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Radiation which appesged to be due to optical second-harmonic generation (SHG)

at 347 . wes observed from cornea, tendon, sclera, and skin on 694 mm,
Q-switched ruby laser irradiation. A possible source of this second-harmonic
tion was tissue collagen; because of high tissue content and relatively
high order. SHG was also observed from glutathione, but not from the lens;
and from frog skelete! muscle. Studies were consequently conducted on purified
collagen fibers; SHG was observed from a commercial preparation. Colhrn order
m

fs reduced near 600C. A lam reduction in conversion efficiency at M . a3
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20 (continued)

cbserved when cornea and tendon were heated above the collagen phase transformation
temperature. Therefore, the collagen component of tissue may be the principal
site for the SHG. Experiments on normal corneas showed the 347 nm. scattering
pattern to more closely resemble coherent second-harmonic generation from a
crystalling material than it did incoherent second-harmonic generation from

an amorphous material. Corneal models for SHG were developed. The observed
conversion efficiency of the normal cornea was in much better agreement with

that calculated for coherent than for incoherent conversion. The reduction in
conversion efficiency for corneas treated above the collagen phase transformation
temperature was explained as a reduction in coherent second-harmonic generation in
cornes! stroma lafellae due to a decrease in collagen fibril order.
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Abstract

L The specific concern of this volume is the generatiom of optical
sacond-harmonic radiation in biological tissue at an ultraviolet vave-
length of 347 nm on. irradiation with a Q-switched ruby laser at a visible
vavelength of 694 nm.

Radiation vhich appeared to be dus to optical second-harmonic
generation wvas observed from cornea, tendon, sclera, and skin. It was
surmised that the possible source of the second-harmonic gemerationm in
these tissuas was the collagen component, since it is present in high
concentration and appears to have a relatively high degree of order. Second-
harmonic generation was also observed from a crystalline preparation of
glutathione, but not from the lens for which it is a constituent. Frog
skeletal muscle also produced second-harmonic radiacion.

Since second-harmonic generation was observed in collagenous tissue,

studies were carried out on purified collagen fibers. Second-harmonic
generation vas observed from a commercial preparation of collagesn.

There is a phase transformation for collagen in tissue near 60°C
vhere the collagen molecules unwind into three random coil chains. The
order within the colla.uﬁ component of the tissue is thereby reduced. A

large reduction in the second-harmonic conversion efficiency at 347 nm was

observed vhen cornea and tendon weare heated above the collagen phase
transformation temperaturs. These results were a further indication that

the collagen component of tissue may be the principal site for optical

second~harmonic generation at 347 nm.




Thers is a predicted difference in the scattering patterns for
second-harmonic radiation from crystalline (orderad) and amorphous (dis-
ordered) media. Experimants carried out on normal corneas showed the
347 nm scattering pattern to more closely resemble coherent second-harmonic
generation from a crystalline material than it did incoherent secound-
harmonic generation from an amorphous material.

Models were developed to predict the efficiency of second-harmonic
generation in the normal cornea. The observed conversion efficiency of
the normal cornea was in much better agreemsnt with the calculated coherent
cowmersion efficiency than it was with the calculated incoherent conversion
efficiency. The reduction in conversion efficiency for corneas treated
above the collagen phase transformation tcﬁperaturc was explained in the
models as a reduction in coherent second-harmonic generation in the lamellae

of the corneal stroma due to a decrease in the order of the collagen fibrils.
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CRAPTER )
BACKGROUNMD AND SCOPE OF RRSZARCH

Research coacerning the iateraction of laser radiatiomn with
biological systems has been in progress for about 12 years at &
ammber of laboratories throughout the world. Symposia proceedings
and reviews of progress im this ares include those published by Litwin
aad Zarle (1965); Pine, Klein, and Scott (1964); Pine and Klein (196S,
1966, 1969a, 1969, 1970); Goldman (1967); Goldman and Rockwell (1971);
Fine, Bushor, and Cox (1968); Wolbarscht (1971); and Ready (1971,
Chapter 7).

There have been a number of publicatioms of basic biophysical

interest as a result of this research. These include: the production
of free radicals in tissue (Derr, Klein, and Fine, 1965; Stratton,

Pathak, and Fine, 1965); two-photon fluorescence in biowolecules
(Rounds, Olson, and Johnson, 1966); laser beat-frequency spectroscopy
of biomolecules (Dubin, Lunacek, and Benedek, 1967); altaration of
genetic material (Berns, Rounds, and Olson, 1969); cellular micro~
surgery (Saks, 1971); studies of focal hepatic injury and rvepair (Fine
et al, 1968); reversidble depigmentation associated vith melanogenssis
F in rodent skin (Klein et al, 1965); and interaction of middle infrared
coz laser radiation with the cornea (Fine et al, 1967).

A number of analytical models have been developed for the analysis

of tissue temperature elevation and thermal injury due to the interaction
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of laser radiatienm with tiseus. Publicatiocus ia this srea faclude
thernal msdels for injury te the retims (Gesrssts et al, 1’63; Rem
ok al, 1966; lUmmeen, Poigen end Fine, 1967; Nancen and Fine, 1968;
Hayes end Uelbarshc, 1968; Nensen and Finme, 1968b; Clarke, Gesrsets
and Mem, 1969; Vassiliadas, 1971); tajury te the cornsa (Peppers

ot al, 1969); iajury te the skia (Fime ot al, 19¢5; TFime et al,
1966); 1iajury te hapatic tissus (Fime et al, 1968); amd imjury to
single cells (Darnes ot al, 1966). Amalyses of leser induced tempera-
ture elevatiea ia tissws have been gives ia conjumction with medels
for the mssasuremsat of the thermal comductivity of bicmaterials (lansem
et al, 1973; Ramees ot al, 197MH).

Payechophysical studies have been carried out with regard to lasers.
These iaclude studies om the visibility of iafrared radiaticn (Vasilemko,
Chebotaev and Triotskii, 1963); the effects of pulsed laser radiatiom
en discriminactive aveidamce behavior (Taylor and Dbbers, 1966); studies

of thermal sensation with che CO., laser (Campbell and Pine, 1970); and

2
am interpretationa of visible laser speckle patterns (Baldwin, 1968).

There has been comsiderable intarest in laser iateractiom with
biological systems st ultraviolet vavelengths (Fine snd Kleim, 1969b).
Cataracts have been produced ia rabdit eyes om laser irradiation at
323ua ia the middle ultravioclet (MacKeen, Fine and Fine, 1973). 1In
this latter peper, the production of cataracts vas cousidered as

prebably the result of a photochemical rather than a photothermal




sschanisa.

The specific concern of this thesis is the generation of optical
second-harmoanic radiatiom in biological tissus at an ultraviolet
vavelength of 347nm. Optical second-harmonic generation was first
observed by P. A. Franken and his co-workers in 1961 (Franken et al,
1961). 1In their experiments, high intensity ruby laser radiatiom vas
passed through crystalline quartz and the small second-harmonic fre-
quency component in the transmitted light spectrus was detected by a
photographic prisa spectrograph. PFolluwing these initial studies,
Maker and his co-workers developed coherent phase matching techniques
in crystalline media (Makar et al, 1962) which led to commercial
crystalline frequency doubling units with 20X second-harmonic con-
version efficiency. Members of this same research group later reportad
observation of weak incoherent optical second-harmonic generation in
smorphous media such as water, and fused quartz (Terhuns, Maker and
Savage, 1965). Reviews of optical second-harmonic generation resesrch
in physical systems have been published by Franken and Ward (1963);
Bloembergen (1965); Minck, Terhune and Wang (1966); Pershan (1966);
Yariv (1968); Yariv (1971); Baldwin (1969); and Akhmanov and
Khoklov (1972).

The possibility of optical second-harmonic generation ia biological
systems vas first suggested by Fine at the First Annual Conference on

The Biologic Effects of Laser Radiation in 1964 (Fine, 1965, s-47).




Be indicated that it was important to consider the conversiom of laser
radiation at a given wavelength to other wvavelengths in tissus. BEe
veferred to thermal radiation, from the highly luminous plume, and

.
TR

to the fact that it was not yet known vhether second-harmonic genera- ;
tion might occur in the skin. In the proceedings of this same con-

ferencs, a paper by Zaret considered the possibility of harmonic

generation in the melanin granules of the retinal pigment epithelium

R e R

on ruby laser irradiation (Zaret, 1965, s-64). Zaret indicated that

second-harmonic radiation ar ultraviolet wavelengths might be hazardous
to retinal tissue. In 1965, Reickhoff and Peticolas reported obser- ;
vation of second-harmonic generation upon ruby laser irradiation of

powdered crystalline amino acid preparations (Reickhoff and Peticolas,

1965). Some of these crystalline preparations yielded second-harmonic
conversion efficiencies that were comparable to those observed with
povdered preparations of inorganic crystals with known high conversion

efficiency, such as potassium dihydrogen phosphate.

In 1965 Vasilenko and his co-worksrs reported studies in which
human subjects observed radiation from a pulsed Nc-ﬂz laser at wave-
lengths of 950nm. 1100nm, and 1180nm (Vasilenko, Chebotaev and Troitskii,
1965). Radiation at 950um was seen as red light. The other laser wave-
lengths are nominally invisible; however, color matching showed the
color sensation in these studies to be extremely close to thae color
of the second-harmonic of each wavelength. The observed golors vere

in the yellow-green and orange regions of the spectrum. These authors
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concluded that, "Consideration of this data leads to the rather firma
conclusion that the light seen by the eye in observing infrared
emission corresponds to the harmonic of the given radiation. The
prssent experiment may be usaful in elucidating the non-linear proﬁor-
ties of the eye." They were probably thinking of optical second-

harmonic generationm.

It wvas of interest to us to verify thos; observations by objective
measurements of the radiation emission from tissues, including the eye,
on laser irradiation in the near infrared. However, a laser with the
necessary characteristics was not available to us at the time of
initiation of this research. Because of our interest in second-harmonic
generation at ultraviolet wavelengths, and since a Q-switched ruby
lagser was available, these studies were undertaken at Northeastern
University in 1970 using a ruby laser at 694nm. The results of the
initial experimental investigations in tissue were reported by Fine
and Hansen in 1971 (Fine and Hansen, 1971), and are also contained in

this thesis. This thesis is a direct outgrowth of these initial studies.

Our initial studies were conducted on a crystalline preparation
of glutathione, on the lens, cornea, vitreous, tendon, sclera, retinal-
choroidal tissue, melanin granules, frog sk;lctal muscle, and on whole
blood. Radiation which appeared to be second-harmonic (347um) was
observed from glutathione, but not from the lens of which it is a

constituent. Such radiation was also observed from cornea, sclera,

. . . M )
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skin and tendon. "Order" is required for efficient second-harmonic
generation. It was surmised that thc-potaibln source of the second- -
harsonic generation in these latter tissues was the collagen compo-
nent, since it is present in high concentration and appc;r- to have

a tolativcly.high degree of order. In addition, second-harmonic
generation was observed from muscle, which also appears to be a
highly ordered tissue. However, muscle does not contain significant 1

amounts of collagen.

Since second-harmonic generation was observed in collagenous
tissue, studies were carried out on purified collagen. Second-harmonic

generation was observed from a commercial preparation of purified col-

lagen obtained from Sigma Chemical Company but not from fibers prepared

by another method.

There 1is aiphase transition temperature for tissue collagen near
60°C where the collagen molecules unwind into three random coil chains.
This, therefore, reduces the order within the collagen component of
the tissue (Flory, 1956). Consequently, second-harmonic conversion
efficiency experiments were performed in two collagenous tissues (cornea
and tendon) that had undergone heating to temperatures below and above
60°C. When these tigsues were heated above the collagen phase trans-
formation temperature, a large reduction in second-harmonic conversion
efficiency at 347nm waa'observed. These results were a further indication

that the collagen component of tissue may be the principal site for\




optical second-harmonic generation on ruby laser irradiationm.

There is a predicted difference in the scattering patterns for
second-harmonic radiation from crystalline (ordered) and amorphous
(disordered) media (Bersohn, Pao and rrisch..1966). Experiments vere
carried out on normal corneas which showed the 347nm scattering pattern
to mors closely resemble coherent second-harmonic generation from a

crystalline material than it did incoherent second-harmonic generatiom

- from an amorphous material. In addition, the scattering studies also

indicate that the normal cornea possesses a certain degree« of order.

Models were developed to predict the efficiency of second-harmonic
generation in the normal cornea. The observed conversion efficiency
of the normal cornea was in much better agreement with a calculated
coherent second-harmonic conversion afficiency than it was with a
calculated incoherent second-harmonic conversion efficiency for the
normal cornea. The conversion efficiency of the cornea decreased by
a large amount after heating through the collagen phase transformation
temperature. This is explained in the models as a reduction in coherent
second-harmonic generation in the collagen fibrils of the cornea due to

& decrease qf the order in the fibrils.

The studies are set forth in the following order in this thesis.
A review of the litarature on optical second-harmonic generation and

models for coherent and incoherent optical second~harmonic generation

from crystalline and amorphous media respectively are givem in Chapter 2.




