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INTRODUCTION

Since THE publication of the ICNIRRGuidelines on Limits Inconsistencies had been discovered in CW laser
of Exposure to Laser Radiation of Wavelengths betweenexposure limits (ELs) when these limits were applied to
180 nm and 1,00@m (1996), recent research has made intentional viewing of light emitting diodes (LEDs) and
it appropriate to update the laser retinal protection diode lasers. Consequently, the Commission also re-
guidelines for ultrashort (sub-nanosecond) pulse dura-quested the ophthalmic biophysics task group to study
tions and for continuous-wave (CW) exposures lasting the validity of the current guidelines for CW exposures.
10 s or longer. These revisions are limited to the retinal Prior to the extension of the scope of some laser safety
hazard spectral region (400 nm to 1,400 nm). No changesstandards to apply to LEDs, general guidance in all laser
in the limits are recommended for any exposure duration safety standards was never to view a laser beam directly
between 1 nanosecond (ns) and 10 s for intrabeam(intrabeam viewing) and serious efforts to derive accu-
viewing (nor to 0.7 s for viewing extended sources). rate ELs for durations exceedingl0 s did not occur.
Studies of laser-induced retinal injury from mode- Indeed, the previous effort had been to simplify the
locked laser pulses have been carried out for more thanexpression, combining both thermal and photochemical
two decades (Goldman et al. 1977); however, until damage mechanisms. This approach necessitated very
recently threshold data have not appeared to be consisiarge safety factors to accommodate both injury mecha-
tent, nor have the underlying damage mechanisms fornisms within a single mathematical formulation.
sub-nanosecond (sub-ns) laser-induced injury been well The task group reviewed the past criteria and the
understood. The Commission organized a task gronp  effects of eye movements, source size, pupillary re-
ophthalmic biophysics to review the scientific data and sponse, spectral absorption, and the two competing
current knowledge of retinal injury mechanisms to con- retinal damage mechanisms (photochemical and thermo-
sider recommending an extension of the laser guidelineschemical) upon the potential for retinal injury when
to pulse durations less than 1 ns. The result of this review viewing a CW laser beam or any small light source. The
is that the Commission believes that for ultrashort laser group recommended splitting the ocular ELs into dual
pulses there is now a reasonably consistent explanationimits: one for photoretinitis (photochemical) and one for
of the non-linear optical phenomena that occur in the eye retinal burns (thermochemical injury) to eliminate highly
which cause retinal damage. Thus it is appropriate to inconsistent safety factors. The review showed that the
recommend limits of exposure for pulse durations be- impact of eye movements is greatest for small light

tween 100 femtoseconds (fs) and 1 ns. sources, but least for large sources. This dual-limit
approach follows the same approach used to evaluate
* ICNIRP Secretariat, R. Matthes, c/o Bundesarit Sirahlen- incoherent sources.
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Table 1. Values fort,. Sub-nanosecond exposures

Wavelength range fo Guidelines for ELs have not previously existed for
5200 I sub-ns exposure because of controversies over tissue
2400-1,050 nm 18 s damage mechanisms; only a very tentative interim guide-

1.050-1.400 nm 50 s line to limit peak irradiance to the EL for 1 ns has been
1.4-1.5 pm 1 ms recommended (ICNIRP 1996). Studies of laser-induced
1.5-1.8 um ls retinal injury from mode-locked laser pulses in the
1.8-2.6 um 1 ms

