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D. Introduction to product safety limits (AEL) 257 

The AELs defined in IEC 60825-1 for classification of products as Class 1 limit the emission level 258 

of the device – referred to as accessible emission – in terms of power or energy determined with a 259 

defined aperture stop diameter and position. Thus, Class 1 AELs are product safety limits and not 260 

exposure limits. Numerically, however, the AELs applicable to the retina up to 1400 nm and the 261 

cornea above 1400 nm, are equal to the MPEs for the eye multiplied by the area of the defined 262 

limiting aperture11,12,13. The use of AELs by ANSI is equivalent to the IEC AELs. However, ANSI 263 

Z136.1 is not a product safety standard; in the U.S., the applicable product safety legislation is the 264 

Code of Federal Regulation CFR15 under FDA/CDRH responsibility (the CDRH accepts Edition 265 

3 or IEC 60825-1 under Laser Notice16 56). Particularly for the discussion on corneal protection 266 

for wavelengths below 1400 nm, product safety emission limits for the classification of laser 267 

products must be distinguished from MPEs discussed in the sections above. While the IEC 268 

standard recommends the application of the skin MPEs as an additional limit to protect the cornea 269 

in the informative Annex A, the normative AEL restriction for Class 1, 1M and 3R is based on the 270 

Class 3B AEL as a limit with the intent to protect the cornea in the wavelength range between 271 

1250 nm and 1400 nm. In the European amendment A11, an additional classification emission 272 

limit is derived from the skin MPEs, as discussed in the following sections. 273 

 274 

For classification of products based on the IEC standard, the correct term for the dependence of 275 

the AEL on t is emission duration, while the term used for the dependence of the MPEs on t is 276 

exposure duration. For simplicity, we use the term exposure duration even though the discussion 277 

includes the Class 3B AELs as well as the emission limit of A11, derived from the skin MPEs. 278 

 279 

E. Class 3B AEL as additional limit 280 

For the classification of products as Class 1, Class 1M or Class 3R, in IEC 60825-1:2014, the 281 

additional limit to protect the anterior parts of the eye for wavelengths between 1250 nm and 1400 282 

nm was set as the AEL of Class 3B. The accessible emission is measured through a 7 mm diameter 283 

aperture stop at the location where the accessible emission is determined for the retinal thermal 284 

AEL. For continuous wave emission (emission duration greater than 0.25 s), the AEL of Class 3B 285 

in the respective wavelength range equals 500 mW; for emission durations between 1 ns and 0.25 s, 286 

the AEL of Class 3B equals 0.15 J. When comparing the corneal exposure permitted by the Class 287 

3B AEL with injury thresholds, it has to be kept in mind that varying beam diameters at the cornea 288 

can result in drastically varying permitted corneal irradiance levels. 500 mW corresponds to 289 

irradiances of 1.3 W cm-2, 5.2 W cm-2 and 64 W cm-2 for beam diameters of 7 mm, 3.5 mm, and 1 290 

mm, respectively. These levels, derived from the Class 3B AEL are also shown in Fig. 1. We see 291 

in Fig. 1c that for an exposure duration of 10 seconds and above, for a 7 mm beam diameter (or 292 

larger) the 500 mW limit is very close to the skin MPE.  For a 3.5 mm beam, the diameter-scaled 293 

Class 3B limit of 500 mW is equal to the skin MPE at about 1 second and for 10 second exposure 294 

duration is about a factor of 5 above the skin MPE. For a 1 mm beam, the scaled Class 3B limit is 295 

significantly above the skin MPEs for all exposure durations. 296 

 297 

F. European amendment A11 298 

To protect the cornea for wavelengths between 1250 nm and  1400 nm, the European amendment4 299 

A11:2021 to EN 60825-1:2014 defined emission limits equivalent to the skin MPEs in addition to 300 

the Class 3B limits. Since emission limits are usually specified in terms of  “power through 301 
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11 

aperture” level (or more precisely, it is the accessible emission that is defined in this way to be 302 

compared with the emission limits), the limits in A11 were derived from the skin MPEs by 303 

multiplication with the area of the time-dependent limiting aperture discussed above. This results 304 

in the following limits (t in seconds): 305 

 306 
For t < 10-9 s:                  7.9 × 105 W         Aperture stop diameter:  1 mm 307 
For 10-9 s ≤ t < 10-7 s:      7.9 × 10-4 J           Aperture stop diameter:  1 mm 308 
For 10-7 s ≤ t < 0.35 s:    4.3 × 10-2 t0.25 J   Aperture stop diameter:  1 mm 309 
For t ≥ 0.35 s:                 0.1 W                  Ap. stop diameter:  0.35 s ≤ t < 10 s: 1.5 t3/8 mm     310 
                                                                                                                 t ≥ 10 s: 3.5 mm 311 
 312 

