AD-A131 736  LASER INDUCED DAMAGE [N THE EYE: STUDY OF ENERGY 1/”;
DEPOSITION IN THE RETINA{U) UNIVERSITY OF WESTERN
- ONTARIO LONDON W J MCGOWAN ET AL. JUN 76
UNCLASSIFIED DAMD17-76-G-9401 F/G 6/18 NL




”m 10 2 gz g

=5
je =

o, o

i |

22 s s

[y

MICROCOPY FESOLUTION TE=T o aqafes

e Y S U




PHOTOGRAPH THIS SHEET
-
t s
o .
P -
v . br'

i \‘

} t & ,_
e g LEVEL INVENTORY ]
: ~ z ;
| Y 2 . i
| a Lasev Induced Dawmge mthe Eye )

<. 3 . . ’ ]
2 DOCUMENT IDENTIFICATION  Final , ! e 75-3/max 7% g
0 o ,’
< CantDamp,7-75-6-940; Jun. 76 g
1Y
DISTRIBUTION STATEMENT A /
Appioved for public release; 1
I Distribution Unlimited :
DISTRIBUTION STATEMENT
ACCESSION FOR i
NTIS GRA&I
e B DTIC
UNANNOUNCED O
JUSTIFICATION ELECTE "
AUG 251983 |
BY
DISTRIBUTION / D
AVAILABILITY CODES
DIST AVAIL AND/OR SPECIAL DATE ACCESSIONED
H ll | \\
v
DISTRIBUTION STAMP ’
DATE RECEIVED IN DTIC
PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-DDA-2

oTic ©°™ 70A DOCUMENT PROCESSING SHEET

OCT 79




€

L)
*

DAL317

LASER INDUCED DAMAGE IN THE EYE

Final Report

William J. McGowan

June 1976

Supported by

US Army Medical Research and Development Command
Fort Detrick, Frederick, Maryland 21701

Contract No. DAMD17-75-G-9401

University of Western Ontario
London 72, Canada

DOD Distribution Statement
Approved for public release; distribution unlimited
The findings in this report are not to be construed as an

Official Department of the Army position unless so desig-
nated by other authorized documents

AN

- o —p

e ol liekews o ¥ Bl nte

DR SIS,



SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORT NUMBER

2, GOVT ACCESSION NO.

3. RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitie)

Laser Induced Damage in the Eye

5. TYPE OF REPORT & PERIOD COVERED

Final Report
1 April 75 ~ 31 March 76

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s)

William J. McGowan

8. CONTRACT OR GRANT NUMBER(a)

DAMD17-75-G-9401

9. PERFORMING ORGANIZATION NAME AND ADDRESS

University of Western Ontarie
London 72, Canada

10. PROGRAM EL EMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS

62772A,3E162772A813.,00.009

11. CONTROLLING OFFICE NAME AND ADDRESS

12. REPORT DATE

US Army Medical Research and Development Command June 1976
Fort Detrick 13, NUMBER OF PAGES
Frederick, Maryland 21701 186 pages
4. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) 15. SECURITY CLASS. (of thie report)
Unclassified
t5a, DECLASSIFICATION 'DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract antered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aide if necessary and identity by block number)

20. ABSTRACT (Contfoue en reverse side if necessary and Identify by block number)

FORM
DD i iawm EDITION OF ! NOV 85 IS OBSOLETE

SECURITY CLASSIFICATION OF TMIS PAGE (When Data Entered)

TTITES T ST R YRR

L




THE UNIVERSITY OF WESTERN ONTARIO

Department

of Physics and Centre for Interdisciplinary

Studies in Chemical Physics

LASER INDUCED DAMAGE IN THE EYE

STUDY

OF ENERGY DEPOSITION IN THE RETINA

Work done by:

B. Borwein

C. Dyson

M.J. Hollenberg
A. Karkhanis

D. Lockyer
J.Wm. McGowan
J.A. Medeiros
M. Sanwal

Contract No.

FINAL REPORT FOR THE PERIOD
Apr. 1/75 to Mar. 31/76

Report written by:
J.Wm. McGowan
Principal Investigator

B. Borwein
Research Associate

J.A. Medeiros
Research Associate

M. Sanwal
Research Associate

U.S. Army Medical Research &
Development Command
Contracting Officer: Lt. Col. E. Woodward

June, 1976




ot

TABLE OF CONTENTS

| T R g~ gy

Page
REPORT - Laser Induced Damage in the Eye - Study
of Energy Deposition in the Retina
!
1. Introduction 2 :
2. Description of Facilities and Techniques Used 5
3. Application of Optical Transform Techniques to
! Laser Damage Studies 9
% 4. Propagation and Spectral Dispersion of Electro-
3 magnetic Radiation in a Tapered Dielectric Rod 24
. 5. Scanning Electron Microscopic Studies of Laser
- Lesions in the Rabbit Retina 45
g 6. The Study of the Vitreal-Retinal Junction 46
H
i 7. Detailed Studies of Cones 47
l 8. Detailed Examination of Laser Damage in
i the Human Retina 51
i 9. Nato-Agard Lecture Series 51
j 10. References 52
z APPENDIX 1. 54
z APPENDIX 2. 55
! APPENDIX 1.1 Colour Vision Paper (rough draft) 48 pgs.
I
! APPENDIX 1.2 Scanning electron microscopy of
rabbit retina (paper submitted) 15 pgs.
APPENDIX 1.3 Scanning Electron MicCroscopy..... .

1 pigment epithelium (rough draft) 12 pgs.
!
: APPENDIX 1.4 Studies in Human Retina.. (rough draft) 13 pgs.

APPENDIX 1.5 Properties of Electromagnetic Radiation 9 pgs.

APPENDIX 1.6 Lasers 12 pgs.




1. INTRODUCTION

The recent developments in high intensity light sources,
particularly the laser, have focused interest and concern on
damage - both accidental and therapeutic - to the human eye.
The retina of the eye is particularly susceptible to light-
induced damage. Considerable research has gone into a study of
retinal damage and its repair. However, the major part of this
work has dealt with gross damage. By contrast in our program
we have tried to develop techniques that allow us to look at
the clectron microscopic level at damage throughout the entire
retina as a function of the frequency of the bombarding radiation
(its color) duration of radiation exposure and its intensity.
We have also undertaken to examine electron microscopically the
morphology of the retina following abuse by either laser light
or other electromagnetic radiation in an attempt to understand
the repair mechanisms.

Important to our understanding of damage and repair
is a detailed understanding of how photoreceptors work. Our
approach to this problem has been largely physical. Three
years ago we began the program by accepting the trichromatic
picture of color detection. Iowever, over the last few years
we have been led to the conclusion that the cones are acting
as highly discriminatory dielectric waveguides, and detect
color through strong dispersion of the incident spectra. If
indeed all cones are created equal in local regions as 1is
suggested by this model then radiation damage within the

retina to the color discriminatory elements will be uniformly




distributed throughout, and will not be limited to the red,
green or blue sensitive elements as has been proposed in the
past. As for example, based upon the present model, one would
expect that if the retina were to suffer an abuse brought about
by an intense red light - not simply the red cones would be
destroyed but rather all cones would be partially destroyed.

Accepting for the moment that the cones are dielectric
waveguides we have carried out extensive calculations which
have led to very specific predictions that can be tested not
only in our laboratory but in many others. Our primary tool
in testing this model and in causing controlled damage in the
retina has been the tunable dye laser. We have been able to
use light from this laser to create lesions of all sizes. We
have subsequently examined the retinas with light microscopy,
as well as transmission and scanning electron microscopes
both at The University of Western Ontario and at the University
of Calgary in Calgary, Alberta.

Our primary animal this year has remained the rabbit,
although experiments have been begun with babboon eyes, quail
eyes and monkey eyes. Complementing the program supported by
the U.S. Army Medical Research & Development Command has been
a study of the Human Eye undertaken in conjunction with the
Ophthalmological community in London, Ontario. In these studies
laser lesions have been placed in eyes affected with choroidal
melanoma shortly before the enucleations. Subsequent to the
removal parts of the retina have been made available to us for

study.
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With this report of our first year of operation under
the U.S. Army Medical Research & Development Command we present
primarily papers that have been submitted for publication,
papers that are about to be submitted and those in preparation,
along with abstracts of papers that we will or have presented
at various congresses this year. The development of an effective
multidisciplinary team has been a hard task, however, we have
now reached the stage where our program is limited by the time
available for detailed analysis of electron microscopic data.
The superb working 1elationship that has developed between the
team of scientists and the local ophthalmological community
and the excellent cooperation we have had from the Department
of Anatomy, will, we feel, bring considerable return within the
next short while.

In the sections which follow we briefly outline our
program as it has been carried out this year. However, the
bulk of our results are summarized in the appendix, either in
papers which have been published, submitted for publication

or in preparation for submissior.




2. DESCRIPTION OF FACILITIES AND TECHNIQUES USED

There are two principal laboratories at our disposal
for these studies, one in the Physics Department where the
Tunable Dye Laser is set up and through which the theoretical
studies are being conducted, and the second in the Department
of Anatomy. Besides these two laboratories we have at our
disposal the Argon Ion Laser Photocoagulators at Victoria
Hospital and St. Joseph's Hospital, electron microscopic
facilities in the Departments of Clinical & Neurological
Sciences and Pathology at University Hospital, and the
laboratories and Scanning and Transmission Electron microscopes
in the Division of Morphological Science, the Faculty of
Medicine, University of Calgary.

The next few paragraphs will describe the equipment

that has been used in each of these places.

2.1 FACILITIES IN THE LASER LABORATORY, THE UNIVERSITY OF
WESTERN ONTARIO, DEPARTMENT OF PHYSICS

In the Laser Laboratory our main tool has been the
Flashlamp Pumped Dye Laser, Synergetics Chromobeam 1050. This
apparatus has been modified in such a way that it works in
conjunction with a Topcon TRC-F Fundus Camera. Coupled with
this apparatus is a gonioscopic animal holder designed

primarily for our study of monkey eyes, although it has been

successfully used for our rabbit eye studies. (Fig. 1).
3 The Synergetics Chromobeam 1050 Flashlamp pumped

system has been useful in producing pulses of laser light that
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FIG. 1. Schematic diagram of the lasing apparatus. A pulsed,
tunable dye laser is directed, via the fundus camera,
into the eye of the subject animal. The animal holder
is constructed to provide rotation independently about
two orthogonal axis centered at the animal's pupil.




last about 0.5 u sec. The second laser system is now being
installed. It too will be coupled to the gonioscopic animal *
holder. The new system is a Control Laser 6 watt Argon Ion

Laser which can be made to oscillate on a number of lines pri- 1

marily in the blue-green. This system is to be used to pump

a dye cell.

2.2 THE LABORATORY, ANATOMY DEPARTMENT, THE UNIVERSITY OF
WESTERN ONTARIO

Because of the excellent cooperation of the 7z tomy
Department our project has had at its disposal the foll ‘ng
optical microscopes:

Wild M20 Microscope and Camera

Bausch & Lomb Dissecting Microscope

Reichert NR241 421 Microscope
We have also been free to use the Rickert OMU2 Ultra Microtrome
for which we have our own diamond knife. We also have at our
disposal within the department the electron microscope facilities
including:

Hitachi HHS-2 Scanning Electron Microscope

AET 801 Transmission Electron Microscope

2.3 FACILITIES IN THE DEPARTMENTS OF OPHTHALMOLOGY

The Department of Ophthalmology at The University of
Western Ontario is located primarily in three hospitals,
University Hospital, Victoria Hospital and St. Joseph's Hospital.

We have had excellent cooperation from all three groups, and in

particular have been able to use the Argon lon Laser Photoco-

agulators available in both Victoria and St. Joseph's Hospitals.




Victoria Hospital - Coherent Radiation Incorporated
Argon Ton Laser Photocoaygulator
St. Joseph's Hospital - Model 150 Brit Electronics

Argon Laser Photocoagulator

2.4 LABORATORY IN THE DIVISTON OF MORPHOLOGICAL SCIENCE,
FACULTY OF MEDICINE, UNIVERSITY OF CALGARY

Although Prof. Martin Hollenberg is now Head of the
Division of Morphological Science, University of Calgary, he
had earlicer on been associated with the Department of Anatomy,
University of British Columbia. He has now established a new
cxtensive laboratory system that 1s available for this project
in Caigary, Alberta. In his laboratory he has a Cambridaoe 180
Scanning Blectron Microscope and a Philips 300 Transmission
Electron Microscope. These facilities, togetbtor with support
personnel and his colleagues are available to assist with the

program.

2.5 MEMBERSHIP IN THE CENTRL FOR CHEMICAL PHYSICS
On 3 May, 1973 the National Rescarch Council of Canada

announcoed the development of a Centre for Interdisciplinary

Studics in Chemical Physics (CCP) at the University of Western

Ontario. This organization was founded in response to a

Canadian nced for groups of established scientists from many

disciplines to work together in well developed problem areas.
The Centre for Chemical Physics is designed to be an

effective link betwecen the University, government, industry,

__)



8.

medicine and the local community. It is constituted such that
sclentists, engineers, medical people, and in some instances
non-scientists can work together within the institute as full
members of that organization.

Perhaps the most important single program within the

Centre 1s the Visiting Fellows program, modelled after a

similar successful program at the Joint Institute for Laboratory
Astrophysics, University of Colorado. This program brings to a
focus specific program areas by bringing a number of experts to
this University for prescribed periods.

The Visiting Fellows are drawn from the international
community of ecstablished scientists, engineers and medical
people, although an attempt is made cach year to have at least
one Visiting Fellow from a Canadian industry or government
laboratory. Between three and six Visitina Fellows are
scheduled to come to the University each year. They normally
spend between six months and a year at the Centre. They have no
formal commitment to teach, but are free to work at their own
pace in conjunction with the other members of the Centre staff.

Four scrvice groups are available to Centre members.
They are: 1) Instrument Shop, 2) Electronics Shop, 3) Drafting
and 4) Computing Services. There is only a minimal charge to
Centre members for use of these services which are unique on
the campus. Our project has made extensive use of these Centre

facilities.

DO S —




3. APPLICATION OF OPTICAL TRANSFORM TECHNIQUES TO LASER
DAMAGE STUDIES

The conventional method employed for experimental de-
termination of the threshold of damage to the retina by laser
light consists of expcsing test cyes to a large number of
single shots over a wide range of incident intensities. The iy
probability of observable damage resulting from each intensity
over the whole range of exposure levels is then determined and
a probit analysis enables one to evaluate that incident
intensity which results in an observable lesion 50 percent of

the time (the 50 percent effective dose level,ED_ ).

50
There are scveral attendant difficultics with this
method with which the experimenter must cope. Most «f these
problems occur because a large number of separate exposurces
must be carried out in order to obtain a statisticaily
significant result. This means a large number of c¢xperimental
animals must be used. This is an important nroblem when
monkeys are the experimental animal of choice inasmuch as these
animals are rapidly becoming prohibitively expensive. In
addition many primate species are in danger of extinction and
conservation considerations are strongly miticating against the
use of monkeys in acute experiments requiring large numbers of
animals.
In addition to these considerations (which are forcing
many researchers to reappraise their programs) there are some
general problems of the technique which apply regardless of the

experimental animal. Because of the large number of separate
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exposures it is not necessarily obvious that the test eye is in
a stable and unchanging state over the 1 to 2 hour exposure
period. One must try to ascertain whether or not the previous
exposures in a run have altered the state of the eye sufficient-
ly to affect subsequent exposures during a given run. One also
cannot be assured that the focal properties of the eye are
stable over many exposures; neither can one determine whether
or not all exposures in a run have the same relationship be-
tween the retinal energy density and the incident corneal energy
density of the laser exposure. Furthermore, it is required
that the laser output and calibration be stable over a long
period while the exposures are carried out.

Virtually all of these problems can be circumvented
if a large number of graded laser beams of known energy can
bombard the retina at the same time. This can be and has been
done in our laboratory. The technique entails passing the
incident laser beam through an appropriate diffracting screen;
depending on the choice of screen it is possible to tailor the
pattern of focused exposures at the retinal surface in virtually
any manner desired.
3.1 OPTICAL DIFFRACTION TECHNIQUES

An exact description of the scattering of light from
a given diffracting object requires solution of Maxwell's
equations subject to the appropriate boundary conditions. This
method of solution can only be carried out for the simplest
of geometries. For practical cases of interest it is necessary

to use approximate methods; the accuracy of these methods can be

— \ ‘




quite good, however. Using a scalar representation of the EM

fields greatly simplifies the computations and is quite adequate
if we are not interested in polarization effects and regions
within a few wavelengths of the diffracting objects.

The general scalar theory leads to the Rayleighe
Sommerfield equation for the fields (Shulman, 1970). For many
cases of interest this representation can be considerably
simplified. A most useful approximation is that of Fraunhofer
diffraction which applies whenever the incident and scattered
fields can be adeguately represented as plane waves. This
obtains for collimated light incident on the diffracting object
and observing the outgoing waves at large distances from the
scattering region; equivalently the focal plane of a lens
imaging the diffracting object satisfies the "great distance"
criterion.

This is a standard problem in optics and is treated
in many texts (see, for example, Born and Wolf, 1965). The
main feature of this analysis is that the field distribution in
the Faunhoffer domain is simply the Fourier transform of the
field distribution in the diffracting plane. Figure 3.1 shows
the geometry of interest: the physical picture is that of plane
waves incident on an object, the subsequently diffracted waves
are combined at the lens and appearing in the transform plane
is the optical spectrum of the diffracting object resulting
f.om interference of the scattered amplitudes.

It can be shown (Shulman, 1970) that if the area of

consideration in the input plane and the back focal plane are
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F(uv) IS THE FOURIER TRANSFORM OF A(x,,y,)

FIG. 3.1 Diagram showing the geometry used in diffracted

beam technique.




respectively restricted to domains given by

5

2

(x* + yl?) £/5

s L
and (x* +y" )? <o0.14f

then the light amplitude distribution A'(x,y) in the back focal

plane of a lens is accurately given by

_ ~lexp[ikR(x,y )]

A (x,y) F(u,v) (3.1)
A (f+d)
where
u=x/%f, v=y/f (3.2)
R(x,y) = L1 dfLrx’ *y. (3.3)
(f‘) + X% + y )2 .
and F(u,v) = JJ’A(xl,y,) exp[-2ni(ux, + vy )] dx, dy,
: 3.4)

F(u,v) is the Fourier transform (two dimensional) of the light
amplitude distribution A(x,,y,) a distance d in front of the
lens. The physically measurable quantity in the transform plane

is the intensity or square of the light amplitude distribution

- 2 _
JA (X:y)’ —\2(f+d)2 {F(U,V)") (3.5)

The computation of the Fourier transform of many simple
diffracting objects is easily evaluated. The diffraction from
more complex objects can often be evaluated as combination of

these simple cases where the linearity of the Fourier transform

is exploited (the transform of a product or sum is the product
or sum of the individual transforms). An important special
case for the diffracting object is that of a transmission
function consisting of a periodic array of alternately trans-

mitting and opaque bands (diffraction grating).

. , d
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A Ronchi ruling is a square wave grating with alter-
nating opaque and transparent regions of equal width. f
{ Such a square wave train alternating between the amplitudes 0
and 1 with an angular frequency w (27 times the grating frequency)

can be written as the infinite Fourier series:

ees)

f(yl) = L(1 + 3 cos wy - 4 cos 3wyl + 4 cos 5myl—
m 3n 57

R

( 3.3)
which is a series consisting of a DC term (%) equal to the mean
value of the square wave amplitude and alternately the addition
and subtraction of the cosine of the odd harmonics of the
fundamental grating frequency. Writing the cosine as its

component complex exponentials this is:

f(yl) =%+ 1 o 1(uy1 + le-lmy _ 1 e13u>y

31 e-i3'uy
i i ! 3 ! 37 1

+ ...

(3.4)
The Fourier transform of each of these terms gives a point in
the inverse frequency space (transform plane of the lens). Thus
the optical transform of a Ronchi ruling will consist of points
in the focal plane of the lens corresponding to the associated
frequencies; there will be a DC or zero order term of amplitude
%, and the * odd harmonics of w, (2n+l)w of amplitude 1/(2n+1)w.
' The positions of the spectral components in the transform plane
! are odd multiples of the quantity y, = Afw/2 when the grating is

placed in the front focal plane of the lens. The scattering

! geometry and optical spectrum of a Ronchi ruling is shown in

Figure 3.2

» 3
N — ---ﬁ---n---ih---ﬂi--h------.“
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FIG. 3.2 Scattering geometry and optical spectrum of a

Ronchi ruling.
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Fig. 3.3 Fundus photograph of the rabbit retina taken within
a few minutes of exposure to laser shots. A range
of intensities of conventional single shots are
evident. Note the three shots produced by a single
Ronchi ruling just to the right of the large, dark
burn in the center of the photograph.