A brief description of collagen and collagenous tissue is given in
Chapter 3. The initial experimental studies showing narrow band 347mm
emission from tissus on irradiation at 6%4nm with a Q-switched ruby
laser are included in Chapter 4. Contained in this chapter is sub-
stantiation of the thesis that the observed 347nm emission is second-
harsonic radiation. In Chapter 5, the experiments on purified collagen
are discussed. Two forms of purified collagen wers used. Second-
harmonic generation was observed in collagen fibers cbtained from
Sigma Chemical Company; second-harmonic generation was not observed
from collagen fibers prepared by another method. This difference is
discussed on the basis of s ditfcrcncc between these two preparations

vith regard to the relative orientation of the collagen molecules.

The observed 347mm scattering pattern rom a normal cornea is
presented in Chapter 6. The results are compared with predicted
second-harmonic scattering patterns from crystalline a:d amorphous
madis. The observed pattern more closciy resembled the predicted
pattern for coherent second-harmonic generation from a crystalline
medium than it did the predicted pattern for incoherent second-harmonic
generation from an amorphous medium. Scattering patterns for corneas
heated above 60°C could not be obtained because the 347nm emission

intensity was too low.

The results of experimants concerning heated corneas and tendous

are contained in Chapter 7. An order of magnitude reduction in the




second-harmonic conversion efficiency was observed in these tissues
following heating to tempersturss aon. 60°C. A model for second-
harmonic generation im the collagen fibrils of the cornea is presented.
In this model, the pobetd. bonds of the collagen molecules are con-
sidered to be the source of second-harmonic radiation. The msasured
conversion efficiency from normal cornea is in reasonable agreement
vith this model vhen the collagenous component of the cornea is con-
sidered to be highly ordered. The msasured conversion efficiency of
corneas that had been heated through the collagen phase transformation
wvas several orders of magnitude above the level predicted on the basis
that all of the collagen was converted to a random coil form and the
thermally transformed cornes vas amorphous. The difference between

the cbserved and predictad conversion efficiency of the hesated corneas
wvas considered to be due to the possibility that heating of the corneas
above 60°C did not transform all of the collagen to an amorphous random-
coil phase. The remaining degree of order féllowing heating may account
for the observed conversion efficiency being higher than expectsd in
thermally altered corneas. The results of the studies in Chapter 7
wers not inconsistent with the results obtained from the models used

for sanalysis.

It has been shown in this thesis that the cornes produces second-

harmonic radiation at a wavelength of 347am on irradiation with a ruby

laser at 694oum. The cornea may produce second-harmonic radiation when




irradiaced in the near infrared (e.g. with neodymium or erbrium
lasers). It is possible that the threshold for visibility of a
sacond-harmonic lies below the threshold for injury to the eye at the
fundamental wavelength. Consequently, haz-nn;é generation in ocular

tissue may be of significance to vision (Fine and Hansem, 1971).

Although second-harmonic radiation was observed from crystalline
glutathione, it was not observed from the taﬁbit lens for which gluta-
thione is a constituent. Further studiss in this regazrd are required,

pazticulnflf since the lens appears to possess considerable order.

Other significant aspects of optical second-harmonic generation
studies in tissue have been discussed in part in the publication by
Fine and Hansen (1971). As stated by the authors, "Harmonic generation
as made available with larzers may offer an additional tool for charac-
terization of biologically significant molecules, tissue components,
and structure, as well as kinetic biological processes both in vivo
and in vitro. In particular, these latter dynamic studies may be
feasible because of the great number of waveleng:hs, high pulse repe-
tition frequencies, and short pulse durations currently available from

reliable laser systems.

Separation, purification, or synthesis of macromolecules may
result in structural changes in the molecules or in the aggregation

patterns cf the molecules. Identification of those changes that are

associated with the above procedures can be difficult, time-consuming,

10
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or require a larger sample amount than can be couveniently spared.

This is especially true if the changes are minor. In some cases,

harmonic generation in macromolecular samples may be altered during
separation, purification, or synthesis. Thi- alteration may be
indicative of a change in structure not otherwise readily detectable.
Consequently, harmonic generation at various wavelengths should be
considered as a techniqus for rapid and possibly nondestructive testing
of csrtain aspects relacing to molecules and their aggregation patterns,

both on a laboratory and production basis” (Fine and Haensen, 1971).

Two of the many possible aggregation patterns of collagen are
discussed in Chapter 5 of this thesis. In this chapter, experimental
evidence is given that these two collagen forms have significantly
different second-harmonic conversion efficienciss. Consequently, a
distinction might indeed be made between aggregation patterns based

on second-harmonic generation studies.

The possidbility and significance of optical second-harmonic

generation in the gkin and eye at ultraviolet wavelengths has been '
previously considered (Fine, 1965, p. s-47; Zaret, 1965, p. s-64;
Fine and Klein, 1969b). Tha results of this thesis indicate that
ultraviolet second-harmonic generation is produced at deep layers of
the cornea and skin vhen a visible wavelength ruby laser is used. It
is still unclear vhether the second-harmonic generation observed is

due to lack of molecular inversion symmetry or lack of iaversion




symmetry in structural units at the intramolecular level, and to what

extent tissue order is important.

Soms studies were carried out to provide a basis for the resolution
of these quastions. Cornea and tendon were heated above the collagen
phase transformation temperature. Above this temperature, collagen
is believed to be transformed from an ordered to a random coil con-
figuration, as evidenced by tissue contraction, decreasad birefringence,
increased machanical compliance, and altered optical transmission.
Consequently, we believe there is a decrease in order atove this
temperature. It was observed that the second-harmonic conversion
efficiency decreased when these tissues were heated above this phase
transformaction temperature. We believe that these results indicate
that tissue order may be an important factor in second-harmonic con-
version efficiency. Further studies are required to resolve the
questions stated above. However, the experimental studies 4o . indicate

that chaﬁges in the second-harmonic conversion efficiency may be a

sensitive indicator of structural changes which may not otherwise be

readily detectable.

Although the collagen fibers of tendon are well-aligned, they
, are of varying diameter. 1In addition, normal tendon is quite opaque.
In the sclera and skin, the fibers do not appear to be as well-aligned
as they are in cornea; the fibers are of varying diameter; and these

tissues are not as transparent or as homogeneous as the cornea. For




> )

these reasons further work will be required to develop adequate

models for these tissues with respect to second-harmonic generationm.

When heated slowly in water beyond the collagen phase trans-
formation temperature and allowed to mechanically creep under light
loading, the tendon becomes transparent at both 694nm and 347nm.
Consequently, with further investigation it might be possible to
develop second~harmonic generation models for tendon in this conditiom.
Meassurement of collagen concentration would have to be carried out in

order to develop these models. It may be necessary to find a material

vich refractive index that matches that of collagen that coulu be used

to impregnate the normal tendon. This may improve the transparency of
this tissue and allow comparisons of theory and experiment. Skin and
sclera, because of their inherent irregularity, will be frobably the
most difficult to model and compare with experiment with regard to w

second-harmonic generation.

The peptide bond in collagen was considered to be the possible

source of second-~harmonic generation. Further work is required to
determine the validity of this hypothesis. Studies on amino acids

and on synthetic peptides may provide information in this regard. For
example, crystalline glycine has been shown to produce relatively
insignificant levels of second-harmonic radiation in comparisom to

that produced by other crystalline amino acids (Reickhoff and Peticolas,

1965). Studies om polyglycine may assist in evaluating the hypothesis.
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Although such studies were considered, time precluded carrying out
this work. These studies were carried out ;c a single fundamental
wavelength of 694nm. This may not have produced the maximum possible
conversion efficiency in collagenous tigssue. The use of a tunable
laser to deﬁerninc the wavelength dependence of the conversion ef-

ficiency may yield informstion regarding the identity of the second-~

harmonic oscillators.

In addition, the reason for the incressed transpsrency of tendon,

vhen heated above the collagen phasc transformation temperature, may

A

not be understood, and consequently warrants further study.
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CHAPTER 2

OUTLINE OF OPTICAL SECOND-HARMONIC GENERATION

There is an extensive literature in the physical sciences

describing experimental and theoretical aspects of optical second-
harmonic generation in solids, liquids and gases. Review articles
have been written by Franken and Ward (Franken and Ward, 1961),

Pershan (Pershan, 1966), Bloembergen (Bloembergen, 1965), and

Minck et al (Minck et al, 1966). f

Most.experimental studies have been carried out with carefully
prep#red systems of molacules with relatively well-understood
optical characteristics. As a result, the companion analytical
models that have been reported for these systems have contained
substantial physical and mathematical detail. For example, it is

common to find analyses that include the effects of material

birefringence on nonlinear wave propagation in solids (Bloembergen,

1965, p. 84). There are also models of second-harmonic generation

in liquids that include the statistical effects of intermolecular

H orientation (Bersohn et al, 1966).

Compared to physical systems, the optical characteristics of
biological tissues are poorly understood. Because of the complexity
of biological tissue, the analysis of optical second-harmonic

generation in tissue must proceed along simple lines.

The purpose of the present chapter is to first review some of

the analytical methods of nonlinear optics that have appeared in

. . o ) L TN N dasia
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the physical science literaturs. These methods will then be used
to obtain estimates of the parameters that are needed to compute
the second-harmonic generation efficiency of materials. Thess
mathods are not exact, and at best will yield order of magnitude
agreement with experimental data for physical systems (Bloembergen,
1965, Chap; S; Yariv, 1968, pp. 344-348; Garrett and Robinson,
1966). 1In later chapters thase methods will be used to estimate
the approximate sccond;harnonic conversion efficiency of biological

tissues.

We shall first review some of the classical physical principles
concerning optical second-harmonic generation. The discussion will
begin with a review of both linear and nonlinear induced dipole
moments in matter. We shall then present the solutions to the
differential eqﬁation for the anharmonic oscillator (Bloembergen,
1965, Eq. 1-9; Garrett and Robinson, 1966, Eq. 2; Pershan, 1966,
Eq. 3.3). These anharmonic oscillator solutions provide estimates
of the harmonic coantent of the induced dipole moment oscillatioms.
However, the arrangement of the dipoles within the medium determines
the hafmnnic content of the electromagnetic radiation. The second-
harmonic content of the radiation will be estimated for two limiting
cases of matter -~ crystalline matter and amorphous matter. The
second-harmonic conversion efficiency can be significantly greater

in crystalline matter than it is in amorphous matter.

Equations will be written in Gaussian cgs units since much of

1o I.:‘,'.,“‘AA W




17

the literature has been written in these units. A list of important

conversion factors to MKS units is given in Appendix A.
2.) Linear electric dipole mow - s

When an isolated pair of equal and opposite point charges with
fixed charge magnitudes are separated by a fixed distance x, the
charge configuration is said to be a static electric dipole. The
static dipole moment ﬁ is a vector with magnitude qx tha. is
dirzcted from the negative to the positive charge. If a charge
distribution is allowed to vary in such a way that E(t) is a
periodic function, then the charge distribution is said to be an

oscillating electric dipole.

An applied electric fieid that varies sinusoidally in time
will induce periodically varying dipole moments in the molecules
of a material medium. The major mechanism responsible for induced
dipole moments at frequencies corresponding to visible and ultraviolet
radiation is called electronic polarization. Physically, electronic
polarization can be viewed as the forced motion of a bound electron
cloud arocund a massive stationary positive charge (Siegman, 1971,
P. 68). At lower frequencies (i.e. infrared, microwave, and radio
frequencies) the massive positive charge centers can also move
appreciably during a period of the applied electric field oscillation.
Large oscillating low frequency dipole moments can be induced in

polar molecules when the low frequency applied electric field produces




rotational motion of the molecule as a whols, or when vibrational
motion of the molecular nuclei with respect to the center of mass
of the molecule is produced (Kittel, 1965, p. 164). Wa shall not
be concerned with these lowver frequency polarization mechanisms.

The magnetic dipole interactions at optical frequencies will also

be neglected (Baldwin, 1969, p. 19).

A lipesr, or first-order, electric dipole moment is defined
as one that is directly proportional to the local electric field
that acts on the dipole. The first order dipole moment is a
vector. A vector component will be denoted by the subscript p.
Therefore, the time varying pth component of the first-order dipole
moment will be denoted by up,l(t)' The local electric field is
also a vector. We shall denote its components by the subscript q.
Since we shall be considering harmonic fields later on, it is con-
veniant to denote the fundamen:al field by an additional subscript

"1", Therefore, Elo l(:) is the qth vector component of the

C,q,
local fundamental electric field. We shall also write this field

in terms of its complex amplitude as E 1(t) = Re {Eloc 1 oIt}

loc’q, ’q’
vhere the symbol "~" denotes the complex amplitude of a time-varying

quantity. We then define up 1(t) by:
»

3 -
. Jut
"p,l(t) Re {qzl %q Floc,q,1 } 1)

In Eq. (1), the apq are complex components of the first-order

PRI




polarizability tensor (apq) (Bersohn et al, 1966, p. 3184).
2.2 Nonlinear elsctronic dipole moments

When the local qlcctric field strengths are high and the
electron cloud displacements are large, Eq. (1) is not sufficient
to predict the total induced dipole moment. More generally, higher
order terms in E

L0¢,4,
moment. Lat u P(t) be the pth component of the total electric dipole

1(t) are required to predict the total dipole

someat, then when the electron cloud displacement is large, u ? (t)

is expressed as follows
up(t) = “p,l(t) + “p,z(c) +“p,3(t) + ... (2)

In Eq. (2), up 1(:) is proportional to the local field, up 2(t:)
] : ]
is proportional to the local field squared and so on. We have
already defined up 1(':) in Eq. (1). The next two dipole moments
]

u

?,2 and up,3 are defined in Eqs. (2a) and (2b).
3 3
- 2 23wt
“p.z(‘) Re { 2 z qur l="J?,m:,q,l E!l.oo::,r,]. e }

q=1 r=1
(2a)

~

- 3 3 ~ - A
bowemmtd 13y
p’3(t) Re { q=1 :-2-1 'Zl qurs g!l.ot:,q,l Bz.tac.r,]. EZoc,s,l e
. (2v)

(Bersohn et al, 1966, Eq. 1). 1In Eqs. (2a) and (2b) thequr are

3ju:}
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complex components of the second-order polarizabiiity tengor and
the qurn are complex components of t@c third-order polarizability
tensor. Higher order polarizability tensors are defined in a
similar way. Each term in Eq. (2) is often referred to as a
dipole moment. The first tsrm is the pth component of the first-

th

order dipole moment, the second term is the p component of the

second-order dipole moment, and so on.