These limits are additional AELs for classification of products as Class 1, 1M, and 3R. When the 313 

accessible emission is measured with the corresponding aperture stop, the analysis is identical to 314 

determining the irradiance or radiant exposure averaged over the aperture stop and comparison to 315 

the skin MPEs given as irradiance or radiant exposure. Consequently, when the remainder of the 316 

discussion refers to the skin MPE, the corresponding emission limit of A11 is included. 317 

 318 

We note that for emission durations greater than 0.35 s, the increase of the area of the aperture 319 

with t compensates for the decrease of the MPEs specified as irradiance, resulting in a constant 320 

power - AEL of 100 mW. It is interesting to compare the AEL of 100 mW permitted through a 3.5 321 

mm aperture with the Class 3B limit of 500 mW through a 7 mm aperture. For a top-hat beam 322 

profile with a diameter equal to or greater than 7 mm, the limit of 100 mW through a 3.5 mm 323 

aperture corresponds to 400 mW permitted power passing through a 7 mm aperture. Thus, for large 324 

beam diameters, the Class 3B AEL of 500 mW through a 7 mm aperture is close to the skin MPE 325 

and affords a comparable degree of protection.  326 

 327 

G. Comparison of limits    328 

In addition to the Class 3B limitation, the ANSI and IEC/ICNIRP MPEs are plotted in Fig. 1. We 329 

see that the ANSI corneal MPEs have a significant dependence on wavelength while the skin MPEs 330 

and the Class 3B AEL do not. On the other hand, the skin limits shown in Fig. 1(c) have a 331 

pronounced dependence on exposure duration while the Class 3B limits and the ANSI corneal 332 

limits for wavelengths less than 1400 nm have a relatively weak dependence on exposure duration. 333 

For wavelengths just below 1400 nm, the skin MPEs are a factor of 10 higher than the ANSI 334 

corneal limits for 10 second exposure duration and a factor of 5 higher for 1 second exposure 335 

duration, respectively. Because the ANSI corneal limits feature a wavelength dependence while 336 

the skin limits do not, the skin limits are lower than the ANSI corneal limits for wavelengths below 337 

1250 nm for 10 seconds exposure duration.   338 

 339 

In the process of defining a specific corneal limit for wavelengths less than 1400 nm, the ANSI 340 

corneal MPEs for wavelengths between 1400 nm and 1500 nm and for pulse durations less than 1 341 

ms were increased by a factor of 3 compared to the MPEs in the 2007 edition of ANSI Z136.1. 342 

For exposure durations of 10 seconds, the ANSI limits for wavelengths above 1400 nm remained 343 

unchanged, and are therefore the same as the ICNIRP and IEC limits (compare the two orange 344 

curves in Fig. 1(c)). Thus, while ICNIRP kept the previous MPEs for wavelengths between 1400 345 

nm and 1500 nm, ANSI adjusted the limits in this wavelength range for exposures shorter than 10 346 
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12 

seconds, so that for the ANSI cornea limit, there is no step-function at 1400 nm. ANSI also adjusted 347 

the skin limits in the 1400 nm to 1500 nm wavelength range to match the new corneal limits.  348 

 349 

II. RESULTS 350 

Corneal injury thresholds were calculated with the Seibersdorf Laboratories model. For the 351 

calculations, the corneal irradiance profile was a top-hat, i.e. a constant circular irradiance profile. 352 

Exposure (pulse) durations varied from 10 µs to 100 seconds and corneal beam diameters from 353 

250 µm to 6 mm. The computer model was validated with experimental data in the nanosecond 354 

pulse duration regime. However, in the wavelength range of interest, the injury thresholds when 355 

presented as corneal radiant exposure do not exhibit a dependence on pulse duration for pulse 356 

durations shorter than roughly 1 ms. The figures show data for exposure durations between 10 ms 357 

and 100 s. 358 

 359 

Fig. 2a shows the dependence on corneal beam diameter for a range of exposure durations for the 360 

wavelength of 1320 nm. As is known from retinal injury thresholds for long exposure durations, 361 

the injury thresholds expressed as radiant exposure at the tissue decrease with increasing diameter 362 

of the irradiance profile (see for instance Lund et al.18 and Schulmeister et al.19,20). The shorter the 363 

exposure duration, the more the beam diameter dependence is limited to small beam diameters. 364 

For exposure durations equal to or less than about 1 ms, the threshold is no longer dependent on 365 

the beam diameter in the modeled range of beam diameters (greater than 0.25 mm). In contrast to 366 

the thermal retinal MPEs, which depend on retinal image diameter, the corneal MPEs and the skin 367 

MPEs do not depend on the beam diameter of the radiation incident on the cornea or skin. 368 