10-300 picosecond (ps) time domain and sub-ps expo-
sures in the femtosecond time regime have been carried
out in several research programs, and the scientific
database is now sufficient for the first time to recommend
duration for which that cell is at an elevated temperature ELs for pulse durations between 100 fs and 1 ns. The
(Barnes 1974; Hillenkamp 1989; Mainster et al. 1970; development of ELs in the sub-ns time domain has been
Priebe and Welch 1978; Sliney and Wolbarsht 1980; very difficult because of different interaction mecha-
Sliney 1999). This “time-temperature history” is crucial nisms of laser radiation with biological tissues (Cain et
because of the dependence of thermo-chemical denatural. 1997; Roach et al. 1999; Toth et al. 1997). The
ation of proteins on the peak temperature and the entiredamage produced by non-linear effects does not follow
duration (of many milliseconds or seconds) that the the same relationship with wavelength, with pulse dura-
temperature is elevated. Therefore, the geometry of thetion, and with retinal image size as do thresholds from
retinal exposure will influence the retinal lesion size and thermal and thermoacoustic damage mechanisms. For
the threshold in much the same way regardless of thethis reason, it had been necessary to perform a number of
exposure duration of a laser pulse, since most of thestudies of non-linear damage mechanisms (Cain et al.
thermal denaturation of proteins occurs after the pulse,1997; Gerstman et al. 1996; Hammer et al. 1997;
i.e., during the cooling period (Courant et al. 1989a, Rockwell et al. 1997). Likewise, the range of potential
1989b; Sliney and Wolbarsht 1980). Despite the presenceeffects that could occur below the ophthalmoscopically
of non-linear effects, a similar spot-size dependence alsovisible threshold had to be studied by histological tech-
exists in the sub-ns time regime (Goldman et al. 1977; niques. The consequences of exceeding the threshold,
Cain et al. 1996; Rockwell et al. 1997). This permits the i.e., supra-threshold effects, also must be understood
use of a single scaling facto€{) to adjust the EL from  prior to setting ELs. Fig. 1 shows the ophthalmoscopi-
100 fs to at least 10 s. The correction fac@yris set as  cally determined threshold damage levels from several
the angular subtense of the sourcdivided by, (1.5 studies in the sub-ns regime and also shows the new
milliradian). Histological studies of the sites of small and recommended guidelines. A safety factor of approxi-
large retinal image size exposures at 530, 580, and 1064mately 10 to 20 was maintained in the derivation of these
nm show effects upon the neural retina and in the retinal limits, the exact magnitude depending upon the level of
pigment epithelium. Although the damage in the pig- uncertainty in the measured damage thresholds. Between
mented epithelium was centered on the melanin granulesapproximately 10 ps and 1 ns, self-focussing of the
it was apparently unrelated to linear absorption by the ocular media further concentrates laser energy into nar-
melanin granules (Toth et al. 1996, 1997; Goldman et al. rower beams or filaments which increases the retinal

2.6-1,000 wm 100 ns

1977). radiant exposure and thereby lowers the thresholds (Cain
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Fig. 1. Laser retinal injury thresholds and 1996 exposure limits for visible and near infrared (NIR) Nd:YAG laser
wavelengths, expressed as corneal radiant exposure.
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Fig. 2. Distribution of laser energy on the retina produced by eye movements over a 10-s period for a non-human primate
under anesthesia (left) and the distribution in the human eye during normal, unrestrained conditions (right) [adapted
from Ness et al. (2000)]. The spot size at 50% peak irradiance points increased from a nearly cirguiapa@ern

(left) to an elliptical pattern (right) with an average cross-sectional dimension qinigright). Energy was also
scattered outside the central image.

such as pupillary activity, eye movements, breathing,
heart-beat, blood-flow, other bodily movements, and
visual task behavior become important (Andre-Deshays
et al. 1988; Eizenman et al. 1980). In addition, at short
visible wavelengths, another injury mechanism (photo-
chemical) plays an important role, and synergism be-
tween photochemical and thermal injury mechanisms can
influence the EL. All of these factors were considered in
revising the ELs for exposure durations greater than 10 s.
The ICNIRP task group examined a number of
studies of fixational eye movements, and reached a
general conclusion regarding image wander over the
fovea and macula (Epelboim et al. 1995, 1997; Epelboim
1998; Eizenman et al. 1980; Ferman et al. 1987). Ness
and colleagues (1997, 2000) then conducted additional,
highly specific, worst-case visual fixation measurements

Al

)

Dwell Time in Seconds

|
! ,l’(lll’u

il

o
o
=

Temporal/Nasal (pm) Inferior/Superior(um)

Fig. 3. Distribution of laser energy for 100-s unrestrained viewing
[adapted from Ness et al. (2000)]. The minimal spot size was about
135 um. This leads to a 2.3 reduction in risk from thermal injury.
This result is consistent with the 150 to 20 elliptical lesions

of image wander when a subject was asked to fixate on
a very small, fixed target. The subjects were trained,
mostly young observers with good vision. Employing the
method developed by Ness et al. (1997), the task group

produced when an observer stares at a welding arc (Naidoff andattempted to confirm the earlier studies by conservatively

Sliney 1974).

simulating the worst-case viewing conditions. The eye-

movement studies of Ness et al. (1997, 2000) clearly
showed that the retinal image can remain remarkably still
et al. 1997; Roach et al. 1999). The time-dependence offor a few seconds, but that within 30 s the central retina
self-focussing is complex and non-linear, but was best fit (the fovea) must move to other points in space for
by a functionf(t®™ (Figure 1). Other non-linear optical cognition. Two viewing conditions were studied: with a
mechanisms appear to play a role in retinal injury in the stabilized head (as could occur with ophthalmic instru-
sub-ps region (Roach et al. 1999; Rockwell et al. 1997). ment applications of lasers), and without head restraint
(normal conditions) while volunteers attempted to fixate
CW exposures on a small “point” light source. The results were evalu-
Several physiological factors come into play for CW ated in a variety of ways. The fixation history of the
exposures (generally taken as greater than 0.25 s) whersmall retinal image diametel (<30 um) was plotted as
the person’s visual task will limit the exposure duration a function of time to determine the integration of retinal
and the retinal area illuminated. Physiological factors, exposure dose. Figs. 2 and 3 illustrate the accumulated
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radiant exposure in the retinal image area. This exposuremeans that there is, in effect, an additional safety factor
directly predicts the extent and position of photochemical of 2.3 or more above the minimal image condition. The
retinal injury, since retinal radiant exposure determines data from eye-movement studies and retinal thermal
the risk of photoretinitis for a given wavelength. While injury studies were combined to derive a break-point in
these data permitted the determination of the photoreti- viewing time T, at which eye movements compensated
nitis (“blue-light hazard”) EL value, the determination of for the increased theoretical risk of thermal injury for
the thermal hazard ELs was more complex, since thermalincreased retinal exposure durations if the eye were
retinal injury thresholds decrease for increasing retinal immobilized. Because the thermal injury threshold, ex-
Spot size. pressed as radiant power entering the eye, decreases as