Fig. 3.4 Computed intensities of a laser beam diffracted by
two crossed rulings.

Fig. 3.5 A photograph of the frequency spectrum of two crossed
rulings. The relative intensities of the components
is given by Fig. 3.4. Note that the gratings used
for this photograph are not exact Ronchi rulings
since even frequency components are visible in the
spectrum.

Fig. 3.6 The photo shows the spectrum of a grating of spatial
frequency 2w on the left with the dc and 1lst order
terms heavily over-exposed. On the right is the
spectra of a grating with a spatial frequency w and
the over-exposed central orders with the spectrum of
the undiffracted, focused plane wave (i.e. just the
d.c. term) just to the left of this spectrum. The
central spectrum is that of the two gratings super-
imposed parallel to each other. Proportionally less
energy is in the lower diffraction orders and more in
higher orders.
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FIG. 3.4 Computed intensities of a laser beam diffracted by

two crossed rulings.
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Figure 3.3 is a fundus photograph of a rabbit retina
which has been exposed to a large range of laser beam inten-
sities. A linear sequence of lesions vertically oriented is
visible beside the very large central lesion. This is the burn
pattern resulting from diffraction of the incident laser beam
through a Ronchi ruling. The D.C. and two first order terms
arec easily visible in this pattern. Note that in retinal
damage studies it is only necessary to refract the test eye for
accommodation to infinite distance, no other lenses are required.
This process can be extended to two dimensions by crossing two
Ronchi rulings. Fig. 3.4 shows the computed intensities and
Fig. 3.5 a photograph of a laser beam diffracted by two crossed
rulings. Some features worth noting in Fig. 3.5 are
the presence of small amounts of even harmonics in the spectra
(due to phase variations in the rulings) and ghost spots due
to multiple reflections in the glass plates forming the rulings.
These illustrate the difficulties that must be guarded against
(and can in fact be dealt with) in this technique for laser
damage measurements.

One limitation of the transmission grating technique
is the reclatively large amount of energy in the diffraction
pattern in the zeroth and first orders. Most information on
damage thresholds are obtained when there is a slowly varying
gradation of intensities around the threshold level. Such a
gradaticn 1s present in the higher orders of the grating spectra.
The intensity of the 13th frequency component is 72% of the

intensity of the 11lth componert; ratios for higher terms are
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even larger. Unfortunately, use of light intensities high
enough to put these higher orders around the threshold level is
precluded in retinal damage studies. The intensity of the
first two orders would be sufficient to produce catastrophic
retinal damage. This difficulty can be circumvented, however.
One possibility is to block the {irst two components in the
transform plane (optical filtering) and reimage the modified
transform at the retina with additional lenses.

A less cumbersome method is to use an appropriate
combination of the commercially available Ronchi rulings. One
simple technique is to superimpose two rulings, one of twice
the frequency of the other with their rulings parallel to each
other.  The transmission function of this combination consists
of a repeating array which is transmitting over 1/4 of its
cycle and opaque over 3/4 of the cycle. This has the desired
effect of deocreasing the relative contribution of the lower
order terms and increasing the contribution to the power spectrum
of the higher frequency components. This effect is shown in
Figurc 3.6 . The relative intensities of the DC term and the lst

to 5th harmonic terms are in the sequence: 1.0, 0.576, 0.405,

0.182, 0, .021. This example is illustrative of the possibilities

inherent in the transform technique. Other combinations can
be chosen to suit particular experimental needs.

snother method is to use a arating in which the modu-
latinns are¢ in transmitted phase only. By proper choice of the
phase differential it is possible to tailor the resulting inter-
ference pattern in the transform plane to have virtually any

desirrd Jistribution of enerqgy among the diffracted orders
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including even zero intensity in the zeroth order.

For a phasc grating of sinusoidal modulations in trans-
mitted phase with m (in radians) the amplitude of the phasc
excursion, the peak intensity of the gqth order component is

3 proportional to [Jq(m/Z)]2 where Jq(m/Z) is the Bessel function

of the first kind of order g (sce for example, Goodman, 1968).
Two examples of the intensity distribution in the

first eight orders for peak-to-pecak excursions of the phase

delay given by n/2 = 4 and m/2 = 6 are shown in Figure 3.7.

U

may be inferred from these pliots, the trend is for a hidgher
proportion of the diffracted power to appear in higher orders

for increasing phase exXxcursions.

These phase gratings can be produced by bleaching a ,
photograpvhic negative of a transmission grating. The areas of
greatest density of develoved grains in the negative will have
the greatest emulsion thickness and thus the areatest phase
dclay when bleached. Phase gratings have also been produced by
cxpoesing dichromated gelatin films to an appropriately modulated
light distribution. Dichromated gelatin renders light amplitude
information directly as modulations of the film thickness and

consc-uently as a phase grating. The phase excursions produced

by thrse methods can, however, be rather difficult to control.
While we have focused our attention on diffracting

gratings, it should be noted that the optical transform !

technicque is much more versatile than we have thus far implied. i
It is in fact possible to tailor the light distribution in a l
!

transform plane to be virtually any pattern desired. Using

|
i
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technigques similar to that employed in making printed circuit
boards, one can photographically produce a diffracting scrcen

which is the optical transform of a desired pattern. A method

is to draw a pattern with black dots, for example, whose area
is proportional to the intensity of the transmitted vadiation
desired in the transform plane. This may be photographed and
reduced in size and rendered in copper on glass films., The
optical transform of this screen will then be the diffracting
object desired; it can also be photoaraphed and rendered as

the desired diffracting screen.
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4. PROPAGATION AND SPECTRAL DISPERSION OF ELECTROMAGNETIC

RADIATION IN A TAPERED DIELECTRIC ROD

Our objective is to examine the light propagation

characteristics of a slightly tapered cylinder with a diameter
only slightly larager than the wavelength of the propagated
radiation. This problem is relevant to primate foveal cones

whose liaht sensitive portions are less than one micron in

diameter. Poveal cone tapers to be inferred from light micro-
scopic measurements (Polvak, 1941) are on the order of 0.5
deqgrees (full taper uangle). Solving the transmission problem

for a tapered cylinder (cone) is considerably more complex
than for a uniform rod. Fortunately, for our purposes, exact
solution of the more complex problem is not needed; for
sufficiently small taper angles,light propagation in a cone
is well represented in local regions by the uniform cvlinder
solutions. This ropresentation will be discussed in more
detail after first considering the nature of the solutions for
the case of the infinite, uniform rod.
4.1 THE UNIFORM DIELECTRIC WAVEGUIDE

The geometrv of interest is shown in Fig. 4.1.
A dielectric cylinder of diameter d and refractive index n1 is
embedded in an infinite medium of refractive index n_ . The
cylinder lony axis is chosen as the Z direction and a plane wave
of wavelongth 3 is incident with wave vector|§|= 27/,

For the general case of EM wave propagation in a source-

fre~ horngenous medium the fields must satisfy the wave equation

»

E

{72 - (W?/ﬁtp)] -~ =0 (4.1)
H
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DIELECTRIC WAVEGUIDE GEOMETRY. A cylinder of

FIG. 4.1
is embedded in an infinite

diameter d and refractive index n|
medium of refractive index of n,. Light of wave vector k is

incident along the z axis which is coincident with the cylinder
and 0 are shown with respect to

axis. The polar coordinates ¢
the rectangular coordinates x and y. The quantities n , n_, d,
and i determine the waveguide characteristic parameter'v. -
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where .« and u are the dielectric constant and magnetic perme-
ability of the medium. A particular solution is obtained by
applying the appropriate boundary conditions.

For the dielectric rod the tangential components of
the electric and magnetic fields of the radiation are required
to be continuous across the rod-surround interface. We are, in
addition interested in those solutions representing local con-
finement to the rod structure (guided waves). We thus match
those solutions at the boundary for which the fields are zero
at infinite radial distance (non-radiative propagation) and

finite within the waveguide.

We are interested in those elementary solutions which
are in the form

E(x,y,z,t) F(x,y.,h,u)

R =9, exp (iwt - ihz) (4.2)
H(x,y,z,t) G(x,y.,h,.)

The general procedure consists of substituting this form for
the fields in the wave equation (4.1); we must then solve for
the cigenvectors F and G and the eigenvalues h. The eigenvalue

equation is

-

F(x,y,2)
(v + 2% | =0 (4.2)
G(x,y,2)
where
f? = k% - h? = ¢y -h" (4.3)

is the propagation constant of the medium and the transverse

Laplacian operator is

S LA LU CEN U S N1
ax’ oy’ 3p% par  p? 3¢’
where . and | are the polar coordinates
o= (x% + y2)%
b = tan-1 (y/x) .
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We will use the subscript 1 to refer to the values of
the medium constants inside the guide and the subscript 2 for

the constants outside the guide. Thus, for example, we will

have inside the guide the values &l, kx' n], Coroe h . For
dielectric media of interest Ll= b and we also find that
h = h

1 2

The explicit form of this equation (4.2) written out
in the cylindrical coordinates dictated by the geometry of the
problem is, upon scparation of variables . and ¢, just Bessel's
differential equation for the radial function. The ecigen-
function solutions we seck are found to be Bessel functions of
the first kind inside the guide and modified Bessel functions
of the second kind outside the guide.

These eigenfunction solutions of the problem corrcs-—
pond to propagation modes of the waveguide and the number of
such solutions depends on the physical parameters of the guide.
These physical parameters determine the propagation character-
istic in the form of the dimensionless frequency V given by the
waveguide characteristic equation:

v = nd (n > - n %)

A 1 ?

E (4.4)
As the parameter V decreases, the number of eigenvector
solutiors which satisfy equation (4.2) and, consequently, the
number of allowed propagation modes decreases. Large V means
many propagation modes are allowed; the superposition of a
large number of modes means that the interior of the guide can
be uniformly illuminated. This case of a large rod (because of

large V) is just the geometric optics limit.




In the more familiar metal-wall waveguide the
boundary condition imposed by the vanishing of the fields
within the metal result in TE (transverse electric) and TM
(transverse magnetic) propagation modes. In the dielectric
wavegulde none of the field components are necessarily zero
(although TE-like and TM-like solutions do exist). In general
the solutions are hybrid in that the transverse components of
both E and Il arc non-zero. Two kinds of mode solutions are
found, the so-called HE and EH modes. We will be interested
in the lowest order mode, the HEIl mode which is the only
propagated mode for V - 2.405.

The analysis of Kapany and Burke (1972) is a useful
and informative metheod of solving the waveguide problem. 1In
solving equation (4.2; they use complex transverse field
components (4.5)

E, =E ¢ iEy
and upon application of the boundary conditions it is found that

the solntions for the fields inside the guide are:

Et =+ (1 *x) A Jnil {up/%d) expli(ntl)g + iut - ihz]
E2 = (2p’/ih) A Jn (up/%d) expl in¢ + 1wt - ihz]

M, = t (ih/cu) [(klz/h? ta)/(1 ¢ a)] E, (4.6)
HZ = (ih/u)h) (YEZ

and outside the guide the fields are equations (4.6) with the

substitutions
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Jp(up/%d) - Hp (vp/%d), p = n-1, n, n+l

A A I (u) / H () 4.7)

Where d is the diamcter of the quide and A is arbitrary with AA*
proportional to the power in the mode. Hn(v) is the Hankel

r function and for bound modes we are interested in the case

v = —-iq where q 1s recal. We will usc modified Bessel functions

of the second kind, Kn, given by the substitution
. _ ,_:y—n-1 . ,
Hn( iq) = (-1) (2/) hn (q)

The cigenvalues u and g are related through

. Lo} ) > d b (1 4 2
vi=ul gt = (x Tok ) g =) (o (4.8)

« 1s found from the boundary conditions to be

I R A K ()

_n (4.9)
w t qa” an(u) * qKn(q)

where the prime denotes differentiation with respect to the
argunent of the Bessel function. Now u = S]d/2 and q = 52 d/2
and these ecigenvalues are determined by the lowest non-zero value
of u which satisfies the eigenvalue equation, arising from the

application of the boundary conditions. For HEnm modes this

equation is

N e e LAt (q)
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The problem consists of finding those values of u and

q which satisfy this transcendental eigenvalue equation corres-

ponding to the waveguide with physical parameters gy and V
for the possible choices of mode number n (n = 0,1,2,3,...).

The values of u and q are then used in equations (4.6) and (4.7)

to evaluate the fields.

| The power propagated by the waveguide is given by the

time-averaged axial component of the Poynting vector:

i _1 ey Y * 4.11
1 s, =7 Re i(EH, - EH_ ) (4.11)

Now the power flow insid~ the wavegyuide is given by the

integration
21 ,d/2
P :[ J 5, pdnds (4.12)
( O
and outside by integrating over the space exterior to the rod
2n oo
P ={ §z pdpdn (4.13)
Iy day2

(The power flow along the outside of the cylinder occurs as an
evancscent surface wave whose amplitude decreases rapidly with
increasing radial distance).

We will be concerned with determining that fraction

of tr~ total power propagated in the mode which is conducted
insic ' the qguide. This fraction, n, is given by P1 and P? above
(with total power = Pl + P )} by

no=o—Ll = [1 + p?/p]]_l (4.14)

1 ?

This mrcal efficiency, n , 1is particularly important for retinal
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receptors since it is only the energy tlux conducted within the
waveguide that can be absorbed by the photopigment contained
therein and thus have a physiological effect. Of course, as
some of the incident radiation is absorbed within the guide
there will tend to be power flow into the guide since if Pl
decreases, then P2 also decreases in order to satisfy equation
(4.15) .However, for the case of interest (retinal cones)
absorption of incident radiation is in general small compared
to attenuation due to power transfer out of the cone as n

decreases with decreasing diameter.

For the retinal cones we use the refractive index
values n = 1.387 and n, = 1.347 (Sidman, 1957, Barer, 1957)

. . : ks
which gives 7(n * = n °)? = 1.04 and 8 = 1 - (nz/nl)2 = .0568.

1 2
For foveal cones d is no larger than 0.9 micron (Polyak, 1941;
Cohen, 1972; Dowling, 1965). Thus in the visible wavelength
range (0.4 to 0.7 microns) an upper limit on V for the foveal
cones 1is approximately V < 2.34 (using the wavequide character-

istic equation V = (wd/}) (n %-n ?)% )
1 2

For values of V < 2.405 only the HE, , mode can be
propagated by the guiding structure (higher modes are cut off).

Thus particularizing the equations above for the eigenvalues in

the case of n = 1, and using the definition

= 1-ki/ki = 1=« /e = 1-G sn)°

we have for the eigenvalue equation of the HE mode
11

ukK u Vv 27 K "
JO/J1 = é -(1-%/2) (__2 + __> -1 - <_7 - 6) + - {_© , 1
gk q’ g*\u- 4\ ak = a

(4.15)
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where the arguments of J and K are understood to be u and g

respectively. ’

This transcendental eigenvalue equatlon must be

solved numerically. A computer program was written in which

JO, JI , KO, and K] were evaluated for trial values of u. As a
function oir the wavequide parametcers - and V (where V determines
q through q = (V* - u7)u) input into the program, the program
searched for values of u which minimized the difference between
the two sides of cquation (4.15) above. Through an iterative
procedure which could be carried out as often as desired, the
program searched through stages of progressively smaller
increments of the trial values of u as the sought for eigenvalue
satisfying Egn. (4.15) 1is approached.

The solution of the eigenvalue problem is shown
graphically in Fig. 4.2 where the two sides of Egn. {4.15) are
plotted as a function of u. The left~-hand side of Eqn. (4.15)
(Jo(u)/J(u)) resembles the cot u function and only the positive
branch of the function is used for HE11 mode; only one curve 1is
obtained for any V and ©. The more complicated right hand side
of Fqn. (4.15) is a monotonically increasing function of u with
zero value at u = o. Curves are plotted for & = 0.1 and Fic.
4.3 shows the dependence of the cigenvalue u on the waveguide
parancter V where u/V is plotted as a function of V. As V
decre ses boelow about 1.0, u approaches V asymptotically (u/V -+
1.0).

"n fact, u differs so little from V in this range and

v reveiont Iy apnroaches zero so closely that the dircct
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FIG. 4.2 GRAPHICAL SOLUTION OF THE EIGENVALUE EQUATION. A
plot of cach side of the eigenvalue equation for the HE,, mode
is shown. The value of u at which the curves interscct 1s the
eigenvalue for the problem with the corresponding physical
parameters. There is only one curve for Jo(u)/Jl(u) as a
function of u. The more complicated right hand side of the
celgenvalue equation depends on the choice of parameters. The
plots are for # = 0.1 and the three choices V = 1.0, 2.0, 3.0.
q is r~lated to u and V through V° = u’ + gq-.
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numerical evaluation method of the program becomes very diffi~
cult and the computer capacity is soon exceeded. While exact
solution is thus not possible for small V, the fact that g
approaches zero very closely may be exploited to considerably
simplify solution of the cigenvalue problem resulting in a
hiqghly accurate analytic approximation.

We first note that the cigenvalue equation (4.15)
reduces to a simple form for & = 0, namely

To (U)o Kold) (4.16)

UJJH) qK#q)
which holds exactly. Morcover the eigenvalucs of ecuation (4.15)
for any non-zero - approach those of the > = 0 case as V de-
creases (even for larger values of V the solution for the & = 0
case 1s not a bad approximation for typical values of
encountered in many physically important situations.) As has
been noted by Snyder (1969) asu/V - 1.0 we may reasonably
substitute V = v in equation (4.16)

Jo (V) Ky (aq)

= . (4.17)

VI, (V) qK, (q)

..o asymptotic small argument form for the Bessel
functions of the second kind give for the right hand side of
this ecquation 1In (1.123/q). We thus obtain an analytic
solution for Eqn. (4.17),

aq = 1.123 cxp[—Jo(V)/VJl(V)]. (4.18)

L
The eigenvalue u is then given by (V' - q‘)z. The results of
this approximation are shown in Fig. 4.3 where it is also

compared to the exact result for o« = 0 and 0.1. The approxi-
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FIG. 4.3 THE ETGENVALUE SOLUTION. The eigenvalues u obtained
by the numerical solution of the eigenvalue cquation are plotted
in the form u/V vs V. The main plot is for the choice % = 0.1.
The insert shows a magnified view of the region around V = 0.9
to 1llustrate the dependence of the cigenvalue on the choice of
. As V decreases,

value in the

the eigenvalues for any ¢ converye to the
= 0 case.

As is cvident u approaches V
asyriptotically as V decreases below 1.0 (q > 0).

.
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mation is very accurate below V = 0.8 where the results for all
values of ° converge.

Once the c¢igenvalues are determined it is then
possible to evaluate the fields via Eqns. (4.6), (4.7), (4.8)
and (4.9). TIn our case, however, we arce nrimarily interested
In powor propagation in the waveauide. Evaluating the eigen-
vectors throush can. (4.12) inside and outside the auilde and
determininag the power propagated in each region by carryinc
out the integrations of equations (4.13) and (4.14) we get for
toe ratio of power propagated in the evancscent wave to the

power prevacated in the interior in the HE node

Ito ] [Ko 4

r u" (k*+7 " ¢) . LI+ (k=771 }\— -1 ;:
VSR S N - — L L7 (4.20)

P g J - J 4

! (1+7° ) O+ ] + L (1-7 5 o 1 - 3.

u-

J - J -
i .

wher.. th» arguments of J and K are u and a respectively and:

k' = (k /k ) =1 - - (4.21)
=1 - (u/V)- (4.22)
= (1- ) /(1+ ) (4.23)

;o= (L + 2 So - fg o1 -1
T q uJ q}( u.i qf (4-24)

i 1
with this cxpression we may then compute the modal efficiency

thrnagh eoqn. (4.15). The result is displayed in Fig. 4.4

wher< we have plotted ' as a function of V for & = 0.1. The
inzet also shows = for - = 0 as well as the small V approxi-
mation. Figqg. 4.5 is the same data plotted logrithmically.

These plots illustrate that the general result of decreasing V
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useahle above V = 1.0,
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is a decrease 1in n, that is, the power conducted within the
core of a waveguide decreases with decrecasing V. While the
HE]] mode propagation {(as is shown in these plots) does not go
exactly to zero for a non-zero value of V (s do the higher
order modes) the power conducted within the guide gets very
small (below V = 0.6). For example at V = 0.3, - < 10 *°¢,
4.2 ATTENUATION IN A CONL

Our main focus of interest 1s on the propagation
characteristics of a conical dielectric waveguide. Exact sol-
ution of this problem is very difficult and has been investi-
gated by Snyder (1970, 1972a, 1972b). The main result of this
analysis is that the primary effect of a conical taper in a
dielectric rod is the coupling of a particular propagation
mode with other modes of the wavequide. 1In general then there
1s no unique propagation mode for this case: one must
determine the coupling coecfficients for all other possible modes
including the radiation modes. The greater is the taper angle
vf the cone, the larger will be the coupling coefficients. For
a tapered guide with V -~ 2.405, however, the coupling will only
be to the radiation modes as the higher order propagation modes
are cut off.