However, when the beam diameter is smaller than the averaging (limiting) aperture, the permitted 369 

actual irradiance is higher the smaller the beam diameter is. As can be seen in Fig. 2, this is a 370 

stronger effect than the dependence of the injury threshold on diameter, but a trend in the same 371 

direction. For Fig. 2, the skin MPEs were applied as recommended by ICNIRP and IEC, while the 372 

averaging aperture was taken as that for the cornea. The scaled MPEs increase for the case that the 373 

beam diameter is smaller than the limiting aperture, producing an indirect beam diameter-squared 374 

dependence of the MPE. It is again emphasized that the threshold calculations and animal 375 

experiments are performed for a stationary beam and a stationary cornea, whereas for all but 376 

medical intentional exposures on an immobilized eye, the cornea will move relative to the beam, 377 

and will most likely move out of the beam in a time much less than 10 seconds. A more realistic 378 

risk analysis can be based on comparing the 10 second-limit with the 1 s injury threshold. Since 379 

the skin MPEs in this wavelength range do not feature a wavelength dependence, the safety margin 380 

for 1390 nm (Fig. 2(b)) is smaller than compared to Fig. 2(a) for 1320 nm. 381 

  382 
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 383 

 384 

 385 
 386 

 387 
 388 

FIG. 2. Predicted corneal thresholds as function of beam diameter for a number of exposure durations 389 
(solid lines); the IEC/ ICNIRP skin MPEs are shown scaled with the effect of the limiting aperture on 390 
permitted exposure levels. The specific ANSI corneal limits are lower than the skin limits) and are not 391 

shown here.   392 
 393 

  394 
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14 

 395 

Predicted corneal thresholds are shown as a function of exposure duration in Fig. 3 and as a 396 

function of wavelength in Fig. 4 and 5. For the comparison with the limits in Fig. 3 and Fig. 5, a 397 

top-hat profile diameter of 1 mm and 4 mm was chosen. ANSI corneal and the IEC/ICNIRP skin 398 

MPEs are shown, as well as the Class 3B classification limit, expressed as permitted corneal 399 

irradiance. Where applicable, these limits are scaled depending on the beam diameter and the 400 

aperture diameter.  401 

 402 

 403 

 404 

 405 
 406 

 407 

 408 
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 409 
 410 

 411 
 412 

FIG. 3. Predicted injury thresholds for a beam diameter of 4 mm (a) and 1 mm (b) as function of 413 

exposure duration for a number of wavelengths between 1290 nm and 1440 nm, plotted as 414 

radiant exposure at the cornea. Class 3B AEL (500 mW) as well as the skin MPEs recommended 415 

by ICNIRP/IEC to protect the cornea are diameter-scaled where applicable.  In (c) and (d) the 416 

data are shown as irradiance and with a reduced ordinate range. 417 

 418 

 419 

  420 
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 421 
FIG. 4. Predicted injury thresholds for a beam diameter of 4 mm as function of wavelength 422 

between 1250 nm and 1500 nm.  423 

  424 
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 425 

 426 

  427 

   428 

 429 

FIG. 5. Predicted injury thresholds for a beam diameter of 1 mm and 4 mm as function of 430 

wavelength between 1200 nm and 1500 nm. In (a) for 1 s exposure duration, in (b) for 10 s 431 

exposure duration, in (c) the limits are shown for 10 s exposure duration while the thresholds are 432 

shown for both 1 s exposure duration and in (d) the thresholds are compared with the Class 3B 433 

limitations. All limits are diameter-scaled.     434 
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III. DISCUSSION 436 

A. Biophysical trends 437 

Thermally induced injury occurs when a critical temperature is exceeded in the tissue21. This 438 

critical temperature is lower for longer exposures, but the reduction of the critical temperature for 439 

longer exposure durations is relatively weak3,22.  440 

 441 

The biophysical background of the dependence of the corneal thresholds on beam diameter (Fig. 442 

2) is equivalent to that of the retinal thermal limits, which has been discussed in detail 443 

elsewhere18,19,20. For exposure durations of 1 ms or less, there is essentially no dependence on 444 

beam diameter for the diameter range that was modeled (the smallest beam diameter was 250 µm). 445 

For longer exposure durations, the region of beam diameters where there is no, or very little, 446 

dependence on beam diameter shifts to larger beam diameters. In this regime, due to more effective 447 

radial cooling of smaller beam diameters, smaller beam diameters are associated with higher injury 448 

thresholds. The longer the exposure duration, the wider the range becomes where there is a beam-449 

diameter dependence. We see in Fig. 2 for 1 s and 10 s exposure duration that the increase of the 450 

threshold for smaller beam diameters is not as strong as the effect of the limiting aperture for the 451 

scaled MPEs. This reduces the safety margin (referred to as “reduction factor” by ICNIRP) 452 

between the threshold and the permitted exposure. For 1320 nm, for a beam diameter of 250 µm, 453 

the safety margin still appears to be sufficient. The trend of the dependence on beam diameter (i.e. 454 

the relative change for small and large beam diameters) is equivalent for wavelengths up to 1500 455 

nm. 456 

 457 

The dependence on pulse duration for varying wavelengths (Fig. 3) and the dependence on 458 