The determination of the potential for retinal ther- the exposure duratiorraised to the-0.25-power (i.e., a
mal injury for long fixation times required an examina- reduction of only 44% per tenfold increase in exposure
tion of three factors: duration), moderate increases in the exposed retinal area
. L ) will compensate for the increased risk for longer viewing
1. The time-averaged retinal irradiance; times. The increase in retinal area of irradiation resulting
2. The thermal effects that result from the way eye from greater eye movements with increased viewing time

movements transform a fixed retinal image into the (yelichovsky et al. 1996) takes longer to compensate for

equivalent of a repetitive-pulse exposure; and  the reduced impact of thermal diffusion with larger
3. The manner in which image size affects the retinal extended sources. Thus for increasing angular subtense

thermal injury threshold due to radial heat flow during the break-poinfl, increases from 10 s for small sources

and after the exposure. to 100 s for larger sources. Beyond 100 s there is no
further increase in risk of thermal injury for small and
intermediate size images. The specification of limits and
measuring conditions specified here attempt to follow
these variables with some simplification leading to a
conservative determination of risk.

A pupil size of 7 mm is unrealistically large for
lengthy viewing durations, leading to a still greater safety
factor for all image sizes. It is conservatively assumed
that retinal thermal injury thresholds vary inversely with
eretinal image size (stabilized) between approximately 25

wm and 1 mm (corresponding to angles of 1.5 to 59
mrad). There is a transition range from 1 mm to approx-
imately 1.7 mm, and beyond 1.7 mm (i.e., visual angles
greater than 100 mrad) there is virtually no spot-size

viewing time, the average irradiance condition domi- dependence when limits are expressed at the retina.
nated. However, for viewing with an unrestrained head, When ex_pressed at the cornea, the ELs become a con-
the retinal image moves dramatically, and the same Stant radiance for angles greater than 100 mrad.
retinal area may be exposed a number of times during the For photochemically induced retinal injury there is
entire viewing sequence at a low “duty cycle,” and the NO spot size dependence for a stabilized image. Unlike
N-°25 additivity function dominates. The instantaneous thermalinjury mechanism, the thresholds for photochem-
image size was also considered in these calculations,c@l injury are highly dependent upon wavelength and are
which modified the results. exposure dose (radiant exposure) dependent; i.e., the
Correction factors for eye movements, as it turned thresholds expressed as irradiance decrease inversely
out, were only important for viewing durations exceeding With the lengthening of exposure time. Photochemical
10 s. Only the thermal mechanism is important at retinal injury from welding arcs subtending angles of
durations less thm1 s for small images. Although the —around 1-1.5 mrad show typical lesion sizes of the order
physiological eye movements known as saccades do®f 185-200um (corresponding to visual angles of 11-12
spread the absorbed energy in minimal retinal images (ofmrad), clearly demonstrating the influence of eye move-
the order of 25um or less) within the 0.1 to 10 s time ments during fixation. This and other studies of eye-
regime, the limits recommended in these guidelines movements during fixation underpinned the derivation of
provide an added safety factor for this viewing condition. ELs to protect against photochemical retinal injury.
At 0.25 s with unrestrained head viewing, the mean These studies also led to the ELs to be specified as an
retinal spot illuminated is spread out to approximately 50 irradiance or radiance defined for a cone angle of
wm. By 10 s, the illuminated retinal zone becomes acceptance (field-of-view, or FOV) of 11 mrad for an
approximately 75um and the added safety factor for the exposure duration between 10 and 100 s. Hence, sources
minimal image condition becomes 1.7 over a stabilized with an angular subtense less than 11 mrad were
eye, with the spot-size dependence taken into accountireated as equivalent to small, “point-type” sources. This
By 100 s, it is rare to achieve an illuminated zone approach was not strictly correct when expressing an EL
(measured at 50% points) as small as 136 and this as an irradiance measurement of an 11-mrad source is not

The time-averaged retinal irradiance must not ex-
ceed the CW irradiance permitted for a fixed image. The
thermal repetitive-pulse exposure obeys what is referred
to as theN°2° additivity rule where the net effect is
modified as the number of pulsétraised to the-0.25
power (N~°29. This rule is expressed in the ICNIRP
Guidelines (1996) by the correction-fact@,, which
reduces the EL for a single pulse in a train of pulses.
However, if multiple pulses exist with a duratidp,
(Table 1), those pulses are treated as if they were a singl
pulse.

