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CORNEAL DAMAGE THRESHOLDS FOR HYDROGEN FLUORIDE AND DEUTERIUM
FLUORIDE CHEMICAL LASERS

INTRODUCTION

Coherent laser radiation in the near infrared and visible
region of the spectrum is capable of producing irreversiPle
injury to the retina (1, 2, 3). However, lasers emitting in
the mid-infrared region (1.5 - 13 um) produce injury primarily
in the cornea of the eye.

Extensive data for corneal injury following continuous
wave (CW) CO2 (10.6 um) laser irradiation have been reported
(4-8, 15). The most complete corneal threshold study to date
for the CO2 laser is that of Vassiliadis et al. (5) and his
cow'orkers Peppers et al. (6) and Peabody et al. (7). They
determined the 50%-probability-of-damage value as a function
of incident power density for pulse widths of 3.5 to 5.5 msec.
Leibowitz and Peacock (8) investigated corneal lesions from
a CO2 laser for 0.07 to 1 sec pulse widths. The irradiance
and pulse duration were both varied; consequently, there werenot enough exposures at any given pulse duration to obtain a
reliable threshold.

Limited data also exist on the ocular effects of the
erbium laser (1.54 um) (9). However, no threshold data exist
for the hydrogen fluoride (HF) and deuterium fluoride (DF)
lasers (2.6 - 4 um).

This report describes a series of experiments to determine
corneal damage thresholds for HF/DF lasers operating under
specified spectral and pulse characteristics, and compares the

resuls t tresls f other infrared laser sour'es.
These experiments were performed in the Aerodynamics and Pro-
pulsion Research Laboratory, Aerospace Corporation, El Segundo,
California between 7 February and 30 March 1972.

MATERIALS AND METHODS

Two HF/DF chemical lasers were used in these experiments:
a CW gas dynamic laser and a pulsed pin discharge laser. Both
systems were experimental engineering models built and operated
by Aerospace Corporation. In this and the remaining sections
of this report, the experiments with the CW HF/DF laser and
those with the pulsed HF/DF laser are treated separately.
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Continuous Wave HF/DF Laser

System Description--The CW HF/DF laser used in this
study combines hydrogen or deuterium with fluorine from dis-
sociated SF 6 , to form excited hP or DF molecules as the laser
medium. The laser is described in detail in the literature
(10-12). This laser, as it was configured for the corneal
threphold study, was capable of output powz frOm 0.05 to
20 watts, The intensity distribution of the laser beam was
limited to the TEM0 0 (Gaussian) mode with a 3-mm diameter
aperture in the laser cavity. The beam cross- ectional areas
at the cornea were 0.64 mm2 for HF and 0.88 mmO for DF with
standard deviations of 20%. These areas were calculated from
the averages of the beam diameter (1/e intensity level) deter-
mined from daily beam scans.

Monochromatic eye exposures to the CW HF laser were made

for 10, 100, and 500 msec using the 2.795 pm wavelength, and
for 25, 100, and 500 msec using the 2.727 uii wavelength. The
CW DF laser beam consisted principally of two wavelengths:
3.698 um and 3.731 um; eye exposures were made using this beam
for 125 a'd 500 msec. The total power was distributed between
the two liAes, with about 30% at 3.698 um and 70% at 3.731 um.
The CW HF/DF laser exposure parameters are summarized in Table 1.

TABLE 1. CW HF/DF LASER EXPOSURE PARAMETERS

Nominal shutter Wavelength
time (msec) (0m)

10 2.795 (HFPI

100 2.795 (HP)
500 2.795 (HF) I

25 2.727 (HF)
100 2.727 (HF)
500 2.727 '7
125 DFa
500 DFa

aDF beam was composed of two wavelengths, with
about 30% of the power at 3.698 pm and 70% at 3.731 um.

4
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TrcFinure t. HF/DF CW laser configuration.