Successively higher order dipole mcments becoums small very
rapidly. Bloembergen has estimated that even with the very high
fields of 1010 Warts/ca® in the focus of a Q-switched laser, and
for intra-atomic electric fields that are typically of the order
of 3 x 108 volts/cm each dipole moment in Eq. (3) is approximately
a thousand times smaller than the preceding moment (Bloembergen,

1965, p. 8).

The tensor polarizabilities of Eqs. (1), (2a), and (2b) are
physical properties of the molecule and therefore their symmetry
properties are dependent upon the symmetry properties of the
structure of the molecule (Nye, 1957, p. 20). When this principle
is applied to the tensors (apq). (qu:), (y ), ete. it is found

pqrs

that the even order polarizabilities (e.g. B qr) vanish for

p
molecules that are symmetric under inversion (Bersohn et al, 1966,
p. 3185). Relations among the components of the polarizability
tensors can be obtained from considerations of other symmetry

properties of the molecular structure., Thermodynamic arguments

have also been proposed to derive symmetry properties of the

— el
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second-order tensor polarizability (Franken & Ward, 1962, p. 27).

2.3 Scalar dipole moments

In the early nonlinear optics literature, smphasis wvas often
placed on os:inaéing the magnitude of the induced nonlinesr
molecular dipole moment without concern for its direction (Franken &
Ward, 1961). For the biological molecules with which we will be
concerned in this thesis, there is not enough available information
‘to treat the polarizabilities as temsors; therefore we shall also
be mainly concerned with predicting the approximate magnitude rather
than the direction of the induced nonlinear dipole moments. In an
early review, Franken and Ward (Franken & Ward, 1962, p. 23) used

a scalar version of Eq. (2) which we shall write as:

. - Jue | 22 2jwe . 23 3wt
u(t) = Re {azloc,l e + leoc,l e + Yzloc,l e + .00}
(3)

In Bq. (3), Bloc,l is the complex amplitude of the local fundamental

field at frequency w and &, 8 and Y are complex coefficients. While
Eq. (3) is a scalar equation, it still reflects an important aniso-
tropic property of a nonlinear dipole. -That is, the coefficient B8

and sll other even order term coefficients vanish if u simply changes

sign when zloc changes sign (i.e. if the graph of u vs. Ezoc is

snti-symmetric about the origin). Note that:




2" :
dzloc gloc-o
and that (dzu/dzioc)a «g Vanishes for such graphs. This is the
Loc
one-dimensional equivalent to the rule that (sijk) vanighes in

centrosymmetric molecules.

~

In future discussions we shall call ul(:) = Re {azzoc,l

the first-order scalar dipole moment, uz(t) = Re {Bzzoc 1 czjm:}4thc
]

o3V}

second-order scalar dipole moment and so on. The dipole moments
can then be written as u,(t) = Re {;1 e3¥%} and Hy(t) = Re {;2 JUE)
where ;1 and ;2 are the complex amplitudes of the first- and second-
order dipols moments respectively. Combining these expressions

establishes relationships between the complex field amplitudes and

the complex dipélc moment amplitudes. These are: "1 - a!zoc 1
»
and Y, = Bgioc,l'
In the next section, models will be presented for calculating

the complex scalar polarizabilities a and 8.

2.4 Modsl for scalar polarizabilities '

There are two approaches to calculating polarizabilities. One
is quantum mechanical and the other is an older classical approach
(Bloembergen, 1965). In the classical approach, the dipole is
modeled in terms of an oscillator. Calculations of second-harmonic

generation using classical scalar models have yielded results that

e —— | ————————




agree with experiment (Yariv, 1968, Section 21.3).

A complete review of the classical oscillator model will not
be given. In presenting expressions for a and B we shall mainly

follow the development by Bloembergen (Bloembergen, 1965).

In the classical picture, each oscillator is considered to
be an electron that moves under a restoring force, a small damping
forcs, ané a force produced by an applied electric field (Ditchburn,
1963, p. 563). We shall only consider the case of electrons that
are bound to local sites in atoms or molecules. We shall not con-
sider semiconductors or mstals. The damping force and the restoring
forcs can be computed approximatsly from molecular theory (Ditchburm,
1963, p. 564). VWhen restoring force calculations are required in
this dissertation, we will assume that the electron is a spherical,
uniform, negative charge cloud surrounding & stationary positive
point charge. The cloud will have a total negative charge equal to
the electronic charge, e, and a mass equal to the electronic mass, m.

The positive point charge will also have a charge mignitude of e.

If the electron cloud is displaced by a small amount from its
equilibrium position and then allowed to move freely, it will exscute
an oscillatory motion. For small damping the frequency of this

1/2 vhere K is the linear restoring force

oscillation is w = (K/m)
constant (Ditchburm, 1963, p. 564). The displacement 1is assumed to

be small since the restoring force is assumed to be linear only for




small displacements.

If the electron cloud displacement, x, is large, then the
anharmonicity of the restoring force must be accounted for. The
one~dimensional anharmonic oscillator equation is (Bloembergen,
1965, p. 5, Eq. 1.9)

- 2 2 _ 2 jut
ax +alt + ™ x + ofdx fe Re {Eloc e’ "} (5)

»1
In BEq. (5) ml'kx represents a damping force proportional to velocity.
The natural (resonant) frequency of the oscillator is Wy The
linear restoring force is mwozx and the anharmonic restoring force
is uﬂxz. The resonant frequency W, is taken to be the frequency
of an observed spectral line (Bloembergen, 1965, p. 8). We shall

use simple atomic and molecular models to estimate the constant Q in

the expression for the anharmonic restoring force.

The right hand side of Eq. (5) differs from Bloembergen's
(Eq. 1.9) in two respects. The first is that we are considering a
single monochromatic driving frequency, w, whersas Bloembergen
considers the case of two monochromatic driving frequencies.
Blocgbctgen does this to discuss optical mixing as well as second-
harmonic generation. The second difference is that we have included
an oscillator strength, £f. The oscillator strength must be deter-
nined by experiment (Ditchburn, 1963, p. 688). Experimental values

of f are usually less than unity and are often much less than unity

24




25

(Ditchburn, 1963, p. 711). This means that a local field,
Re {Ezoc 1 ‘jm:}’ generally produces a smaller oscillation amplitude
1

than would be expected from classical considerations alone.

Series solutions have been obtained for Eq. (5) (Bloembergen,
1965, p. 6). The general form of the solution is:

we , °

x(t) = ke {x  +x, o 4+ 23 )

2

~

The d.c. temm, X, is manifested as a smsll constant polarization

and is called optical rectification. This term will not be con-
sidered further. The complex amplitudes, ;1 and ;2 of the fundamental
and second~harmonic terms are (Bloembergen, 1965, Eqs. 1.10, 1.11):

-~

E
~ fe "Roc,l :
2 "2 D o)
a2
A 2 2 E
x, = 4 ; Q ; Loc,1 ()
m D" (w) D(2w)
where:
D(w) = uoz - wt - jTw (9)
D(w) = w ? - 4w? - 2370 . (10)
@,? - u?) > Tu a1
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(...02 - 4y >> 2w (12)

Under these conditions D(w) and D(2w) can be approximated by the
real variables:
D(w) = wbz - o (13)

2

D(2w) = wbz - 4u (14)

In the instances that. we-will consider, the fundamental frequency,
w, and the second-harmonic frequency, 2w, are remote from the fre-
quencies, Wy» of narrow spectral lines. Therefore, the approximate

equations (13) and (14) will be used.

The polarizabilities o and B can now be estimated. There are

two expressions for the first order dipole moment Uyt
My = exy : (15)

Loc,1 (16)

Combining these yields:

a=ex)/E) 01 an

:
{
L)
?




Using Eq. (7) for X, one then obtains:

2 . 4
fe~ 1 .
e T 18

Similarly, there are two expressions for the second-order

dipole moment Mgt

~

‘ Hy = ex, 19
U, = BEz (20)
2 Loec,l

Combining these yields:

-~ 02

8 = "‘2/59«,1 (21)
3 Using Eq. (8) for X, one then obtains:
)
2 3
8 = £ a0 1 (22)

2® %) D(2w)

The constant @ in Eq. (22) will now be estimated. Bloembergen
has suggested :hat.the nonlinear.restoring force, mﬂxz, is of the
same order as the linear restoring force, mmozx, when the oscillator
displacement, x, is of the order of the radius, a,, of the equilibrium

orbital of the electron (Bloembergen, 1965, p. 7). Using this r
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criterion, the following approximation for (} is obtained:

a=w’la (23)

The frequency of an electronic spectral line {s related to the
dimensions of the atomic or molecular structural unit. In some

cases mathematical expressions for this relationship have been

-
1
1
3
3
'
]

derived (Setlow and Pollard, 1962, pp. 223-225). A simple classical
atomic model will be used to derive a relationship between Wy and

a, in Eq. (23).

Recall that each classical oscillator is assumed to be an
electron Ehat is bound to an atom or molecule. One simple model
considers the electron to be a uniform spherical negative charge
cloud with radius a s charge -e, and mass m (Siegman, 1971, p. 68).
In this simple model the cloud surrounds a single (nuclear) point
i charge +e. When the cloud is displaced by an amount x from its

equilibrium position, it feels a linear restoring force Kx when

x<a,, and a nonlinear Coulowb restoring force eZ/x2 when x > s,
Since both equations are valid when x = a , we can equate them and

obtain the following relation:

K= e2/a°3 (24)

The resonant frequency of the classical electron oscillator is




w, = ®/m)}/2. Combining this with Eq. (24) yields:
2
s - ( 02 )1/3 (25)
wo m

Equation (25) is a classical result that shows an inverse
relationship between atomic size and resonant frequency. Quantum~-
mechanical models of large complicated molecular structures also
show an inverse relationship between molecular size and the fre-
quency of the lowest energy spectral lines of the structure (Setlow
and Pollard, 1962, p. 225). Equation (25), however, may not be the

correct specific inverse relationship for complicated molecules.

ComBining Eq. (23) and Eq. (25) yields the following expression

for Q:
w 8 ]
Q= ( ..22._ y1/3 (26)
e
When Eq. (26) is used for Q, the expression for 8 becomes:
8 .
23 w' ' m
g = £ ; ( o2 )1/3 , 1 QN
m e D" (w) D(2w)

Equation (27) has been derived for the case where there is a
single spectral line at frequency Wy Kielich has treated the
case where there is more than ope spectral line for each atom

(Kielich, 1964). His results are similar to those obtained for

g
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linear dipoles (Ditchburn, 1963, P- 565) in that each spectral
line at frequency Woq makes a separate contribution Myy to the
total second-order dipole moment for the atonm Hy (Rielich, 1964,

P- S5a):

~ N .
My = izl Moy (28)

In Eq. (28) the sum is taken aover N' spectral lines. The My, sTe
given by:
EZ

H21 = B4 Broe,1 (29)

Combining Eqs. (28) and (29):

~ ) N'
M, = E - B (30)
2 . Loc,1 1=1 i
where
23 8
fie” wm 13 1
Bi === 3 ) ) (31)
n e Di (w) Di(Zw)
{ and

Di(u) - “:1 -w?e jrim (32)
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2
ol

2
ni(z ) = -4 -2, . (33)
In the instances that we will consider, the fundamental frequency,
w, and the second-harmonic frequency, 2w, are remots from the fre-
quencies, Wogs of narrow spectral lines. Thersfore, the approxi-

mations used in Eqs. (13) and (14) can again be employed.