These interrelated factors were dealt with by trial
and error and by examining a few worst-case conditions.
If the retinal image moved very little during the entire
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equivalent to irradiance averaging over a field-of-view Table 2. Exposure guidelines.
(y) of 11 mrad, unless the source had a rectangular
(“top-hat”) radiance distribution. Thus, in this revision of

Wavelength range Pulse duration ¢ Exposure guideline EL

S S . 400 to 1,050 nm 10720 107"'s 1.5 C4 X 107* J/m?
the guidelines, a distinction is made between angular (100 fs t0 10 ps) (1.5 Cy X 10-8 Jem?)
subtense of a source and radiance (or irradiance) averag- 400 to 1,050 nm 10710 10™°s 2.7 C, 279 X 10* J/m?
ing for photochemical EL values. For viewing times in 1050 10 1.400 (1109 Ilgstml})jﬁ) (125.7CCA>t<0.7i OJ{?TJ? ,

: : , o 1, nm ° to S c m
excess of appro>§|mately_ 30-60 s, the influence of (100 fs to 10 ps) (15 Co X 1078 J/em?)
saccadic eye motion during fixation is generally over- 1,050 to 1,400 nm 1010 107%s 27 Ce 975 X 10* J/m?
taken by behavioral movements determined by visual (10pstolns) (27 Cct7 J/em?)

1073 to 1077 s
(100 fs to 1 ns)

Maintain irradiance limit

Lo . ; Other wavelengths
task, and it is quite unreasonable to assume that a light of the 1996 1-ns EL*

source would be imaged solely in the fovea for a duration
longer than 100 s. For this reason, the averaging angle This is the current, 1996 interim guideline. Research to establish ELs in
is increased linearly with the square-root bf The — JeoS Shegesl fedions ' planned, as very few data exist (Wantabe et 2l
minimal angular subtense,,, correctly remains at the
reference angle of 1.5 mrad for all exposure durations
used in thermal retinal hazard evaluation. However, for
photochemical retinal hazard assessment, the concept is
actually different, as the angeis a linear angle defining ~ Sub-ns exposure ELs o
the cone angle of acceptance for averaging irradiance, For sub-ns exposures, the Commission recommends
and it is important to note that this applies only for the guidelines for single-pulse exposures at pulse dura-
extended sources greater than approximately 11 mrad. tions between 100 fs (1&° s) and 1 ns (10 s) be
The impact of eye movements is dramatic for reduced to the values in Table 2.
minimal retinal spot sizes and permits a leveling of the
thermal EL fora < 1.5 mrad to a constant irradiance of
1 mW cnt2in the visible spectrum (400—700 nm) for
10 s. However, as would be expected, there is only a
small impact for a source size of 100 mrad, and the
plateau of no further risk of retinal injury due to eye Cw exposure ELs
movements does not occur until 100 s. For photochem- Since the risk of retinal injury from viewing a CW
ical injury, eye movements had already been incorpo- light or near-infrared source depends upon three vari-
rated into the visible laser limits for an exposure duration ables—time, wavelength and angular subtense (Lund et
between 10 and 100 s. Beyond 100 s, it is probably al. 1998; Sliney 1996; Zuclich et al. 1998)—and the
unreasonable to assume that fixation could realistically angular dependence is not constant for all wavelengths
take place, and it was concluded that the limits for all but and exposure durations, the Commission concluded that
very large sources (greater than 100 mrad) should enda single EL function for some wavelengths was not
there. This same rationale was followed by the Commis- possible. The Commission concluded that ELs for times

sion in the derivation of the guidelines for incoherent greater the 1 s required a dual limit approach for
sources (ICNIRP 1997). short-wavelength light as followed for the incoherent

No changes in the measurement apertures (whichoptical radiation ELs. The ELs are therefore expressed as

PROPOSALS FOR REVISED ELS

Research is also underway in the temporal region of 10 to
100 fs in the visible and IR-A bands. (Note: The spectral
correction factors €and G account for reduced retinal
exposure in the IR-A band and are defined in Table 3.)

average irradiance and radiant exposure) are recom-he lowest of two values:

mended. The use of a 7-mm pupillary aperture was 1,
retained in the derivation of the thermal guidelines for all
wavelengths, even for visible wavelengths, since the
thermal damage mechanisms dominate in the near-
infrared and red end of the visible spectrum, where the
pupillary response is weakest or non-existent. However,
for short wavelengths in the visible, a 3-mm aperture was
used (as previously) for the derivation of the photochem-
ical limits, since pupillary constriction will be present at
these wavelengths. However, because of physiological
movements over several seconds of fixation, the 7-mm
aperture averaging is still appropriate. In other words, <
although a 3-mm pupil was assumed in the derivation of
the photochemical limits, to assess exposures of the eye
one is to use a 7-mm pupil. This same approach was
followed previously in the derivation of visible ELs for

the different wavelengths.