The laser and delivery system are depicted in Figure I.
Tracing the HF/DF laser beam from the output mirror, it ke-

flected from a grating (Bausch and Lomb, 300 grooves/mm, blazed
for 3 Vm) for the HF beam, or a plane mirror for the DF beam,
to a beam elevator. (It was necessary to raise the beam about
13 mm to the height of the animal mount.) The beam was then
reflected toward a mirror with a 3.05-meter radius of curva-
ture, which focused the laser beam to a spot on the cornea.
A 19-mm aperture in a piece of carbon blocked the unwanted HF
wavelengths, and a removable mirror prevented the beam from
damaging the leaves of the electronic shutter. This mirror
-•-^ Ierm-itte' measurement of the total power in the beam
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before and after an exposure using a Coherent Radiation
Laboratory (CRL) model 201 power meter. The mirror was re-
moved during an exposure by activating a solenoid. The
duration of the exposure was controlled by a Gerbrands 300
or a Compur II shutter, both of which were accurate to
within 5%.

The beam from a 0.3 mW CW HeNe laser was reflected off
a CaF 2 beam splitter coaxial with the HF or DF lasnr beam.
The HeNe beam served as an aiming device to place the expo-
sure on the desired area on the cornea. A second beam
s)litter (BaF 2 -coated CaF 2 ) zeflected about 10% of the HF or
DF beam to an Eppley thermopile, which was used as a ballis-
tic thermopile. The energy of each exposure was monitored
by measuring the thermopile output with a Koithley microvolt
ammeter (model 150A). The readings from both the CRL power
meter and the Eppley thermopile were calibrated daily with
a TRG 100 ballistic thermopiie located at the corneal plane.
A Keithley millimicrovoltmeter (model 149) measared the TRG
100 output. The TRG 100 calibration was traceable to the
National Bureau of Standards.

Animal preparations and exposure Zrocedures--Rhesus
monkey!y~ (Macaca mulatt) rangin-, in weight -.ror 2 tc 3 ka
served ass ets. s c Te animals were aii transported to the
test site, housed in individual cages in an air-conditioned
trailer especially prepared for animal handling, and maintained
on a standard laboratory diet. Approximately 50 monkeys were
housed in the traiijer at one time. Upon arrival of replace-
ments, the animals were returned to Brooks AFB.

Preanesthetic medication was induced by the intramuscular
injection of a sedative dose of phencyclidine hydrochloride
(Sernylan) of 0.25 mg per kilogram of body weight. Anesthesia
was induced by the intravenous auministration of sodium pento-
barbital (Nembutal) at 20 mg/kg. The pupils were dilated with
10% phenylephrine hydrochloride (Neo-.Synephrine hydrochloride)
and 1% cyclopentolate (Cyclogyl) about 1 hour prior to exposure.
Sutures of 3-0 silk were placed in the upper eyelids to facili-
tate their manipulation. Corneal drying was prevented by
periodic applications of either normal saline or methylcellulose
ophthalmic solution and by manual blinking of the lids.

Prior to laser exposure, all animal eyes were carefully
examined by slit lamp biomicroscopy, and any animal found to
have corneal abnormality in either eye was rejected. The
animal was placed in a movable stereotaxic mount on a test stand,
which also included the slit lamp for observation and photog-

6



I

Ai

Figure 2. 1W/DF test station for CW irradiations.

I

the 1!!' or DF boar) qo that the red alicvnment bcarn from the
helium-neon laser nroduced a small. s;,ot. on the~ cornea. The
invostaiqator located the desired ext~osu--o ar-!a by Makiniq
micrometer riov,,ments of the stereotaxic mount to place the
HceNc s;pot at thr. docj roe !;iLe. Then the animal's cornea was
ready for irradiation.