Ve shall define the second-order polarizability of the atom
for the case of N' spectral lines to ba:
N
B= I 8 - (34)
i=1
In‘sumnary, the methods used in this section allow values of
the polarizabilities @ and B (Eqs. (18) and (31) ) to be estimated
for simple electron cloud resonances such as those for "hydrogen-like”
atoms. It has been shown that when a classical electron oscillator
is bound by an anharmonic res:oriﬂg force, the cloud oscillates in
a periodic motion with a fundamental frequency equal to the frequency
of the applied aelectric field. The motion of the oscillator also
contains higher harmonics for whicﬁ the second-harmonic motion has

been calculated.
2.5 Second-harmonic generation by multi-mode lasers

Congider the second order dipole moment uz(t). If the local

electric field varies sinusoidally at a frequency w then the first
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term in Eq. (2) gives rise to dipole radiation at frequency w and

the second term gives rise to a d.c. field and dipole radiation at j
frequency 2w. The d.c. field gives rise to a bias field in the
wedium vhich we shall neglect. The 2w radiation is the source of

second-harmonic generation with which wea shall be concerned.

If the local electric field contains two discrete frequencies
w and Wy s i.e. zzoc,l(t) - t. cos w,t + !b cos w,t, then the
second order term in Eq. (2), being proportional to the square of
the local field, gives rise to sum and difference frequencies.

It can be shown with simple trigonometric manipulation that the

frequencies and relative amplitudes of the sinusoidal components

of uz(c) are as follows.

Frequency Ralative Amplitude of Sinusoidal Component

~
td
[ ]

+
I
~r

Zero

¢ F
™ V= =
I »Th

L ]
g N

If the local field contains many discrete frequencies rather than




just two frequencies, then as a consequence of the second order
nonlinearity in u(t) there will be a large number of harmonic, sum,

and difference frequency combinations.

The short-term output spectrum of a laser can be modeled as
containing many discrete frequencies. These essentially mono-
chromatic frequencies, W , cover & narrow spectral range between

wi and w, as shown below.

Each discrete frequency in the sketch corresponds to an active
laser mode emitting an essentially monochromsatic wave at frequency
w . If a laser with this kind of output spectrum is used to drive
a dipole with nonlinearities described by BEZ, then the second-
harmonic of each w, as well as a large number of sum and difference
frequency components will appear in the nonlinear part of the scat-
tered light spectrum of the molecule. The second-harmonic and sum
frequencies will lie between 2“1 and 2w,. The difference frequency

2
spectrum lies at much lower frequencies such as at microwave

33




frequencies.

Ruby lasers have a rocognizabic transverse mode structurs
vhen operated near threshold. However, in high peak power
op;r:cian, such as is employed in nonlinear optical studies, rscog-
nizable transverse modes are not exhibited (Ready, 1971, p. 15).
The mode structure of millisecond pulse ruby lasers changes during
the pulse. It is not clear to vhat extent the mode structure of
Q-switched ruby lasers changes during a typical 20 nsec pulse
(Ready, 1971, p. 16). It is difficult to resolve the narrow band
short term spectrum of a Q-switched laser pulse and its associated
second-harmonic and sum-frequency pulse. Because of this practical
difficulty, all of the narrow band radiation between Zml and 2w2 is

often referrsad to simply as second-harmonic radiation.

2.6 Second-harmonic generation in a material medium

There are two liuitihg cases of second-harmonic generation in
material media that will be useful to consider. In the first case,
the molecules of the medium are assumed to be in perfect mutual
alignment and arranged in a regular lattice with a lattice spacing
much smaller than an optical wavelength. This situation has been
analyzed in detail by a number of authors s%ncc it can be used to
represent crystalline media from which relatively intense collimated
beams of second-harmonic radistion have been obtained (Bloembergen,

1965). We shall call this the case of coherent second-harmonic

\
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generation in a crystalline medium.

In the second uu to be considered, the molecules of the
medium are assumed to be random in position and orieantation.
This situation has also been snalyzed by a number of authors since
it can be used to represent gaseous, liquid and amorphous solid
media (Kielich, 1963; Terhune et al, 1965; Bersohn et al, 1966).
Weak wvide angle scattered second-harmonic radiation has been ob-
served from liquids and amorphous solids and used in the mlyni;
of molecular structure (Terhuns et al, 1965). We shall call this
the case of incoherant second-harmonic generation ia a non-crystalline

aediun.

In our analysis of both of these limiting cases, we shall
neglect problems of reflection and refraction at the dboundaries of

the medium. We shall also assume the medium to be non-dissipative.

2.7 Coherent second-harmonic generation in a non-dissipacive
crystalline medium
Armstromg et al (Armstrong et al, 1962) have provided a detailed
analysis of second-harmonic generation in what we have called a
crystalline medium. They have shown that the macroscopic polarization
of the medium at tl;c secound-harmonic frequency is the source for a
second-harmonic wave in the medium. Consider a single position in

~
the medium. At this position let Pz(t) = Re (Pz .ijt} be the

scalar second-harmonic macroscopic polarization. Let El(:) =
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Re {il -J“f} be the total scalsr macroscopic field in the medium
at this same position. The cowmplex amplitudes ;2 snd El are
related by the following equation (Bloembergen, 1965, Eq. 1-13;
Arnstrong et al, 1962, Eq. 3-17):

A Az ﬁ
P, =X, E, (35)

The quantity X2 is called the complex scalar second-order nomlinear
dielectric susceptibility of the medium. In some cubic or amorphous
nadia, Xz is related to 8 (See Eq. (3) ) by a simple expression {
(Bloembergen, 1965, Eq. 3.18)

2
X, = L) L(2) N, 8 (36)

vhere Nv is the number of molecules per cubic centimeter and the

function L is the Lorentz factor which is a conversion factor that

is needed because 8 1s defined in terms of local fields and Xy

is defined in terms of mlcrﬁscopic fields. When written in terms
of refactive indices, (Bloembergen uses dielectric constants rather
than refractive indices) the Lorentz factors are (Bloembergean, 1965,

Eq. 3.18):

L(w) = (ulz +2)/3 )




L(w) = (a,% + 2)/3 )

The refractive indices at the fundamental and second-harmonic fre-
quencies ars ny and n, respectively. In the above equations, the

refractive index is a real number and 8 is complex.

Bloembergen has pointed out that Eqs. (36) and (37) spply in
crystals only vhen the valence electrons are localized around a
lattice point with cubic symmetry. He suggests that CuCl, which
is cubic and lacks inversion symmetry, may be described by these
equations. For symmetries other than cubic, the locsl field cor-
rection factors will be more complicated and are difficult to
determine. Bloembergen has stated that since these correction
factors are not small they are a significant source of error in

analytical estimates of X, (Bloembergen, 1965, pp. 69-70).

Let the total field at the fundamental frequency in a homogeneous

isotropic medium be plane waves of the form:

A Jwt - klz)}

L, (2, 8) = Re (E; @ (38)

~

In this equacion, E. is constant, w is the fundamental frequency,
1 ‘

and k1 is the fundsmental wave number which is assumed to be real.

We have taken !1 to be constant and kl to be real because we shall

assume that thers is a negligible fraction of the fundamental wave

energy converted to energy in higher harmonic fields and because
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we shall assume that the medium is lossless. The second-harmonic
polarization is takean to be of the form:

~ (2wt - 2klz)
Pz(zn t) = Re {Pz e }

(39)
In Eq. (39), Pz is constant. This follows from Eq. (35) and the
assumption that 21 is conscant in Eq. (38) (Minck et al, 1966,
Eq. 7, p. 1359 and discussion following Eq. 17, p. 1359). The
second-harmonic field is assumed to have a slightly more general

form than the fundamental field. That is: H

~ (2wt - kzz)

Ez(z, t) = Re {Ez(z) e } (40) i
In Eq. (40), the complex amplitude EZ (z) is taken to be a function {
of z since the fractional change in the second-harmonic field
energy as a function of z is significant. This should be compared
to the constant complex amplitude of the fundamental field in Eq.
(38). Also, in Eq. (40), k, is a real wavenumber. This is based
on the assumption that the medium is lossless at the second-harmonic

frequency.

The complex differential equation for the second-harmonic plane

wvave amplitude is (Minck et al, 1966, Eq. 17):

dx, (2) WMk, ., $(2k, ~k)z .
—_.:’ -~ -—Tn 2 X3 Elz e 1 2 (41)
2
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Equation (41) can be derived from Maxwell's equations together
with Eqs. (35), (38), (59), and (40). This equation has been

derived in cgs units; howvevar it can be shown to agree with an
equation derived by Minck et al (Minck et al, 1966, Eq. 17) in
MKS units through the conversion factors given in Appendix A to

this chapter.

Let the medium be an isotropic infinite slab with boundaries

-t L r
at z -3 fnd 2=+ 7 Let Ez

of the second-harmonic wave at z = L/2 is then given by the fol-

= 0 at z = - L/2., The amplitude

lowing solution to Eq. (41) (Minck et al, 1966, Eq. 18):

22
- Anjkzxzzl
22(1./2) - - ( - 3 )(
2

sin AkL/2 )
Ak

(42)

In Eq. (42), Ak = Zk1 - kz. We shall continue to neglect reflections

at the slab boundaries. Therefore, we shall let E, and EZ(L/Z) in

1
Eq. (42) also stand for the electric fields just outside the output

face of the slab in air.

Equation (42) can also be written in terms of the time-averaged
pover per unit area of the fundamental and second-harmonic fields
at the output face of the slab in air. These are S1 and S2

respectively (Jackson, 1962, Eq. 7.67):
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c kza

S2 oo E (L/2) E *(L/Z) (44)

where kla and kZa are the fundamental and second-harmounic wave
numbers in air and c is the speed of light in vacuum. Since 0y

and n, are both close to unity in air, we can write k, = k, and:

la 2a
c ~ ~ .
Sl - 8—" El El* (45)
32 81r 2(1./2) E *(L/Z) (46)

Using Eqs. (45) and (46) in Eq. (42) and kla = w/ec yields:

3.2 2
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If the fundamental and second-harmonic fields are confined to
beams of cross sectional areas Al and A, respectively, then Eq.

(47) can be written in the form:

3.2 2

¥, 8417 ky" Xo Ay gin? Akp/2
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where wl and wz are the fundamental and second-harmonic beam
powers respectively. wzlwl is the second-harmonic power conversion

efficiency. If the fundamental and second-harmonic powers are
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interpreted as peak pulse powers, then the second-harmonic energy
conversion efficiency is given by T, Wzlrl wl where 13 and T, are
the fundamental and second-harmonic pulse durations.

From Eq. (47a) it can be seen that the coherent second-harmonic

conversion efficiency is a periodic function of the slab thickness

L. The second-harmonic intensity first reaches a maximum when:

|Ak|L/2 = ®/2 (48)

Using the fact that kl = nlw/c and k2 = 2n2w/c one obtains for this

value of L, which is called Lcoh (Minck et al, 1966, p. 1360):

Loon = A/4lny - n,| 49)

where Al is the fundamental wavelength in vacuum. The thickness

> defined by Eq. (49) is called the coherence length, Lcoh’ of the
medium. From Eq. (49), the coherence length is infinite when the
nedium is non-dispersive, i.e., when n; = n,. When ll is the ruby
laser wavelength (700am) it is found that quartz exhibits a value

of |n, - n,| of the order of 2 x 1072 (Pressley, 1971, p. 517). Ia

this case Lcoh is about ten ruby laser wavelengths.

The periodic growth and decay of the second-harmonic field
can be understcod by noting that solutions of Eq. (41) are.not

freely propagating waves. The travelling second-harmonic wave is
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produced by a polarizacion distribution that has been created by
the fundamental travelling wave. (That is, the fundamental
travelling wave El produces a polarization P2 in the medium that
in turn produces the travelling secoand-harmonic waves Ez that are
found from the solution of the differential equation (41) ). The
fundamental waves propagate at a different speed than the second-
harmonic waves in a dispersive medium. Hence, the second-harmonic
field produced at a point in the medium will not necessarily inter-
fere constructivelv with second-harmonic waves that have been pro-
duced at other points in the medium. Constructive or destructive
interference at a point depends upon how far that point is from

2 = - L/2 and the difference between the wave velocities at w and

2y in the medium.

If the slab is cut to a thickness that is an iﬁcegral multiple
of a coherence length, then the second-harmonic conversion efficiency
of the slab will be a relative maximum. Periodic changes in the
travelling wave conversion efficiency have been observed by rotating
thin quartz slabs so as to vary the optical path length of light in
the crystal (Maker et al, 1962). VWhen the slab thickness has been
"adjusted" to yield a relative maximum of conversion efficiency,
the actual value of the conversion efficiency is proportional to
(Ak)-'2 (see Eq. (48) ). Since Ak = %E (nl - n2) the actual conversion

1
efficiency, at maximum, is proportional to (nl - nz)'z.

In many materials that have been investigated for second-harmonic
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generation with ruby lasers In1 - nzl is & small number ([n1 - nzl
x 1072 for quartz and KDP) (Pressley, 1971, Table 18-4). In later
chapters, the theory of second-harmonic generation in crystalline
media will be applied to biological tissue (cornea and tendom)
vhere values of In1 - nzl are not generaily available. In its
fresh state, tissus contains significant amounts of water. When

the fundamental is at the ruby laser wavelength, the factor

- D —

oy -, = 0.018 for water is also small (ICT, Vol. 7, p. 13).
Theref~r=, the factor (n1 - nz)"2 cat be sn important source of

error in the biological calculations. A further source of error

e
e srti e

is, of course, not knowing the exteat to which biological tissue

can be considered crystalline.