wavelength (Fig. 4) can be understood by the interplay of optical absorption depth (which is 459 

strongly dependent on the wavelength) with the thermal diffusion distance (which is dependent on 460 

the exposure duration).  461 

 462 

When it is assumed that absorption follows the Beer-Lambert law23 with an exponential decrease 463 

of irradiance with depth of the cornea, the absorption depth is defined as the depth at which the 464 

irradiance equals 1/e of the irradiance at depth zero, i.e. the surface of the cornea. The absorption 465 

depth is the inverse of the absorption coefficient. The absorption coefficient of the cornea, as given 466 

in a CIE report24 is shown in Fig. 6. In the CIE report, for wavelengths above 1150 nm, the 467 

absorption coefficient of saline water was used to characterize the absorption depth in the cornea. 468 

Although the absorption depth at 1400 nm is less than 1 mm, compared to absorption depths for 469 

wavelengths above about 2600 nm, this still constitutes a rather weak absorption. The absorption 470 

depth for the cornea in the infrared wavelength range has a very strong dependence on wavelength 471 

and varies from 1 cm (104 µm) at a wavelength of 1000 nm to an absorption depth of 1 µm (i.e. 472 

within the tear layer) at a wavelength of 3 µm.  The absorption depth as function of wavelength is 473 

shown in Fig. 6(b) for the retinal-to-corneal hazard transition wavelength range. The strong 474 

variation in absorption depth with wavelength has a corresponding effect on the temperature 475 

increase for a given irradiance level at the cornea and therefore on the injury threshold.  476 
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 478 

 479 

 480 
  481 

 482 
FIG. 6. In (a), the absorption coefficient for the cornea is plotted as function of wavelength for an 483 

extended wavelength range. The corresponding absorption depth is given on the right ordinate in µm. In 484 
(b), the section between 1200 nm and 1600 nm is shown with a linear ordinate plotted as absorption depth 485 

in mm.  486 
 487 

 488 

Below a certain exposure duration, the threshold curves shown in Fig. 3(a) as radiant exposure do 489 

not show a dependence on exposure duration (i.e., pulse duration). The shorter the wavelength 490 

(associated with greater absorption depth), the more this regime of constant injury thresholds 491 

extends to longer exposure durations, such as about 1 second for 1320 nm. In the pulse duration 492 

regime shown, for the wavelength of 1440 nm, this regime of constant threshold applies to pulse 493 

durations shorter than approximately 0.01 s. In Fig. 3(a), the wavelength dependence is 494 

characterized by the separation of the threshold curves. For an exposure duration of 0.01 s, the 495 

separation is wider (associated with a stronger wavelength dependence) as compared to, for 496 

example, for an exposure duration of 10 seconds. This reduction in wavelength dependence for 497 
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longer exposure durations is also seen in Fig. 4 for wavelengths above about 1360 nm: the 498 

wavelength dependence for an exposure duration of 1 s is less pronounced than the wavelength 499 

dependence for shorter exposure durations. This can be understood if we consider that heat flow 500 

has an effect and evens out the wavelength dependence resulting from the variation of the 501 

absorption depth. A characteristic parameter for heat flow is the thermal diffusion length25,26 rtherm, 502 

which is the approximate distance that a heat wave travels in time t, where Dth is the thermal 503 

diffusion coefficient, which can be taken as that of water27, for the example of 50°C with Dth = 504 

0.0015 cm2 s-1 (Eq. (1)). 505 

therm th
2 ×r D t                                (1) 506 

As a very rough approximation, heat flow into the depth of the tissue has an effect on temperature 507 

if the thermal diffusion length is greater than the optical absorption depth. To facilitate this 508 

understanding, we assume that the diameter of the irradiance profile at the cornea is sufficiently 509 

large so that radial heat flow does not affect the center and only heat flow into the depth of the eye 510 

is relevant. The discussion is also more directly applicable when the diameter of the laser beam is 511 

larger than the optical absorption depth, so that the absorbing volume is more like disk-shaped. 512 

Clearly this is not true for wavelengths towards 1200 nm, but the assumption allows a relatively 513 

simple understanding of the wavelength and pulse duration trend.  514 

 515 

Absorbed laser radiation results in a temperature increase, i.e. radiant energy is converted into 516 

heat. As an approximation, we can assume that a certain cylindrical volume in the eye is heated, 517 

which is defined by the laser top-hat irradiance diameter at the cornea and the optical absorption 518 

depth rabs. Both thermally and optically for wavelengths above approximately 1200 nm, the pre-519 

retinal media can be well approximated by the properties of saline water, so that in this simplified 520 

discussion we do not need to distinguish the cornea from other pre-retinal media. Heat flow from 521 

the heated volume reduces the temperature within the heated volume, but it takes some time. For 522 

short pulse durations, there is no relevant heat flow out of the center of the heated volume, and the 523 

threshold does not depend on pulse duration. This regime of no dependence on pulse duration is 524 

referred to as “thermal confinement” regime since the heat does not leave the absorption volume 525 