The F as flow for the lasor was adju-iteI to achieve the
desired statrle output. Ihe operrator then activatea the sole-
noid to remove the blocKinci mirror and trionored thoe shutter
"(set for the . .csired cx osure time). The Solenoid was de-
activated, yhich dropped. the mirror back into position, after
each exposure. The CRL loas:er rewaainc7 1fore and after eacth
exnosure and the Fpplcy thernrapile readin t Ourinva each hexo-
sure were recorvet. No sicinificant dif ferences were found in
the CLower readinng bebfore and after exposur2. -he aninval was
then repositioncd to a new corneal sit, for the next exposure,
and the above procedure ":as repeated. The follo-,winc five sites
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were sequentially exposed on each •ye: the center, nasal,
temporal, superior, and inferior areas. This procedure en-
abled each eye to be exposed rapidly and specific exposure
sites to be identified later.

The range of power levels used for each exposure time
was established by a preliminary stud-. on 4 to 6 eyes, which
determined the narrowest practical razige of power levels cen-
tered about the estimated threshold.

Each corneal exposure site was observed immediately after
irradiation of both eyes of the animal. If no effect was noted
after 10 minutes, the result was considered negative.

Pulsed HF/DF Laser

System Descrigtion--The pulsed HF/DF laser is a high

voltage (50-100-kv) trnsverse discharge laser excited by two
helical arrays of 61 electrodes or pins about a Plexiglas
cylinder. Because of its construction, the laser is referred
to as the "pin" laser. The HF or DF pin laser action occurred
av a result of a capacitive discharge through the flowing mix-
ture of SF 6 and H2 (13), or D2 . The laser was capable of an
uuLjLof approxn...t.Cly 25 0J ffor HF and 1S mJ for 1W.

The laser cavity was in an unstable configuration consist-
ing of a convex mirror with a rAdius of curvature if 24 meters
and a flat, partially transmitting silicon mirror. A conical
aperture of approximately 20-mm diameter was inside the cavity
next to the silicon mirror. The resultant output beam inten-
sity distribution was Gaussian.

.Iorizontal and vertical spatial beam scans were made be-
fore 'ind after the study with an apertured (127 om) Raytheon
(OKN 1563) qold-doped germanium detector at 770 K and an
oscilloscope. An average of the est -- ted diameters (measured
at the 1/e points) from the horizonta :A vertical scans was
used to calculate thi beam area. The a for HF and DF was
0.53 mm2 and 0.72 mm , respectively. Figure 3 is a typical
beam scan.

The pulse exposures from the HF/DF pin laser were not
monochromatic, nor were they simple, regularly shaped pulses;
so time-resolved spectral scans were made of both the HF and DF
beams at the discharge voltages corresponding to the threshold
exposure levels.
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The width of the HF' pulse, "full width at half maxinumn"
WWIM)m.09easured from the total spectral pulse was about 45

nsec. Sixty-one percent of the pulse energy was emitted at

the 2.6397, 2.6084, and 2.8705 7m wavelengths (Table 2).

TABLE 2. HF PIN LASER SPECTRAL CONTENT

r ractional Transition Wavelength

Itotal energy (V,J) %him)
0.15 (2,7) 2.87nt5
0.11 (2,G) 2.8319
0.10 (2,5) 2.7952
0.09 (2,4) 2.7604
0.01 (1,7) 2.7440
0l.08 (1,6) 2.7074
0.32 (1,4) 2.6397
0.14 (1,3) 2.6084

1 9



The DF pulse had three •.a',a!-s, of which only the second and
third pulse were sicni- ,.ra,, (27% and 69% of the tctal energy
respectivi-ly). The second pulse had a pulse width (F•,L•M) of
50 nsec and the third pulse, of 80 nsec. The second and
third peak3 were about 100 nsec apart. Table 3 presents the
spectral ccntent of the DF pulses. The experimental configu-
ration, used for the HF/DF pin las;: is depicted in Fioure 4.
The IIF or Dr Leam was incident on a microscope slide Leam
splitter, which reflected a portion of the total power to a
room temperature indium arsenide (InAs) detector (Mullard
OlP--10) ; this s-niial was displayed on an @'scilloscope. Both
the detector and oscilloscope were enclosed in a screen box to
shield the electrunris from radio-frequency noise generated by
the high voltage discharge. A hulium-neon alignment laser
beam was introduced at the microscope-slide beam splittcr co-
linear with the lIF or UP beam tr provide an ai~ming device for
placing ý±xposures on the desired area of tn',i .:ornea.