For small tapers where the diameter change of a guide

is small over distances comparable to the wavelength of the

incident radiation, Snyder (1970, 1971) has shown that at each
point along the guide the radiation propagates in the same
manner as in a uniform guide with the same local values of the

physical parameters {in what Snyder calls local modes).
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Thus the picture we usc to model the foveal cones in
the primate retina is that of a dieclectric rod with the effect
of the taper being to transfer increasing amounts of the guided
radiation from within the core into the evanescent surfacec wave
as the cone is penectrated. This cffect will be wavelength
dependent and it is just this bchavior which is of interest.

In the model of interest there is no coupling into higher order
modes since V - 2.405 and the main effect of ignoring the mode
coupling of a tapered gulide is to underestimate the rate at
which energy is transferred out of the guide into the radiation
modes. For the case of foveal cones this effect will be quite
small since the taper angle is less than 0.5 degrees and the
coupling coefficients to the radiation modes will be small.
Neglecting the mode coupling will err on the safe side in that
we determine a lower bound for how rapidly the cone disperses
the incident energy; the approximation does not gqualitatively
affect the wavelength dependence of the process.

In order to display the proposed model mechanism for
color discrimination we compute only the transmission properties
of the cones. The effect of absorption can be taken into account
by using the appropriate wavelength-dependent extinction co-
efficient (which is related to the photopigment absorption) as
the 1maginary part of the refractive index of the interior of
the cone. For the case of the foveal cones where the absorption
is small over distances comparable to the wavelength of light
the absorptionless model will sensibly portray the reclevant

transmission properties of the cones Snyder and Pask, (1973)
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and is the representation which we evaluate here.

There are many ways in which the spectrum dispersing !
properties of a cone can be displayed. For a cone with a
uniform taper a sensible index of the change in transmission
properties of a cone is the ratio of the fraction of power left
within the guide at its narrow end to that initially at the
broader entrance end, nout/”in'

Based on the measurements summarized by Polyak (1941),
the foveal cone model we employ is that of a gently tapering
segment 40 microns long by 0.8 microns in diameter at proximal
and 0.5 microns at the distal end. The appropriate refractive
index values n and n_ are not known with any certainty. We

thus plot, in Figure 4.6 the ratio n /”in as a function of

out
the inverse of the incident wavelength (which is proportional
teo the photon energy) for a range of choices of the refractive

o ~

L
index difference parameter, 7(n °~ - n ).
1

Our choice for the operating point of the cones must
clearly be somewhere in the middle of the range of the displayed
curves. The upper curves do not discriminate sufficiently
between long and short wavelengths. The lower curves, on the
other hand, do not propagate light with sufficient intensity
to be as efficient as the cones are known to be from photopic
efficiency data. 1In fact, the best experimental estimates for
n and n discussed previously indicate a choice of operating

1 2

point just in this optimum range. It is to be expected that

., L
m (n © - n?2)2 is somewhat smaller than the value of 1.04 to be

1
inferred from Sidman (1957) and Barer (1957) since it has been
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noted that the inter-photoreceptor space in the human eye is

significantly denser (nq larger) than in other species, Feeney
(1972). ‘
The discrimination of a cone with ﬂ(nxz - n}z)% equal
to 0.7 is shown in more detail in Fig.4.7. Here the relative
modal efficiency at each point along the cone is plotted as a
| function of position for different input wavelengths spanning

the visible spectrum. It is clear that the different colors

transmit differently along the cone structure.
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5. SCANNING ELECTRON MISCROSCOPIC STUDIES OF LASER LESIONS
IN THE RABBIT RETINA

For the past year we have continued to study the
rabbit retina, even though our studies of other retinal material
have begun. Thus far in the literature there are only a few
studies of vertebrate retina using scanning clectron microscopy,
but none have becen completed on the rabbit retina, and none
whatsocver of laser lesions in the retina. 1In the Appendices
1.2 and 1.3 we summarize our results in two papers entitled
"Scanning Electron Microscopy of Normal and Lased Rabbit Retina”
which has already been submitted for publication and "Scanning
Electron Microscopy of Normal and Lased Rabbit Pigment
Epithelium” which is prepared for publication. In appendix 2
we list the colloquia, seminars and talks which have been given

on this subject.
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' CHE OTUDY O THE VITREAL-RETINAL JUNCTION

We tirst became interested in this problem as a
result ofF scanning electron microscopic studies of laser lesions
o the rabbit retina where membrances were observed at the
vitreal-retinal junction. We have begun an extended study of
this membrane for different exnosurce intensities at various
recovery times. This junction has been examined after once
hour, one, two and four days and one, two, four and six weeks,
together with areas in which the inner limiting membrane 1is
mechanically disturbed. Where our initial studies had
indicated that an epiretinal membrane was forming our control
studies are now shedding some doubt upon this.

The lesions are being studied both with the TEM and
SEM. The nature of the membrane which we have observed is of
particular importance to the ophthalmologists associated with
our group, since it represents an important aspect of the

gencral problem of light damage within the eye.
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7. DETAILED STUDIES OF CONES

7.1 THE '"APER OF OUTER SEGMENTS

We are presently in the process of measuring the
taper o the outer segments of toveal and parafoveal cones. It
is 1mportant to note that in our hypothesis of color vision
the cones may have a slight taper in the foveal region. Recent
measurements have suggested that foveal cones are generally
said to be rod like, yvet fow of these studies arce available in
the literature. In 1965 Dowling pointed out that foveal cones
studied by his group showed no taper, but as the conc outer
scygments are 50 to 60 .. long and less than 1 .. in diameter, his
results are inconclusive since he scems to have studied them
only by longitudinal transmission electron microscopic sections.

We have bequn the study in which we are takinag both
thick and thin serial transveuse scctions of the cones over the
entire outer segments. Both TEM and SEM are beina used. We
have alrecady prepared the retina for the squirrel monkey,
babenns, and humans for study. Particular attention is being
given in Dr. Hlollenberg's laboratory to the prohlem of the
shrinkage of the material. It 1is interecsting that never before
have careful detailed measurements of these cone outer segmoents
been made.  Without question these measurements will be in-

valuable to our understandinag of the operation of the retina.

.2 QUTFR SEGMENT DISC STRUCTURE

~1

1t is widely reported in the literaturc that cone
outer seament discs of lower vertebrates are continuous with

the mer rane at the edge opnosite the connecting cilium and the
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groups of discs are continuous with each other, especially at

the vitreal end. Dowling (1965} reports that only the most
vitreal discs show continuity with the plasma membrane and the
foveal cones of Macaca monkeys (less than one-third of their
length) . <Cohen (1961) "The Structure of the Eye" reports that
as one proceeds distally in the cone onter segments 1nfolding
becomes rarer and rarer, and finally none is observed. In this
case the discs appear to be discreect units. liowever with
lanthanum infiltration, Cohen (1972) it is apparent that some
cone discs are open to extra cellular space, cven in the
sclera. This difference in accessibility to the extra cellular
space may be important in the ionic exchange following photo-
reception. This too may have an important bearing on the
proposed model. Because of this we are carefullv examining

our high resolution photographs of the cone outer segment disc
Jroupings to sec if there is any consistency in the pattern of
discs open or discrete continuous with each other within an

intoiding.

7.3 THE EPFECTS OF MONOCHROMATIC LASER LIGHT UPON THE CONE
OUTER SECMENT DISCS

We arce presentlyv examining SEM and TEM photographs of
retina to identify specific damage in the discs caused by

monochromatic light at power levels bhoth above and below the

threshold for forming ophthalmoloaically detectable lesions.
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7.4 THE EFFECT ON THE CONE OUTER SEGMENT DISCS WHEN THE ENTIRE
RETINA IS EXPOSED T0 MONOCHROMATIC LIGHT

We have presently initiated a series of experiments
designed to determine whether or not all discs respond 1n the
! same way to intense light. We are also examining the effect of
such damage both in the foveal and anterior portions of the
retina. Pourcho and Bernstein (1975) found that with prolonged
osmication at 40°C, the amount of osmium deposited in the outer 1

scgment disce was increascd by light stimulation and decreased

after lenathy darh adaptotion.  We have exposed Japanesce quails,

goldfish and cuppics, ¢+ rodl and blue light (6 days on a 12 hour i
cycle) and to darx wiaptat:on. These eyes are presently being

processed by standard methods for electron microscopic studies 4

and by prolonged osmication 1n order to allow us to carefullw

scrutinize the discs.

7.5 LIIAL TIML »-RAY MICROGRAPHS OF CONES DURING LIGHT EXPOSURE
In order to properly account for the Stiles-Crawford
fect o7 the first kind it has been suggested that the

dlrensious of cones change when subjected to visible radiation

Snvdicow o vank 1976) . After exposure the retina apparently
recoss s owithin sixty seconds.  In order to study this point
woe bieee s Inttial contacts with scientists associated with
tre 1o van Molecular Biology Organrization to carrv out ex-
poriments saing the Synchrotron Radiation Source in Hamburag,

cormarc, Using the ol R intense X-ray source we will attempt

to maxe x-ray lithographs of live retinal material as a




tunction of time after light and dark adaptation. Thils new
method which 1s soon to be described in the literature by
Sprller et al make possible time resolved experiments with a

o)
resolution approaching 100 A.  The time for exposure is expected

to be less than 1 scecond.,




8. DETAILED EXAMINATION OF LASER DAMAGE IN THE HUMAN RETI

A series of experiments has been carried out in con-
junction with the ophthalmological community in London, Ontario.
The results of these experiments will be described in a series
of papers, the first of which is given in appendix 1.4.

Through the vear we have developed a superb working
relationship with the London ophthalmological community which 1s
particularly interested in laser damage to the eye. It is
Lecause of their help that we have been able to carry out these

experiments.

9. NATO-AGARD LECTURE SERIES
Last Fall one of us participated in the NATO-Agard
Lecture Series No. 79 on Laser Hazards and Safety 1n the

Military Environment. The text of papers prepared for this

series are glven in appendices 1.5 and 1.6.
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Color Vision: A Physical Model for Spectral Discrimination
by Retinal Cones
J.A. Medeiros, B. Borwein, J.Wm. McGowan

to be submitted to Vision Rescarch.

Scanning Electron Microscopy of Normal & Lased Rabbit
Retina
Bessie Borwein, Madhu Sanwal, J.A. Medeciros and J.Wm. McGowan

Submitted to Canadian Journal of Ophthalmology.

Scanning Elcctron Microscopy of Normal and Lased Rabbit
Pigment Epithelium
B. Borwein, M. Sanwal, J.A. Medeiros, and J.Wm.McGowan

to be submitted to Arch. Ophthalmol.

Studies in Human Retina 1. The so-called normal areas
from the retina of an eye enucleated for choroidal melanoma
B. Borwein, M. Sanwal. J.A. Medeiros and J.Wm. McGowan
Rouyh draft of a paper to be submitted to Investigative

Ophthalmology.

Propcrties of Electromagnetic Radiation
J.Wm. McGowan

Published, AGARD Lecture Series No. 79, 1975

Lasers
J.Wm. McGCowan

Publishe 1, AGARD Lecture Scries No. 79, 1975




APPENDIX 2. PRESENTATIONS GIVEN THIS YEAR AND ABSTRACTS

SUBMITTED FOR CONFERENCES THIS SUMMER

September 22, to October 2, 1975, Papers delivered as part
of the AGARD Lecture Series 79 on Laser Hazards and Safety
in the Military Environment AGARD LS-79

2.1.1 J.Wm. McGowan, Propcerties of Electromagnetic
Radiation

Although the electromagnetic spectrum extends over
more than thirty orders of magnitude that portion of it now
dominated by the LASER only includes four. It is through
this range that all lifc processes are affected by light,
in particular the eye can easily be damaged by it. In this
lecture the basic principles dealing with electromagnetic
radiation are discussed particularly as they relate to the
development of the LASER.

2.1.2 J.Wm. McGowan, Lasers

Principles and properties of the LASER are discussed
in some detail together with a description of the various
types of LASERS and their applications.
October 15, 1975, Dept. of Physics, The University of
Western Ontario, and September 18, 1975, McMaster

University, Hamilton, Ontario

J.A. Medeiros, Colour Vision ¢nd Physical Processes in the
Human Retina

November 13, 1975, University of Notre Dame, Radiation Research
Laboratory
J.Wm. McGowan, A New Model for Colour Vision

January 7, 1976, Defence & Civil Institute for Environmental
Medicine, Toronto, Ontario

2.4.1 B. Borwcin, Laser Eye Experiments
2.4.2 J.A. Medeiros, A New Model for Colour Vision

April 6, 1976, Ophthalmology Rounds, University Hospital,
London, Ontario

B. Rorwein, So-called Normal Areas of a Retina from an Eye
with Chor idal Melanoma
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2.6 June 6, 1976, Canadian Ophthalmological Society, Research
Session, Quebec City. To be presented by J.A. Medeiros

J.A. Medeiros, B. Borwein, M. Sanwal, J.Wm. McGowan
and M.J. Hollenberg

Origin of Preretinal Membranes Following Laser
Coagulation of the Retina

Laser-induced retinal lesions of sufficient intensity
to rupture the inner limiting membrane were studied at
intervals ranging from one hour to six weeks post exposure.
The damaged rolled-up fragments of the inner limiting
membrane over and around the craters of the lesions are
distinctly different from the fine cobweb-like strands
which arise and coalesce to form increasingly dense net-
works across the lesion.
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APPENDIX 1.1

This appendix is a draft of a paper on the tapered

waveguide model of color vision. A letter on this subject had

been submitted to Nature last fall. Correspondence with regard

to this submission and the editorial difficultices with its
acceptance were included in the third quarterly report

(Feb. 6, 1976). Rather than pursuc the publication of the
short communication we have chosen instead to go directly to a

full paper which covers the broad categories of evidence for

the proposed model.




APPENDIX 1.1
rough draft

COLOR VISION: A PHYSICAL MODEL FOR SPECTRAL DISCRIMINATION
BY THE RLCTINAL CONES

J.A. Medeiros, B. Borwein, J. Wm. McGowan

Department of Physics and the Centre for Interdisciplinary

Studies in Chemical Physics, The University of Western Ontario

| hbstracﬁ

I. INTRODUCT ION

It is generally conceded that there does not yet exist

a wholly satisfactory explanation of how the small, intricate
and precisely formed receptors of the human retina actually r

resolve and detect color information.

Most current models assume the basis for color
differentiation to be the presence of multiple cone types
(usually three), each type having different spectral sensitivity.
Scrious difficulties with this approach are to be found in the
evidence on the details of the structure actually present in the
retina and in the performance characteristics of the color
vision system. There is no physiological data to support the
concept of multiple cone types in the human retina, on the basis
of cither cone structure or the interconnections among cones.
The ecvidence for the cone photopigments required for the
operation of these medels is also cquivocal. Furthermore, the
electrical characteristics of the color vision system are not
consistent with multiple cone types.

We will discuss this evidence militating against multiple

—
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cone models in more detail below. The main focus of this paper,
however, is a new model in which each cone is pictured as a
miniature spectrometer, with full color information potentially
available. By a very simple mechanism, based on the physical
properties of the cones, the shape and size of the cone and its
corresponding optical transmission properties serve to disperse
the incident spectra, prism-like, into a readable code. In
this proposed model, full color information is detected, and only
in the subsequent processing is the content reduced according to
a trichromatic scheme. This principle of operation is
fundamentally different from multiple-cone models, in which the
information content is first reduced to a trichromatic code at
the detection level, and subsequent processing must resynthesize
the color information.

The proposed model, we submit, offers a more
consistent explanation of the diversc data on color vision: it
is in accord with the known structural details of the retinal
architecture, it simply and plausibly explains the wide spectrum
of experimental data on the performance characteristics of the
color vision system, and it is amenable to direct experimental

verification.

I1. DESCRIPTION OF THE MODEL MECHANISM AND ITS ROLE IN COLOR
VISION

All the cones within a given reqgion of the retina are
very similar in appearance although their size and shape vary

systematically through the human retina. No distinct groups or

P

PN
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classes of cones are distinguishable. The cone diameters are
only slightly larger than the wavelength of the visible light
to which they are sensitive and as a consequence diffraction
and interference effects will play an important role in the
propagation of light within them. These effects, broadly
classified under the topic of dielectric waveguide phenomena,
have been investigated in connection with fiber optics
(Kapany and Burke, 1972 comprechensively review dielectric wave-
guide phenomena) and integrated optical circuits (sce, for
example, Tamir (1975. Iiight funneling effects of
optical fibers have been advanced as the explanation of the
photoreceptor's directional sensitivity, the Stiles Crawford
Effect of the First Kind, (di Francia, 1946, O'Brien, 1949).
Moreover, transmission of light through the human retinal
receptors 1in characteristic dielectric waveguide modes has been
direcctly and reproducibly observed in excised retina by Enoch

(1961, 1967).

A. Spectral discrimination by tapered conces.

If one would like to identify a spectroscopic
principle wherein each cone can detect ftull color information,
it 1s to these physical properties of the receptors to which we
miust turn. Before describing some of the relevant mathematical
details of a simple model for light dispersion by a dielectric
wavceyuide, we first describe some ~»f the gqualitative features
of the phenomena and how a color discrimination mechanism may

be scen to arise.




Light propagates in an optical fiber in particular
propagation modes. 'These modes correspond to particular
patterns of radial distribution of the propagated radiation.
The number ot such modes allowed depends on the physical
parameters of the light-guiding structure. It depends on these
parameters in the form of the dimensionless quantity V, the
wavequide characteristic parameter given by
nd

v o= (n* -n - (1)

where d is the guide diameter, ' the frece-space wavelength of
the incident radiation and n. and n. are the refractive indices
inside and outside the quide, respectively (sce Fig. 1). For
large fibers,in which V is a large number, many propagation modes
arc allowed and 1if V is large enounh particular modes cannot be
distinguished and the fiber interior can be fully illuminated
corresponding to the geometrical optics limit. As V decreases
the number of allowed modes decreases as particular modes are
attenuated or cut off. For V less than the value 2.405 only one
propagation mode, the so-~called HII-: mode, is permitted. The
radiation propagatced within the waveguide in this mode also is
rapidly attenuated with a further decrease 1n V.

Noting that V explicitly depends directly on the ratio
of the fiber diameter to the wavelength of the incident radiation,
then as either d decreases or ) increases V decreases and the
gulde is more restrictive to the propagation of light. Thus, in
a conical fiber whose diameter decrcases along the propagation

direction of the incident light, the fraction of light remaining

2t y glven point along the cone will depend on its wavelength




R TR N Uiy TRD D WAVTY TR S mnmey, Ao nnde s o Gty g oand rerract i

I S I A oo e te s doam s e tr et e e o e a0 f
‘ i P abong thae gy Wb cncislhont awarh the oulied
LS Ty Yertrate id 1 I« Sitnorveope e the e ctanaulae
r.i ! v ™ ettt ;1 i b P S WV b
Lt . et




N

e ————EREEev

(color). Long wavelength light will be attenuated

more rapildly than will shorter wavelength light. As a con-
sequence the color of the light remaining within the cone will
be correlated with the axial position.

An ecasily visualizoed (althoush rather crude) analoay
of this mechanism is that of using a hollow cone to measure the
Jdiameter of spheres of difrerent sizes (Cig. 2a). The
pesition at which a sphere dropped into the cone will jam
agqainst the sloping inner wall is correlated with the sphere's
diameter, the smallest spheres dvopping to the lowest restin
points.,

Of course this analogy 1s not oxact and must not bhe
taken too literally. There are two main differences between the
dispersion of light by a dlclectiric cone and the capture orf a
ball in a hollow cone: (1) The cut-oftf o7 the propacated 1iaht
will be "fuzzy”, since liaght of a particular wavelength is
attenuated as 1t penctrates the cone; and (2) the tapered cone
model only describes the transmission properties of the cone
whilc the actual pattern of encray deposition within the cone
will dejrond also on the absorbing photopiagment it contains (sco
’hj . Thus any one photon capturce cvent in the broad
entrance end of the cone outor seament will convey little
tnfarmat ton abont the color; it is only the statistical distri-
britron of a2 lTarge nunber of canture ecvents that can lead to an
Py e abesit the spectral listribution of the incident liaht.
{(Note, howerer, that photon capture events in the narrow distal

et of the cone convey iuch more information, since there is
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0.
only negligible probability that long wavelengths will reach
this region.)

In order that the proposcd mechanism be operative,
the values of the physical characteristics of the cones must
fall within a limited range. A small difference in these
parameters can make a large ditference in the cone's propagation
properties. The size, shape and refractive index of the
photereceptors have not been measured with sufficient precision
to critically decide this point. However, we shall sec that the
best estimates for the human cone parameters are indeod just
the ones required for the operation ot the model mechanism,

In this connection it is noteworthy that the retinal
cone shnre and size goes through a smooth wvariation as one
progresses outward from the central retina (Polyvak, 1941).