(at least not the center of the volume) during the pulse duration. In other words, the laser exposure 526 

is terminated before heat flow can cause cooling of the volume where the radiation was absorbed. 527 

In this regime, heat flow does not play a role for the temperature at the center of the absorbing 528 

volume as it develops during the pulse duration. The laser-induced temperature rise at the end of 529 

the pulse duration depends solely on the absorption volume and the energy absorbed in that 530 

volume, resulting in a certain volumetric energy density (measured in J cm-3). The temperature 531 

rise at the end of the exposure is then approximated by dividing the energy density by the 532 

volumetric specific heat CV. The volumetric energy density can be approximated by the radiant 533 

exposure H incident on the cornea (neglecting reflection losses) divided by the absorption depth. 534 

In the pulse duration regime where heat flow from the center of the heated volume into the depth 535 

of the eye can be neglected, the temperature increase T at the end of the laser exposure can be 536 

approximated by (Eq. (2)):   537 

abs V

H
T

D C
 


                                            (2) 538 

Since the injury threshold, expressed as radiant exposure incident on the cornea, is associated with 539 

a certain peak temperature in the tissue, the wavelength dependence of the injury thresholds in the 540 

thermal confinement regime closely follows the trend of the absorption depth. This regime can be 541 
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understood as “dominance” of absorption depth over thermal diffusion length. Roughly speaking, 542 

in the thermal confinement regime, the absorption depth (as function of wavelength) is greater than 543 

the thermal diffusion length (as function of exposure duration). This is also the basis for the 544 

understanding that for a given exposure duration and therefore, for a given thermal diffusion 545 

length, the smaller the penetration depth is, the shorter the thermal confinement time becomes.   546 

 547 

For wavelengths with very small optical absorption depths, and relatively long exposure durations, 548 

the heat flow evens out the wavelength dependence, i.e. the wavelength dependence is not as 549 

pronounced as it is for short exposure durations. This is seen more drastically in the wider 550 

wavelength range shown in a ILSC 2011 paper28, but can also be seen in Fig. 3(a) and Fig. 4.  551 

 552 

B. Comparison with ICNIRP and IEC MPEs 553 

This subsection compares the corneal injury thresholds with the ICNIRP and IEC skin MPEs. This 554 

discussion also applies to the emission limit specified in the European amendment A11. The data 555 

are shown as function of exposure duration in Fig. 3 and as function of wavelength in Fig. 5. Due 556 

to the strongly varying absorption depth between 1300 nm and 1400 nm, the corneal injury 557 

threshold decreases in that range by a factor of about 10. Since the skin MPEs do not feature a 558 

wavelength dependence in that regime, the reduction factor between the threshold and the limit 559 

decreases with increasing wavelength, i.e. is smallest at 1400 nm. For wavelengths above 1400 560 

nm, compared to the skin MPE at 1400 nm, the corneal MPE is lower by a factor of 10; the 561 

reduction factor is correspondingly larger making this regime less critical. For the wavelength 562 

range of 1200 nm to 1300 nm and 1 s exposure duration (Fig. 5(a)), the reduction factor between 563 

injury thresholds and skin MPEs is about 11 (for the worst-case of large beam diameters at the 564 

cornea); for 10 s exposure duration in this wavelength range, the reduction factor for an 565 

immobilized eye and a 1 mm beam diameter is about 5 relative to the 10 s injury threshold. For 566 

these deeply penetrating wavelengths, the skin MPEs have a relatively large reduction factor. For 567 

a wavelength of slightly less than 1400 nm, where the skin limits  still apply, and a beam diameter 568 

of 4 mm (Fig. 3(a) and Fig. 4(c)), the reduction factor between thresholds and MPEs equals 2.5 569 

for 100 s exposure duration, about 4 for 10 s exposure duration and about 3 for 1 s exposure 570 

duration. For shorter exposure durations, the reduction factor is somewhat larger. Considering that 571 

the reduction factor is determined for the stationary case (the beam does not move relative to the 572 

tissue), these reduction factors, for beams larger than 3.5 mm, appear to be adequate to prevent 573 

injury at exposure levels equal to the MPE. While the typical exposure duration assumed for an 574 

MPE analysis is 10 seconds, it is theoretically possible to assume an exposure duration of 1 second. 575 

In this case, the 1 s MPE needs to be compared with the 1 s injury threshold. However, if 10 s is 576 

assumed for the MPE analysis, then it is more relevant, and also more realistic, to compare the 10 577 

s MPE with the injury threshold for an exposure duration of 1 s, as is shown in Fig. 5(c). This can 578 

be justified with relative movements of the beam vs. the tissue, particularly considering heat 579 

sensation. The safety margin is then correspondingly larger. 580 

 581 

For a 1 mm beam diameter, the averaging effect of the limiting aperture must be taken into account. 582 

