
All four causes of indeterminacy, in- 
dividually and combined, reduce the 
precision of prediction. 

One may raise the question at this 
point whether predictability in classical 
mechanics and unpredictability in biol- 
ogy are due to a difference of degree or 
of kind. There is much to suggest that 
the difference is, in considerable part, 
merely a matter of degree. Classical 
mechanics is, so to speak, at one end 
of a continuous spectrum, and biology 
is at the other. Let us take the classical 
example of the gas laws. Essentially 
they are only statistically true, but the 
population of molecules in a gas obey- 
ing the gas laws is so enormous that the 
actions of individual molecules become 
integrated into a predictable-one might 
say "absolute"-result. Samples of five 
or 20 molecules would show definite 
individuality. The difference in the size 
of the studied "populations" certainly 
contributes to the difference between 
the physical sciences and biology. 
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1) Causality in biology is a far cry 
from causality in classical mechanics. 

2) Explanations of all but the sim- 
plest biological phenomena usually con- 
sist of sets of causes. This is particularly 
true for those biological phenomena 
that can be understood only if their 
evolutionary history is also considered. 
Each set is like a pair of brackets which 
contains much that is unanalyzed and 
much that can presumably never be 
analyzed completely. 

3) In view of the high number of 
multiple pathways possible for most 
biological processes (except for the 
purely physicochemical ones) and in 
view of the randomness of many of the 
biological processes, particularly on the 
molecular level (as well as for other 
reasons), causality in biological sys- 
tems is not predictive, or at best is only 
statistically predictive. 

4) The existence of complex codes of 
information in the DNA of the germ 
plasm permits teleonomic purposive- 
ness. On the other hand, evolutionary 
research has found no evidence what- 
soever for a "goal-seeking" of evolu- 
tionary lines, as postulated in that kind 
of teleology which sees "plan and de- 
sign" in nature. The harmony of the 
living universe, so far as it exists, is an 
a posteriori product of natural selection. 
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Finally, causality in biology is not in 
real conflict with the causality of clas- 
sical mechanics. As modern physics has 
also demonstrated, the causality of clas- 
sical mechanics is only a very simple, 
special case of causality. Predictability, 
for instance, is not a necessary com- 
ponent of causality. The complexities of 
biological causality do not justify em- 
bracing nonscientific ideologies, such as 
vitalism or finalism, but should en- 
courage all those who have been trying 
to give a broader basis to the concept 
of causality. 
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has been in progress at several labora- 
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designation of "laser" or optical maser, 
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light amplification by stimulated emis- 
sion of radiation. Such devices have 
been successfully demonstrated at sev- 
eral places (2), and several industrial 
organizations have made them available 
commercially. It is almost certain that 
lasers will be incorporated into com- 
munications and other technologies at 
a rapid rate. This article presents some 
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preliminary calculations which are of 
physiological interest in terms of the 
hazard associated with laser beams and 
their potential employment as biological 
and clinical tools. 

Properties 

From the point of view of physio- 
logical interest there are two important 
properties of laser beams, the extremely 
collimated character of the light and its 
high degree of monochromaticity. The 
collimation property implies the possi- 
bility of obtaining large energy densities 
in narrow beams. The optimum diver- 
gence angle of a laser beam, 4min, is 
limited only by the wavelength of the 
light emitted and the diameter of the 
laser source in accord with the Fraun- 
hofer diffraction relationship: 
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Here X is the wavelength of the emitted 
laser light and Di is the diameter of 
the beam emerging from the laser source 
or from a subsequent lens system, if 
one is used. 
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The spectral line of laser light is 

potentially much narrower than the 

spectral lines achievable by ordinary 
excitation processes in gas discharge 
tubes or arcs, which are limited by the 

Doppler widths of spontaneous radiative 
transitions of individual atoms. Laser 

light, comprised as it is of coherent 

superposed wave trains emitted during 
induced transitions, is not so limited. 

Spectral lines narrow as the power of 
the laser source increases; lines as nar- 
row as 10- of a Doppler width have 
been observed (3), as predicted by 
theory (1). 

Retinal Energy Density 

from Laser Beams 

In subsequent paragraphs we give 
approximate formulas for retinal spot 
size and light intensity under various 
conditions. Consider a laser source that 

gives an energy release of S joules per 
burst for a pulsed laser or of S watts for 
a continuously operated laser. The en- 

ergy flux density or intensity is I = S/AB 
where AB is the cross-sectional area of 
the beam. At a distance r centimeters 
from the laser source (sufficiently great 
so that the laser can be regarded as a 

point source), I is also given by: 

S S 
I= ,S -s (2) 

where 0 is the solid angle into which 
the laser light is delivered. For a small 
far-field angular beam width 4), 

Q- = 2/4 (3) 

The diameter of any beam of light 
may be decreased (increased), with cor- 
responding angular magnification (mini- 
fication), by an appropriate pair of 
lenses or mirrors (see Fig. 1). For such 
an afocal lens pair the relation D) = 
D'f' holds approximately, where D and 
D' are, respectively, diameters of the 
incident and exit beams and (A and )' 
are angles between rays within the 
beams. That is, the angular distribution 
of light rays within the beam is mag- 
nified (minified) by such a lens pair. 