The photosensitive outer segments of the human cones in the
central retina are long and very slightly tapering cylinders.
Progressing outward from the central area the cones become
increasingly broader, shorter, and more sharply conical. For
color information detected as a position-correlated code, the
resolution of the central cones will evidently be better than the
moee compact peripheral cones; it is to be expected that the
corrosponiing color vision of the contral retina will be better
than that of the periphery as is, in fact, the pattern actually
obscrved in the haman eyce (Moreland, 1972). In addition to the
shape changes of the cones the retinal cone density is also

smaller in the periphery than in the central retina as is tho

number of bipnlars per cone,




the number of bipolars per cone.

Cell counting studies of the retina (Polyak, 1971;
Vilter, 1949; Missoten, 1972) reveal that there are three
bipolars per cone in the central retina and two per cone in
the periphery. This observation is not consistent with multiple
cone models of color vision; it does support the view that
cones resolve full color information which is reduced to a
limited dimensionality only in the process of detection, coding,
and transmission of this information through the cone-bipolar
link. This corresponds well with the obscrved approximate
trichromaticity of central color vision and the approximate
dichromaticity of the peripheral color function.

The obvious advantage of a system where the dimension-
ality of the spectral information 1s reduced only at the data
processing stage is that it becomes possible for the organism
to exercise control via adaptive mechanisms over what information
is extracted from that total available, and thus to read only
the most relevant information with the maximum accuracy with
which its capacity-limited transmission channels are capable.

Before following the logical implication of the model
and its connection with the observable features of human color
vision we must examine the details of light propagation in

small tapercd dielectric waveguides.




—

B. Mathematical Model.
NOTE: This section of the paper is to be a summary
of the computational detail presented in section 4 of the

Annual Report.
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C. Requirements for the human retina to utilize the proposecd

model

For color information detected as a position-correlated
code, the resolution of the central cones will evidently be
better than the less compact peripheral cones. It is to be
cxpected that the corresponding zolor vision of the central
retina will be better than that of the periphery, (as is in fact
observed for the human cvye).

For the cones to detect the available color information
through the tapered wavequide scheme, the cffect of light
absorbed at any given point along the outer segment must be
distinguishable from any other. That is, the cffect of light
absorbed by the outer segment must be local and,moreover the
local differences must be detectable. The model would be
quite untcnable if the cone responded indifferently to the
position of light absorbhed along its length.

In microelectrode measurements on single photorecceptors
Hagins and his coworkers (Penn, Yoshihama, 1970, 1974) have
found that the effect of light on the photoreceptor outer
segment is indeed local. They transversely illuminated a 12
micron length of a forty micron long rat rod and measured the
resulting potential chanaes to be confined in origin to just
that portion illuminated. While the exact nature of the
mechanism whereby light absorbed within a photoreceptor is
converted into an ¢lectrical signal subscquently appearing at

the receptor output is still uncertailn and is a subject of
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intensive research, the picture that is beginning to cmerge
from the electrophysiological studics is the followling:

1. There is steady current of ions flowing between
the outer and inner scgments of the receptor in
the absence of light (dark current).

2. The sources of this current arec pores distributed
along the surface of the plasma membrane of the
outer scgment.

3. When light is absorbhed at a photoreceptor disk, a
transmitter substance (possibly Ca++) is re-
leased which migrates to the pores and causes their
conductivity to decrease and thus decreases the
dark current contribution from the local region
of absorbance of the incident light.

4. This decrease in the dark current source in the
outer segment eventually appears as a modulation
of the current or electrical sianal output from
receptor.

Given this kind of elect!rical hook-up for the
receptors the potential resolution of a model discriminating
color thirough the kind of position-correlated scheme such as we
proyosce can be no better than the limitations imposed by the
spacing of the pores along the receptor length. The more
widely spaced are the current sources, the coarser will be the
ultimate resolution of the proposed mechanism. The spacing of
the pores depends, of course, on their number, and the area

over which this number is distributed. The number ot such




F——-—————"'—

11.
conductance channels is unknown. Estimates of photoreceptor
pore numbers are on the order of 3000 (Yoshikami and Hagins,1973)
to 105 (Lebovic, 1976). Assuming 104 over the approximately
80 L2 arca of the assumed foveal cone model gives an interpore
spacing on the order of 0.1 ;.

A sensible estimate of the resolution of a cone

spectrometer should be the same order of dimension as the conc

diamcter. The ultimate resolution of the cones will be limited

by the amount of axial diffusion of the nessonger reoleased at

the photoreceptor disks upon the absorption of a photon. The

more closely the position of the appearance of the messenger
substance at the plasma membrane corresponds to the position of
light absorption within the cone, then the more accurate will be

the potential information on the photon wavelength. The axial

diffusion of the messenger substance will be limited by the photo- \
receptor disks acting as a baffle, although the exact amount of
isolation provided by the disks 1s not certain. A crude cstimate
of the spectral resolution cbtainable in the proposed scheme is
provided by assuming that the entire vigsible spectrum is read over
the coene length., Resolving the 300 nm span (visible wavelenaths
arc rouqghly 400 to 700 nm) over an outer segment in which the 40
length is readable with a 0.5 @ resolution implies that tywnical
resolvable wavelength differcences would be 1/80 of 300 nm, 4 nm.
The nltimate resolution, if limited by the 0.1 1 pore spacing
would be n 0.75 nm. This crude cstimate 1g¢ 1n surprisingly good
agreement with the known ability of the human cye to rescolve the

two sodinm D lines (0.6 nm). The 4 nm ecstimate is in rough

e e——
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agreement with the typical spectral discrimination of the
normal human eye. Wright and Pitt (1934), for example, ex-
perimentally measured this function and - except for variations

of a few nm between relative maxima and minima - observed a
wave discrimination function which very broadly speaking is
three to six nm in the range of 450 to 650 nm and increasing
asymptotically at either end of the spectrum.

Thus far we have indicated that the position of light
absorption in the cone is potentially recadable and that the
expected resolution of the model mechanism is in accord with
the observations; it must further be shown that the available
color information can be coded and read in a meaningful way.

Two possibilities immediately suggest themselves.

One very elementary scheme would be a simple grouping of the
outer segment length into three different portions, cach with

its separate output. There is however, no physiological

evidence for such a grouping of the outer segments., In addition,
such a readout scheme does not explcoit the full potential of

the available information, reducing it to a trichromatic scheme
at the detection level.

Another, more likely mechanism, 1s the direct con-
version of the position-correlated information into a time
corrcelated code.  The basis for this conversion can rest on the
fact that it takes longer for an clectrical signal, once sent,
to arrive at a given point when it is coming from a more
distant source. We are not here concerned with the time

it takes incident light to travel the

e
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length of the cone outer segment, a time on the order of 0.1
picoseconds which is far too small to be resolved by the
retinal neuralgia. The relevant delay times arc those
associated with the finite ionic conduction times for modulations
in the photoreceptor dark current tec traverse the length of the
cone outer segment. These times are not known but are expected
to be on the order of tens of milliseconds (seec below). The
delay times will, in any case, be correlated with the color of
the incident light: red light, being primarily absorbed in the
ncar or proximal portion of the cone, will have the shortest
associated delay times, blue 1light, being the only color
absorbed at the more distal narrow end of the cone, will be
associated with the longest delay times.

In order that the siqgnals from the cones be inter-
pretable as color information there must be some reference
established to provide a start time at which the time-dispersed
signals may be meaningfully rcad. This requires that there be
some systematic modulation of the cone function. In principle,
functions which could be so modulated for this coding include:
the light incident on the cone photosensitive segment, the
sensitivity of the photopigment, release of the transmitter
substance within the cones, or the effect of the transmitter
substance at the plasma membrane pores. One of these functions
which is actually modulated in the human eye in the manner
required for this color vision model is, at the input end, the
light distribution incident on the cones. This modulation is

available through the small amplitude movement of the eye which
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occur repetitively even during fixation. It is known that when
this motion is bypassed through optical stabilization of the
position of the retinal image, visual perception and
especially color vision is rapidly and completely lost until
the retinal image motion is restored.

This phenomena generally underscores an important
aspect of information processing by the sensory neuralgia.

The nervous system works particularly well at detecting changes
in input signals; it rapidly adapts to and subsequently ignores
constant, ongoing signals; the sensory necuralgia evidently
differentiates the input slignals in the mathematical sense and
areoptimized to transmit information as the dervivative of the
input levels. Information o non-changing signals 1s supuressed.
Thus it 1s perhaps not surprising that visual perception is

lost when the retinal imaqge is artificially held constant (1in
position and intensity).

There are three components of the eye movements during
fixation: a high frequency, small amplitude tremor; larger
amplitude, less frequent rapid flicks or saccades; and a general
drift between the saccades having the effcct of keeping the
fixation point within reasonable bounds despite the saccades.
The high frequency tremor corresponds to motions of the retinal
image of only one or two receptor diamcters and has frequency
components in the range of something like 100 hz. This motion
is nrobably the retinal analogue of the image resolution enhance-
ment observed when the two ends of a coherent fiber optics

bundle are synchronously oscilated (dvnamic scanning).
7 s
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The signal modulation relevant to the proposed model
is likely to be accomplished by the larger amplitude saccades.
These very rapid flicks correspond to retinal image motion of
something like 10 to 15 receptor diamcters and thus have the
effect of presenting a different portion of the image field to
all receptors simultaneously. Morcover, while variable, these
saccades occur at typical repetition rates of something like
10 Hz. These two attributes of this motion component are the
important ones: amplitude large enoudh to alter the sianal in-
puts and a period (v100 msec) that corresponds to the 1mportant
time constant for a number of visual phenomena. The time scale
of roughly 80 to 120 milliseconds is central to phenomena ({(about
which we will have more to say in a discussion of the model's
relation to the experimental data) such as: Jdifferential
chromatic latency, induction of subjective color with achromatic
illumination, and brightness addition of a doulle light pulse.
The 10 Hz frequency appears to be a resonant one for many visual
functions.

The mechanism we are suggesting is that the outpud
signals from the cones are regularly scanned at a frequency of
about lOHz and the signal profile over the 100 msec period is
interpreted as information on the spectral distribution of the
incident light. This impltics that we must look for the delay
(Iatency) of blue light relative to red liaght to be on the
order of 100 mscc.

The phenomenon of differential chromatic latencvy has

long bern a controversial issuce in visual rescarch since
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different investigators have reported different results. How-
ever this issue may well have been settled by Weingarten (1972).
He found that it is of central importance to equate the

intensities of the diffeorent spectral lights to nroperly

observe the different chromatic latencies; o rocedurie that
has not been uniformly followed by previous investiastors.  With
the hue substitution method Weilngarten toun . that @ ocroen

wavelength 549 nm had a delay o:! about 25 msec compared to a

red of 621 nm. Despite the disagrecement on the resalts of the

! different measurements of chromatic latency, one very immortant

result about which there 1s general agreement 1s that the

chromatic latency 1s a monotonic function of wavelength; not

groups of difforent response times for different cone classes

nor U-shaped like the phototopic luminosity function. Vos and

Walraven (1966) and Walraven and Leebeck (1964) found that the

relative chromatic phase delay was inversely proportional to

the wavelength. This is the result directly predicted by the

tapered waveguide color vision model for the time-dispersion

method of reading the positionally-correlated color information.
It still remains to decide how this temporal dispersion

may be coherently utilized in a color vision svstem. Correspond-

ing to some rather well-known properties of the cye and the

psychophysics of color perception we expect the following kind

of shemata. As previously mentioned, there are obscrved to be

three output channels (bipolars) per cone in the central retina

and thus we expect to have availlable three transmission lines




from ecach cone.

in a black-and-white opponent colors code.

channels should carry the color

opvonent color scheme: a red-green (R-G)
the cone signals about a wavelength circa 5
vellow (B-Y) output, differentiating

The two color information channels can operate by

differentiating the time scquence ot
respect to their particular balance points

There is substantial rcason for deciding on

One 1line probably carries intensity information

information in the cxpccted
output,
75

signals about

the cone output with

17.

The other two 4

differentiating

nm and a bluc-

500 nm.

e W

ERY

(575 ard 500 nm). !

these twoe waveloenaths :

as the differentiating points for the two color output channcls;

we will expand on these reasons presently.

Wo have thus far described

a novel

SpPeCctroscopic

principle based on the color dispersion in a near-cutof? tavercad,

Jirelectrlic waveguilde.  Dvidently the architecture of the human
retina bs consistent with the cones being able to utilize this

principle; we have further indicated that the necessary

apparatus for detecting and coding the available coler in-

formation 15 present in the oye.  We now
of the model with the known data
111, COMPARTISON WTTH THE LEXPERIMENTAL DATA

Wer tndertake now

tfashion, a comparison of moicls,

P with the experimontal data on the
retinal architecture and the tunctioning of
vision syesteom. For o convenience, we miaht

turn to

organirze the

A comnarison

on hunan color vision.

in a not necessarily exhaustive

particularly the one describod

structure of the

the human color

data
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comparison into three broad categories: (A) structural properties
of the receptors and retina; (B) static or steady state color
vision phenomena; and (C) dynamic color vision phenomena. In
the Tuble 1 a list of some of the phenomena 1s presented as a
sort of score sheet comparing the proposed model ana the con-

ventional nultiple cone type models.

A. Structure and Architecture of the Receptors and Retina

An obvious advantage of the proposed model is that it
Jirect ly accounts for the obscerved physical characteristics of
the color receptors, particularly as distinguished from the
achromatic rod detectors. The central point upon which the
model focuses is the conical shape itself of the cones; the
model provides for rhe first time an explanation of their
conical shape and variations in this shape for the different
retinal areas. We discussed previously the correlation of this
shape and chanages thoerein with the color resolution ditferences
@ the retina rom the central to peripheral regions.

while the color resolutlion of small retinal areas is
not a3 good as that of larger arecas, the qualitative features ot
the color discrimination function does not change 1n going to
the smaller image size (Bouman and Walraven, 1972). Morecover
color is still resolved with such small spot sizes that only
a very tew receptors are itlluminated (Polyak, 1941) and there does

net seem to ke a minimum spot size for color resolution. This
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TABLE 1.
Partial list of various propertics of the = -
human color vision system. Two model © “ e
, . : . . W) —
explanat ions are coither consistent (YES) =1 8
. ; o . 5 o
or inconsistent (NO) with the phenonmena. E 3 ol
Cases whero the models might or miaht not & g %gz
b consistent depends on particular £ Sl
assumpt rons  (about photopiaments, for = =
oxampi e = =
Al Structural Prorerties
! C nical shape of the coleor receptors NG YES
2 Varliatic:n in cone shape; central and
poeriphe: 1 NO YES
. Uniformits of cones in local regions NO YES
¥ No change in ocoler vision gquality down to
very small retinal image size. N YES
5. Disk renewal difrerences, rods and cones NO YES
Statlc Phenomena
. Urichromaticity of metameric matches YES YES
Stiles-Crawford Effect 11 NO YES
[Liminal Colour Discrimination * *
4 Obscrvel photopic sensitivity * *
Saturation properties of various hues NO *
{, Bezolqi-Brucke Effect * *
7. Land Effect * YES
5 Colour defective vision NO YFS
Dynamic Phenomena
'
¥ 1. Prevost-Fechner-Benham Ef fect; the differential NO YES
chromatic latencies of the clectrical signals
of the retina
2. Broca-Sulzer-Pieron Ftfect Perceptual latencies NO YES
3. Brucke-Bartley Lffect Intensity variation with NO YES
r intermittent stimuli of different presentation
frequency
4. Ditchburn-Ratliff BEfiect Image movement on the NO YES

votina
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result is at odds with the concept of color discrimination by
the differences in signals olicited for different cone types.

Young (1966) utilived a radioautographic techniague to
obscrve the flow of radiocactively tagaued protein into the

recoptor outer seaments.  Such studies reveal that the rod

—

receptors undergo continual displacement orf their internal disc
structurc; new discs continually form at the proximal end of the
outer segment and displace along the lenath of the segment,
eventually being discarded at the distal extremity. The cones,
however, do not apparently follow this scheme. The radicactively
labeled protein does not enter and move along the outer segment
as a discrete band, as obscerved in the rods, but rather it
diffuses throughout the segment structure. That is, the cone
structurc scems to remaln intact and discs do not underao dis-
placement along the receptor length. In the terms of reference
of the model here proposcd, this result is to be expected; if
discs were rencwed and displaced bodily along the conc scament
length, it would not be possible to indefinitely maintain the

agiven cone size and shape.

B. Stecady State characteristics of human color vision

A large number of static or steady statce aspects of
the psychophysics of color vision are known and have been
investigated ot one time or another. We consider some of these
effects and their relation to a model of the color discrimination

process. We make no claims that this discussion is comprehensive;

the ficld is far too vast to be so covered in the necessarily




20.
limited space of this paper. A rather general perspective must
be taken in this discussion; we observe that the proposecd
tapered waveguide model gqualitatively cxplains the observatiorns.
Detailed quantitacive agreement requires a model with specific
assumptions about the photopigment contained within the corcs.
For the purposes of this paper we are more concerned with the
appropriateness of the tapered waveguide concept as a central

aspect of color vision.

I+ Trichromaticity of color vision and cone photopigments

Trichromatic concepts have dominated the study of

coler vision since the time of Thomas Young's original sugcestion.

Support for this stance has been assumed to be provided

by color-matching experiments in which the eye is used as a
comparator to equate the color qualities of two adjacent patches
of light. While such experiments show that it usually suffices
to vary the intensity of only three appropriately chosen

primary colors to effect a match, it does not necessarily follow
that the color sense is three~dimensional and speccifically that
the apparent trichromatic nature is a consequence of three cone
classes with different photopigments.

Tn general one cannot match a particular monochromatic
light with any combinations of intensities of any chosen triad
of primaries. While the dominant hue can usually be matched, a
test patch composed of three primarics cannot match the

saturation or purity of a monochromatic reference patch. In
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general 1t 1s necessary to add one of the primaries to the
monochromatic test light in order to desaturate it. The color
matches or metamers so obtailned are, moreover, variable from
subject to subject and even for the same subject the matches
are variable from day to day. The variability of the accept-
ability of such metamers depends on the degree of metamerism;
the grcater the degree of metamerism, that is the greater the
disparity of the actual spectral content of the two colors
being matched, then the greater is the instability of the match.

In addition the color reproduction prescriptions
provided b such color matching experiments do not translate
directly into formulas for producing desired colors in applica-
tions such as textiles and painting. 1In the final analysis,
appropriate production of a particular desired color can only
be gauged by direct visual inspection of the final product -
1f the match is satisfactory to the eye then it is a good
match ~ and cannot be predicted on the basis of color matching
experiments. These results do not argue favorably for a strict
three-dimensionality of color vision.

We have previously discussed the concept that tri-
chromaticity may result for reasons other than the presence of
distinct cone groups. In the framework of the proposed model,
the approximate trichromaticity of color vision is envisioncd
as being a consequence of three output channels per cone. That
trichromaticity is imposed only after the detection stage allows
considerable flexibility in the data manipulation; through

adaptive mechanisms the eye is able to select that most relevant
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information. Additional support for this view comes from the
association of the dichromatic character of peripheral color
vision with the presence of only two bipolars (output channels)
per cone in the peripheral retina.

Given that no structural or physiological differences
corresponding to distinct cone classes have ever been observed
in the human retina, it has been argued that the differcnces
must be those at the submicroscopic or molecular level, i.e. in
the photcpigments only. Although it would be rather surprising
for such differences to evolve with no corresponding embryo-
logical or physiological differences in the cones, there has 1in
any case been a concerted and longstanding effort to isolate and
identify the cone photopigments. While the rod pigment, rhodopsin,
has been repeatedly extracted from the retina, it has thus far
proven impossible to extract any other photopigment that can be
uniqucly identified as a cone pigment from the eye of any mammal.
It is important to recognize that even if there were definite
proof that three cone pigments were present in the retina, it
would not, per se, constitute proof that color discrimination is
effected by the differential absorption properties of these
pigments. While existence of such pigments is a necessary
condition for the conventional model of color vision it is not
a sufficient condition to prove that it is indeed the only
correct explanation. The model we are proposing, for cxample,
while utilizing the physical properties of the cones for
spectral discrimination does of coursc require some kind of

photopigment to effecct the transduction of light into an
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electrical signal and while only one photopigment 1is necessary
the model efficiency would be ecnhanced by utilization of at
least two pigments; that is, other models are possible which
may utilize multiple cone photopigments in a secondary role.