A piane mirror reelected the IIF or DF b,-am to a focusig
mirror. Usually a 100% reflecting gold-coated mirror was
used for DF exposures and a :ýartially reflecting silicon mirror
for HF ex)ost:res. The focusing mirror w.±s go•.d-coated and
sphericali (204.5 cm rý.dius of curvature), ar-d focused the heams
at the cou..neal plane. A beam splitter (gold-r.Ated CaF 2 for HF
or RaF 2 -coated CaF-I for i1 exposures) relet.: a portion of
the beam,, to an Eppley thermopiie which was utied as a 'd3listic

thermopi2. e. A Kiethley microvo-t ammeter (model 150A) was used
to measure the peak output of 'he Eppley the-rmopile.

The oeams were attenuated with a thin silicon flat for the
DF fxYosures and -,ermanium flats for the HV exposures. The
attenuators were placed between the last beam splitter and the
corneal plane. Th-, laser energy output wts controlled by
varyinq the dis:Lage voltage, the beam splitters, the attenua-
tors, c. the piane mirrors. Table 4 summarizes the various

optical components, used for the PPF ,rd DF pin laser exposures.

The !•-nley thermopile readings were calibrated each day
aga':'.t a 'RC 1.00 ballistic thermoile at ths! corneal plane.
The _RG I00 output was measured by a Viethley millimicrovolt-
mater (model 149). Calculations were wade c. the eneroy of
each exposure from the Eppley thermopile readings and attenua-
tor transmission measureMer.'-;.

Animal preparations and exposure proced'ires--The animal
preparations used in this series of experiments were the same
as described previously for the CI: laser c p(,)sures. The animal
was pl..}icd in the stereotaxic mount, pcsitiCne:i facing the pin
laser i)eam (Fig. 5), and an exposure site wi-s located with the

10 % lO I
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TABLE 3. DF PIN LASER SPECTRAL CNNTENT

Fraction of energy Transition Wavelength
in the pulse (v,J) (pm)

Pulse at 0.50 nsec (0.08 of total energy)

0.0072 (3,7) 3.8903
0.0224 (3,6) 3.8547
0.0352 (3,5) 3.8206
0.0096 (3,4) 3.7878
0.0056 (2,6) 3.7310

Pulse at 50-160 nsec (0.23 of total energy)

0.0322 (3,7) 3.8903
0.0391 (3,() 3.R547
0.0621 (3,5) 3.8206
0.0046 (2,S) 3.8007
0.0184 (3,4) 3.7878
0.0069 (2,7) 3.7651
0.0299 (2r6) 3.7310
0.0299 (2,5) 3.6983
0.0069 (2,4) 3.6C65

Pulse at 160-360 nsec (0.69 of total energy)

0.0897 (4,6) 3.9843
0.0138 (4,5) 3.9487
0.0069 (3,8) 3.9272
0.0966 (3,7) 3.8903
0.0966 (3,6) 3.8547
0.0621 03,5) 3.8206
0.0207 (2,8) 3.8007
0.0069 (3,4) 3.7878
0.0414 (2,7) 3.7651
0.0345 (2,6) 3.7310
0.0276 (2,5) 3.6983
0.0069 (2,4) 3.6665
0.0690 (1,6) 3.6128
0.0759 (1,5) 3.5811
0.0483 (1,4) 3.5507

N
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Figure 5. HF/DF pin laser test station.

a id of the ',Hee beam a s de•- cribed• previously.I The dichrg
voltage was set at the desired value.. and the operator trig-
gered the discharge. After each exposure the animal was re-
positioned to a new exposure site and the procedure repeated.