For an MPE analysis assuming a 1 s exposure duration, the averaging effect reduces the margin 583 

by a factor of 2.3. If the averaging effect is not considered (the unscaled MPEs are compared with 584 

the predicted injury thresholds) the reduction factor is 5 for 1390 nm, leaving a reduction factor of 585 

about 2 when the averaging effect is accounted for. A reduction factor of 2 should be sufficient, 586 

but there is also some uncertainty associated to the computer model. However, it is rare that an 587 
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MPE analysis is performed for a 1 s exposure duration. When the limit is applied as emission limit 588 

in amendment A11, this is not an option anyway. For 10 s exposure duration (or emission duration 589 

if used as emission limit in A11), the reduction factor, based on the 10 s injury threshold, for the 590 

unscaled MPE equals 14 so that with an averaging effect of 12.3, the reduction factor is close to 591 

1. However, this applies only for a stationary scenario. If the body is not immobilized, the risk for 592 

injury should still be low if the safety analysis is based on an exposure duration of 10 seconds. 593 

This can be supported by comparing the 10 s limit with the 1 s injury threshold, which is most 594 

easily done with Fig. 3(d) where the data are plotted as W cm-2, but see also Fig. 5(c). In Fig. 3(d), 595 

due to the time-dependence of the limiting aperture, the scaled skin MPEs are constant for exposure 596 

durations greater than 0.35 s. While the margin for a wavelength of 1390 nm is small for 10 s 597 

exposure duration, it is equal to 2.7 for 1 s exposure duration. The data in the pulsed regime also 598 

make it clear that it is not justified to apply the “skin” limiting aperture of 3.5 mm.   599 

 600 

For beam diameters less than 1 mm, the question arises if the scaled skin MPEs are sufficiently 601 

protective, particularly for wavelengths approaching 1400 nm. The data shown in Fig. 2(b) indicate 602 

that for a beam diameter of 250 µm the scaled MPEs are essentially equal to the predicted injury 603 

threshold. This is also the case when the MPEs for 10 seconds are compared with the injury 604 

threshold predicted for a 1 s exposure duration. A beam diameter of 0.5 mm appears to be less 605 

problematic. It can be concluded that for beam diameters smaller than approximately 0.5 mm, for 606 

wavelengths approaching 1400 nm, the limiting aperture should be smaller than defined. The 607 

underlying reason for the small safety margin at 1390 nm compared to, for instance, 1320 nm is 608 

the lack of wavelength dependence of the skin MPEs. A specific limit to protect the cornea would 609 

be advantageous to avoid potential hazards to the cornea when the skin MPEs are used to protect 610 

the cornea for wavelengths less than 1400 nm. We note that in the ICNIRP 2013 laser guidelines3, 611 

for the limits to protect the cornea for wavelengths above 1400 nm, a footnote states that for beam 612 

diameters less than 1 mm and pulse durations less than 0.35 s, the actual (non-averaged) radiant 613 

exposure should be compared to the exposure limit. This appears prudent and should also be 614 

applied for the case of exposure durations longer than 0.35 s. 615 

 616 

C. Comparison with IEC Class 3B limits 617 

For the classification of a product as Class 1, IEC 60825-1:2014 defines the Class 3B AEL as a 618 

limit to protect the cornea, additionally to the Class 1 AEL to protect the retina. Since the Class 619 

3B AEL is not wavelength dependent, but the corneal injury thresholds for wavelengths 620 

approaching 1400 nm are significantly lower than for a wavelength of 1300 nm (factor ~10) or 621 

even 1350 nm (factor ~ 2.5), the longer wavelengths are more critical. Due to the 7 mm aperture 622 

stop, the beam diameter is of central importance. For 1390 nm and a beam diameter of 4 mm, the 623 

factor between the injury threshold and the Class 3B limitation is equal to about 4 for 1 s exposure 624 

duration, and for an exposure duration of 10 s (Fig. 5(d)), the predicted 10 s threshold is 625 

approximately equal to the level permitted by the Class 3B limit. Based on usual eye movements 626 

and aversion responses, more emphasis can be placed on the comparison with the 1 s injury 627 

threshold (the Class 3B limit expressed in W cm-2 is constant), for beam diameters of 4 mm and 628 

somewhat smaller beams, the Class 3B limit can be assumed to provide adequate protection even 629 

for the critical wavelengths approaching 1400 nm. However, for the wavelength of 1390 nm and 630 

a beam diameter of 1 mm (Fig. 3(b) and 3(d)), the Class 3B limit of 500 mW for t = 0.25 s is 631 

almost equal to the predicted injury threshold for an exposure duration of 0.25 s. For exposure 632 

durations longer than 0.25 s, the irradiance permitted by the 500 mW Class 3B AEL significantly 633 
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exceeds the injury threshold (for a stabilized beam and eye) because the injury threshold, when 634 

expressed as irradiance, continues to decrease. For small beam diameters and wavelengths 635 

approaching 1400 nm, it is likely that the response time is not fast enough to prevent injury when 636 

exposure occurs at the Class 3B AEL. For 1390 nm, for the case of pulsed emission where the 0.15 637 