The indirect measurement methods of fundus reflection
densitometry and single cone microspectrophotometry (MSP) have
not resolved the debate on the number and distribution of
the cone photopigments. While it is not our purpose to discuss
these techniques in detail a number of observations on the
results of these measurements may be noted. Reflection densito-
metry using protanopic observers (Baker and Ruston, 1964)
indicates that a primarily long wavelength absorbing pigment may
indeed be missing although no such evidence for a missing green
pilgment in deuteranopes has been obtained. MSP is a very
difficult technique and the observations on human cone photo-
pigments (Marks, Dobelle, and McNichol, 1964; Brown and Wald,
1964) are at best equivocal. Consider the following points:

a ., The difference spectra on only 11 human cones have
thus far been reported.

b . The procedure is techniquely extremcly difficult
and results for the human eye are particularly
complicated by the rapid post-mortem alterations
of the retina (Citiene, 1972).

¢ . The measurements are not independent of the
transmission properties of the photoreceptors.

d . Marks, Dobelle, and McNichol, 1964 reported that

their results seemed to indicate the existence of

e ———————————————————————————————]
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cones containing both red and green photo-
pigments.

e . The photopigment absorptic: sgpectra inferred from

the MSP measurcments are rather unlikely candidates
for trichromatic color vision; the "red" photo-
pigment has its absorption maximum in the yellow
and the separation of absorption peaks for the

red and green pigments is quite small (on the
order of 30 nm).

f . The results are not highly consistent and re-
producible; when all the measurements reported by
reflection densitometry and MSP are displayed on
a single graph (Riggs, 1967) the absorption
spectra do not fall into three distinct classes.
Such a display reveals an essentially continuous
distribution of broadly overlapping absorption
spectra with a slight break toward the blue

wavelength region.

This situation may be contrasted with the results of
MSP measurements on Goldfish cones (Marks, 1965); therce the
spectral absorption peaks do clearly fall into three distinct
groups. It has previously been noted (Walls, 1948) that color
vision has developed independently several spearate times in the
course of evolution. Goldfish cones are structurally different

from human cones and they do not have the appropriate physical

===



parameters to utilize the tapered waveguide mechanism (at
| least not in the same way as in the human cones). That the
goldfish cones are la-ger than the primate cones has meant
that the MSP measureme ‘ts have been much casier (and more
straightforward) than : »r the human cones.
The actual pa.cern of energy deposition of the
incident light along the cone length depends not only on the

transmission properties of the receptor, but also on the

absorption spectrum and location of the photopigments within

the cone. While the tapered waveqguide model requires only one
such pigment for the transduction of light intc an clectrical
signal, the operation of the discrimination mechanism would be
enhanced by the presence of more than one photopigment. We
might indeed expect that multiple photopigments would be present

and play an important secondary role in enhancing the operational

efficiency of the model. Consider, for example, one particular

possibility for a two-pigment distribution: a maximally long
wavdength-absorbing pigment concentrated near the proximal
portion of the outer segment and a maximally blue-absorbing
pigment concentrated primarily towards the more distal portions
of the cone. Such a distribution would maximize the conce
detection efficicency of red light, which penetrates the cone

to only a limited depth. For blue light, which travels the full
length of the segment, such a distribution would minimize the
amount of short wavelength light absorbed and thus attenuated

in the near regions. This would both c¢nhance the amount of

ﬂ_______
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signal coming from the distal portion of the cone from absorbed
short wavelength light as well as decreasing the amount of blue
light absorbed in the proximal portions of the cone outer
segment. Blue light absorbed in the proximal regions of the
cones would convey intensity information, but not contribute
usefully to the color resolution.

Plausible candidates for this two-pigment distribution j
are two rhodopsin-like pigments with peak absorbancies at
wavelengths around 575 and 500 nm, respectively. There is aood
reason for expecting these to be the appropriate choices [or

the pigments.

Murray (1968), in measuring the diffcecrence spectra of
sonicated monkey foveal recceptors (which attempts to circumvent
many of the difficulties of the single cone techniqgue) found
evidence for two photopigments with absorption at 576 and
526 nm with approximately * 20 nm uncertainty.

Rhodopsin with absorbance maximum at - 500 nm s
already present in the human retina (in the rod receptors, at
least) and would be a leogical candidate for the short wavelength
cone pigment. The R-G and B-Y differentiation of the opponent
colors coding are respectively around the 575 and 500 nm points;
if two pigments are prescent,logical points about which to

differentiate arc,at the absorption pecaks of the photopigments.

These two wavelengihs are central to a number of color vision
phenomena. They arc the locations of the neutral point in

dichromates and are the position of the relative minima in the

spectral discrimination curve. The colors in the wavelength
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domain between 500 and 575 nm have no complementaries and this
region defines a span within which the Stiles-Crawford color

change departs from its general pattern.

2. Stiles-Crawford Color Change (Effect of the Second Kind)
It is well-known that as the angle of incidence of
light at the retina is increascd the apparent intensity de-
éreases (Stiles-Crawford effect of the first kind). This

effect is rather well explained on the basis of the transmission

properties of a dielectric waveguide or optical fiber (diFrancia,
1946; O'Brien, 1946; Snyder and Pask, 1972). Stiles (1937)
reported on a color effect appearing under the same conditions,
wherein the apparent color is also a function of the angle

of incidence. The effect is primarily that of a shift to

longer apparent wavelengths with increase in angle of incidence.
Walraven et al (1960) suggested un explanation of this
phenomenon on the basis of pigment self-screening effects.
However, the pigment densities required to model this effect

on the basis of a three-cone model of color vision are much

too high (Fnoch and Stiles, 1962). 1In addition, Walraven

had to assume & different form of this cffect for the blue
region. If, instcad, onc assumes that the physical transmission
propertics of the cones may scrve as the basis of color dis-
crimination, the Stiles-Crawford color change may be cxplained
very simply, very directly and (over most of the spectrum) very
accurately. The propagation of licht in a dielectric cylinder

depends on not only the physical wavelenath, but the guide

-
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wavelength, which is a function of both the physical wavelength
of the incident light and its direction of incidence. This
guide wavelength Aq is given by the physical wavelength + and
the angle of incidence © as

= A/cos *
g /

This is simply the component of the incident physical wavelength
in the direction of the guide axis. In a physical analogy, we
simply expect that light not incident paraxial to the cones will
"jam" sooner within the confines of the cone and not propagate as
efficiently as those rays directed alony the axis. In figure 3
we make a direct comparison between the original data of Stiles
(1937) and the very simple function i/cos ¢. The theoretical
curves have all been shifted slightly and uniformly to correspond
with the eccentricity of the optical center with respect to the
center of the pupll ot the test cye reported by St:iles (1937).

As 1is evident, this very simple modce', which assumes only that
color discrimination depends on the transmission properties of
the color receptors, provides a rcemarkably good fit with the
data, except for the region between 575 and 500 nm. In this
region socondary effects play an important role.  This indicates the
need for a more precisc calculation (and more experimental data
as well) on the details of energy deposition in the cone segment
as a functin of angle. Such computation requires some

specific assumptions about the photopigment identity and density

in the cones.
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il 30 The Stilos Crawfond Color Change,  The fiqure plots the oriainal
dat + (poirt ) 7 Stiles (1937) and theorvetical curves based on the dependence
of guil e wovelenogth, Yo, with angle of incidence. All the theoreti ool curves
have .- hiftod by about + 0.5 mm to metch the cocentricity of the optical
mter f Srilost o test eye with rogre ot Lo its pup il ocenter. The 91t to the
data ot thio s imple mode]l 1s aood cxcept for the three curves at "4, 570,
atpd B nm (Al ogh these too are an agreement for puprdl chrsplacements 1o
theaen 2 100 mm) .
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1. Devective Color Vision

Color blindness 18 not satisfactorily explained by
either the fusion or loss mechanisms ordinarily suagaested within
the trichromatic rramework (Halaraman, 1960). The proposecd
model offers a simple and plausible scieme of accounting for
the many aspects of (1e phenomona.

Our coursc of deduction has led us to expect the
presence o) at lcast two cone photopigments and two color adiffer-
entiating points on the output channels. The important wave-
lenaths for both of these categorices occur at the wavelenaths
575 and 500 nm. With this in mind we may look at defects in
color vision as defects in the assunced apparatus of the color
vision svstem. The catcaories of color defective fision are (1)
"red-qreen" color blindness which is the most common form and
occurs in two di: "eoront types, protanopia and deutecranopia.  In
both cases the u.rmonsicnality of color discrimination appears to
be roduced from three to twe and colors are discriminated only
as more yellow or more blue than a central differentiating point
at 500 nm {(ncutrail point). {2) "Blue-yellow" color blindness.
Much less common than case (1) above 1s the condition of

tritanonia, which is similarly dichromatic with a ncutral point

I

-

ca. 75 nm. {(3)  Monochromism. Extremely rare is the complete

absencr of color discrimination, where the spectrum is seon
onlw as shades of black and white. At least twe diffcrent forms

i

are recoanizoed, rod monochromism and cone monochromism.,

In protanonia it 18 well known that the sensitivity
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to long wavelength light is markedly reduced. Moreover, the
reflection densitometry measurcients (Baker and Rushton, 1964)
have made a convincing case that protans probably do, in fact,
have a missing red pigment. I'n the context of the proposed

model, the absence of the plgment may well have the effect of

crippling the red-green discrimination offected by differentiating
sianals about the 575 nm point. Tf there are little or no

sianals output by the cones corresponding to the proximal

portion of the outer scaments, now devoid in this condition cf

the red-sensitive pigment, we would indeed expect the failure of
red-green discrimination and the consequent dichromacy.

There 1s no corresponding evidence that, as expected
by the trichromitic theory, a grceen pigment is missing in
deuteranopia.  Of course, in the proposed modcl we lock else-
where for the difficulty. The likelwv mechanism for -ateranopia
is a noural  defect wherein the channel performing the diffier-
entiation about tho 575 nm point is simply inoperative.
Conceptually, this ie¢ ratheor similar to the conventional fusion
hopothesis ordinarily formmiatedl in the trichromatic theory.

A zwggestod vehicle for the tritanopl - deioc! is A
simploe loss of the discriminating point about 500 n~, which mav
arise from o loss of the blue pigment ov (rore 1oxei o neural
defect in the differentiation of the tome-corrciatod intornacien
about the point corrcesponding to 500 am.

Very few studics 1ooiing for abnormalitiles at the

microsconic level in the dichromat ove hoave by vonovted, To

date no i fforences from the normal appoaranee hoae bhoeon picked
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up. In contrast, the few studies reported on the microscopic
examination of the retina in the monochromat eye have revealed
striking abnormalities in the retinal architecture.

Microscopic cxaminations of the monochromat eye have
been reported by Larsen (1921), Falls, Walter and Alpern (1965)

and Glickstein and Heath (1975). These studies reported in some

instances an abnormally low number of cones - though some reported

a normal number - but all agreed that the cones were of abnormal

shape. The cones were variously reported as "short",'

'abnormally
plump," “much wider than normal." If in fact the conical shape
per se is the mechanism effecting color discrimination, then
quite clearly color vision will not be possible in such cases.
Presumably, the cones' size and shape in the normal
retina are just those necessary to effect proper operation over

the entire spectral range. If these cones are either too large

or too small, (sizc in the optical sense which depends on both

physical diameter and refractive index), color vision

characteristics arc expected to deviate from the normal.

4. Land Effect
Land (1959) reported observing surprisingly
good color reproduction using very limited spectral information.
He found that visual scenes could be rendered, for example,
using just two wavelength bands (a long wave reference and a
short wave refcrence) with the subjective appearance of the
full color range yet present. The twc reference wavelengths

could be separated by as little as 10 nm and a visual impression
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still be that of the scene rendered in the full range of
spectral colors, although the colors induced are not fully
saturated. The naturec of this effect clearly involves higher
levels of information processing in the eye-brain system;
Walls (1961) discussed the phcenomena and concluded that it was
not inconsistent with adaptive properties of conventional
trichromatic color vision schemes (see Sheppard, 1968).

The effect illustrates that the eye-brain system is
able to synthesize and properly assign the full range of colors
to a scene in which the information is recorded in a very
limited way: the important information is the relative contri-
bution of either long or short wavelengths in each part of the
visual scene.

While it is surely remarkable that so little inform-
ation is required in this process, it is significant that the
key information (however compressed) is that of wavelength
differences. This scheme is compatible in the rough qualitative
fashion(which is our concern here) with the proposed color
discriminaticn mechanism which is optimized to detect wave-

length differences.

5. Some Other Static Characteristics
In a rather interesting experiment, Brindley and
Rushton (1959), compared the subjective appearance of the color
of light incident at the retina in the normal physiological
direction to that incident at 180 degrees to this direction by
passing light from behind the eyeball through the sclera. They

found that there was little apparent difference in the subjective
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color impression for the two different directions. It has been
commonly assumed that this result rules out color vision being
based on waveqguide effects. However, as has been stressed by
Enoch (1963), the Brindley and Rushton experiment specifically
rules out the possibility of selective elements in front of the
receptor outer segments mediating color discrimination and it
¥...does not represent a definitive test of the role of wave-
guide effects upon vision."

In a tapered waveguide the coupling of light into the
guide will be very inefficient for light incident in the "wrong"
direction, however, that shorter wavelengths will couple into
the cone more efficiently than longer wavelengths will remain
unaltered.

Without some verv detailed assumpsions about the cone
photopigments and the specific workings of the color information
processing mechanism it is not possible to make a comparison
with such properties as: the photopic spectral sensitivity of

the eye, the color discrimination function, and the Stiles

n-mechanisms. Our objective in this study is only an examination

of the qualitative aspects of the proposed model. A very im
portant test of the model would be just that program of making
the appropriate detailed assumptions and looking for the
guantitative fit. Unlike the three-~pigment, trichromatic model
where, in principle, no unique triad can be determined by such
a program (even if that model was the correct one) it is not
unreasonable to expect that the correct unique set of parameters
may be so determinable for the tapered wavegquide model.

Indicative of the promise held by this model is the
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qualitative aspect of the two color threshold technique of Stiles
observed by Brindley (1953). When one attempts to isolate one of
the triad of red, green, or blue by exposing the retina to high
intensities of the other two colors, the saturation of the
"isolated" mechanism was observed to be a highly unsaturated red
or pink in the case of long wavelengths, a highly unsaturated
blue-green for the middle wavelengths, but a very saturated blue
or violet in the short wavelength case. This is clearly the
expected result in the proposed model where only in the last

named case (blue isolation) is the isolated region not accessible

to the red and green lights used to suppress the activity of

their respective portions of the cone.

C. Dynamic Properties of Color Vision

Multiple cone moiels provide little insight into the
dynamic properties of human color vision. 1In contrast, the
proposed tapered waveqguide model - with the use of assumptions
that are essentially forced by the nature of the discrimination
mechanism itself - are in accord with response of the color
vision system to changes in the incident light signals.

1. Differential chromatic latencies

We have already discussed the conversion of the
positionally-corrclated color information of a tapered cone into
a time dispersion of the cone output signals. The pattern of
this time dispersicn is dictated by the nature of the color
selection mechanism; longy-wavelength information is contained
in the short-latency electrical output of the cone and short-

wavelengths in the long-latency in accord with the data, i.e.
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latency is inversely proportional to wavelength (see above).

There are some important observable consequences
of the differential chromatic latency which have not hitherto
been satisfactorily explained. 1In one very interesting series
of experiments Ives (1917) investigated the response time of
the color vision system by displaying to his subjects a bar
qf light which was moved across their field of view. He
éompared the perception of such a moving bar for the cases of
a yellow constructed two different ways - one a pure spectral
yellow and the other of a mixture of green and red combining
to form a color matching that of the pure yellow. 1In the
case of the red-green combination motion of the test bar
across the field of view resulted in a color separation due to
the differential chromatic latencies of the perceptual mechanism.
His observers saw the moving pattern spread to a leading red
edge, a trailing green edge and the combined yellow remaining
at the center. For the case of the pattern formed by the pure
spectral yellcw, however, no such dispersion was observed and
the test pattern remained uniformly yellow. That is, although
the eye - to a first approximation -~ sees the two yellows as
matching (a metameric match) the two different lights do not
elicit exactly equivalent responses in the retinal receptors.
While the colors are metameric to a first approximation, they
are inherently distinguishable and some property of the
receptors must reflect this.

Ives results clearly contradict the widely held

three-rcceptor model of color vision, but it is just the result
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expected in our proposed model, directly reflecting the time
dispersion of the positionally-correlated color information (red,
green and yellow, all having different associated time constants).

The time coding of color information also plays a

direct role in the Benham's top phenomena: the induction of

the subjective perception of color using only modulated
achromatic illumination (Polizzotto and Peura, 1975; Roelofs and
Zeeman, 1958; Sheppard, 1968). For repetitively presented

patterns consisting of three components - a neutral reference

signal and an on signal composed of two parts one, of shorter
duration which is the active component and a longer duration
inactive component (where the difference between active and
inactive may be of relative brightness, for example) - then
color code is: 1) red perception occurs when the active

component is presented immediately after the reference signal,

2) green perception for the active component presented at f
intermediate times, and 3) blue perception for the active
component presented after the bulk of the inactive portion
(most delay with respect to the reference signal). This is just
that code predicted by the proposed model:
2. Eye Movements

The induction of color perception by achromatic
stimuli in this procedure is optimized for presentation fre-
quencies of the order of 10 H,. As previously discussed this
appears to be a naturally resonant frequency in visual per-
ception. This is roughly the frequency of the saccadic eye

movements which we have suggested is the basis for color
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information processing. Use of time coding of color information
in the proposed model requires such a mechanism (or something
similar) to provide phase or reference information). It is
certainly to be expected that the frequency of such reference
signals will be central to the dynamic properties of the
visual system.

3. Brucke-Bartley Effect

The above aspect is further substantiated by the
variation of perceived intensity of intermittent stimuli: the
apparent brightness of flashing lights is greatest for the
resonant 10 Hz presentation frequency (c.f., Sheppard, 1968).

4. Broca-Sulzer-Pieron Effect

The recognition of a color occurs with greater delay
than the production of the electrical signal in the retina
(differential chromatic latency). These perceptual latencies
werc measured by Ferree and Rand (1924). They determined the
time for the rise of sensation to maximum for white, red, yellow,
gre~n and blue light. They found that the perceptual delay
varied systcmatically with wavelength, with the longest wave-
length being the slowest and the fastest rise of sensation
occurring for the shortest wavelengths and white light having
the longest rise time of all. That is, the most information
processing time is required for the longest wavelengths (and
even longer for white light).

This phenomenon too is expected in the proposed color
vision model and simply reflects a general limitation on any
spectrometer constructed on the basis of spectral dispersion

along a tapered waveguide. As previously noted signals arising
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from light absorbed in the most distal portions of the cones,
while delayed relative to signals from the proximal portion

of the cone, are uniquely correlated with short wavelength
light. The proximal cone signals, while arising first must be
associated with further information processing to determine
the incident color since all wavelengths pass through this
region and, depending on the photopigment present there, all
have some probab.lity of producing a signal there. This means
that additional information processing time (relative to short
wavelength light) is required for the long wavelength signals.
This information processing time is long compared to the
differential chromatic latencies associated with the delay

in propagation time along the length of the cones. Aas a con-
sequence this gives rise to a reversal of the time course of
the color code, that is, the rise time to maximum sensation is
a monotonically increasing function of wavelength as opposed to
the electrical signals from the cones, which are universally

proportional, in agreement with the experimental observations.

IV. EXPERTMEUNTAL TESTS OF THE MODEL

There are a number of experiments that can critically
evaluate the accuracy and efficacy of the proposed model:

(1) Precise measurement of the physical parameters
and shape of the retinal cone are needed for verification of
the proposed theory. 1In what has been an intensive and single-
minded search for the three cone pigments required by the

conventional trichromatic theory there has traditionally been
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very little importance attached to these parameters. To date,

very little experimental effort has been expended to determine

the exact size, shape and refractive index of the foveal cones.

The model calculations are consequently based on the best

available and rather crude published estimates of these parameters.
(2) Analog experiments can be conducted with tapered

optical fibers (or alternatively with microwaves with, for

example, appropriately scaled styrofoam cones) to directly

confirm the predicted dispersion mechanism. We might also note

parenthetically that a spectrometer could be built and operated

on just this proposed mechanism. Indeed, if one constructed a

tapered fiber with an appropriate photosensitive semi-conducting
material, and repetitively pulsed a read-out of photoelectrons
one could electronically extract spectral information (once
again, technology would emulate nature).

(3) The discriminatory properties of the proposed
physical mechanism depend critically on the refractive index
diffcrence btween the receptor and its surrounding interstitial
matrix., Altcrations in the refractive index of the medium in
which the cones are emerged will profoundly influence their
color discrimination. If the refractive index of the inter-
photoreceptnr space is systematically altered, and the resulting
colour vision characteristics of the subject eye are determined,
a very sensitive test of the model is possible. In this
connection we may note that while the pigment epithelium is a

very effective barrier between the plasma and the photoreceptor
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layer, the rntina is not so isolated from the vitreal side

(Kuwabara, 1965). There is thus the possibility of modifying

the refractive index in the interphotoreceptor space by
introducing appropriate agents through the vitreal side.