Complete constructive interference occurs for o, =1, (or
Ak = 0) which is called the "index-matched condition". Index
matching can be achieved for extraordinary waves at wand ordinary
vaves at 2w in certain directions in birefringent crystals where
the birefringence, ]no - ne], exceeds the dispersion |n1 - nzl (o, =
ordinary ray refractive index, n, - extraordinary ray refractive
index) (Franken & Ward, 1963, p. 29). In these crystals the conversion
efficiency can bacome high ( 20X for crystals outside the laser
cavity) (Yariv, 1968; p. 35I). We have not attempted, i{n our ex-

perimental work, to obtain an index matched condition in biological

tissue.
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2.8 Incoherent second-harmonic generation in non-crystalline media

Terhune, Maker and Savage (Terhune et al, 1965) have observed
second-harmonic generation from liquids and amorphous solids
composed of molecules that lack inversion symmetry. Their experiments
have also been reviewed by Minck et al (Minck et al, 1966, p. 1371).
In these experiments, secoud-harmonic radiation did not appear as
a4 beam but appeared rather as weak multi-directional scattered
radiation analogous to the Rayleigh scattering that occurs in linear
media. In quantum mechanical terms, the process can be thought of
as two photons being simultaneously absorbed from the laser field
and a third photon of twice the energy being released via spon-
taneous emission (Minck et al, 1966, p. 1371). From a classical
standpoint, the second-harmonic polarization on each is randomly
oriented and each molecule acts as a separate independent source of
second-harmonic radiation (Minck et al, 1966, p. 1371). In this
incoherent second-harmonic generation the net second-harmonic energy
per laser pulse is assumed to be the sum of the energies at the
second-harmonic frequency radiated by each separate molecule or
molecular cluster (Kielich, 1964, p. 56). In Terhune's experiments,
the total second-harmonic energy was a very small fraction of the
laser input energy. Conversion efficiencie; only of the order of
10-13 vere obtained even when a high peak power, Q-switched ruby
laser beam was focused within the sample medium (Terhune et al, 1963,

p. 681).
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Ve shall now develop a simplified scalar model for incoherent
second~-harmonic generation in non-dissipative amorphous medisa. In , o
Appendix A of Chapter 5 of this thesis it is shown that vhen
independent nonlinear noncentrosymmetric moicculct are randomly
oriented in an amorphous medium, the instantanecus second-harmonic
polarization induced on each molecule by a coh.rcnt‘fundsn-ntal
driving field is also independently randomly oriented (Minck et al,

1966, p. 1371; Chapter 5, Appendix A of this thesis). The phase

of the second-harmonic radiation reaching a distant observer from

a given molecule is affected by the relative position of the molecule
and by the orientation of the induced second-harmonic dipole moment.

These orientational effects can be seen through the following scalar

example drawn from Appendix A of Chapter 5. Lat E and the easy

Loc
direction of polarization of a one dimensional noncentrosymmetric
molecule be aligned. To second order, the induced dipole moment

~

is given by u = gaE c + Bzioc . Now rotate the easy direction of

20
polarization by 180°. Then the induced dipole moment is u = a!zoc -
Bzioc. This molecular rotation produces a 180° phase change in the

second-harmonic radiation from the molecular dipole. Now consider
a collection of closely spaced oscillators. Lat there be as many
oscillators oriented in a given direction as there are orieanted in
the exact opposite direction. There can be no coherent constructive
interference for second-harmonic waves radiated by this collection

since for every oscillator radiating at 2w with phase ¢ there is
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another oscillator radiating st 2w with phase ¢ + T which leads to

destructive interfarence of coherent waves.

Nov we shall consider ths possibility of incoherent second-
harmonic generation by a collection of independent, randomly
oriented oscillators. We shall sssume thst in three dimensions the
random orientation of independent molecules produces a uniform
probability distribution for an independent random variable ‘u vhere
$p is the phase angle of the second-harmonic radiation that reaches
a distant observer from the nth molecule of the medium. The range
of phase angles will be from ¢ = 0 to ¢n = 21, We shall also assume
that the amplitude of the second-harmonic wave that reaches the

observer from the nth

molecule is affected by the distance between
the molecule and the observer but 1is not affected by the orientation
of the molecule. This last assumption is consistent with our scalar
approach. The effects of molecular orientation on the amplitude of
the observed second-harmonic wave can be taken into account with a

tensor approach.

Consider a group of N independent randomly oriented molecules
under the conditions described above. Let the intermolecular spacing
Rom be much less than the distance Rno from a molecule to the observer.

The second harmonic field amplitude Ez at the observer position is
N ‘30,
then proportional to the sum ¢ = I ¢ . The time-averaged second-
o=l
harmonic power at the observer position is proportional to
N g0, N -3
Co* = f e 2 e . When averaged with respect to the uniformly

e




distributed independent random variable ¢, one obtains the well-known

result that 00% = N (Sommerfeld, 1964, pp. 192-193). Therefore, ‘
under the conditions of this scalar model, the time-sveraged in-

coherent second-harmonic power from a non-dissipative amorphous

medium is the sus of the time-averaged second-harmonic powers

radisted by the individual non-centrosymmetric molecules of the

nedium.

The time averaged second-harmonic power, wu. from an individual
dipole with oscillation frequency 2w and dipole moment amplitude
luzl 1s (Jackson, 1962, p. 272)

'y
- 16w 2
L% _34:3 lu, | (50)

where qul2 = uzuzﬁ. The dipole moment scalar a-plitudcluzl will
be different for differeant orxrientations of the molecule with
respect to the local field, !R.o e In the present scalar treatment

these differencas will be neglected. Therefore, we shall assume
Iﬁ | = ax2 (51)
2 foc,1l

With thi{s substitution, Eq. (50) becomas:

&

o 16w 2 24
L -_3e38 Em’l (52)
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The total second-harmonic power, Wz. from N molecules is:

4 -
16w .2 24
Hz 3c3 [} Ez 1 N (53)

The Lorentz factors given by Eq. (37) for certain cubic
crystalline media have also been employed by Armstrong et al in
their analysis of second-order nonlinear polarization in isotropic
wedia (Armstrong et al, 1962, p. 1925). Bloembergen has cautioned
that these factors may be used only when the ions or molecular
groups of the medium are well localized (Bloembergen, 1965, p. 68).

Therefors, undar these conditions, the relationship between Ez

Loc,l
and the applied (macroscopic) field quantity El is:
22 2 ~2
%oc, 1 L™ (w) L(2w) E, (54)
With this relation, Eq. (53) becomas
160 ;2 4, . 2. . %4
v, = 78" L (w) L"(2w) E;° N (55)
3c

Equation (45) can be used to relate E in Eq. (55) to the laser

power per unit area 51:

“ 4 6612 sl2

P,




If the laser intensity is uniform over a beam vith area Al' then

s1 - 1/A1 vhere "1 is the laser power. With these substitutions
made in Eq. (55), the incoherent second-harmonic power conversion
efficiency Hz/V1 becomes: . 1

, 1024r Wb 82 14w 122w 8 W
2. 1 (57

1 JcS ‘127

As descrided previously, the energy conversion efficiency under
pulsed conditions is Ci. 1, lerl "1'

There ars no coherence length considerations in ocur model of
a non-crystalline wedium. In this type of madium, Eq. (57) predicts
that the conversion efficiency increases linearly with the number of

{rradiated molecules N which if the bsan cross sectional area is

held constant, would mean a linear increase of second-harmonic .
power with incresasing thickness of the nonlinear medium. This should
be contrasted with the periodic change with incresasing slab thickness

of the conversion efficiency in a crystalline medium. No experimental
test of this result has been found in the literaturs. Such verification

is important since there are a number of assumptions used in the

development of the theory.

2.9 Sample calculations for water

A theoretical estimate of the incoherent second-harmonic

conversion efficiency of (amorphous) liquid water will be made from




the scalar model presented above. The result will be compared
vith experimental sscond-harmonic generation dats reported for

vater by Terhune et al (Terhume et al, 1965).

A theoretical value of Xp will also be obtained for a hypo-
thetical case. The hypothetical case that will be considered is
that of a cubic crystal with the water molecule oscillators localized
at the cubic lattice points. The value of X9 for this hypothetical
crystal v;ll be compared with the tenmsor compoments of xuk that
have been measured in KDP (Minck, 1966, p. 1361). Water was chosen
for these calculations because oscillator strength data is available.
Other materials for which experimental conversion efficiency data
has been reported (e.g. quartz, carbon tetrachloride, acstonitrile
(Terhune et al, 1965) ) could not ba used to test the scalar model
due to a lack of oscillator strength data. It will be demoustrated
that the oscillator strength is a sensitive parameter in calculations
of both incoherent and coherent conversion efficiencies. The
crystalline water example is given to demonstrate the scalar model
for crystalline media; 1t i{s not meant to be a realistic practical

example.

} 2.9a Calculation of incoherent second-harmonic conversion efficiency
of liquid vater - Couwparison with experiments by Terhune et al.

i. Ultraviolet spectrum of water

A one-dimensional dipole oscillacor is assigned to each
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electronic dipole absorption band of the molecule being modeled.

The secound-order dipole moment of the molecule My is taken to be

the sua of the second-order dipole moments of the oscillators
assigned to the molecula. In vater, the slectronic dipole asbsorption
bands are in the vacuum ultraviolet region of the electromsgnetic
spectrum (Herzberg, 1966, p. 489; Waetanabe and Zelikoff, 1953). The
following description of these bands is based on low pressure vater

vapor spectra obtained by Watsnabe and Zelikoff (Watanabe and

Zelikoff, 1953; Herzberg, 1966, pp. 489-493). The lowest frequency i
band is centered at approximately 165nm and is quite broad (14Som - i
186nm). The oscillator strength £6r this band is 0.041 (Watanabe |
and Zelikoff, 1953, p. 754). The pext higher frequency absorption

appears as a progression of diffuse bands superimposed upon a broad

band. The short wavelength limit of the underlying broad band is

at approximately 1ll5am and the long wavelength limit is at approxi-

mately 1l45um. The center of the underlying broad band is at about

130nm. The oscillator strength of the underlying broad band is

spproximately 0.05 (Watanabe and Zelikoff, 1953, p. 755). The dif-

fuse bands extend to shorter wavelengths. Another series of bands
is evident in the range 105nm to ll5am. Oscillator strength data
for the diffuse bands and the short wavelength series of bands was

not given by Watanabe and Zelikoff.

In our calculations for liquid water at 20°C and latm pressure

ve shall only counsider the 130nm band and the 165nm band. We shall




assums that the oscillator strength and band locations are the

sams for wvater vapor and liquid watar. The oscillator strength is

a msasure of the coupling betwean an oscillating dipole moment and
the radiation field (Siegman, 1971, pp. 82-83). The oscillator-
field coupling may be different for low pressurs vater vapor and
liquid vater. Therefors, the assumption of an invariant oscillator
strength may be incorrect. Iansufficient information could be
located to incorporate a change in oscillator streagth in our calcu-
lations. An increase in the strength of the local field, which
constitutes one change in the coupling between the oscillator and
the macroscopic fiald is included in our calculations via the Lorentz

factors for liquid water.
i1. Calculation of 8

The incoherant second-harmonic power conversion efficiency is

given by Eq. (£7).

W, 1026r% o 8% L4w) L2(2w) N '
2 - —— ¢Y))]
"1 3c5 A1

The scalar polarizability 8 is calculated from Eqs. (31) and
(34). The factors Di(w) and Di(ZN) in Bq. (31) are complex numbers.
The following table compares the real and imaginary parts of these
factors. The comparison is based on a 20nm linewidth for both the

130nm and 1650m lines (Watanabe and Zelikoff, 1953, Fig. 1, p. 754).

was
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Line

Spectral
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The entries in the third colump show the imaginary part to be less
than 102 of the real part of esch of the Di factors. We therefore
retained only the real part as an approximation to the D1 factors

vhen computing 8. The result for 8 is 2.97 x 10732 p%/2 erg'llz.

(In{ni}/an{oi})z

165am

D
1

Factor R'{Di} tim {Di}

D) (1.31-0.73)x20°2-43.75x10%

32

165nom

D, (20) (1.31-0.29)x10°2-37.50x10%°

72

130om

D, (w) (2.10-0.07)x10°2-46.06x10°°

32

130nm

D, (2w) (2.10-0.29)x10°%-41.21x10%

=%

114,

Calculation of Lorentz factors

For the ruby laser with a wavelength of 694nm, the refractive

indices o, and n, are (ICT, Vol. 7, p. 13):

n, = 1.33

o, = 1.34

Using Eq. (37), the Lorentz factors are:




L{w) = 1.26
L(2w) = 1.27

iv. Calculation of laser power

Terhune et al report that a 1MW ruby laser was used (Terhune
et al, 1965, p. 68l). However, when referring to experimental
spectra of second-harmonic generation they list the laser power
as %HW for water (Terhune et al, 1965, Fig. 2). We shall use the

12

%MW value, or 5 x 107~ erg/sec in Eq. (57).

v. Calculation of the dimensions of the focus of a laser beam

Two additional difficulties arise in this part of the calcu-
lations. These are both related to the fact that Terhune et al
used a focused laser beam rather than a collimated beam in their
experimental studies (Terhune et al, 1965, p. 68l). First, it is
very difficult to accurately estimate the cross sectional area of
a focused ruby laser beam. With low order mode gas lasers these
estimates can be made more accurately. Second, Eq. (57) is based
on homogeneous plane wave illumination by the laser. It is not
known whether homogeneous plane waves exist anywhere within a
focused ruby laser beam. With gas lasers, where a high degree of
coherence can exist, and with high f-number (f-number >> 1) aber-

ration free lenses, theory predicts that a plane wave region exists

24
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around the lens focus (Kleinman, 1962, p. 1772; Bloembergen, 1965,
p. 122). 1In otdei to continue these c;lculacions we shall present
two limiting values of the laser beam cross sectional area Al at

the lens focus and assume the existence of a homogeneous plane

wvave region at the lens focus. Concentrating on the focal region

is consistent with tho report by Terhune et al that second-harmonic
generation was observed only in the focal region of the lens (Terhune

et al, 1965, p. 681).