For the CW thermal EL, the Commission recom-
mends a limit of 18C,Ct®"J nmr2 (1.8 C,Ct®> mJ
cm2?) as now used fon > 700 nm (whereC, = 1.0
from 400 nm to 700 nm); and this would apply to all
wavelengths in the retinal hazard region (i.e., from
400 to 1,400 nm) up to a duration that will now be
termedT, where the movement of the image over the
retina dominates and limits the possibility of a thermal
injury, rather thant = 1,000 s, where near-infrared
limits currently become constant irradiance values;
and

For the CW photochemical (“blue-light” or photoreti-
nitis) EL, the Commission recommends a limit of 100
Cg J m2 defined for a measurement cone-angle-of-
acceptance (FOW) of 11 mrad fort = 100 s. Foit >
100 s, an increasing FOY = 1.1 V't is applied.
These limits lead to the result that for any small
source subtending an angle less than 11 mrad, this
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Table 3. Proposed changes to CW laser guideline exposure limits.

Wavelength
range (nm) Exposure duration Exposure limit (EL)? Comments

400-1,400 nm Ins<t<l1s No Change in limit values, Original limits well established as
except to eliminate the thermal damage mechanism.
increased value of oy, for However, eye movement research
t>0.7sPb required a change.

400-600 nm 1s<t<100s H = 10 Cz mJ/cm? where FOV Photochemical: Assumes FOV y =
y = 11 mrad, (i.e., Q = 11 mrad which is over-conservative
107# sr), and equivalent to: for t+ > 100 s; therefore, a new
L = 100 Cg J/(cm? sr) where proposal for meas. FOV y = 1.1 Vt
FOV vy = 11 mrad. mrad for z > 100 s () = 7 usr)

100s <1< 10*s E = 0.1 Cy mW/ecm? (ie., L = First dual limit to protect against

100 Cg J/(cm? sr) for meas. photochemical injury (i.e.,
FOV y = 1.1 Vt (mrad, photoretinitis).
important when o > 11
mrad).

400-600 nm 1s<t<T,s H = 1.8 7 Cg mJ/cm? Based only upon thermal effects.

T,s <t<30ks E = 1.8 C; T,7%» mW/cm? for Second dual limit to protect against

o > 1.5 mrad retinal thermal injury.

600-1,400 nm 1s<t<T, H = 1.8 C, C; Cc t* mJ/cm? Original limits over-stated

large-image thermal damage
mechanisms, and eye movements
not adequately addressed for CW

exposures.
E = 1.0 Cy, Cc mW/cm? for a
< 1.5 mrad
T, <t <30ks E =18 C, Cc Cp T,70%

mW/cm? for o > 1.5 mrad

aCg = 1.0 forA < 450 nm (referred to as the nédy in IEC terminology);Cg = 107020450 for A > 450 nm; andT, = 10[10« 15/%8]
limited to T, = 10 s fora < 1.5 mrad and 100 s i& > 100 mrad;C, = 1.0 forA < 700 nm;C, = 1(0?-002-700) for 700 nm< A <
1,050 nm;C, = 5.0 for 1,050< A < 1,400 nm; andC; = 1.0 for A < 1,150 nm;C. = 10P-0288-1150) for 1,150< A < 1,200 nm;C¢
= 8.0 for 1,200 nm< A < 1,400 nm;Ce = ofayy,i, WhereA is expressed in nm and is expressed in milliradians (mrad).

b amin NOW is 1.5 mrad for all thermal retinal hazard ELs.

1000 1 10000
o =100 mrad
100 [ L _ Thermal, large spot 1000
\
—
£ 100 g
s 10 650 nm £
2 2
é Thermal 8
8 1 10 §
c — — 8
] 400-700 nm o T E:
g — — " t
E 400-450 N =
E ~ w
g 01 iginal limit, 650 - Photochemical < 1 =
s Original limit, nm s u - otochemica ~
~ ~
~ -~
0,01 Original limit, 400-500 nm 0.1
gl imi =
, ~
~
N
0,001 0,01
1 10 100 1000 10000

Exposure duration t (sec)

Fig. 4. The guideline EL for a minimal-image, 400 nm to 450 nm blue-laser exposure is a single value, independent of
source-size, averaged over an 11 mrad field-of-view for 10-100 s exposures—whereas the guideline for 650-nm red
laser exposures varies with source size. Note that source size directly plays a role only in the retinal thermal ELs. For
photochemical limits fot > 100 s, the measurement cone anglicreases with time.
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Table 4. Laser exposure limits for the eye.