We might note that the muco-jolysaccharide-like substances in

the interphotorec i tor space are chemically similar to immuno-
globulins and in this connesticon it is interesting that Raymond
(1974) reported obsertain: reversibility of colour blindness in
allergenic sabjects v IgE hyposcnsitization treatments.

While Raymond gave fow ictiils on the color vision character-
istics of his subjocts this may well be an important line of
study to pursue.

(4) The encrgy deposition pattern of differently
coloured lights within the outer segment may possibly be in-
ferred from a destructive testing technique. Exposing the
primate rctina to high-intensity coherent light will damage the
retina and if levels of light are used which are below the gross
damage threshold, it is known that the photoreccptor outer
segments are the first portions of the retina to show microscop-
ically visible signs of damage (Adams, Beatrice, Bidell, 1972).
The model can be tested by varying the output wavelength of a
high intensity ligiit source and looking for differences in the
resulting damage p:cterns as a function of the colour. If the
standard three-pigment, three-receptor model of colour vision
werc correct, we would expect to find only a particular portion

of the cone population to be damaged at the appropriate
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intensity levels as the incident wavelength is varied
| (distinguishable cone populations). In our proposed model, on
| the other hand, all cones in a local arca will be damaged in
! rather similar patterns: long wavelength light primarily dis-
l rupting the proximal portions of the cone and short wavelength
light either damaging only the more distal cone regions or the
entire length of the outer segment, depending on the photo-

pigment distribution within the cones.

V. CONCLUSIONS
We have proposed a very simple and straightforward

model for color discrimination by the retinal receptors of the

human eye. The proposed model depends for its operation on the
physical properties of the receptors and enables each cone to
individually act as a miniature spectrometer.

The color dispersion of such a spectrometer is clearly
demonstrable in principle. The model is consistent with the

known structure and physiology of the retina. The apparatus

necded to make use of the operating principle of the model is

present in the eye and indeed the presence of these attributes

there is difficult to explain otherwise.

The model is not contradicted by any known data and
even without making any specific assumptions about the details
of the cone photopigments it leads to a simple and direct
exXplanation of the wide range of both steady state and dynamic
per formance characteristics of human color vision. The

predictions of the model are subject to direct and critical
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experimental test.

The model succeeds remarkably well as a unifying
principle and brings together in one simple and connected
explanation what has hitherto been a disparate collection of
observations. The model, of course, is not complete; indeed
it is only a beginning. Complete understanding of color wvision
awaits understanding of the complete organism: the complex inter-
play of very sophisticated clements comprising each individual.
The model does, however, appear to be an illuminating concept;
one which offers some promise towards more complete under-

standing of color perception.
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Summary

This study presents the topography as seen by scanning

electron microscopy of the rabbit retina in general and the

photoreceptors in particular; and of large laser lesions in

P p—
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the retina.
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There are only a few studies of vertebrate retina
using scanning electron microscopy! ° but none of the rabbit
retina, and none of laser lesions in a retina.

This study explores the topography of the rabbit
retina in general, and the photoreceptors in particular; and
large laser lesions in the retina.

METHODS

Mature New Zealand black rabbits with well pigmented

retinas were used. Immediately after lasing, photographs of
the fundus were taken with a Topcon fundus camera, and another 1
photograph was taken prior to enucleation; also line-drawing

maps were made of the retina with the lesions.

Details of Laser Exposure in Rabbits:-

| The laser exposures were carried out with a flashlamp

pumped dye laser. The coaxial flashlamp was typically run at

20 KV discharge voltage and rhodamine 6G was employed as the

active medium. The laser output wavelengths employed ranged

from 570 to 600 nm. (typically 585 nm) The output pulse

duration was 0.4 psec (FWHM). The becam diameter at the rabbit

cornea was 5.0 mm, The laser beam divergence was 4 milli radians
and the estimated minimum spont size was 75 microns. The retinal
energy density of the typical lesion studied in this report was
on the order of 10J/cm?.

The rabbits were anesthetized with an intravenous
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injection of Nembutol and the pupils dilated with 2% homatrapine
hydrobromide.
Details of Tissue Processing:~-

Lased eyes were dissected out and washed clear of
blood. They were cut open at the ora serrata with a sharp
blade and fixed in 2.5% glutaraldehyde + 0.5% paraformaldehyde
in 0.1M Sorensen's phosphate buffer. After thirty minutes the
eye tissues were sufficiently hardened to be dissected further.
The cornea, lens and vitreous were gently removed and the lased
areas, located with the aid of maps and fundus photographs,
were cut out using new sharp blades. From many trials, it was
found that 2 days in the aldehyde fixative and 30 minutes in 1%

osmic acid in 0.1 M phosphate bhuffer gave best results for SEM

studies. The tissuc was dehydrated in cthyl alcohols and acetone;
and critical point iriec with CO». The specimen was coated with
a 20 nm laver of g1l esing a Technics Sputter coater; examined
in a HHE-2R Hitachl Scunning Flectron Microscope, and photo-

graphed on Kodak plus-X film.
The laser lesions were well above threshoeld and

sufficicntly powerful to affect the full thickness of the retina.
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Results: -

Since the impact of scanning electron microscopy
is visual and in order to avoid repetition and to present
the material in the most effective manner, the results are

presented photographically with accompanying captions in

Figures 1 to 17.
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DISCUSSION

Although a good deal is known about the rabbit retina
from light and transmission electron microscopy®~!!, confirmation
of some information, and the extension of our perceptions and
insights is provided by the dramatic impact Of the three-dimensional
type of view obtained by scanning electron microscopy.

We list some of the more significant observations
below.

The rod outer segments are observed to be very long
and uniformly cylindrical. The ciliary connectives do not all
lie at the same level, so that the outer segments are not all
of the same length.

The texture of the inner plexiform layer is so
markedly different from all other layers that it can be
identified with ease, even as debris in laser lesions.

Miller cell processes are known to surround and
envelope the nuclei of the retina'?”!® but here we see how
these processes form a distinct nest for each nucleus. The
other surprising fact is that even the considerable trauma of
a suprathreshold laser insult does not explode the nuclei, but
thev are extruded whole and discrete from their nests without
their connecting fibres.

The sequence of laser lesions shown here is from a
barely raised dome covered by intact basal lamina, to small

perforations in a small hillock, to large open craters with

i | —




much extruded retinal debris over a large swollen mound.

Some of the debris seen at the crater openings can
easily be identified as variously: nuclei, blood cells and
pieces of inner plexiform layer. However, fine filamentous
material is also seen and we do not yet know whether this is
vitreal, from the blood, or whether some of it represents
healing, or even the beginnings of formation of an epiretinal
membrane. This is currently being investigated. Some of the
cellophane-like membranous material seen is the vitreal-retinal
boundary layer, rolled up after being torn by the laser impact.
(Figs. 10,11,13). The "beaded fibres" (Figs.15,16,17) were
often seen and we can as yet offer no explanation of their
nature. This work is in the process of correlation with

transmission electron microscope studies.
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Fig. 1. - Normal rabbit retina. The vitreal surface is
uppermost. Some ganglion cell (G) nuclei can be seen and
Muller cell processes (MC) arc prominent. The ganglion cell
and nerve fibre layers are not clearly distinguishable.
The inner plexiform layer (IPL) is sponge-like in appearance.
The inner nuclear layer (INL) is bounded by the narrow outer
plexiform layer which has distinct horizontal processes (HP).
The nuclei of the outer nuclear layer (ONL) are smaller and
more numerous than those of the INL and at the bottom left-
l.and of the picture can be seen the photoreceptors. Note that
when a nucleus is displaced there is left a discrete nuclear
nest (NN) formed from Muller cell processes.

x6,000

Fig. 2. - Normal rabbit rods including their nuclei (N).
The inner limiting membrane (ILM) can be seen and also the inner
segments (IS), crnnecting cilium (C) and the long uniformly
cylindrical outer segments (0S). Note that the ciliary
connective varies in its position in the retina, and the outer
segments differ in their lengths.

x12,000

Fig. 3. - Outer nuclear layer to show the "nuclear nests" (NN)

that surround the nuclei.

x21,000
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Scanning electron Microscopy of rabbit retina

Fig. 4. -~ A 2~-day old lascr lesion appears as a more or less
symmetrical hillock or hump, on the uninterrupted vitreal

surface of the retina.

X1,200

Fig. 5. - The vitreal surface of the retina with a 2-day old
laser lesion, showing small perforations in the vitreal-retinal

boundary layer,at the summit of the hillock.

X2,100

Fig. 6. - A 7-day old laser lesion sectioned through the
thickness of the retina. It shows how the retina humps up and
folds so that the photoreccptor (PR) layer comes to lie in a

central vertical line. The choroid (Ch) and sclera (S) can be

seen. The inner limiting membrane (ILM) is very little disturbed.
X1,200
Fig. 7. - A 2-day old lesion with nuclei extruded from well-

defined oprnings on the hillock summit. Cell debris,

erythrocytes and some fibrous material are present.

X2,100

Fig. 8. - A piece of retina with a 2-day old laser lesion
that appears like the crater of an erupted volcano. There is

cellular debris at the crater. Note the cut surface through

the thickness of the retina which appears intact and

unafiect~d by the neighbouring laser lesion.

x480
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i Scanning electron microscopy of rabbit retina
! Fig. 9. - Surface view of a large crater of a 7-day old laser

lesion with red blood cells, nuclei and debris lying around the

edge of the crater.

X2,100

Fig.10. - A 4-day old laser lesion in which the contents of
the retina have poured, lava-like, over the slopes of the
lesion hillock. Menmbranous material {M) of the vitreal-retinal
border has curled up and lies along the hillock slope.

X1,020

Fig. 11. -~ A portion of Fig. 10 magnified to show the
cellophane-like membranous material (M) which is probably the
curled up inner limiting membrane. There are nuclei (N) present,
and also sponge-like material resembling the IPL of the normal

retina. (See Fig. 1)

X6,000

Fig. 12. ~ The vitreal surface of the retina with two 7-day

lesions, the lower one of which (arrow) has a large crater.

Note the wrinkle-pattern of the dried vitreal surface of the
retina, and the general depression around the unmarked lesion

of the retina.

Fig. 13. - A 7-day old laser lesior (the upper one shown in
Fig. 12) magnified to show the crater covered with discrete
extruded nuclei, membranous material (M), cell debris and
macrophage (Mp).

X2,100
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Scanning eclectron microscopy of rabbit retina

Fig. 14. - A 7-day old laser lesion with a large empty-looking
crater and only a few nuclei adhering to the hillock summit.
Note the cracks in the vitrecal surface at the edge of the
crater (arrows).

X2,100

Fig. 15. - The crater of a 2-day old lesion shows a distinct
bundle of beaded, fibrous material (F) lying across the centre

of the crater, extending from the rim. There are numerous

extruded nuclei and considerable cell debris.
X2,100
Fig. 16. - The fibrous material (F) shown in Fig. 15 is
magnified here. It consists of locsely packed, approximately
parallel, strings or cords of irregular diameter, with
occasional beadlike swellings or attachments. Some nuclei (N)
can be scen.
X6,000
Fig. 17. = A view looking onto the crater of a I~-day old
lesion showing "beaded fibres" (F) lying across extruded
material from the retina.
X12,000
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APPENDIX 1.3
draft

SCANNING ELECTRON MICROSCOPY

OF NORMAL & LASED RABBIT PIGMENT EPITHELTUM

B. Borwein, M. Sanwal, J.A. Medeiros, and J.Wm. McGowan

The Department of Physics and Centre for Interdisciplinary
Studies in Chemical Physics, The University of Western Ontario

Introduction

There are a few studies of the pigment epithelium of
the vertebrate retina by scanning electron microscopyl_s, but
not many. There are none of rabbit retinal pigmented epithelium

and none of laser lesions of the pigment epithelium.

This present work reports on the appearance of normal

and lased pigment cpithelium of the rabbit retina.

Until the advent of SEM , our mental images of
structures have been based upon reconstruction from light trans-
mission electron microscopy. These often fail to demonstrate
the many facets of surface topography, and the total appearance
of large structures.

The dramatic three-dimensional view by SEM obtained
extends nur perceptions of tissues and cells seen so far only

by thin sectioning.




METHODS

Mature New Zealand black rabbits with well pigmented
retinas were used. Immediatelv after lasing, photographs of
the fundus were taken with a Topcon fundus camera, and another
photograph was taken prior to ecnucleation; also line-drawing
maps were made of the retina with the lesions.

Details of Laser Exposurc in Rabbits:

The laser exposures were carried out with a flashlamp
pumped dye laser. The coaxial flashlamp was typically run at
20 KV discharge voltage and rhodamine 6G was employed as the
active medium. The laser output wavelengths employed ranged
from 570 to 600 nm. (typically 535 nm) The output pulse
duration was 0.4 sec (FWIM). The beam diameter at the rabbit
cornca was 5.0 mm. The laser beam divergence was 4 m Rad and
the estimated minimum spent size was 75. The estimated retinal
cnergy density of the typical lesion studied in this report
was 10J/cm2.

The rabbits were anaesthetised with an intravenous

injertion of Nembutol and the pupils dilated with 2% homatrapine

hydrobromi o,
Details of Tissue Processing:

IL..sed eyes were dissccted out and washed clear of
blood. They were cut open at the ora serrata with a sharp
blade and fixed in 2-5% glutaraldehyde + 0.5% paraformaldehyde
in 0.1M Snrensen's phosphate buffer. After thirty minutes the

eye tissues were sufficiently hardened to be dissected further.




The cornea, lens and vitreous were gentlv removed and the lased
areas, located with the aid of maps and fundus photocraphs, were
cut out using new sharp blades. From many trials, it was found
that 2 days in the aldehyde fixative and 30 minutes in 17 osmic
acid in 0.1 ! phosphate buf:er yave best results from SEM
studies. The tissue was dehydrated in ethyl alcohols and
acetone; and critical paint dried with COp. The specimen was
coated with a 20 nm layer of «old using a Technics Sputter
coater; examined in a HHE -2R Hitachi Scanning Electron
Microscope, and photographed on Kodak plus-X film.

The laser lesions were above threshold, and sufficient-
ly powerful to affect the full thickness of the retina.

The posterior fundus was used and only the surface
facing the photoreceptors was studied. The lesions were
allowed to mature for 2 to 7 days and the eyes were then
enucleated.
RESULTS

The pigment cpithelial cells are hexagonal in shape,
and the cell boundarics are very clearly demarcated. (Figs.
1,2). Microvilli are very abundant, and even when the cells
seem relatively denuled of microvilli in the lased cells (Fig.
5) the microvilli can still be seen to be present at much higher
magnifications (Fig. 10). Rod outer segments can be seen
embeddnd among the microvillous processes (Fig. 2).

Two kinds of microvilli were observed: the usual long,

single, simple microvillous process (Fig. 2) and also broad

4




sheets of processes with irreqular indented margins (Fig. 3).

However, under the visual streak, the pigment
epithelial cells are strikingly different, in that the cells
are smaller and the long microvilli are absent. The few at-
tached outer segments scem much stockier (Fia. 4) than those of
the other arcas of the posterior fundus (Fig. 1).

When lased, the pigment epithelial cells secem to
retract or lose their micrevilli, (Figs. 5,6,7,8,9) but at
higher magnifications it is secn that even the apnarently de-
nuded cell surface has microvilli (Fig. 10). The difference
must thus be one of abundance, densitv and, perhaps, even length.

The lascer lesions are very clearly demarcated and
.circumscribed (Figs. 6-8), by the relative paucity of their
microvilli. 1In the lased areas, some individual cells are seen
cach one of which has one hole in it (6,7,8,11).

In some 2-day old lesions, a cap 1s seen on some
pigment epithelial cells (Fig. 9), which seems to lift off and
is then shed (Fig. 10), to leave the hole seen in the cells of
the 4-day old lesions (Figs. 6,7,8,11).

Associated with the lased areas there are groups of
much smaller pigment-epithelial cells (Figs. 5,6,7). In Fig. 5
abundant microvilli can be scen on these small cells. The cells
in 2-day old lesions arc most denuded of microvilli, and here
there appecars to be a lifting of the cell apex (Fig. 10). 1In
the 4-day old lesions the microvilli are not quite so sparse,
and there are holes in some cells. (Figs. 5,6,7,8). Very few

outer segments are seen attaching to the pigment epithelium in

the lased areas (Fig. 8).




DISCUSSION

Hogan et al (1971) state that mitoses have not been
observed in retinal pigment epithelial cells and that it is
generally believed that they arc not replaced if they die, but
adjacent cells slide laterally to fill the space left by a dead
cell. They suggest that thce multi-nucleated cells seen at the
periphery result from amitotic division. However, Recese (1960)
points out that the "pigment epithelium proliferates upon the
slightest provocation" and it is known to be very reactive to
trauma and to proliferate as a consequence of trauma. Wallow
and Tso (1972) found prolifcration of the RPE at the periphery
of and overlying malignant choroidal melanomas, and so did
Font et al (1974) and Fishman et al (1975). -

Proliferation of the pigment epithelium has also been
observed in response to radiant energy damage (Friedman &
Kuwabara, 1968) to inflammation (Frayer, 1966); to detachment
{Frayer, 1966; Machemer & Norton, 1968); to xenon photo-
coagulation (Ishikawa et al, 1973) and to laser irradiation
(Marshall & Mellerio, 1970; Bresnick et al, 1970; Powell et al
1971). Within four days of lasing we found clearly demarcated
groups of proliferated cells within the lased areas.

The transition between the lased areas showing damage
and the normal pigment epithelial cells was abrupt in argon
lesions seen by transmission electron microscopy (Marshall et
al 1975). 1In the S.E.M. view of the lesions in this study a
dramatic finding is that the laser lesions are very clearly
delimited by the surface appearance of the lased pigment

epithelial cells, with their relative paucity of microvilli. At




low magnifications it appears that the microvilli have been
retracted or destroyed. However, at high magnification,
microvilli are seen to be present, but they are sparser and
shorter and almost completely absent on parts of the cell
surface.

We were unable to locate holes in the cells away
from the lased areas. The holes seem to be a result of laser

insult, being found in some cells in all lased areas, and it

seems that a cell 'cap' may be shed to leave the hole (Fig. 10).




Fig. 1 - Normal pigment epithelial cells facing the photo-
receptors, from an unlased area of the posterior fundus,
Showing the hexagonal cell outlines. The microvilli are
abundant, and long rod outer scaments (ROS) are attached to
some of the cells, embedded among the microvilli.

X5,400

Fig. 2 - Normal pigment cpithelial cells, with their
multitudinous microvilli. The individual cells can be clearly
distinguished. Portions of rod outer segments (ROS) adhere to

the microvilli.

X12,000
Fig. 3 - Normal pigment epithelial cells from an area near
a 7-day old lesion. The processes are of two kinds: long,
single microvilli (MV), and broad, rampart-like processes (BP).
X24,000

Fig. 4 - Normal pigment epithelial cells in the region of
the visual streak. These are different from the pigment
epithelial cells of the posterior fundus in that the cells are
smaller and the long microvilli are absent here. Some squatter
outer seqments arc seen (0S)

X6,000

Fig. 5 - Pigment epithclial cells at the margin of a 4-day
old lesion. Thoe cell outlines are clearly demarcated, and the
microvilli are prominent. There are present a large number
of very small cells with abundant microvilli.

X5,000
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Fig. 6 -~ A 4-day old lesion is easily distinguishable on

the pigment epithelial surface. There are many red blood j‘
cells lying on the lesion surface among other cellular debris.

The pigment epithelial cells in the lesion are denuded of

microvilli. A few holes can be seen (arrows), and also zones 'J
of very small proliferating pigment epithelial cells (arrow ;1
heads) . E
X1,200 i

Fig. 7 - A 4-day old laser lesion seen at the pigment 1

epithelium surface. The more-or-less circular lesion area is
distinguished and circumscribed by the absence of microvilli
on the cell surfaces. Some erythocytes and cell debris can be 1
seen at the lesion centre. There are groups of smaller cells
(arrow heads),and there is one hole per cell in some of the
cells (arrow).

X1,200

Fig. 8 - The edge of a 4-day old laser lesion showing
clearly the abrupt transition from denuded pigment epithelial
cells in the laser lesion to those with abundant microvilli
of the unaffccted cells.

There are no attached outer segments in the lesion area,
in contrast to the many rod outer segments seen in the normal
cells. Note the holes in some of the lased cells (arrowhecads).

X2,100

Fig. 9 - Pigment epithelial cells in a 2-day old lesion
showing caps forming on the cells. No holes are present.

X1,200




Fig. 10 - Pigment epithelium cells in a 2-day old laser
lesion. The microvilli are almost completely absent and some
cells appear to have a cap-like part (c) in the process of
being shed. This is possibly the manner of formation of the
hole seen in the 4-day lesions.

Some outer segments (0S) can be seen.