The dimensions of the focal region in which Terhune et al
observed second-harmonic generation are not known. For the purposes
of the present calculations, we shall approximate the high intensity
region of the focused laser beam by a cylinder and assume that the
only significant second-harmonic genmeration occurs within the
cylinder. The radius r of the minimum focal spot size obtainable
with a single-mode laser beam with a divergence half-angle 8 and
an aberration-free lens of focal length F is commonly estimated by
r = F@ (Ready, 1971, p. 19). If the laser operates in N trans-
verse modes, the focal spot size increases by a factor of /ﬁ; (Ready,
1971, p. 19). 1If the lens is not perfect and if the mode structure
is very complicated (e.g. with rutw lasers), then the focal spot
size is yet larger (Ready, 1971, pp. 22-23). Ready has performed
studies with non-Q-switched multimode ruby lasers, and found that
the minimum spot diameter produced with a simple lens is of the

order of 300 microns (Ready, 1971, Fig. 1.8 and p. 23).
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Ready's studies also include an examination of the length of
the focal region produced by a simple iens and a multimode non-Q-
switched ruby laser. From his data it appears that there is a
maximum range of about lmm in which the focal spot diameter is

approximately constant (Ready, 1971, Fig. 1.8).

Based on Ready's studies, the cylindrical region that we would
use to approximate the focus of a non-Q-switched ruby laser in air
would have a maximum length of Lf = lmm and a minimum cross-sectional
area of A1 =7 x 10_4 cmz. The method used by Ready was based on
the size ~f holes punched in thin aluminum films, which may not

yield a true measure of the dimensions of the focal region (Ready,

1971, Fig. 1.8).

There are a number of errors that can occur if we use Ready's
results to estimate the Size of the focal region in the studies of
second-harmonic generation by Terhune et al. First, Ready's laser
was non-Q-switched while Terhune's was Q-switched. These lasers
may be focused differently since the mode structure may be different.
Second, Ready's focus was produced in air and in the presence of
metallic vapors, while Terhune's focus was produced in water. The
optical properties of these media are different. Third, the results
that we have quoted from Ready apply to only one laser pulse energy.

Ready has also shown that L_ decreased by about a factor of 2 and

f

Al increased by about a factor of 1.7 when the laser energy was




raised from 0.7 Joules to 1.2 Joules (Ready, 1971, Fig. 1.8). The
energy from Terhune's laser was only ;pproximately 0.05 Joules,

based on 1/2 Megawatt peak power and a 100usec pulse duration

(Terhune et al, 1965, Figs. 1 and 2). Therefore Al may have been
smaller than 7 x 10-4 cmz and Lf may have been longer than lmm in
Terhune's experiments due to his lower laser energy. This, of course,
assumes that energy and not peak power is the determining factor.
Fourth, Terhune et al used a lens with about a 1l0cm focal length
while Ready presented most of his results for a 2.5¢m focal length

lens. These differences should affect the dimensions of the focal

region.

The dimensions of the focal region enter Eq. (57) via the
factor N/Alz where N is the number of molecules that radiate at the
second harmonic frequency. To determine N, both the length and
cross-sectional area of the focal region must be known. The above
factor can also be written as NVLE/AI where Nv is the number of
molecules per unit volume that radiate at the second-harmonic fre-
quency. Since Nv can be estimated independently from chemical data
the dimensions of the focal region actually enter Eq. (57) via the

factor Lf/Al. Using L
2

=4 2
e® 0.lcm and A = 7 x 10 " cm” yields Lf/A1

1.42 x 10 cm-l. Based on parts of the above list of errors we
shall now estimate the possible numerical peak error introduced by

using this value of Lf/A1 in the analysis of the studies by Terhune

et al.

57
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First, che effect of focusing the laser beam in water rather
than in air will be considered on the basis of a change of wave-
length. We can only estimate this effect by using the equations
for an ideal focus (Kleinman, 1962, p. 1772). Using these equations
it can be shown that the factor LE/Al is reduced by l/n where n is

the refractive index of water (n = 1.3).

Second, by using a linear extrapolation from the pulse energies
used by Ready to those used by Terhune et al, the cylinder length
Lf can be shown to increase from lmm to l.7mm and Al can be shown
to decrease from 7 x 10-4 cmz to 0.8 x 10-4 cmz. This amounts to

a factor of 15 increase in the ratio Lf/A1 over the value of

1.42 x 107 cn? taken directly from Ready's studies.

Third, we shall again employ the equations for an ideal focus
to estimate the effect of the lens focal length differences in the
studies by Ready and Terhune et al. Both Lf and Af are proportional
to the focal length F (Kleinman, 1962, p. 1772). Therefore, to a
first approximation there is no error introduced by lens focal
length differences insofar as Lf/A1 is concerned.

Combining these computed factors, we see that the assumption

2 -1

that Lf/Al = 1.42 x. 10" cm ~ in the second-harmonic experiments by

Terhune et al may be a factor of 1l too large.

It is useful to also compute the ratio Lf/A1 for a perfectly

coherent beam and an aberration-free simple lens from the equations




given by Kleinman (Kleinman, 1962, p. 1772). For the ruby laser
wavelength (A = 694nm) and a focus in water (n = 1.3) this ratio
is Lf/A1 = 4.8 x 104 cmz. This is a factor of 338 times larger

than the value of Lf/A1 estimated from ptacticai laser data.

The above calculations have been carried out to show that
there can be very large errors in the estimate of the dimensions
of the foczcl region of a laser. These errors produce an uncertainty

in the factor Lf/A1 in Eq. (57) of as much as two orders of magni-

tude.
vi. Calculation of Nv

The number density of dipoles Nv is:

Nv = M.W. (58)

where p = lgm/cm3 for Hzo, N, = 6.02 x 1023 molecules/gm mole and

M.W. = 18 (molecular weight of water). Thus Nv = 3,34 x 1022 cm-3

for liquid water at 20°C and latm. Also N/A1 is 9.45 x 10-24 cm-4

2

when LflA1 = 1,42 x 10+ is used in N/A12 = Nva/Al'

vii. Final result for incoherent conversion efficiency of
water

Based on the above parameter values, the predicted incoherent

power conversion efficiency for water, under the experimental con-

ditions used by Terhune et al, is:

59
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wz -
- 1.29 x 10
1l

12

The above number is the ratio of the total power radiated at 2w
to the total power incident at w. If the laser pulse duration is
T and the second-harmonic pulse duration is Ty then the energy

conversion efficiency is:

-
=

22 (59)

171
It is shown in Chapter 3 of this dissertation that 12/11 = 0.707
for GCaussian-shaped laser pulses. Therefore, if the laser pulse
is assumed to be Gaussian in the experiments by Terhune et al, then
the incoherent energy conversion efficiency is
3

-1
Ci‘ = 9,1 x 10

Terhune et al have reported that about 10-13 of the incident laser

energy emerged as scattered radiation near twice the laser frequency
(Terhune et al, 1965, p. 68l). Our theoretical estimate given above
is approximately an order of magnitude larger than their reported

experimental energy conversion efficiency.

Oscillator strengths for low pressure water vapor were used

to obtain our theoretical value of the second-harmonic energy con-

60
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version efficiency in liquid water. It has been previously
mentioned that the oscillator strengths for liquid uatcr'nay differ
from those for water vapor. The oscillator strength appears as f‘
in the calculation of the energy conversion efficiency. Therefore,
an uncertainty in £ can be an important source of error im our
calculations. A factor of 0.356 lower oscillator streangth for the
liquid water absorption bands would reduce the calculated energy

conversion efficiency by about one order of magnitude.

Another important source of error in our model is introduced
by neglecting the effects of oscillator orientation. In our totally
scalar approach we have assumed that the induced dipole moment of a
molecule is independent of the orientation of the molecule with
respect to the electric field of the laser. By assuming a random
digstribution of molecular orientations and using tensor polarizabilities,
the calculated energy conversion efficiency should be lower than that

obtained from the scalar model.

Finally, we have shown that large errors are introduced by the
uncertainty in the factor Lf/A1 in Eq. (57). This uncertainty stems
from difficulties associated with modeling the focal region of a
Q-switched ruby laser.

viii. Synopsis of calculations of incoherent conversion

efficiency of other amorphous materials.

Meaningful calculaticns of the conversion efficiency of the other
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non-crystalline materials studied by Terhune et al (carbon tecra-
chloride, acatonitrile, fused quartz) were not possible. Oscillator
strength data could not be located for these materials. In the case
of CCIA, for example, the strongest absorption band occurs ac 130om
(Zobel and Duncan, 1955, p. 2612). There is a vater vapor absorption
band at this wavelength as well (Watanabe and Zelikoff, 1953, p. 755).
Using just the 130na band and the sams spproach employed for water

ve have computed the energy conversion efficiency of CCI‘. The
parameter values used in this computacion ars listed below.

a) Be6.24 x 10730 /2 org’llz for £ = 1, and assuming

imaginary vart of D factors negligible

b) 8 = 1.5 x ].0-32 cn9/2 .t‘-l/Z for £ = 0.05 (same f as for H,O

2
band at 130nm), and assuming imaginary part of D factors

nagligible

e) o, - 1.45
} (AIP, pp. 6-18)

n, = 1.50

L(w) = 1.37

L{2w) = 1.42
AW Lw? e 7.1
d) W, =5 x 10%2
p ® S x 0”° erg/sec (same as HzO)

e) Lf/A1 = 142 (same ar KZO)

—— ————
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£) o= 1.59 ga/ca’ (AIP, pp. 2-147)
M.W. = 154
M, = 6.23 10%Y/ca’

8§ 1,/T, = 0.707.

6.5 x 1077 for £ =1

Energy conversion efficiency =

1

4.1 x 1072 for £ = 0.05

The above oscillator strengths represent a very strong oscillator
(f = 1) and an oscillator with strength equal to that of water at
130nm (f = 0.05). The wide range of conversion efficiency values
brackets the couversion efficiency of about 10-13 raported by
Terhune et al (Terhune et al, 1965, p. 68l). To obtain agresment
with their value, an oscillator strength of 0.1 is required. This
may be a reasonable value of f; however, we have no apriori basis

upon which to assume this value.
2.9 Calculations related to coherent second-harmonic generation

The calculation of coherent second-harmonic conversion
efficiencies requires computation of xzz which itself depends upon
32 (Eq. (36) ). Therefore, the factor f‘ also enters in the analysis
of crystalline media. In addition, the dispersion of the index of
refraction betwveen w and 2w is a sensitive parameter in the calcu-

lations of coherent conversion efficiency.

Consider the extension of the calculations on water to the
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following hypothetical case. Let the water molecule oscillators
be localized at the sites of a cubic crystalline lattice. The

nonlinear susceptibilicy X, is then (Eq. (36) ):
2
X, = L7(w) L(2w) N 8

Using the values of Nv,n(Zw). n(w) and £ for liquid water yields

3/2 r'-llz

X; = 2 x 10-9 cm e . Compare this result to the components

of qut for VDP, which range from 6 x 107 2¥/2 0:;’1/2 to

-9 3/2 -1/2
5.2 x10 " ca erg (Minck, 1966, p. 1361). The higher values
of nonlinear susceptibility in KDP may be related to the higher index
of rafraction which produces higher local fields in KDP than occur in

liquid water (Minck, 1966, p. 1361).

The hypothetical water "crystal" would have a considerably
higher second-harmonic conversion efficiency than liquid water. The
difference between the coherent conversion efficiency of a rsal
crystalline material and the incoherent conversion efficiency of
a real non-crystalline material can be demonstrated with quartz.
Terhune et al have found the incoherent conversion efficiency of

non-crystalline (fused) quartz to be 10713

using a focused 1MW
peak-power ruby laser (Terhune et al, 1965, p. 68l). Franken et al
obtained a value of about 10.8 for the conversion efficiency of

crystalline quartz using a focused 3kW peak-power ruby laser (Franken

et al, 1961; Pershan, 1966, p. 123). The coherent conversion

e




efficiency is five orders of smagnitude greater than the incoherent
conversion. efficiency even though the laser power was lower in the

experiments wich crystalline quartz.