In the 11F or DF pin laser experiment, approximately 6
eyes were used to determine the energy range of "burns" and
"no burns." The exposures were placed in a 3 x 3 array cent red7

on the pupil. After both corneas were exposed, each exposure site
was examined. If no effect was noted after 10 minutes, the
results were considered negative.

In both the CW and pulsed experiments, a randomly selected
group of eyes were examined approximrately 36-48 hours after
exposure. No lesions were observed that were not present within
10 minutes after ?xposure.]

I
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:TSULTS

Continuous Wave H!F/DF lasers

Approximatelv 116 rhesus monkey eves were irradiated by
the continuous wave HI'/DF chemical laser; each eye received
five exposures. 'The power levels of the C'v' D1' lata ranged
from approxirat-ely 0.1 to 1.0 W. The results for the CW !F data
were determin,(' only from preliminary data collected to estab-
lish the tntnral e.xposure range for threshold values. Shutter
difficultics !recludel com:.letion of the CU DF oxpreriment.

The riru. criterion for damagc, was defined as the pres-
ence of a cornpial lesion seen by slit lam'n biomicroscopy at
10 min, rr1tr lowinq ox:,onure. As power was decreased, the
size of the 1]_i;ion decreased. ':car thresh:old lc-ions %:-re
typically characterized bv a shallow depressio• of the corneal
epithelial serf-'tŽ with localized edema and r'i12 fluorescein
staininc. 'f.'.. ) I. r)screte grayish oracities occurred at

V (T yi~ F''i (JC uona li7-:n

1 /



these impact sites. Severe lesions showed opacities in deeper
layers. In all cases, the epithelial lesions healed in 1 to
3 days, while the more severe lesions took slightly longer.
No evidence of lenticular or retinal damage was found uporn
careful examination with slit lamp or ophthalmoscope. Samplesof the CW IIF data from which thresholds were determined are
shown in Table 5 for the 100 msec exposure time. The thresh-
old per eye was obtained by calculating the average of the
maximum exposure with no burn and the minimum exposure with a
burn. Using a logarithmic transformation: means and standard
deviations were computed in logarithmic units for each set of
data. Ninety-five percent confidence limits were computed for
each mean, and these means and confidence limits were then
converted back to original units for estimates of the ED 5 0 and
95% confidence limits on the ED1 0 . These results are given
in Table 6 and plotted in Figure 7. ED 5 0 is defined as the
effective dose necessary to produce a lesion on 50% of the
exposure sites in the eye. The results for the CW DF laser
were determined from preliminary data, and caution should be
exercised in the use of the data.

I Pulsed HF/DF Laser I
Thirty-eight eyes, each receiving 9 exposures, were irra-

diated by the pulsed HF/DF chemical laser, using the same
damage criterion as described earlier. The energy levels
ranged from approximately 0.77 to 0.92 mJ and 2.2 to 3.5 mJ for
HF and DF radiation, respectively.

lUnder biomicroscopy, all suprathreshold corneal lesions
were seen instantaneously after exposure as small, edematous,
discrete, grayish spots. As energy was decreased, the size of
the lesion decreased. At threshold levels, lesions became
small, revealed fluorescein staining, and were located in
similar corneal layers to those described in the CW series of
experiments.

Table 7 is representative of the data used to determine
the threshold values for the pulsed HF/DF laser. The incident
energy values shown were converted to energy densities by
dividing by the appropriate HF or DF beam area within the l/e
diameter. The method of data analysis was the same as that
described previously, and the EDs0 and 95% confidence limits on
the ED5 0 are given in Table 8. Because of the unusual DF pulse
shapes, an estimated pulse width of approximately 100 nsec was
used for analytical purposes.