Exposure duration

Exposure limit EL

Exposure limit EL

Wavelength A (nm) t(s) (J/em? or W/em?) (J/m? or W/m?) Restrictions

Ultraviolet

Dual limits for 180—-600 nm ultraviolet laser exposures at t > 1 ns:

Photochemical

180 to 302 1 nsto 30 ks 3 ml/cm? 30 J/m? Aperture sizes:

303 1 ns to 30 ks 4 mJ/cm? 40 J/m? 1 mmforr<03s

304 1 ns to 30 ks 6 mJ/cm? 60 J/m? 1.5 £37 mm for

305 1 ns to 30 ks 10 mJ/cm? 100 J/m? 03s<t<10s

306 1 ns to 30 ks 16 mJ/cm? 160 J/m? 35 mmforz> 10s

307 1 ns to 30 ks 25 mJ/cm? 250 J/m?

308 1 nsto 30 ks 40 mJ/cm? 400 J/m?

309 1 ns to 30 ks 63 mJ/cm? 630 J/m?

310 1 ns to 30 ks 0.1 J/em? 1.0 kJ/m?

311 1 ns to 30 ks 0.16 J/cm? 1.6 kJ/m?

312 1 nsto30ks 0.25 J/cm? 2.5 kJ/m

313 1 ns to 30 ks 0.40 J/cm? 4 kJ/m?

314 1 ns to 30 ks 0.63 J/cm? 6.3 kJ/m?

315 to 400 10s to 30 ks 1.0 J/cm? 10 kJ/m?

Thermal

180 to 400 Insto10s 0.561%% J/cm? 5.6t9% kJ/m?

Visible

400 to 700 100 fs to 10 ps 0.015 G pI/em? 0.15 C; mJ/m?

400 to 700 10 psto 1 ns 2.7 Cg 197 Jlem? 27 Cg 197 kJ/m?

400 to 700 Insto 18 us 0.5 Cg pllem? 5 Cg mJ/m?

400 to 700 18 usto 10's 1.8C¢ 1% mJ/cm? 18Cy, %7 J/m?

Dual limits for 400—-600 nm visible laser exposures at t > 10 s (all for 7-mm limiting
aperture)

Photochemical®

400 to 600 10sto 100s 10 Cy ml/cm? 100 Cg J/m? for @ < 11 mrad (y = 11
mrad?)

400 to 600 100 s to 30 ks 0.1 Cy mW/em? 1 Cy W/m? for @ < 11 mrad

400 to 600 100sto 10 ks 0.1 Cy mW/cm? 1 Cy W/m? for o > 11 mrad (y = 1.1
193 mrad)

400 to 600 10 ks to 30 ks 10 Cy mW/(cm? sr) 100 Cy W/(m? sr) (See Note?)

Thermal® (all for 7-mm limiting
aperture)

400 to 700 10 s to 30 ks 1.0 mW/cm? 10 W/m? for a < 1.5 mrad

400 to 700 10sto T, s 1.8 Cy %7 mJ/em? 18 Cy 7 J/m? for @ > 1.5 mrad

400 to 700 T, s to 30 ks 1.8 C¢ T, %% mW/cm? 18 Cy T,7%% W/m? for o > 1.5 mrad

Near Infrared, IR-A

700 to 1,050 100 fs to 10 ps 0.015 C, Cg pnI/em? 0.15 C, Cx mJ/m? 7 mm limiting aperture
700 to 1,050 10 psto 1 ns 2.7 Cy Cg 7 pllem? 27 Cy Cg 17 mJ/m?
700 to 1,050 Insto 18 us 0.5 Cy Cg pdlem? 5 C, Cg mJ/m?
700 to 1,050 18 usto 10's 1.8 C, Cg 7> mJ/cm? 18 Cy Ci; 17 J/m?
1,051 to 1,400 100 fs to 10 ps 0.15 C¢ Cg pJ/em? 1.5 Cc Cg mJ/m?
1,051 to 1,400 10 psto 1 ns 27 Cc Cg 7 J/em? 270 Cc Cg 7 KJ/m?
1,051 to 1,400 1 ns to 50 us 5 Ce Cg pdlem? 50 Cc Cy mJ/m?
1,051 to 1,400 50 usto 10's 9.0 Cc Cg 75 mJ/ecm? 90 C Cg 127 J/m?
700 to 1,400 10sto 30 ks 1.0 C, Cc mW/cm? 10 C, Cc Wim? for @ < 1.5 mrad
700 to 1,400 10sto T, s 1.8 C, Cc Cg 7% mJ/cm? 18 Cy Cc Cg 197 J/m?>  for a > 1.5 mrad
700 to 1,400 T, sto 30 ks 1.8 Cy Cc G T,70 18 C, Cc G for @ > 1.5 mrad

mW/cm? 7,795 W/m?