With certain assumptions, the ratio of these experimental
conversion efficiencies can be predicted frou the scalar model
presented in this chapter. Firsc, it will be assumed that in the
experiments by Franken et al the coherent conversion efficiency
vas approximately a saximum (i.e. sin? A§£ % 1 in Eq. (47a) ).
Second, it will be assumed that second-harmonic generation occurred
only in the focal region of the lenses used by Terhune et al (fused
quartz study) and Franken et al (crystalline quartz study). Further-
more, the focal region for both the fused and crystalline quartz
studies will be approximated by a cylinder that is 0.lcm long and

0.03cm in diameter as was done in the analysis of liquid water carried

out sbove. This assumption can be s serious source of error.

The maximum coherent energy conversion efficiency Ccem is

(Eq. (47a) ):

3

2
64m T, Xy wl

Ceon 2.4 A e, -n,)?
Ty8; 4 el -ny

cen

Assume that Xy and B are related by the approximate expression (see

Eq. (36) )

X, ® Lz(w) L(2w) N, 8
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As indicated before, this expression may only be suitable for cubic
- or noncrystalline media where the electron clouds are well localized.
Crystalline quartz is not cubic, therefore using this expression

may introduce a source of error.

Let the incoherent energy conversion efficiency be given by

Eqs. (57) and (59) with N/Al2 replaced by Nva/Al'

The ratio of the maximum coherent energy conversion efficieancy

ccem to cthe incoherent energy conversion efficiency Cie is then
i ' 4
? c T, W N, ¢
; | 2.0 2N (——T—7) 6D
' ie 1714 Le ny"(ny - n,)% w

where

wlc = Laser power in coherent conversion experiments

wli = Laser power in incoherent conversion

experiments
The values of the parameters used in Eq. (61) are

N,=3x 1022 o3 for both crystalline and fused

quartz (CRC, p. B-218).

n, = 1.47 (AIP, p. 6=31)
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(a; - n)% = 4 x 1074 (a1, p. 6-31)
L, = 0.lcm

c,, = 10713 (Terhune et al, 1965)

W, 105 vatts (Terhune et al, 1965)

Wie=3x 103 watts [Based on 3J pulse (Franken
et al, 1961) and lmsec pulse duration. Pulse
duration not given by Franken et al. Value

assumed is typical of non~Q-switched lasers]

w = 2.72 x 10*3 rad/sec (ruby laser)

Using these values with Eq. (61) one obtains Ccem = 4.5 x 10710 for
the predicted value of the maximum coherent energy conversion

efficiency of crystalline quartz.

Franken et al reported that on the order of 1011 second-
harmonic photons were produced by each ruby laser pulse of ~ 3J
energy at 694.3nm (Franken et al, 1961, p. 119). A 3J laser pulse
at 69%m contains 1.05 x 10%° photons. The ratio of photons at 2u
to photons at () is therefore 9.5 x 10'9. The ratio of the total
energy at 2w to the total energy at w 1s twice the photon ratio
or 1.9 x 1078, Therefore, the coherent energy conversion efficiency

observed in the experiments by Franken et al is a factor of 42 larger

ansiatimoin
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than the maximum coherent energy conversion efficiency predicted

by the scalar model.

The assumption that the coherent conversion efficiency was
at a maximum in the experiments by Franken et al is questionable.
Experiments have been reported where the comversion efficiency of
crystalline quartz was explored for crystal thicknesses that were
equal to a coherence length (Eq. (49) ) (Maker et al, 1962). In-
sufficient information was given in these latter studies to enable
a comparison with prediction by the scalar model. The assumption
that A; vas the same in both studies may be the major source of

error in these calculations.

Equation (61) shows that if quartz is transformed from a
crystalline to an amorphous phase while the laser power and focusing
parameters are held constant, then a five order of magnitude decrease
in the energy conversion efficiency will occur. This suggests
second-harmonic generation measurements as being sensitive indicators
of certain crystalline to amorphous material transformations. An
application of this to biomaterials will be reported in Chapter 6 of

this dissertation.
2.10 Summary

We have reviewed some of the general principles of optical

second-harmonic generation. Approximate scalar models for the
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second~order polarizability and susceptibility, and the second-
harmonic conversion efficiency of ordered (crystalline) and
amorphous (non-crystailine) media were given. These models were
shown to yield numerical predictions that were within an order of
magnituda of experimental measurements of the conversion efficiency
of water (unordered medium) and crystalline quartz (ordered medium).
In later chapters these models will be employed in an analysis of

second-harmonic generation by biological tissue.

i
i
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The following table is presented to allow the reader to convert the

Gaussian cgs symbols used in this dissertation to their MKS form.

To use the table, replace the Gaussian symbol by the corresponding

MKS symbol. A more complete conversion table that includes the

defining equations can be found in Scott, 1959, Table A.7A.

Quantity Gaussian cgs
Dielectric permittivity € (dimensionless)

Free space dielectric
permittivicy €=1

Dielectric Constant

Electric field E(statvolt/cm)
Polarization P(statcoul/cmz)
First ordar scalar -1
susceptibility Xy =

Secand order scalar

susceptibility Xz(cm3/2 ets-l/z)
Refractive index n =/

MKS
e(coulzln - mz)
So - 8.854x10°1zsec2cou12/kg—

K= ¢/e
°
E(volt/m)

P(c0u1/m2)

X, =€-1




CHAPTER 3

A BRIEF DESCRIPTION OF THE CONSTITUENTS AND CHARACTERISTICS
OF CERTAIN VERTEBRATE CONNECTIVE TISSUES

Most of the biological tissues studied in this research (cornea,
sclera, tendon, dermis) belong to the class of commective tissues.
These are tissues whose function is generally structurally supportive,
however, in the case of the cormea, the optical roles of light trans-
mission and focusing as well as the supportive role are important.
Connective tissue contains cells (fibroblasts and histiocytes are
present), extracellular fibers imbedded in a ground substance, and
tissue fluid in spaces (Bloom and Fawcett, 1968). The extracellular
fibers are either elastic (extensible) or collagenous (inextensible).
In the case of tendon, cornea, and sclera, there is a preponderance
of collagenous fibers. In general, there is a greater volume of
extracellular material than there is of cellular material in connective

tissue.

3.1 Collagen and collagen-related molecular constituents of connective

tissue.

Collagen is a natural protein polymer that forms a fibrous
component of skin, tendon, cornea, and sclera. It is primarily
responsible for the limited extensibility of these tissues. The
thermo-mechanical prOpertie; of collagen fibers have been shown to

change during the life of rats (Verzar, 1963; Kohn, 1971). For this

reason collagen has been of interest in specifying biological age
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rather than calendar age in gerontological studies (Verzar, 1963).

] ' Collagen is widely used as a weakly antigenic material for
sutures and bandages (Van Winkle, 1954), and has been investigated ]

for use in a variety of surgical procedures (L'Esperance, 1965).

In industry, leather production is based upon cross-linking of
collagen-rich animal corium; glue manufacturing is based on gelatin
which is the thermal degradation product of collagen; and in meat

processing,relatively insoluble collagen is converted to gelatin

f ' which is digestible. From this list is is clear that collagen is a
| material of wide-ranging importance and it is not surprising that a

vast literature on collagen has been developed.

| The optical properties of collagen form a part of this literature.

For example, birefringence and optical rotation studies of collagen
have contributed information regarding collagen molecular structure
(Doty, 1959). The spatial distribution of collagen in the cornea is
thought to be the determining factor in the transparency of this
tissue (Langham, 1969). To the best of our knowledge, the non-linear

optical properties of collagen have not been previously investigated.

When connective tissue is examined with the light microscope,
collagen normally appears as fiber bundles. At very high magnificationms,

faint longitudinal striations are discernable within individual fibers

of the bundles (Bloom and Fawcett, 1968). With the polarizing micro-

scope, all fibers show form bireffingence (Bloom and Fawcett, 1968).

The striations and form birefringence suggest the existence of
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structural elements of much smaller diameter than the fiber with long
axes along the axis of the fiber. With the electron microscope,

these smaller structural elements are found to be non-branching
£ibrils of indefinite length that range in diameter from approximately
10nm to 250nm depending upon the tissue of origin (Bloom and Fawcett,

1968; Gross, 1961; Schmitt et al, 1942).

Early low angle x-ray diffraction studies as well as electron }
microscopic studies have been reviewed by Bear (Bear, 1952). These
studies showed that native collagen fibrils possess a basic re-
peating structure with approximately 640A (64nm) period along the
fibril axis. In the x-ray studies, this periodicity was manifested
by a low angle, horizontal, diffraction pattern at 640A while in the

electron microscopic studies, characteristic cross bands with 640A

period were found to traverse the diameter of each fibril. With ‘
phosphotungstic acid stains, asymmetric sub-bands (intraperiod
pattern) were resolved (Bear, 1952). According to Gross (Gross, 1961),
it was, at first, thought that the 640A period band in native collagen
fibrils was formed when collagen molecules aggregated side-by-side

and end-to-end in exact register.

The hypothesis that the collagen molecule is approximately 640A 1
long was seriously {uestioned when it was found that dissolved
collagen fibrils could, under the right conditions, be precipitated to
form not only fibrils with the "native" 640A periodicity but also to

form fibrils of various lengths with 2800A periodicity, 210A periodicity,
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or no periodicity at all (Wood, 1970). The careful viscosity, light
scattering, flow birefringence and sedimentation studies of Bodtker
and Doty (Doty, 1959) using highly monodisperse solutions of ichthyocol
collagen showed the collagen molecule to be an extremely asymmetrical
rodlet approximately 3000A long, 13A in dismeter, and having a
molecular weight of about 330,000. Studies on other soluble collagens
such as that from rat tail tendon, rat skin, codfish skin, cod swim
bladder, and calf skin, have yielded molecular dimensions and
molecular weights in close agreement with those qvorad above (Wood,
1970). The various periodic aggregation patterns of collagen have
been successfully interpreted by assuming a basic molecular unit of
these dimensions. For example, native collagen fibrils are thought

to be formad by an end-to-end aggregation of collagen molecules to

form protofibrils with a stagger of about one-fourth the length of

a molecule between adjacent protofibrils. This model pictures the

> collagen fibril as a highly ordered aggregate of collagen molecules.

In the cornea, it has been found that in addition to there being
a high level of order among collagen molecules inside the collagen
£ibrils (intrafibrillar order), there is also a discernable order
among the fibrils themselves (interfibrillar order). By "order
among the fibrils's it is meant that in local regions of the cornea
the £ibril diameters are approximately equal, the fibril long axis
directions are approximately the same, and the fibrils are separated

by approximately equal distances without touching one another (Maurice,




1969a). The diameters and spacing of the collagen fibrils of other

connective tissues, such as the skin and sclera (wvhite tunic of the
syeball), may not be as regular as in the cornea (Maurice, 1969b;

Benedek, 1971).

Some authors believe that the interfibrillar order in the cornea
is dependent upon certain large molecules (macromolecules) that exist
in an apparently amorphous material (ground substance) that f£ills the
spaces bcgwocn the fibrils (Mathews, 1969; Dische, 1970; Maurice
and Riley, 1970). These macromolecules a.e carbohydrate-smino acid
complexas and can be placed into two categories according to whaether
their properties are mostly sugar-like (glycosaminoglycans) or
mostly protein-like (glycoproteins). Two general types of models
have been proposed for the ordering action of the above ground sub-
stance macromolecules upon the collagen fibrils of the cornea. In
the first type of model, spring-like carbohydrate side chains are
plctured as being attached to the collagen fibrils. These side chains
hold the fibrils apart from one another in a loose lattice of parallel
fibrils with approximately equal spacing. In the second type of model,
a ground substance glycoprotein is pictured as forming a covalently
bound coating around the collagen fibrils. The observed regular
separation between the fibrils may be controlled by the thickness of
the coating. This coating may also regulate the diameter to which a

collagen fibril can grow. The coating is not visible with the elec-

tron microscope; only the fibrils themselves are seen.




Water may also play a role in the structure and order of collagen
fibrils. Elden (Elden, 1968) has reviewed rassarch on the adsorption,
or binding, of water by collagen fibers in vitro and has compared
experimental results to several models for watsr adsorption from gas
and liquid water phases. There is appreciable binding of water
sulctilayers to the fibers from the water gas phase at low vapor
pressure. At higher vapor pressures, water eventually condenses in
hypothetical capillary spaces in the fibrils and in larger fibers.

This water is also classifie? »#« being bound.

Elden has also reviewed significant early x-ray diffractiom
studies of wetted and dry tendons performed by Bolduan and Bear
(Elden, 1968; Bolduan and Bear, 1949). These studies showed de-
creased contrast in the x-ray scattering pattern of dry tendon fibers
compared to moist tendon fidbers. Smearing of the scattering pattern
along the axis of dry fibers indicated decreased order along this
axis. Thus the band and interband regularity of the collagen fibril,
and cherefore the intrafibrillar order, is apparently affected by the
presence of water. In reviewing the work of Rougive and Bear in
kangaroo tail tendon, Elden reports that at low relative humidicty,
vater may form a monolayer around collagen molecules within the fibril
which somehow increases the basic longitudinal period of the fibril
from 600A to 640A. When the relative humidity is increased, an ap-
parent slight lateral separation between fibrils occurs. Additional

lateral separation and a further increase in the basic axial period
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to 690A occurs at very high relative humidity.