15



TABLE 5. SAMPLE (HF) THRESHOLD DATA (U00 MSEC EXPOSURE)

Corneal power density Burn/no burn
(W/fm 2) 10-min. criterion

Animal No. 758

Left eqe (0)

19.8 Burn
20.2 Burn
18.4 Burn
17.4 No burn
16.5 No burn

Right eye (OD)

20.2 Burn
19.8 Burn
17.9 Burn
17.4 Burn
16.5 No burn

iAn.-M.al No 678

Left eye (OS)

20.2 Burn
18.8 Burn
18.4 No burn
17.4 No burn
16.5 No burn

Right eye (OD)

20.2 Burn
19.5 Purn
18.4 No burn
17.4 No burn
16.5 No burn

16



Ok 00 en) C %D 0 0o In 0o
C4 %a 00 OD r 00 m~ F-4

Ok "ý 4 0% Ný 0;q ~'
0 0 NM %D C4 .4 en )

Lflp C, C40 in 14 %01 Cl)
0%~ f-4 LM N 0 qa v-4 LM %D

14 0w 0; 9- fN 4' 4
o0 r- 4 %0 N4 F-4 q) "

o "4

C4'AL - OD '

01% '- 4 L n Na' 0% r- cc % g

E-4)

') %0 0)4 u4 kc '0 '0 %D 0o

00
4

U 4-1

in . 4)0 0 LM 40 0 It) o0

00
Q '

ONC N 00 N

r-4 ~ ~ I 0 0A LA 0ý r- . -I f

E- N"4 t4 C4 Ct 4 n j

> 417



Fir . DF

4 -"i

TIME(MS)

Figure 7. CWf Plot Of ED5,3 values vs. exposure time.
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TABLE 7. SAMPLE NF/DF TltRESHOLD (PULSED)

Enerqy Burn/no burn

jai)_ .10-atin. criterion

Aniw.al No. 775 (gxp~sed to HP)

Left eye (OS)

0.86 Burn
0.84 Burn
0.83 No burn
0.81 No burn
0.83 Burn
0.86 Burn
0.83 Burn
0.83 No burn
0.82 No burn

Right eye (OD)

0.85 Burn
0.85 Burn
0.82 No burn
0.81 No burn
0.81 No burn
0.85 Burn
0.85 Burn
0.83 Burn
0.84 Burn

Animal No. 413 (Ex22sed to DF)

Let ye(S)

3.03 Burn
2.75 Burn
2.81 No burn
2.64 No burn
2.64 No burn
2.53 No burn
2.70 Burn
2.59 Burn
2.51 No burn

Right eye (OD)

3.22 Burn
2.92 Burn
2.78 Burn
2.67 No burn
2.51 NN burn
2.48 No burn
2.97 Burn
2.70 Burn
2.53 No burn



TABLE 8. ED 5 0 VALUES AND 95% CONFIDENCE LIMITS ON ED 5 0 FOR
PULSED HF/DF

Pulse width Number ED 5 0  95% CL
Wavelength (neec) of eyes (j/cm2 ) . (j/cm2 )

Multiline HF 45 18 0.15 6  0.153-0.160
(See Table 2)

Multiline DF 100 20 0.377 0.368-0.385
(See Table 3)

The estimates of the EDIR and the standard error of the
ED 5 0 as derived for the thre Rolds per eye were compared with
the estimates derived from probit analysis of the same experi-
mental data (14). This comparison is shown in Table 9 and
indicates reasonable agreement in the two estimates for both
the means and the standard errors. The use of multiple expo-
sures on each eye had only a marginal effect on these estimates.
It is recommended that only the threshold per eye results be
used.

DISCUSS ION

This report represents the first published data on the

ocular effects of the HF/DF laser. The threshold data collected
in this study for the pulsed HF/DF laser are valid only for EF
or DF lasers operating under similar conditions (i.e., the
same spectral lines and pulse characteristics). However, the
data may be considered for guidance purposes. The site of
ocular injury at the power or energy densities used in this
study appears to be restricted to the cornea. It seems likelythat, even at hiqher exposure lovel-; no retinal da--ge would
occur because of the attenuation of the HF/DF wavelengths by
the ocular media. This is in contrast to lasers operating in
the visible and near infrared, where the corbined effects of
high ocular transmission and focusing by the eye produce
intense amplification of the incident energy density at the
retina. In this respect, the HF/DF laser seems to be a com-
paratively "safe" laser.