X12,000

Fig. 11 - A pigment epithelial cell is a 4-day old lesion
showing a hole surrounded by microvilli. This cell is a
mganified view of the cell marked Fig. 7. Note the microvilli,
which appear so sparse and flat in Fig. 7, and the red blood

cells (RBC).
X24,000

aeitall
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APPENDIX 1.4
ROUGH DRAFT

DRAFT of paper entitled "STUDIES IN HUMAN RETINA 1. The so-

called normal areas from the retina of an eye cnucleated for
choroidal melanoma" by B. Borwein, ot al in prewvaration for

submission to Investigative Ophthal.

ABSTRACT
A retina from an ecve cnucleated for choroidal
melanoma from a 47-vear old woman was examined by electron
microscopy. In previous studices using retinas from human
eyes enucleated for choroidal melanoma there has been an
implicit or explicit assunption that the areas not immediately 4
bordering the meclanoma are normal.

Normal portions of the retina were seen 1n this

study, but this paper reports on the abnormalitics that were
present 1n areas distant from the melanoma.

These abnormalities include bhlood cells within the
pigment epithelium, and immediately below it; holes in the
photoreceptor layer; pigment bodies and phagosomes within the

inner retinal layers; rod outer seyments clumping and fusing

together in groups; small foci of pyknotic photoreceptor
nuclei; and cystic pigment epithelium with and without prolif-
eration and/or degenerating nucleil.

In the great majority of scctions examined, the
outer segment discs were normally arrayed.

Many studies of human retina and choroid have used

tissue from ecyes enucleated for choroidal melanomas (1,2,3,4,5,

—"
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6,7,8,9). Cohen (11) states clearly that he used cyes "removed
for reasons nod directly involving the visual function (e.qg.
maxillary car inomal". Frequently the cause f{or enucleation 1is
net given and the only statement made is that the eyes were
obtained from human patients ‘ollowing surgical removal (10,11);
or the kind o!f tunour is not sreclfied (10). None of these
papers describe the method o conucleation, which may rossibly
arfoct the deurve of ischemia to which the retina 1s subjected.

The prinary aim of »our stuly was to investigate
tareshold laser lesionsg, tuo smill to be visible ophthalmological-
., ln human rotinas. In the coursce of this work we found that
there were aroas 10 trne nosterior fundus remote from both the
melaror o ount to- jaser 1lesion areas that were abnormal, and
nearby were 0 ol zones showlng typlcally normal structures.

This paper re:orts the abnormal findings.

MATERIALS & METHODS:

A 47 vear old white woman with normal 6/6 vision
donated her left eye which wa s enucleated by the snare method,
for a choroidal melanoma, infero-temporal to, and near, the
macula. The tumour was 10 x 5 x 3 mm, mainly of epithelioid
cells and with a shallow serous retinal separation. The over-
lying pigment epithelium had focal areas of proliferation.
There was no yecllow pigmentation associated with the neoplasm.
The tumour was found in the course of a routine examination
and the patient did not report any visual symptoms.

Three to four hours before enucleation, argon laser

lesions were made in the posterior fundus around the disc and

IR VI SN




macula, ranging from 50 - 1000, spot size.

Following enucleation, the pathologist cut out the
area of the cye with the melanoma, and within half an hour after
surgery the retina was put into fixative. The delay was due to
unforeseen hospital procedures.

The fixative uscd was phosophate buffered 2.5%

glutaraldehvde and 0.5% paraformaldehyde (0.1M, ph7.4) for four

hours and the material was post-fixed in 1% buffered osmiunm

tetroxide for two hours. The tissue was further dissected in
fixative and the laser lesion arecas were cut out with a sharp
blade. All the tissues were processed through alcohols to
Epon 812.

One micron sections were cut and specific areas
selected for ultrathin sectioning. These were stained with 1%
toluidine blue. Thin (60nm) sections were stained with uranyl
acetate and laed citrate. The sections were examined 1in an
AETI 800 electron microscope.

The areas of the retina surveyed were nasal to the
disci and paramacular.

OBSERVATIONS

The great majority of the nuclei of the outer nuclear
layer were normal and well-fixed (Fig.l) but in three separated
arcas, focal pyknosis of both rod and cone nuclei was seen
(Fig. 2) in cells with normal outer segments. In a paramacular
zone, thc pyknosis (Fig. 3) was associated with irregular
"holes" in the photoreceptor layer, extending from the pigment
cpithelium (which was degenerating, but continuous, to as far as

the external limiting membrane (Fig. 11).
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Bruch's membrane was intact and uninterrupted in all
sections surveyed, even when blood cells were present within
or below the pigment epithelium. Its appearance was normal for
the age group, even when overlying abnormal pigment epithelium.
The variations seen werc slight. These were variations in the
amount and denseness of collagen; the abundance of coated
vesicles; and the number of tubular structures in the central
zone (Fig. 4). Drusen were never seen. The elastica did not
stain prominently. The endothelium of the choriocapillaris was
much fenestrated and showed wedge-like thickenings at intervals,
some of which indented and even penctrated into Bruch's membrane
and sometimes seemed to interrupt the endothelial basal lamina
Membrane-bounded electron-dense bodies with a lighter periphery
were occasionally seen (Fig. 4).

In many areas the pigment epithelium appeared classi-

cally normal (Fig. 5), and although recently-ingested phagosomes

were seen (Fig. 6), they were never abundant. Occasionally,
electron-dense large pigment-like bodies were found to be
phagasomes when seen in very undeveloped photographs.

Abnormal pigment epithelium varied from slightly
cystic in the apical areas mainly, to cystic throughout.
(Figs. 4,6-8). Even within one block, in near neighboring
sections, the number and sizes of the vacuolar cystic spaces
varied. The basal infoldings were largely normal (Figs. 4,7).
When more severely affected the pigment epithelium lost its
polarity, and large and often irreqularly shaped pigmented

bodies (Fig. 4) were crowded into the basal portion (Fig. 8)




and the microvilli were retracted. Some nuclei became
misshapen and there was nuclear proliferation (Figs. 7-9)
and pyknosis (Figs. 8, 9, 11). The bascment membrane of the
pigment epithelium was of uniform thickness and intact (Figs.
4,7-9).

In some areas blood cells, mainly erythrocytes with

a few neutrophils, were found within the pigment epithelium.

The pigment epithelium was vacuolated and cystic-looking, but
the outer segments and inner segments were normal (T'ig. 10).
Where there were "holes" in the photoreceptor layer associated
with areas with blood in the pigment epithelium and below it,
the photoreceptors around the "hole" were distant from the
pigment epithelium, sparser, and some were clumped together in
groups (Figs. 11). These "holes" were found in the photo-
receptor layer only and some of them extended as far as the

external limiting membrane.

Pigmented bodies were seen within the inner retinal
layers. They were mainly in the ganglion cell layer (Fig. 12),
but extended into the inner plexiform layer, and were sparsest,
in small isolated groups, in the inner nuclear layer (Fig. 13).
This was observed in only one zone, superior and nasal to the
disc, and near to a laser lesion, but not within the lased area.
The pigment bodies varied in sizc but bore a remarkable
rescmblance to those of the pigment epithelium. The cytoplasm
aroun<d the pigment bodies was cystic; therewere misshapen and
pyknotic nuclei and some were shrunken (Figs. 12-14). 1In

places the cytoplasm looked washed out, there were swollen
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mitochondria (Fig. 12) and varied dense bodies (Figs. 12,14). -
The cytoplasm looked generally disorganized. Structures strongly
reminiscent of phagosomes formed from recently-ingested outer
segments were seen in these areas (Figs. 12-15). When photographs
were underdeveloped, a few more phagosomes could be identified.

In a paramacular area, outer segments were clumped
together in groups. Some were disorganized and disintegrating;
others were normal (Fig. 16). Hcre some of the inner segments
were swollen and contained swollen mitochondria. In another
zone which was near to, but not within, nor immediately bordering
on a laser lesion, there were normal looking outersegments
clumped together in groups (Fig. 17). At higher magnifications,
from both these areas, these rod outer segments were seen to be
fusing together in groups of from two to four by the confluence
of their plasma membranes (Figs. 18, 19).

The calycal processes were small and sparse and were

not seen regularly in cross sections of outer segments close to
the inner segments, as expected.

The blood vessels of the retina seemed normal for the
age-group, and the "swiss checese" cffect was not excessivelv

developed (Fig. 20).




DISCUSSIOM:- R O U G H DRAFT

What emerges from this study is that normal and
abnormal tissues were found within this one retina, sometimes
juxtaposed, in areas distant from the melanoma and from the
laser lesions.

Whether the choroidal melanoma was responsible for
some of the akniormalities seen is not certain, bhut it may be
connected with the migration of pigment epithelial cells into
the inner retinal layers, probably through the holes seen in
the photoreceptor layer. Some phagosomes were seen in the
inner retinal layers and by undecrdeveloping photographs with
pigmented bodies a few of these pigmented bodies could be
identified as phagosomes.

In several studies of chloroquine poisoning, pigment
is reported within *he retina. Smith & Benson (1971) saw pigment
epithelial cells in the inner retina and these included lamellar
inclusion bodies, in cats; and Francois & Maudgal (1967) saw
this 1in rabbits; and Abraham (1970), in a ' TEM study, saw
pigment bodies in the inner-retinal layers in alblno rats.
Bernstein (1964) reported migration of pigment in the form of
very large clumps into the inner nuclear layer in a 38 year-old
woman trecated with chloruQano for two years for lupus, but
Wetterholm & Winter (1964) saw very large cells laden with
pigment granules in the outer nuclear and outer plexiform layers

in a similar casc.
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In retinitis pigmentosa, pigment granules accumulate
around the blood vessels and in the inner retinal layers (Yanoff &
Fine, 1975), (Reese 1960).

The pigment epithelium is well known to be very active
to trauma, to "proliferate at the slightest provocation" and to
migrate into the retina if there are breaks in the E.L.M. The
pigment epithelium overlying a choroidal melanoma may proliferate,
desquamate and migrate so that it will be seen not only over the
tumor but elsewhere, too (Reese 1960).

We do not know what specific trauma caused the cystic
reaction in the pigment epithelium. It could be lasing of the
eye; or the fact that there were lesions near the macula (Frisch,
Schwaluk & Adams) or the effects of the choroidal melanoma.

Wherever there was blood in the pigment epithelium
and holes present in the photoreceptor layer the pigment
epithelium was cystic, to a greater or lesser degree.

In many forms of trauma the melanin granules withdraw
from the optical villi and the general polarity of the cell is
lost (refs. ), as we see here.

The clumping and fusing of the outer segments in groups
of 2 - 4 has not been previously reported but organelles in
general are known to coalesce under trauma (ref. ).

There are holes seen in the photoreceptor layer but
it is noteworthy that the pigment epithelium is neither torn nor
detached. The presence of blood cells may be due to surgical
trauma but no similar reports were found in the literature of

other melanoma retinas (refs. ). No tears were seen in
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Bruch's membrane but there must have been some to enable the

blood to pass from the choriocapillaris; or else the blood would
have to have come from inner retinal vessels which seem more
unlikely.

In subthreshold laser lesions the pigment epithelium
shows (Adams, et al) condensation nd thickening of microvilli,
loss of pigment granules, condensation of smooth endoplasmic
reticulum and increase in lysosomes. There was associated
disorganization in the outer scgments, shrinkage, separation
from each other, retraction from the pigment epithelium and
disarray.

Why are the calycal processes not prominent? Others
illustrate them in human retinas (Hogan et al). It is possible
that they withdraw or are destroyed in response to trauma.

No matter what observations were seen in the pigment
epithelium and the other retinal layers, Bruch's membrane

remained normal in appearance.

-

ey
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1. INTERACTICN OF

cms, small
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From the beginnina of time the intrraction t1c radiation

molecules, and eventually larde ricl.
know jt today. Unt:i] th
from extraterrestrial ani [rof futy cral
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solast o

of man has led o the developrment o8 o RPN s,
through radio, radar, infrared, i R . - -

Iereus 1 the ew
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magnetic spectrum which 1nolus s vl

when the energy contained 1n the PRI B oot
transfer enoudh heat ener ot : soLiter . P
boii. 1If sufficient ene o Lo e ar

- w St O AN

develop which literally

In this first lecture, I will discuss with particoolar atrention
.

given to that part of 1t that we .an e,
far red or infrared, the heat fort.ion ot tre wpe trogs
that we normally associate with Suntanning &0 Sain Lanter. .

e

.
t noerdirases

CLoan Tttt part

wiciet, opoultraviolet - otne regien

Although electroragnetic radiatisn of all frejuonaies

live is shielded on the vicler end ot che frem Gltre-violet radiat:. n
atmospherce which exist< between J0 and o the catth
haps in jecpardy as a result of the oo
cans. Similarly we are not b<iled an

by the water Vaiour Iin ouy atmos; Herc.

falls uron the earth,

¢

there by cujer:

ause ot the

narcmeters (0

th waveleraths between 380 and 70
cen 340 and 110 sanoreters anm)

Most vertchrates see radiation wi

micron, 10 %) whiie the flux :f ridinticr in whith they live lies tet
Some insects are sencitive tooand canoLee all o thes radiation, cwever, we normally deoroes consider
Beeo gune of the arsorption of these radjations an the

that man can See 1n the ultravinlet
cornea and eys €flui iz, Howover, af not all of tie radisticn s arcethed

noLE rntenae encu

before it reashes tie retira. AS a Neosan perceive radiation with waveles it} shortetr than 300 nm
and in excess of 1.2 nr. This incl 10 that pertion ot the electromagneti. spectram where photo-
synthesis and pheotebielo take [lace,

It ig not surprising that the powerful new light source, the LASER, has been developed throuah this
il rolecular processes which make possabie
virrational and ele ¢renic excitation of atoms,

since the gt

portion of the eluctremainetle Specty
LASER action e the same proce- he:
molecules and i1ons, as are i1nvolved 1 lite pro enoos,
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As we consider the radiation frem varicus farts € the electromaanetis spectrum and the rower avail-
a comnen reference

at:le from difterent seurces, 1t is crrant that alioof
peint - sinee 1t 15 unfortunate that
community.  Many of these are hybred

wany fielde ertal)onh
hofield enowraie s a specitao o set of apits that test fies the

thys even rore oonfusing.

et me suqqrst thar the M {reter, k2 cecend) system he used.  Te facilitate thys, consider

the definiticn and ejurvalencies for a tew
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meters is equal to 1 millimicren (n)

Wavelength % of light in nanormeters (nm, 10
or 10 Angstrum N

Energy E 1n joules is equal teo 137 ergs.
Energy F in clestron volts (eV) 15 egqual tn 1.6 x 107t Joules
23.00 kecal ‘mole.

Power J in warts 1s equal to joule/second.
2. ELECTROMACKNETIC WAVES

0r A soundewave 1n o alr 18 qenerated hy a moving (vibratingl ob-

Wave motion in a string, ar the ocea
ject. Similarly, an electremagnes e wave, likn a ther wave rotdon, g4 deveioped by cpepiedic metion,
th1s time of an electrically charget particle, e 5., an eiectton.  An plectrie tield naturally exists
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around an electron. As 1t moves and its velocaty rapidly changes, an oscillating electromagnetic field is
generated, and an electrumagnetic wave 15 produced which has loth an electric and magnetic cumponent
transverse to the direction of propagation of the wave. Ta Fig. 1, ! show schematically an electro-~
magnetic wave propagyating in the z direction with the velocsty f light,
where both the electric and magnetlc vectors os:1llate nermal to une anyther and ia phase.

polarization of the wave 1s characterized by the plane in which the B vector lies,

The waeve 18 plane polarized
The plane of

Direction
of
Polarization

An electromagnetic wave propagating
in the z direction and polarized in
the x-direction,

Figure 1.

The spectrum of electromagnetic radiation 1s Very extensive, reaching from extremely long waves, which
have wavelengths that are thousands o Kilemeters Jong to very hiah enerqy cosmic rays with wavelengths
much smaller than the diameter of a nuclens, 10 " m.  The notien ot a classical osoillation of charge as

an electromagnetyc wave generator Yreaks wavelength of the emitted radiation apfreaches the

s12ze of the atom, 1) ‘‘m. For rad:ati. pdes the vasat Lo part of the speltrun we have to con-
sider an atomics or guantum o special oroLo Indeed LAYLES are bated upon the
quantum pictture of ‘r.‘.tm that 1., 10 ro, oand photons are waves.,  For the
moment let it suffl to say that withon S umopoivtute fe encray ot the phaoton (a quanturm of energy)

is directly proportivnal to the fregueny o o oucillating <harge

E » hv

where the constant of proportionality » s Planck's constant, €.6 x 10 b joule sec.

ctoprajagation of an elecstromainetls wave 1n vacuum, ¢, and the
an! the waveleniath of the propajated wave A

i

The relationshiy between t veloouey
frequency of the or-illation v
{meters) 1s o simple one,

Giezte, He 1 e s

c = Xy,
Althoush all uther waves require propagation with~
rant veloclty throughout the

Tox I oser,
oVACHIm Wit a o
throuah a medium ats velocity 1s changed.

The velocity of li3ht = has masnitude of
in a medium, electromaant waves (1) viate with

i

Hwever, 11 the wWAve anses

entire electromaanetic spectrum.
The ratio of the velocity of the elestrora e Ui wave 1n vacuan and tiat within the rmediwn, v, 1s commonly
. known as the inde the medi
. neS .
' v
The majar part of the EM spectrum is shown schematically sn Fia. 2, where we have listed the wavelength
Py in meters, ftrejuency in Ho {cycles jer second dand enery uf each pJhoton an electron velts (eVl, a unat
: primarily vsed by tne phvaics comnuaity te o desoribe the enhopgy of one electron which has jpassed throush a
potential differenze ot one volt (1 e/ = 1.0 x e ate L e canre t help tut be amprecsed with the
enormity f the spestrum which stretohes over more than 20 omaanitede. Throuth s entire ranqe
the same simple laws ~rgumized by Maxwell 1o the late 0D 's describe the entlre ele.trovainetic spectrum.
Notice that out cf the entire spectrum the visiile prtion which largely aosverns life processes and visual
communication is very nparrow andeed,
3. EMISSION AND ARSTEIMT N ~F RADIATION BY DUANTUM OSCILLATORS
" By the rurn of the ~eptury the stage was set for Flanck and Fainstein to recognize the importance of
the quantwn >0 sllatr. Tooorder 1o cdenpste the distyabution of P8 raliatieon that was qiven of{ by hot
b boding, Plan k had toogropovee toat the podiaton that was emitted came oo Panitles of energy, uatta, an-
stead of mind an Tant L G waves,. Man tonadly reccanized the dual jarteoleswave nature o f matter.  For
a particular hot body an @t rady chab o tion as an complete ecpalibrour, that 18 for a black-
i , body radiater, Planok stowed taat tor o o anfinite nomer G opoantam oscaliators ecach with a ditferent
) frejuency v, the epoee fensaty totte pntatien potween voand ce3v as 0, whadch for a system an thermal
i 4 equilibrium at an at. termperatare o B by Blan h'a faw:
)
o av e TN
v et fexp (o 'kT) -1 .
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Figqure 2. Electromagnetic spectrum show:ing the various Spectral Regions,

- o
Here k = 1.38 x 10~ 77 joules K o1s poltzmann'c e1ltkriun conorant,. The expression states that there are
gmv? degrees of freedom in the system of cscillators with an average energy Lo lexp (hy kT -11 per degree of
o?

freedom at temperature T.

dlant poewer eritted normal te

ften called the s;eotrd

If one considers a hole cut an *h
the emitting surface jper unit ared <5 rhe g |
radiant emittence of the tlackiondy can e exjresced equally well 1o terms ot g wavelength anterval between
A and A-d)

WA, T)d)d = < da watts, m .

7. It fallows then that
1L to the emit-
. Nlnomantity 1S
Eothrough to 1U
Fut whilh onow oan-

4 x 1°°° vatts am* m
Iorsllant emittence ot
arcound the .

meters (ned

ting surface contairn
plotted in Fig. 3 for the bla sbody 1t oy witt e ey Lovaries
million degrees K, a ranje whi. h wis : . N

cludes the temierature of the corcnay .
about 10°%k and the
from highly relativisti- eie
synchrotron radiation sources
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: rature tor o rygoiear fusien
stren radiation e
ronothas latter
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Toe radlation

voRIlE

Mavloer Lt oa vy

Ctothe werlld,

From the ¥lanck radiation tormala it faliows *hat the wavelenath assoclated with the distritutieon
maximum Xm times temperature 1s a o onetant,

AT e29x20°% a0k,
m

which ia the well known Wien's displaement Taw,  This relation was identified emparically before Planck's
work. In a similar way, one canobercve tne ctefar b Dtemaen law for the tetal pewer radiated by a black-
body through the surface of the area emitter sume? ovit al, wavelerniths

@

LA I WL, Trdy = Tt

o

Most radiation emitterg, with the exception of the IATFK, are not as intense as blackbody radiators,
thereforc the bla kbody curves rejre.ent the uprer lirats of jomer emitoed from a surface.  Many snlids
and some gas discharies radiate like an adealiced blacebody.  in fact, the cpectral distributicn emitted
by ipcandescent lamp«, and high density ar s and stars can be caloulated to a good approximation from
Planck's formula. A. a reference point, a blacktcdy at a temperature of 5200 K has its radiation peak at

L T VU PP,
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Spectral brightness for the blackbody radiator as a function of teryperature.,

558 nm near the centre of the visible spectrum, where the human eye 1s mest sensit.ve,  Tet unly 40 per-
cent of the radiation falls within the visible tart of the sjectrum, six percent in the ultraviclet and
the rest in the infrared.