NTE® 100 mW/cm?

Far Infrared
1,400 to 1,500 nm Insto1ms 0.1 J/cm? 1 kJ/m? Aperture sizes:
1,400 to 1,500 nm Imsto10s 0.56¢%% J/cm? 5.61°% KkJ/m? 1 mmforr<03s
1,500 to 1,800 nm Insto10s 1.0 J/em? 10 kJ/m? 1.5 #2375 mm for
1,801 to 2,600 nm Insto1ms 0.1 J/em? 1 kJ/m? 03s<t<I10s
1,801 to 2,600 nm Imsto10s 0.561°% J/cm? 5.6¢9% kJ/m?
2,601 nm to 1 mm 1 nsto 100 ns 10 mJ/cm? 100 J/m? 3.5 mmfort>10s
2,601 nm to 1 mm 100nsto 10's 0.561%% J/cm? 561925 kJ/m?
1,400 nm to 1 mm 10sto 30 ks 100 mW/cm? 1 kW/m?
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aFor small sources subtending an angle of 1.5 mrad or less, the visible dual limit ELs from 400 nm to 600 nm, for times greater than

10 s, reduce to the thermal limits for times less tiiaand to photochemical limits for longer timeg,. = 10 s forA < 450 nm;T, =
10 X 10P026-450) for 450 nm< A < 500 nm; andl, = 100 s forA > 500 nm. The photochemical retinal hazard limit may also be
expressed as an integrated radiahce 100 Cg J/(cn? sr); T, see Table 5.

bNTE = Not to exceed; see Table 5 for definitions of constants.



438 Health Physics October 2000, Volume 79, Number 4

Table 5. Laser exposure limits for the skif.

Exposure Exposure limit EL Exposure limit EL
Wavelength A (nm) duration 7 (s) (J/cm? or W/cm?) (J/m? or W/m?) Restrictions
Ultraviolet
180 to 400 1 ns to 30 ks Same as Eye EL
Visible and IR-A
400 nm to 1,400 nm 1 ns to 100 ns 20 C, m)/cm? 200 C, J/m? 3.5 mm limiting aperture
400 nm to 1,400 nm 100 ns to 10 s 1.1 Cy t°% J/em? 11 C, %% kJ/m?
400 nm to 1,400 nm 10 s to 30 ks 0.2 C, Wicm? 2 Cy kW/m?
Far infrared
1,400 nm to 1 mm 1 ns to 30 ks Same as Eye EL for 1,400 nm to 1 mm 3.5 mm limiting aperture

2 Notes for all EL tables: Angles: All values efandvy in milliradians (mrad). Wavelength: All values of wavelength (2) in nanometers
(nm). Time: All values oft in' s; 1 ks= 1,000 s, and 30 ks 8 h.

1. Spectral Correction FactoiS, = 1 for A = 400 to 700 nmC, = 100:0020-7001jf A = 700— 1,050 nm; G = 5.0 if A = 1,051-1,400

nm; Cg = 1 for 400 nm< A = 450 nm;Cg = 10°020-450)jf A = 400—700 nmiT, = 10[10« 989 s; for 1.5 mrad< « < 100 mrad;

T, =10 s fora < 1.5 mrad and 7= 100 s ifa > 100 mrad;,C; = 1 for A = 1,150;C. = 1001811150 fgor 1,150< A < 1,200;

Cc = 8 for 1,200= A < 1,400.

2. Angular subtense of a source and limiting cone angle measuring field-of-vigwy,,;, is 1.5 mrad for all thermal retinal hazard
exposure limits;y = 11 mrad fort = 100 s,y = 1.1t°>mrad for 100 s< t < 10,000 s, andy = 110 mrad fort > 10*s. T, =

10[10« 157989 such thatT, = 10 s fora < 1.5 mrad and 100 s i& > 100 mrad.

3. Extended Source ELs: For extended-source viewing of laser radiation (e.g., diffuse reflection) between 400 nm and 1,400 nm, the
thermal ELs include the correction factGg provided that the angular subtense of the source (measured at the viewer's eye) is greater
than a,,;,, wherea,,, is:

amin = 1.5 mrad for all thermal limits
Ce = 1.0 fora < ami
Ce = alamin for apmin < a < 100 mrad.

Ce = a?/(omin X amay) for @ > 100 mrad wherey,,,, = 100 mrad.

The angle of 100 mrad may also be referred taxag, at which point the extended source limits can be expressed as a constant
radiance using the last equation written in termsagf,:

Le. = (8.5 X 10%)(ELp sourcdd(cm?sn) for t<10s.