Corneal threshold lesions from carbon dioxide and Q-switch
erbium lasers are qualitatively similar to those produced by
the HF/DF laser and have been described by several groups
(7, 9, 15). The carbon dioxide research utilized a continunus
wave laser to expose rabbit corneas for exposure times from
3.5 to 5,.5 msec. The erbium laser experiment utilized aQ-switch laser (50 nsec pulse width) focused onto monkey corneas.
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The ED 5 0 derived from the CW lF/DF data in this study and
the CO2 thresholds cited in the above references have been con-
verted to eneigy densities anc plotted with the pulsed IPF/DF
and erbium thresholds for comparison purposes (Fig. 8). This
figure reveals that a typical direct relationship exists be-
tween ED corneal energy densities and time, that the DF
damage tReshold values are higher than the 1IF values, and
that the damage thresholds for the two CW 1IF wavelengths (2.795
and 2.727 Pm) are different. These CW HF/DF differences are
substantiated by statistical tests at comparable exposure
times (Table 6).

The direct relationship seen in Figure 8 indicates that
more energy was required to produce threshold damage with long
duration pulses than with the very short duration pulses
because of the increased thermal relief provided by conduction
into the surrounding layers of the cornea with increase in
exposure time.

Corneal damage thresholds at specified wavelengths shown
in Figure 8 can be related to the absorption coefficients of
water at the same wavelengths, assuming the cornea has the
spectral properties of water. Table 10 contains the absorption
coefficients of water and the respective corneal thresholds for
the wavelenqths of interest in this study. It also contains
tbh 90% absorption depths (z 0 I) corre-ponuon to thU absorptico
c-efficient (a) at each wa'veInngth. 2 is defined as that
e,.pth at w. 'ch the relative transmitteg intensity 1/1 0 has been
raduced to 0.1 (i.e., 90% absorption). The calculations were
,!one according to the Lambert absorption law; I/Io - e-az,
nence, zo1 - ln(.l)/(-a). It can be seen from the table that
HF radiat~ ion has a higher absorption coefficicnt than DF. From
this result one would expect a greater energy absorption per
unit volume of irradiated tissue, and thus a lower corneal
damage threshold, for the HF than for the DF radiation for a
given exposure time. This reasoning is supported by the data
of this study. Th. biologic do3ta (Fig. 8) also support similar
threshold comparisons of pulsed 11F with Q-switched erbium; co 2
with C% DF, and pulsed DF with U-switched erbium. However, the
data do not support the conmparison of CW !IF with CO?. The
reason for this is not known, other than the variability of the
results among different investigators.

Figure 9 is a plot of threshold power density vs. z 0 .
The corresponding absorption coefficients are also shown.

In Figure 9, the comparison of the thresholds for given expo-
sure time (i.e.. 0.5, 0.1 or about 10-7 sec) shows that the
threshold levels increase rapidly with increasing z01 until
they level off at some value. For example, for a 0. sec

exposure time, thU thrc:hcd inflrpascs with zn I until it

levels off at approximately 15 W/cm2 at a z of about i2 ui,.
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TABLE 10. A.BSORPTION COErFICTENTS OF WATER AM', CORNEAL THRESHOLDS

,bsorption 90%
Laser coefticients' Absorption E__ 0 W/cw2 ) for e^_, . ameg of

wavelength (jim) C - I depth (pm) .5 see ai- g. , -ec 1i -7  see

(ANSI HME)
1.4-1000 .94 3.2 17 5 105
1.54 107

Erbiumn
1.54 19 1212 4.2x1l

(2).;

DF qCW;
3.'O & 1.7" 121 190 15.37 3 6 . 8 8 d

(16)c (l)

V!.-"(pu1,s.