When a beam is incident upon a pu- 
pillary area C (in square centimeters), 
an amount of light IC will actually enter 
the eye. Depending on the wavelength, 
more or less of this energy will be 
absorbed by the cornea, lens, aqueous, 
and vitreous structures before the light 
reaches the retina. According to Lud- 
vigh and McCarthy (4), about 70 per- 
cent of the red light (7000 A) incident 
on the eye reaches the retina (Table 1). 
10 NOVEMBER 1961 

Table 1. Light transmission through the human 
eye (4). 

Color 

Red 
Orange 
Yellow 
Green 
Blue 
Violet 

Wavelength 
(A) 

7000 
6000 
5800 
5000 
4700 
4100 

Transmission 
(%) 

70 
61 
59 
49 
43 
10 

When the fraction of incident light 
transmitted to the retina is designated 
by p, the intensity R at the retina is 
the total energy reaching the retina 
divided by A, the area of the retinal 

image, or: 

R = ICp/A (4) 

R is in joules per square-centimeter 
burst or in watts per square centimeter, 
depending upon whether the laser oscil- 
lator is pulsed or continuously radiating 
light. There are a number of special 
cases of interest which may be deduced 
from Eq. 4. Their discussion requires 
several parameters in addition to those 

previously defined. 
The smallest angular displacement, 

min, that can be resolved by the eye 
cannot be less than F, the angular reso- 
lution determined by the Fraunhofer 
diffraction pattern produced by the 

pupil, regarded as a circular aperture 
upon which plane wave radiation is 
incident. Using the Rayleigh criterion, 
one has 

(,,i,, n = 2.44 X/DE (5) 

where X is the wavelength of the inci- 
dent radiation and DE is the aperture 
of the pupil. In a real eye, the retinal 

spot is larger than the Fraunhofer spot. 
It follows that, if f is the focal length 
of the eye, the minimum diameter hmin 
of any retinal image spot is simply: 

hm i = -ifmin (6) 

In the subsequent discussion we also 
make use of the retinal spot angle rl, 
which is the angular displacement sub- 

tended by the retinal spot at the eye 
lens. By this definition, the diameter of 
the image on the retina h is given by: 

h = f tan v c frt (7) 

Angle r) may or may not be the same 
as the object angle subtended by the 
geometrical diameter of the laser source, 
depending upon considerations which 
will be made evident below. Specifying 
the object angle 0, one finds from ele- 
mentary optics that: 

tan = DL/r 

For small 0, 

o N DT/r (8) 

Now for sufficiently small distances 
the eye may not be able to encompass 
the entire laser source because of the 
small angular divergence, ), of rays 
within the laser beam. Rays from the 

edge of the laser may not enter the eye. 
This would be true when 

0 = DL/r > 0 (9) 

However, the minimum effective image 
spot angle can never be less than .min. 

If the object angle 0 is less than the 
laser beam angle 0) but greater than the 
minimum retinal spot angle emin, (Qmin 

< 0 < )), then the image angle and 
object angle are equal: 

, = o and h = fo (10) 

If the object angle is greater than the 
laser beam angle but the latter is greater 
than m,n?-that is, ,in, < 4 < 0-the 
retinal spot-angle is equal to the laser 
beam angle, or: 

f = 0 and h fp (11) 

If either 0 or 4) is smaller than $min, 

then h = fmim, as already mentioned. 
In the ensuing paragraphs we shall 

consider the observer moving nearer to 
the laser source from a distant point 
under which the conditions of case A 

prevail. 
Case A. This is the far-field case in 

Fig. 1. Alteration of beam diameter by an afocal lens pair. 
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which the eye can see light fro 

parts of the laser but the retinal- 
spot size is limited by the Fraur 
diffraction pattern formed by the 
that is, 0 < ), 0 < umin. For the r 
energy density one has: 

R lCp _ S 4 Cp R 2 A f2r' 7Thmin 

1 6SCp 
27T 2f22.m i II12 

Making use of Eq. 5 and of 
7rDE2/4, one has alternatively: 

4SDE4P 
(2.44 ) 2 T2f X2r2 

Case B. This is the near-field c 
which the laser beam can no long 
considered as coming from a 
source. The retinal spot size w 

larger than the minimum due t 
diffraction if both the object angl 
the angle between rays in the bea 

larger than the Fraunhofer angle 1 
pupil (emin < 0, 4). Then the spc 
is given by Eq. 10 or Eq. 11. 