There is yet anothe

the photcoelectric o

energy of the pnoto

quantum provess which was impertant in establishing the partic.e nature of light -
. It was o "nothe
eiqual to or dreater than the Binding cnergy § ¢ the clectron 1n the metas,

srved that eie tr nn were 1em ved trom a metal surface only oW

KE (electron} = hv - ¢

; electron., It 1s only since the alvent
v phoatons of ar tfic1en
fow mult,ipleton excitation and ionization fr

of LASERS that 1t as realistis ¢
lease an electron arrive at the vare ty
non-linear processes) are comon; bace,

Yoy

eray oo ree-
ses (that is,

Once the concept of the -uantum nso:
negative electrons moving a:
was spontaneouniy emittod o
a lower one Ey (refer Fig.
absorbed (Fig. 4bt) thus <xc:itin: the

ator was recoanized it followed directly that atoms with
Iy emat light, instead jight
from a b Todevel of rrne atem Footo

¢ ~haraed cores did not continanus
tron, P
FRENE T8 ALy 1nter E v open o state 1, the lighkt can te
the frequensy of the 1itht s given by

Va1 = (E; ~E1)/h

SPONTANIOUS ABSORPTION STIMULATED
EMISSION EMISSION
E, v,
Va Va Vai AVAv
NN N - NN\ m
E|
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OUTPUT ouTPUT

(o) (b) (c)

Figure 4. Three modes of operation for the dquantum mecillatar a) Spontancous emission of a
photon of frequency Vi bl Photoabs rptin and ) stimulated emission of Vg

Rules known as sele-tion roles govern the trancition protability between states 2 and 1. The time on
the average 1t Cakes [y tor o tran ity n to troue the radiative Litrtime ot the exoited system.  In
the case of molecules cne must nes o ly e der the Clectronls THARSIT1ong Pur tranciticra trom ore state

of vibratinn of the roleccle to ar. CIeoared g ntate of retation ot the molecgle to another, The prancijal
terms describing the eneriy level of the system inluting electronic viiraticnal and rotati.nal energy are

+E + F
Ean - En Fv FJ
n nv

where n is the electronic level, vy a jarticular vibraticnal level within the electronic state and J v the
rotational sub-level. n
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It is important to keep in mind the relative ruinitude of the intervals which exist Lotween enerqyy
levels. Normally fure electronlc transitions Jive Lite o ejectrofagne? il ratzaty o whye b aj ) cars i the (
near infrared, visible and ultraviclet ports e o *ho e tram. Than o crtecjenels 1o erer quen D tween a
fraction of an electron volt eo ters o vV, Al trancatl oo Domover e T in thie ret to :
infrarcd region, while rotaticnal transit: o tiy .n the 1nfrered, 1t us thewe truanuitions
which are the tasis of radiation from LAStERS,

When an atomic s stem 1y, foroed o Gorran 2t on from Haote sl of fregenew f
V21, the light that 1, emittes tonds v o . Foalatlng el tlat .
the intensity of the erateed roitatia. a: : - PRI
It is just this process of stima 3 B [P ,
which is intense, monochroemats ce tire ano '
case when a number of gquantum o ol Tanase b oo B
sources have long existed in e oo tel Teotrooorout Y
with the advent Of the LA VR has it reen (o0 oo oy > we bl
4. LASFR PROCESSES

Consider the usval relation des 1. sttenoation of a team of radiation passing throuih an
absorptive medium. This 1s the farlltar exp. s Telatlonsnhiig (ieer 'y i

'

I(x) = 1 exp(~ax} .

° 1

where IT(x) is the 1ntons:ty at a distance x of a liabt beam criginally of srtinsity
through the optical medran ~f pfrial thr s ax. Ton ot aloorption ety oL .
in terms of the binstein coettioent for LN B SN A 4 RO, bya, oand the v ¢
light, By, simply |
'

Q= NjByz - NaB
where Ni and N2z are the numier densitlive f gtom in Lower stare I oand fre vacrted etate [ it the
probability of orsortiing the tadlallon (0 o *id e, st (on (mihuioh ale e e, b By BLooat LWy
that .

@ = B(N1 - N:J}.

Anyone frem 1917 orward could lave readily cocerved that ot can e made tegdtive f N ois areat
N thereby caurarngy Ii{xi oo oirow laraer vt T L T Y . o Y
called negat:ive at 1 e . Y otar . . f
when the rumier Jge L. Seat et e i
situation fonLtitaten pot ot . v oL ‘
and 30‘s the (nvention .o . [ . . L ror N {
l1ight source and .o i1 . v ' 1

There are many ways “f oalal Li-i te . T val ey i e 2
discussed in le~ture o alsng vy RO . : P et :
let it suffice ' nay that O . . e S . :
and that this med.iwsm et 2o gLt . PN .
which 16 10 - 2% . S T T - PR . . I s
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stimulated emission., and lasing action will cease.

wWe have seen that ths freguency of the laser light 1s limited to a narrow band centred around vy,
assoclated with the spectral width of the transition 21, This width 1ncludes the width due to the ratural
decay of the excaited state, the noti.n o! the radiating atoms and pressure broadening. However, w:ithin
this broad band ot frejwncies the LA Lk radiat: 1% even more restricted by the fropertics of the
o;vt‘ical cavity., Atom which wicallate i plase with one ancther 1o the cavity are said to be inor

rmal

modes.  The frequencies of e noamal moted of the free osclllations are harmonlcs of the fundarertal
frequency Va1, Fig. r. than the o tioal res nating cavity of length L, standing waves sifmilar ts o the
Ty whivh are an intejral number of one-half the emitted wavelength s,
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in a sinyle spectral line. It fullows then that the ratic of the powers reaching a small area A is

PowerA(He—Ne Laser

PowcrA(Tunqsten Bulb) R

When one remembers that LASERS have been developed that are a thousand-million-million times more in-
tense than our helium-neon laser one recognizes thue enormous potential for the transfer of eneray and
information available thruugh the LASER.

In Section 3 we showed that the brightness of e¢ven the smallest helium-neon LASER 1s 1n excess of that
of the sun. i{xes this rwean that the LASER ;laced as far away as the sun could do a better job than the
sun in illuminating the earth  of course not!  The power of each 1s its brightness times the solid angle
Under these circumstances one seces that

subtended times the area o! the emitting suart.

X l‘T watts m;/Sr X Z}l)ll)’ X AR (sr) 6 x 1025 A/RZ watts

*a

Power {Sun)

Power (Laser) 3 x 107 watts/m*/ir x (12" % x A/R? (Sr) 9 % 10% A/K? watts

x 10

)
~

Even though the sun 1s a source of lower brightness than the LASER its very large area more than makes up
for it.

f. Concentration of power into a small area - Thouyh it won't be proven here, radiant power density
at a point on some area which 15 being illuminated by a source depends only upon the brightness of the
source. In this case the si1ze of the scurce is immaterial. Furthermore, the power per unit irradiated
area has a value which 1s the same order of magnitude as the brightness. Since the laser has the greatest
brightness of all liyht sources, it follows that the luser 1s cajable of jroducing a greater power density
than any other sources.

As one might expect the smallest arca inte which radiation in a parallel or nearly parallel beam can
be focused by a lens is limited by diffracticrn toe an arca of arjroeximately *° where *» is the wavelength of
the radiation. The hijhest power density jroduced &y 1 moilliwatt LASER 1s thus given by a power output

Z

divided by ‘¢ or

Power Density He-e (LASENR) = ———— ix 107 watts/m®

(bol X

Note that the value for the power Jensity is within an order of magnitude of the brightness of the
LASER. Remember again that this particular [ASER 18 one of the lowest power LASERS. Therefore, as one
might expect the effectiveness of more intens.e L R like a 6000 watt CO; cw LASER for the machining of
metals, welding arnd other such purposcs, in extremely yoeod.  Another impressive example is a picture of
approximately ten burns in one hemoalobiin cell caused by the light of a ruby LASER focused onto the cell.
Microsurgery using LASFRS 1s now a reality.

Although LASERS are far better thar any cther man-made sources for many purposes, they are not the
solution to all problems. ~ther light scurces are far superior to the LASER for many purposes such as
general illumira®ion. The applicaticns of LAYHE~ will be discussed in the next lecture.
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Figure 6. Schematic le
the arqanic dye

The operating principles are the same ao any JASTR (Fig.ir .o When optieally pumped, dye moleocules ate
2~ e 0 the Jowest excited singiet otate o ertler lirectly o via canoades from hiaher sinalet atates
which relax quickly e peturn ot the opowred state s by o ctamulated emiesien ot oa
photon. In practice the proone . v fobo b rempetitaen from oseveral other
processes, mainly the soni=raliative o e ,oand trom o anteresystem crossing o
the triplet T manifold. In jarticular the modecalee an the trijlet te Ty can be
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1f the laser cavity is not tuned to a

the popular dyes, rhodamine 6G, as well as its emission spectrum.
For example the characteristic colour

particular freguency the system will cuc:llate cver a bread band.

of the rhodamine b{ emissi10on 1S 1n the crange,

1 ¢r water. In orler that the efficiency remains high 1t 1s
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fratality the use ~f the )et

in a liquid jet stream through the opt: ol cavivy.  Far stabality and rejrcd
{8 becoming more popular. Excitation ot the o Codyes 1noacverplashed 'y cptloal pumpang using elrther
solid state LA: [TRR S IS 111 EY ST RN it e PR, or extresely tast tlastjamps. Normally the gain
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and todine at 633 nm is such that they are being consadered as frequency standards. These laser systems
have shown a frequency Stabllity corparable with the oen,um-team fregquency standard now accepted and a
reproducibility mach better than the erypton-labp fendth standatd now universally used., such reference
8yStems are NUW Cormercolally avarlarle. Baved upon the go e ted trequency anrd length standards, the
velocity of light 1y new faixed at o, 200, d0etd mone o fven allowing fur the improvement with LASERS, the
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Because of thelr high efficiency and brightness, LASERS are playing an increasingly important role 1in
display systems. Furthermore, the possibility of eventually using ainjector LASERS for light bulbs is
certainly real. For the moment, the LASERS that have been develuped do not operate in the tlue region of
the spectrum. The evfticiency of the precent light bult 1s approxaimately 10%, and their life i short. A
blue diode LAZEK, such das 51C may le abile to operate without being cooled with an efficiency appruaching
25%.  The coherent monocnromatic radlation tnat woulld be produced could be converted to heteroshromatic
type oI phosphor which would eftficiently abscrb the laser
Such a4 system would be extremely simple, and lueng-
to the clouning of works of are, +h as statues,
and national monuMents, the [rooess Has Teguite. . man years of juitstasing labour to scrub the durt
from the surtace with sand. Now with the ard ot orhe hagh pswered intrared DASER these obrects d'art can
sferent ally absorbed by the soiled surface apd the
pobe beotied f1on the oLject. The same jrinciple has teen
% trom pojper without spfreciably hesting the
teoohpljdes 1, thnelr arsenal of weapons used in determining
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literally be sciuchbed with Lliant.
preferential heating ot the dirt
used with the laser erases

paper. Museums have now 1n
authenticity of works of are,

lied & te

e. LASERS applied to pure ani ap;

laboratories.  The most orvicds abj it o100 L ow srhe 1., ds tan the Sup-

millimeter range 1 the far antrared - LWt e vacw ultravic ©Cbvaous uue 158 of
the tunat le lignt Lot e ntantard G tro stectral 2 ofomany
laser scure ruike ot . oo rtien ot .t Ldonet ke

studied.  With the a1 . Sttty IH
Prior tu the alvent of B oLt el Tre
1atense l1ight souries it Saoanaty B Yoreovalt v
fleld stremgths o ’ RS A N ) of terav

sterial wheis

£ the materzals often

In much more m
optical harmonic ger
used for this purpe:
er.cess of 2us, althouygh ty

Gereratiin T

1 v,

rattered roth elas

As laser light interacts with agasen, 1o bt transrarent snli. it :s
or inelastically. Elastic s atterin: is ' 1 attering, while the anelastic
light 15 called Paman s atte o, t Taun line
energy losy In excitling Varioo.n o ' : 1tes of the median. 1f the light
fdh 1t will aleo Cintaan o erac L o llnes Ccorresje

_atrterping of

feaan

a '

Corre

S5 RIS N

Lanoand ele

to o the additiern f virravicnal,

is intease eno

rotational, €l COeReIayY Uty thn tothe LACRFL This then becoemes ancther very powertul tusl
for studyiny the i1nterral structure 1l
Ecsentially, Brillouin cryiroan il ond liguids 1s the same process as Raman scatter:ing.

SN

tarional, el trenis exc1tation i the moty f an a
yorolotiese g iletrs wWaves can be adled and subtracted {(romottatr ot the

However roplacin: the v

within the material., The
laser light thus Gaving a pioch sje 1o et e

thelr magnitude within the material.

Within the laboratory LA LR are Siten used as intense sources of radiation for pulse radisiyu:e, that
is the time stuwly »f o system ateor eier oy hae leen rapiily antrodaced inen s, Dured IATER
y ) raciatly o Wit living

crmore,

Stodving the abteractien o

is an excellent @ urce of radiit:.on
systemu.  For exarmple an my Darorat
the retina. We also use laser Llijnt t)

roradiationodamane with

14
}

Perest o oanoan

talled stadies

Y
PUowat

The laser is now irpertant in coilular microscory.  The effects of laser radiation apen the cell b
L anather s

Laer micressope alsd provides
radiation has now been used te ronitor ren
feveles. pecause ot the monochrera
s CXPLIROnUS Can now be carried out Jown, b

been stulied by g number orf labor,
surgery of tissue cells and orge
systems involving brain cells, |
and the emall diver:ence of the
half micron.

technology is finding 1ts way 1nto virtually every
Voof o couarse asoarn Pintrial metaj
teraetors, f

a tew

f. Industrial applications of LANERS - LASE;
aspect of industrial jrocessang. The pent dratate application of LATH
weldineg, dralling and catting, ceras - ry it derllung, farrioation of hith jre
printed circuitry, manutactaring ctanderds -ontrol, package labelling, and so on.  let us .

more detarled exarpiles.,

This past yeir s.me of the unaerbedies for the Ford Mspteqe and Torino are besng welded with a 6 kw
beam trom a carton wiratories of Unsted Asrorafr, imilarly
these high f-wered 70 oy term are beaing devel s unt o f
time re escary for fabricatang st hulls, A
BysStem 15 1nvarid-ly ater contrclleds Daser Feam welders are also amportant an the mandacture of
automotale barrerae, (Lead a ot batteries and an hoat treating and surfa-e hardreaing of wich impe ttant
‘e Trere arcear to ke detinite advantages an using the LA-FR tor heat

Goxade DACER which was develog et an the lal
Pofar ship welding, thus cutting by ten the am
ith most Joacer syatems ueloan andustry, o tne wel

parts as camchafes and walye

treatinj sin e the rajad jro e vis to the manimum arount of part distoertion,

As in the case of hewvy minufacturing, the LATER 1s of impertance in the chemical industry, As
mentioned above, 1t a9 new effective 1n o isotope o eraration of both uranium for tissien reactors,
am o dirater an the heavy water cooled reactors. ver the next

fotentially oo prodioing hoavy water
few years 1ts tull jotential will o Iowrt be

vol ped,

9. Applications of IALFREL to Medicane = The lariest single use of LASFRS in medicine 3s in thera-
prutic fh Agiiat. o el oiar tianae. Up wntil the develojeent of LAYERS the greatest advancement
has been the xen n Arc larj; b owewer, with LA DE e can now o0 ntr ol the jewer, the spot size upon the
retina, the arraliation tice with the wr to mat- b the abhsorption spectrum of the

O PP

DO SR




3-11

material under irradiation,

Photocoagilation has now been extensively used in treating a number of diseases of the macula. For
example, the majority of patients treated for serious central retinopathy have shown an improvement in
visual acuity within three weeks. However, diabetic retinopathy is rapidly becoming a chief cause of
blindness. It is now estimated that approximately 19% of the blindness in the U.S.A. is caused by such
retinal changes. Coagulation of the retina is one of the major approaches to the control of this disease.
Although the ruby LASER, which emits at 634 nm in the red, has been used, it has not been particularly
successful. Instead, either the argon ion LASER which emits at 488 and 514 nm or the frequency-doubled
neodymium doped YAG crystal which emits at 530 nm have more successfully been used. The relatively high
absorption of the green wavelength by reduced or oxygenated hemoglobin makes these latter two lasers very
attractive in the treatment of retinal vascular anomolies. Treatment of glaucoma, by poking a small hole
in the iris with the LASER, has thus far been carried out in Russian laboratories.

In recent years, the LASER has become a surgical tool. Both the infrared C0,(10,600 nm) and a green
argon ion LASER (488 and 514 nm) have been effectively used as these radiations interact gquite dramatic-
ally with tissue. The red ruby and He-Ne light are not appreciably absorbed by tissue, blood or water and
consequently are of little use. The advantage of laser surgery is seen in the bloodless cut since vessels
scar immediately. Attempts now are being made to use laser surgery in awkward places such as in the skull
for the removal of cysts.

Because of the high power density and the monochromaticity which sets the defraction limit of the spot's
size, the LASER is an excellent tool for microsurgery. Once again the choice of the critical wavelength
is important since one is able to irradiate part of the subsystem of the cell with that frequency of light
which is best absorbed by it.

The LASER is also being considered as a tool in dentistry. Thus far it has not readily been accepted
but in the future it may be important in the treatment of special diseases and for mechanical construction
in awkward places.

LASERS have also found extensive use in dermatology, particularly in those areas involving cosmetic
changes such as the removal of tatoos, birthmarks, and growths. The early enthusiasm that developed
around laser surgery associated with cancers has now lessened because it has been observed in many in-
stances that treatment by the LASER has caused the diminishing of the original cancerous growth but has
also caused it to spread to other areas.

h. Mining and Geological Applications of Lasers - One of the most common uses of LASERS now 15 1n
surveying. However, the monochromatic properties and its high spatial coherence have made it a superk
tool for interferometric measurements of small earth crust movements. Extensive study has done into the
distortion of the earth's crust with the motions of tides and of earthquakes, and with the aid of the
LASER, scientists throughout the world are now able to make predicitions as to when and where major earth-
quakes will occur.

The extreme power of the YAG, CO; gas LASER and some chemical ILASERS make them excellent candidates
for drilling and mining. Already LASERS are in the field in these areas.

LASER light was bounced from the moon. As a result, scientists have been able to determine very
accurately the shape of the earth.

Laser radar or LIDAR is now playing a very important role in determining and monitoring pollutants in
the lower atmosphere and the LASER is now playing a particularly important role in map-making.

j. Military applications of LASERS - Virtually every laser application thus far discussed finds a use
within ths military. Conversely, the hundreds of millions of dollars spent on laser-related research and
development supported by military establishments not only finds application there, but has quickly found
its way back into the community.

Information storage, processing and communications are of primary importance to the military. In-
tegrated optic systems, which allow for coupling of the computers through optical fibres without electro-
magnetic interference are now commonly used in military systems. The use of holographic storage of
information and the holographic techniques in map-making are now under consideration. The use of optical
communicators between aircraft and between line posts are now under design. Some are presently in the
field, as are laser range-finders and gquidance systems.

The power associated with modern LASERS is sufficient for anti-personal weaponry. However, the main
thrust will be in developing LASERS that can be used to ignite thermonuclear devices, and to detonate such
devices in MERV war heads.

Although not strictly a military application, one of the "far-out" applications for the future will be
the use of LASERS for space ship launching and propulsion in space. Such schemes are presently under study
at NASA and have been proposed by such leading experts as Dr. Arthur Kantrowitz, Chairman of AVCO Research
Laboratory. The magnitude of the LASERS necessary for such a scheme is mind-boggling; however Dr. Edward
Teller, his teacher, was asked to comment ujon the Kentrowitz proposal predicted: "1t will happen before
lase. fusion will make a contribution in a practical sense. 1 am interested in... how scon the fusion
energy we want to squeeze out of these microexyplosions will really give economic power. And 1 believe
propulsion of manned satellites will occur before that occurs.”
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