J Class 3B limit applies, the permitted radiant exposure for a 1 mm beam is essentially equal to 638 

the predicted injury threshold. 639 

 640 

For the more common wavelength of 1350 nm (as a conservative value, the data for 1360 nm can 641 

be used) and a 1 mm beam diameter, the injury threshold is approximately equal to the Class 3B 642 

limit for 1 s exposure duration and is exceeded for exposure durations longer than about 1 s (Fig. 643 

3(d)). This is not a sufficiently low risk for a Class 1 laser product. The determination of the level 644 

that is compared against the Class 3B AEL is at the “retinal” assessment distance of 100 mm from 645 

the reference point specified in IEC 60825-1, and for diverging beams, exposure levels may be 646 

higher at closer distances. For 1350 nm and a 4 mm beam (Fig. 3(c)), the factor between the injury 647 

threshold for 10 s exposure duration and the Class 3B limit is about 1.8; for 1 s exposure duration 648 

the factor is about 10. This indicates that the Class 3B limit should provide adequate protection for 649 

wavelengths around 1350 nm when the beam diameter at the classification distance is greater than 650 

3-4 mm. For diverging beams, there is some potential risk if exposure occurs closer than the 100 651 

mm classification distance, but there is a warning requirement when the Class 3B limit is exceeded 652 

with a 3.5 mm aperture at contact with the product. For a 1 mm beam diameter, the Class 3B AEL 653 

appears to provide adequate protection only for wavelengths of 1300 nm and less. At the 654 

wavelength of 1300 nm, a 1 mm beam and a 1 s exposure duration, the margin between the injury 655 

threshold and the Class 3B limit is only 2.5.    656 

 657 

D. Comparison with ANSI limits 658 

The ANSI limit differs from the IEC/ICNIRP limits for wavelengths less than 1500 nm, 659 

particularly in the wavelength range below 1400 nm where ANSI Z136.1 has specific MPEs to 660 

protect the cornea whereas ICNIRP/IEC refers to the skin MPEs. Not surprisingly, the ANSI limits 661 

more closely follow the injury thresholds in terms of wavelength dependence (factor K), at least 662 

in the wavelength range above 1300 nm, and in terms of dependence on exposure duration. The 663 

smallest safety margin was found to be 7 for a 1 mm beam and 1 s - 10 s exposure duration, as 664 

well as for a 4 mm beam in the exposure duration range of 10 ms to 100 ms. For a 4 mm beam and 665 

1 s exposure duration, the smallest reduction factor is about 10; for 10 s exposure duration, it is 666 

about 30, with relatively little dependence on wavelength and pulse duration, i.e. the ANSI MPEs 667 

follow the injury threshold trends in wavelength well, with a reduction factor that is not less than 668 

7.      669 

 670 

E. Multiple pulses 671 

Since the 2013/2014 revision of the guidelines and standards, for the wavelength range above 1400 672 

nm, the reduction factor Cp (C5 in IEC) for the ocular MPE analysis of multiple pulses is no longer 673 

required, nor is C5 required for the AEL analysis based on the IEC standard. Consequently, a MPE 674 

analysis for repetitive exposure is based on limiting the radiant exposure of each pulse based on 675 

the pulse duration and additionally limiting the average irradiance by the respective long-term 676 

limit, typically for 10 seconds exposure duration. A systematic comparison of injury thresholds 677 

for repetitive exposure with these two MPE requirements is beyond the scope of this paper, but 678 
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can be found in an ILSC 2019 paper8. The issue can be discussed on the basis of biophysical 679 

principles. The rationale to support the notion that a reduction factor is not needed is 680 

straightforward for the deeply penetrating wavelengths with correspondingly long thermal 681 

confinement times. For a wavelength of 1440 nm shown in Fig. 3(a) and Fig. 3(b), in the regime 682 

up to roughly 1 second, although the injury thresholds are not completely independent of exposure 683 

duration, the dependence on exposure duration is very small. In this regime it is clear that the 684 

average irradiance criterion is sufficient, since averaging irradiance over some period of time is 685 

equal to adding radiant exposure over that period and dividing by the averaging duration.  686 

     687 

IV. SUMMARY AND CONCLUSIONS  688 

A systematic comparison of computer model corneal injury thresholds with the MPEs and 689 

classification limits specified to protect the cornea in the wavelength range of 1200 nm to 1500 690 

nm by ANSI Z136.1, IEC 60825-1, the European A11 and ICNIRP was performed.  691 

 692 

Between 1400 nm and 1500 nm, for exposure durations less than 10 seconds, the ANSI limits are 693 

up to a factor of 3 higher than the ICNIRP/IEC limits; the reduction factor of the ANSI limits can 694 

be characterized as sufficient.  695 

 696 

Due to the significant increase of the retinal thermal limits for wavelengths between 1300 nm and 697 