A more general formula for th{ 
nal energy density or intensity, val 
case B as well as all other cases, is 
by Eq. 13: 

R= 16SCp [min( ,, . )]2 ,.r21,2f 2 28f 2'm 2 m 

or 

R 4S Dp [min(, )] 

Here, min (qb,0,$min) is equal t 
smallest of the three angles: b, , 

~min. Note that R is inversely pi 
tional to r2 in the far-field case, 
0 < ), ~min, and is independent 
otherwise. 

Case C. The beam may be s 
than the pupil as it enters the eye. 
situation might obtain either bN 
the laser diameter is smaller tha 
diameter of the pupil or becaum 
beam diameter has been made s 

by a lens train (Fig. 1). In eithe 
the spot size will be enlarged. 

m all energy density or intensity in the spot 
image focused on the retina will again be 
ihofer given by Eq. 13a if DE is taken to 
eye- be the diameter of the beam passing 
retinal through the pupil and r is the distance 

from the eye to the laser, or, if a lens 
system is employed, to the last lens. 

The TRG Vireo I laser light, a pulsed 
ruby laser used in the animal experi- 
ments reported by Zaret et al. in this 
issue (5), has the following approximate 
values for the parameters previously 

C = discussed: S = 0.1 joule per burst; 
0 = 0.005 radian; X = 7 X 10-' cm 
(6943 A); DL = 1 cm; and pulse 
duration = 0.5 msec. The range of 
DE in the normal eye depends princi- 
pally upon accommodation to the level 

ase in of illumination and varies from about 
ger be 0.15 to 0.6 cm (6). From Eq. 5 we 

point find, for a wavelength of about 7 X 10-' 
,ill be cm, that 0.00014 < Fr <0.00057 ra- 
o eye dian for 0.6 cm > DE > 0.15 cm; 
e and emii, is somewhat larger than eF, but in 
m are any case, emin < 4) for the Vireo I. 
of the Taking DE as 0.5 cm for purposes of 
)t size calculation, one immediately infers that 

the critical distance r, which separates 
e reti- the near-field case from the far-field 
lid for case is given by 
given 

7"e - (14) ' 
niin 

The critical distance re is then somewhat 
less than 

DP, DrDT, DT- = - 2.9 x 103 cm (15) 
S P 2.44X 

(13a) when DE = 0.5 cm is taken for pur- 
poses of calculation. Taking p = 0.7 

to the and f = 1.67 cm (7), one calculates 

9, and for the near-field case (r < re) from 

ropor- Eq. 13 or 13a that R = 326 joules per 
when square-centimeter per burst. 
of r This is roughly the retinal energy 

density that would be delivered by 
maller direct viewing of the sun for about 
. This 1/2 minute (8) and about 6 times the 
ecause energy density required to produce a 
in the retinal burn in the experiments of 
se the Eccles and Flynn (9). In these experi- 
maller ments the eyes of rabbits were exposed 
Tr case to telescopically concentrated sunlight. 

The Different intensity rates were used for 

various elapsed times. Eccles and Flynn 
made exposures at 6, 40, 50, and 70 
calories per square centimeter per min- 
ute within the focused retinal spot. An 
exposure of 40 cal/cm2 min for 30 
seconds appeared to be innocuous, while 
50 cal/cm2 min for the same period 
was likely to produce a retinal lesion. 
The latter exposure corresponds to an 
integrated intensity of about 100 joule/ 
cm. On the other hand, the higher 
intensity for only 10 seconds, corre- 
sponding to an integrated intensity of 
50 joule/cm2 was sufficient to produce 
a lesion. At 6 cal/cm2 min an exposure 
of 12 minutes was required to produce 
retinal damage-an integrated intensity 
of about 300 joule/cm2. 

The existence of an intensity or 
energy density rate-dependence is clear- 

ly evident. It is probable that there is 
a short integration time within which 
damage is proportional to the integrated 
intensity, irrespective of the rate. If this 
time is very much shorter than 10 sec- 
onds, then the integrated intensity ob- 
tained with the 0.5-millisecond duration 
of the Vireo I laser pulse may be con- 

siderably more than 6 times that re- 

quired to produce a retinal lesion. 
We conclude that the laser, being an 

emitter of high-intensity light, is a new 

energy source to be explored with re- 

gard to its effects on ocular and other 
tissues with a view toward biomedical 

application. Furthermore, persons work- 

ing with laser light sources should be 
alerted to the potential occupational 
hazard. 
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