Le, = 100CgJ/(cntsr) for t>1s

b For retinal photochemical limits, where the radiance is measured over a cone angle of acceptance (field-pfawimh)increases

from 11 mrad for times less than 100 s to 110 mrad for times greater than 10 ks.

4. Terminology: The term Exposure Limit (EL) is used by ICNIRP. The same values are termed MPEs (Maximum Permissible Exposure
Limits) by ANSI and IEC, and termed TLVs (Threshold Limit Values) by ACGIH. Essentially all groups have the same limit values.

radiance limit corresponds to a corneal irradiance of 1.0 Fig. 4 shows how the guideline values appear for two

Cs W m?2 (0.1 C; mW cnr? for t > 100 s. This representative wavelengths: where photochemical mech-
photoretinitis limit is only required for wavelengths anisms dominate (450 nm) and where thermal mecha-
between 400 nm and 600 nm. From a photobiological ~ nisms dominate (650 nm).

standpoint, the action spectrum used for incoherent

sources, BY) should be used (Ham and Mueller 1989); .

however, for simplicity, it was concluded thag 6hould =~ Repetitive exposures

have a value of 1.0 between 400 and 450 nm, and then Each of the following three general rules should be

a power function between 450 nm and 600 1®g: = applied to all repetitive exposures as occur from repeti-

10°020-450) (where \ is expressed in nm). The ELs are tively pulsed or scanning laser systems:

therefore similar to, but are Sllghtly more conservative 1. The exposure from any Single pu|se in a train of

than, the incoherent limits to account for the uncertain-  pulses shall not exceed the EL for a single pulse of

ties in the photoretinitis action spectrum which are more  that pulse duration;

critical .fOI' monochro_math -radlatlon. The bre.ak pOlnt 2. The exposure from any group of pu|ses (or Sub-group
where intra-beam (minimal-image) photochemical limits ~ of pulses in a train) delivered in tim& shall not

apply rather than 10 W nd (1.0 mW cn1?) is again exceed the EL for tim&; and
termed T, as in previous guidelines, since it is the 3. The exposure from any single pulse within a group of
transition from dominantly thermal to dominantly pho-  pulses shall not exceed the single-pulse EL multiplied

tochemical injury. by a cumulative-thermal correction factgg = N-°2,
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whereN is then number of pulses. This rule applies Epelboim, J. Gaze and retinal-image-stability in two kinds of

only to ELs to protect against thermal injury, where

all pulses delivered in less thdg,, are treated as a
single pulse (Table 1). The inflection poift;, is 1 ns
for wavelengths between 315 and 400 nm, igu$gor
wavelengths between 400 and 1,050 nm, iquSCfor

sequential looking tasks. Vision Res. 38:3773-3784; 1998.

Ferman, L.; Collewijn, H.; Jansen, T. C.; van den Berg, A. V.

Human gaze stability in the horizontal, vertical and torsional
direction during voluntary head movements, evaluated with
a three-dimensional scleral induction coil technique. Vision
Res. 27:811-828; 1987.

wavelengths between 1,050 and 1,400 nm, is 1 ms
for wavelengths between 1.4 and LB and between
1.8 and 2.6um, is 1 s between 1.5 and 1.8n, and is
100 ns for wavelengths between 2.6 and 1,p00.

Gerstman, B. S.; Thompson, C. R.; Jacques, S. L.; Rogers,
M. E. Laser-induced bubble formation in the retina. Lasers
Surg. Med. 18:10-21; 1996.

Goldman, A. A.; Ham, W. T., Jr.; Mueller, H. A. Ocular
damage thresholds and mechanisms for ultrashort pulses of
both visible and infrared laser radiation in the rhesus
monkey. Exp. Eye Res. 24:45-46; 1977.

The guide”nes app|y to normal, awake, task- Ham, W. T.; I\_/Iueller, H. A. The pho_topatho!ogy and nature of
oriented viewing conditions and normally cannot be  the blue light and near-UV retinal lesions produced by
applied directly to ocular exposure from ophthalmic 'f‘sers a"dI.OtQ.er optical sgyrpes. Ind \{)\/_o:barsh't\] M. '\-( id
instruments or head-mounted ocular illuminators, where P?ser appications in medicne and biology. New York.

h . . enum Press; 1989: 191-246.
the impact of normal head movements is neutralized.

: . Hammer, D. X.; Jansen, E. D.; Frenz, M.; Noojin, G. D.;
Tables 4 and 5 provide the final updated summary of all ' “tnomas R. J.: Noack, J.: Vogel, A.; RockWJeII, B. A
laser ELs for eye and skin.

Welch, A. J. Shielding properties of laser-induced break-
down in water for pulse durations from 5 ns to 125 fs. Appl.
Opt. 36:5630-5640; 1997.

] ] o Hillenkamp, F. Laser radiation tissue interaction. Health Phys.
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