1400 nm in the 2013/2014 revisions, it became necessary to introduce an additional limit to protect 698 

the cornea in this wavelength range. The IEC and ICNIRP guidelines recommend using the skin 699 

limits for an MPE analysis, while ANSI has introduced a specific limit to protect the cornea. The 700 

ANSI limit follows the trend of injury threshold with wavelength and pulse duration well and the 701 

reduction factor is at least 7. While ANSI specifies exposure duration dependent averaging 702 

apertures to be used for wavelengths less than 1400 nm, IEC does not provide specific guidance 703 

on the diameter of the averaging aperture to be used to assess the ocular exposure for comparison 704 

with skin MPE values. Irradiance levels that would be permitted for a 3.5 mm aperture clearly 705 

show that averaging over 3.5 mm is not permissible for smaller beam diameters and wavelengths 706 

tending towards 1400 nm. As is noted in an ICNIRP10 comment of 2020, the exposure duration 707 

dependent averaging aperture as defined for the eye for wavelengths exceeding 1400 nm should 708 

be used.  709 

 710 

Due to the lack of wavelength dependence of the skin MPEs, but reduced corneal injury thresholds 711 

for wavelengths approaching 1400 nm, the reduction factor for the skin MPEs to protect the cornea 712 

is relatively small for wavelengths close to 1400 nm. However, the skin MPEs should be 713 

sufficiently low to avoid corneal injury, at least for beam diameters not significantly smaller than 714 

1 mm. For a 4 mm beam diameter, the reduction factor is about 4 for a 10 s exposure duration and 715 

of the order of 3 if the hazard analysis is based on a 1 s exposure duration, i.e. using the MPE for 716 

t = 1 s. Using a 10 s exposure duration for the MPE analysis (which is the typical value), for a 1 717 

mm beam diameter and an averaging aperture of 3.5 mm, the permitted actual irradiance is equal 718 

to the injury threshold  for wavelengths close to 1400 nm, in the absence of eye movements. 719 

However, eye movements, both natural and due to aversion responses, will smear out the exposure 720 

and reduce the effective irradiance for such small beams, so that it should be acceptable to apply 721 

the skin MPE. This can be supported by comparing the 10 s MPE with the 1 s injury threshold. 722 

However, for exposures relatively close to the injury threshold it is not clear what the pain 723 
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sensation will be: if the pain is excessive or noxious, such a high level of permitted exposure might 724 

not be seen as appropriate even if, due to aversion responses, an actual burn is avoided. The 3.5 725 

mm diameter limiting aperture permits irradiance levels at the MPE that for a diameter of 250 µm 726 

are essentially equal to the predicted injury thresholds. This issue is not adequately addressed in 727 

ICNIRP, IEC 60825-1 and the European amendment A11.  728 

 729 

The Class 3B limit defined by IEC 60825-1:2014 for Class 1 laser products to protect the cornea, 730 

for emission durations longer than 0.25 s permits a power of 500 mW to pass through a 7 mm 731 

aperture at 100 mm distance. While for a 7 mm beam the irradiance permitted by the Class 3B 732 

limit is well below the corneal injury threshold for wavelengths close to 1400 nm, the irradiance 733 

permitted for a 1 mm beam for wavelengths approaching 1400 nm exceeds the injury threshold 734 

within 0.25 seconds,  an exposure duration where significant eye movements are unlikely. For the 735 

wavelength of 1350 nm common in telecommunication, the Class 3B limit appears sufficient to 736 

protect the cornea provided the beam diameter at the exposure distance is larger than 4 mm. It 737 

follows that two aspects of Class 3B AELs as a limit to protect the cornea are problematic: firstly, 738 

the aperture stop diameter of 7 mm permitting high irradiances for small beam diameters; secondly, 739 

while the injury thresholds decrease by a factor of 10 between 1300 nm and 1400 nm, the Class 740 

3B AELs remain constant.  741 

 742 

As an interim limit to protect the cornea for wavelengths between 1250 nm and 1400 nm, the skin 743 

MPEs lend themselves as classification limit additionally to the Class 1 retinal AEL. The skin 744 

MPEs are over-restrictive for wavelengths less than 1300 nm. It might not be ideal that exposure 745 

at the skin MPE at wavelengths close to 1400 nm will probably induce pain and aversion responses 746 

when the product is Class 1, but the skin MPEs should be sufficient to prevent corneal injuries 747 

because of normal eye movements and aversion responses. While the wavelength dependence of 748 

the corneal injury thresholds is not reflected by the skin MPEs, the skin MPEs appear useful as a 749 

limit to protect the cornea until the overall safety limit system is updated by ICNIRP and IEC, 750 

where the wavelength dependence of the corneal injury thresholds can be accounted for.  751 
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