3.55-3. 146 158 3.77x10
6

(38)

C0, 81'7 28 25 77
(8) (4)

HF (C',I
2.72' 1740 13 13.97 26.05 (1 .9d

(15) (9) (7)

7.(4-2.75 3038 7.6 2.48x106d

(19)

HP ((CA,)
2.-11 4920 4.6 9.52 20.57 85.7

(10) (6) (5)

2.95 11,900 1.9

arr,rin refnrences 16 and 11. Thbsevfor 1uwtiple wavelenoths arf! averace values

we;Thte6 by their relative nagnitiadez at cach wa.'alength. See Tables 2 ar,, 3.

cliu.reri appearing in parentheses are the ratios of t;)5(0 to MPE.

Txposare times different than stated, :ee Tibles C and 8. Safety factors
calculated from :PE of actual exp.sure times.
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This increase in 10 1 corresmnds to decrease in the absorption
coefficient to about 2000 cm- . For absorption coefficients
between 2000 cm-1 to 100 cm-1 (90% absorption depths 12 to
30 Pm) the thresholds increase slowly. However, if erbium
data are an indication (Table 10), the thresholds again increase
rapidly for a decrease in the absorption coefficients between
100 and 19 cm-1 (from 3.5 x 106 W/cm; 45 nsec pulse to 4.2 x108 W/cm2 ). From our previous rationale relating the absorption
law and the expected threshold for a given absorption coeffi-
cient, the thresholds should approach infinity as absorption
coefficients go to zero.

The American National Standards Institute (ANSI) has
recently accepted and approved a standard on the safe use of
lasers (19). The maximum permissible exposure (VIE) levels
recommended by ANSI for wavelengths from 1.4 to 1000 Pm for
exposure of 10-7 to 10 sec are presented in Figure 9. Compar-
ing the thresh',lds and associated absorption coefficients
from this study with the ANSI IMPE, the following observations
are made. For absorption coefficients between 100 and 2000 cn-l
the lowest safety factor is about 7 (Table 10). For an absorp-
tion coefficient equal %o 4920 cm (2.795 jim) the safety factor
is down to 5. The peak abs'orption in the 1.4 to 200 vm wave-
lengLh rvtyiun is at a wavelength of abour 3 im (i) with an
absorption coefficient of 11,900 + 500 cm- 1 (16). The 90%
absorp-ion depth for 11,900 cm- 1 Is 1.9 um. From Figure 9, an
estimate of the threshold for the 90% absorption depth of 1.9 i'm
is 40%-60% lower than that at 4.6 pm depth (2.795 pmi. Hence,
for lasers emitting at 3 im wavelength the ANSI MPE may have a
safety factor of only 2.

The Hr'/DF ED50 values of this study are from 5 to 38 times
higher than the AN I MPE at their respective exposure times.
Such high factors may not be warranted based on the 95% confi-
dence limits from this study and assuming that the variability
within and among corneas is lers than the variability within
and among retin&s. In this discussion, considering such fac-
tors as measurement accuracy, variations in results among
investigators and biologic variability, an acceptable safety
factor could be as low as 5. If one recalls the estimate
made for the 3 Vm wavelength exposure, the safety factor mey
be as low as 2. Considering this variation in safety factor
(from 2 to 38), it is recommended that an MPE weiqhting factor
be developed so that this significant wavelength dependence
of threshold can be reflec'ed in the ANSI MPE. This would
eliminate the necessity of establishing conservative MPE for
most infrared wavelengths. It is also recommended that thresh-
old studies be done at the 3 om wavelength to establish a lower
iimit to tfe thresholcd in the 1.4 to 200 im region.
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This study on the two HF/DF lasers produced the first
experimental threshold values for corneal lesions obtained in
the wavelength region between 1.54 Um (erbium) and 10.6 Um
(C02 ). These tnreshold data indicate some appreciable depen-
dence on wavelength and support some correlation with the
water absorption coefficients.
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