In contrast with the tandon studies reviewed by Elden, Maurice
(Maurice and Rilay, 1970a) has provided evidence that no significant

quantity of water exists in corneal collagen fibrils.

We have seen that the collagen fibrils of connective tissue are
aggregaces of collagen molecules with a high level of orientational
and positional ragularity existing among these molecules. In the
cornea, thare is also a noticeable regularity of fibril positiom.

We have indicated that clrbohydra;.-anino acid molecular complexes

and some water may be bound to the collagen fibril. On this basis,
there may then be a degres of orientational and positional order

smong these collagen-related molecules that is produced by their
interaction with the collagen fibrils. As was indicated in Chapter 2,
orientational and positional order is important for efficient optical
second-harmonic generation. Therefore, qolla;nn. water, and the car-
bohydrate-amino acid complexes may all contribute to the optical
second-harmonic conversion efficiency of connective tissue. Connective
tissus, by virtue of its relative molecular regularity, should not bde
likened to & liquid buc may, as in the case of the cornea, behave more
like a crystalline medium insofar as second-harmonic generation is

concerned.
3.2 A brief descripction of the cornea and sclera

The outline presented in this section generally follows a more
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detailed critical review by Maurice (Maurice, 1969). The mechanical
functions of the cornea and sclera are to provide a protective coat
for the eye, to provide a constant volume outer chamber for the
ocular fluids which exert an outward hydrostatic pressure, and to
provide (in the case of the sclers) a smooth lubricated bearing sur-
face for the rotational motion of the eye. In the normal eye, the
cornea is highly transparent to visible radiation and, as a result

of its curvature and refractive index, is the major refracting compo-
nent of the eye (the lens provides a correction for optimal imaging
onto the retina). In the normal eye, the sclera is white and opaque

as & result of intense, visibls light scattering.

The diameter of the cornea in mature rabbits is about lca., The
normal thickness of the rabbit cornmea is approximately O.4mm at the
center with the thickness of the corneal periphery being approximately
O.6mm. When the cornea is excised and exposed to air, it gradually
loses wvater, its thickness decreases slightly, it becomes lass
flexible, and its surface becomes irregular, however ita transparency
remains high. When a freshly excised cornea {s placed in aqueous
solution, it absorbs water, {ts thickness increases markedly, it be-
comss more rigid, its surface remains regular, and it clouds and be-

comas relatively opaque.

The thickness of the rabbit sclera is approximately the same as
the corneal periphery. When excised and exposed to air, the sclera

becomes thinner, and less flexible. The sclera is markedly more




transparent when dry, but the surface becomes irregular. There is
oanly a slight swelling and hydracion of the sclera when placed in

aqueous solution.

Classical descriptions of the structure of the cornea subdivide
this tissue into five parallel internal layers. Beginning with the
outermost layer, these are called epithelium, Bowman's zone, stroma,
Descemet's membrane, and endothelium. The epithelium is bathed by

the tear layer.

In both the rabbit and man, the outermost layer (epithelium) is

five to six cells deep.

In man, Bowman's layer is approximately the first 12u of tissue
subjacent to (on the deep side of) the epithelium. In rabbits there

is a similar layer which is omly 1-2u thick.

The collagen fibrils of the stroma are approximately 19nm in

diameter in anterior regions and progressively increase to approxi-

mately lJ4nm in posterior regions. In any given region, the statistical

distribution of fibril diameters is quite narrow. Schwarz and
Keyserlingk have repocted that in a particular normal human stromal
region where the mean fibril diameter was approximately 20mm, a

decided majority of the fibril diameters were between li4nm and 26nm

(Schwarz and Keyserlingk, 1967). Hart and Farrell give an approximate

value of 50nm for the center-to-center spacing of collagen fibrils

(Hart and Farrell, 1969). The low amplitude, short range fluctuations
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about the average fibril diameter and average inter-fibrillar spacing
have been suggested to be an important factor in cormeal transparency

(Benedek, 1971; Hart and Farrell, 1969). 1

The cormeal stroma contains a small number of modified fibro-

blasts and polymorphonuclear leucocytes (Bloom and Fawcett, 1968).

Maurice (Maurice, 1969¢) gives a value of 5u to 10u for the
thickness of Descemet's membrane. Jakus (Jakus, 1956) has reported
varying degrees of apparent organization for different species in
electronmicrographs of Descemet's membrane. Chemical analysis for
hydroxyproline indicates that collagen is also present in this

region (Maurice, 1969d). 4

Maurice (Maurice, 1969d) has reviewed studies which show that

collagen is responsible for 75% of the dry weight of the sclera.

The collagen fibrils of the sclera show more interweaving than cor-
neal fibrils. Also, scleral fibril diameters are larger than cor-
neal fibrils in addition to having a broader statistical spread of
diameters which range from approximately 30mm to a maximum value of

about 250nm (Schwarz, 1957).
3.3 A brief description of tendon

In general, tendons function as virtually inextensible links
between muscle and other tissues, as for example between muscle and

bone. These tendons transmit forces from the muscle to the other




tissue. Electron micrographs of rat tail tendon by Vanamee and
Porter (Vanamee and Porter, 1957) show collagen fibrils with diameters
ranging from approximately 80nm to 160nm and with the usual cross-
band period of about 640A. Scnwarz (Schwarz, 1957) has found that

the fibril diameters in this tendon range from 30nm to 190mm. 1In

this tendon, fibrils are closely packed in parallel arrays to form
fiber bundles whose axes are along the direction of maximum tensile
stress. The fiber bundle diameters are of the order of magnitude

of 10y (Bloom and Fawcett, 1968). Between the fiber bundles is a

thin layer of connective tissue anc cells.
3.4 A brief description of skin

The general functions of skin include mechanical protection,
protection from dehydration, heat transfer and temperature regulation,
sensation, and energy storage in the form of subcutaneous adipose
tissue. There are two principal layers of the skin, the outer
cellular layer (epidermis) and the underlying inner layer containing
collagen fibers (dermis). Beneath the second layer is a third layer

(subcutaneous tissue) that contains collagen fibers as well as fat.

Although the dermis contains a number of elements such as cells
and blood vessels, its major constituents are extracellular fibers
such as collagen and elastin. Of these, collagen is the major compo-

nent by weight (757 of the dry weight of human skin) and an important

component by volume (18% - 307 of the volume) (Bloom and Fawcett, 1968).




Schwarz (Schwarz, 1957) reports a fibril diameter range of 20nm -

90nm for the human adult dermis. Tregear reports a range of 60nm -

140 nm for the same tissue (Tregear, 1966; Braun-Falco and Rupec,

j 1964; Gross and Schmitt, 1948). These fibrils become part of a

H . hierarchy of larger fiber units similar to the case in tendon. Ac-
cording to Tregear, the diameter of dermal fibers is 1y - 20u, and
throughout a given fiber, the fibril diameters are '"remarkedly con-
stant". He notes that, within a fiber, the space between fibrils is
less than or about equal to a fibril diameter and that the fibril
directions are approximately parallel within a fiber (Tregear, 1966).
Unlike the cornea, the collagen fibers of skin are not all parallel,
some surround hair foilicles and others lie at various angles to the
surface. In general, a large fraction of the fibers appear to lie

parallel to the surface forming a feltwork mesh.

The following table is a summary of the approximate sizes of
the various structural units of collagen fibers in several different

connective tissues.

Cornea Tendon Skin
-3 o o -] [-] -]

Collagen molecule 13A x 3000A 13A x 3000A 13A x 3000a
Collagen fibril 15nm - 30nm 80nm - 160nm 50nm - 150nm

diameter
Collagen fiber* 2y x 200p 10u diameter lu - 20u

cross~-sectional diameter

dimensions ’

*
In the cornea these units are called lamellae, in the tendon they are

et e e
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generally called fiber bundles, and in the skin they are generally

called fibers.
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CRAPFTRR ¢

CEPERIMENTAL [DENTIFICATION OF OPTICAL
SBCOMD-HARMONIC GENERATION [N BIOLOGICAL TISSUS

The enperizsats reperted ia this chapter vers carvied sut o
datomninge vhether optical cotond-harusnic generatisn egsurs ia bdie-
lagicsl ctissve. A summary of the asterial presented ia this chapter
has bosn published (Fine and Usnsen, 1971). The chetees of tisews
for study vere based ia pert upea the charasteristies of trame-
paventy ad uicresespic strustural regulerity. Treneparessy ot the
fundamsutal vevelength end the ssccnd-herusais vevelangth was
destirable ia ovder that the tissus would net be dameged by the laser
and La ovdar that seesnd-havesais radiastica could eocape the tisews
and be dotectad. A Qrevitehed rwby laser was availlshle feor these
studies, which ssant that the trameparenty requirensats had te de
st at & fundamantal vavelength of ¢S4an and 2 second-harusaic veve-
length of Jo7mm. Struetural tisswe regularity ves ssught ia otder
te faprove the secend-harusaic ceuversiea efficisacy. Separate
studies relatiag te the effect of eovder in cellagea and cellagemews
tisous are reperted ia chepters 5 and 6.

The corase 18 highly tramspareant ot beth $94am and M. A
majer reagiea, tha strema, appears to de well-evdered. Teadea is
alee vell-erdared and s relatively tramspareat vhea dry. The skia,
vhich is lass ovdared and less transparent was alse studied siace

1t 1s & swperficial, cellagensus tissws and, 12 humsmns, uight de




oupesed te lases radistion. Sessnd-hemmsnic gonevetion ia the eoye
asy hove implications for visien (Vesilenhe ot al, 1905; Zarec, 1943),
cotend-hasnsnic gencseticn ia tha shia asy be iapevieat (Fime, 1969).
Seecsnd- hasusnic genstation by visidle lesess esuld result ia cells
doap 1a the skia being empesed to & higher iacemsity of ultravielet
vediation than ccsuss wnder aovanl conditions (Fias end Kleta, 19600).
Ia conjunstion vith hese tiseuss, comperetive studies veve cagvied
out en the ocleve, vhieh lihe the covnse, tendes and shia, csantains
osllagen. Prelininary studies vere carried osut va eusele siase it

15 anether vell-evdeved tisews.

Other prelininsry studies vese cartied out on hair sad nsils
stase these ave dwperficial tisewss vith pessibly sufficient evder
te yleld detectable secsnc-harusaic redistion. Thess last tiseuss
vere casily dameged, thevefere, the laser pewer could net be ratlsed
o & loval wvhare the secsnd-harnesaic signal encesded our system neise
lovel. Simtlar difficulties vers encowntered vith retiansl selemceemes.
These studies vere tarminsted. Deg retias vas alse iavestigated
for second-harusaic genevetion. Mis 1s & well-evdered transpareat
tioous and 15 the site of meximm irrediance (a the eye. Ne seeend-
hasmenic gensretion was detected vith these tisewss. The degemeratiom
of the retias that eccurs after death aay have reduced the order ia
this tissue and therefere preveanted our detectiag second-harmsaic

oumagation.




4.1 Netheds and materials
4.1 Gensrval sutline

A gemerval outline of our metheds and materials i{s presented ia
this sestion. Details of the tepics presented hers are fouad in
Sestien 4.10.

A bleck diagram of the superimentsl apparatus is showm in
Figure 4.1. The Rerad K1Q lsser supplied am adjustsble duratiom
(20msec - 100asee) pulse of radiscion at a veveleagth of ¢%4am.
Glase beam splitters were used te extract a small smeumt of this
zediation for meaiteriag by s fast Kovrad KDl silicom photediods.
The phetediede ocutput vas fed to ome chammel of a 50Miiz, Fairchild
177 dual-beanm oscillescope vhere the laser pulse vwidth and pulse
hoight vere ssuitoved visually and photegraphicslly.

The asin bean frem the laser vas passed through optical filters
te remeve light from the laser pumping lamps. The beam vas focused
by lens A (pesitive lems). The tissue samples to be irrasdiated vere
nouated on glass sicroscepe slides and placed just beyond the focal
peint of lems A vhere the beam dismeter vas ~ 0.2ca. la this way,

s controlled high comgcemtration of radiant power vas achieved at the
sample without operaciag the laser at high peak powers that would de-
grade its performance. Radiant emission (scattered light) from the
sample vas collected in an 8° half angle forvard come by lens B

(poesitive lems). Lens 3 then imaged the sample at the entrance slit
of a Bausch end Lowd Model 33)-86-01 grating monochromator. By using
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tve differeat gratings, the ssaschremstor could scam from 100um to
000us st various wavelength veselutioms. Nesr 347ma, the cemter
vavelesgth of the ssnechromator pass dand could bde rvead to ¢ 0.2mm
sssurssy. Theerstically, the smallest aghisveble band pass of the
soncchronater is appreximately 0.2um. In practice, the band pass
vas lavger.

A glass tamk ceantaiaiag & copper sulfate solution vas placed
batveon lans ) and the sonochromator to sbesord radiation at $9énm

and tramemit radiation between 300nm and 600mm. At approximately
oae quarter saturated cmu'tnuoa st room temperature, attenuation
of the 6%4nm rvadiacion by the copper sulfate filter wvas such that
second~order spectra and scattered light at 694nm were below detect-

able levels. (Cuso‘ filcers are mentioned by Franken and Ward (1963)).

The RCA 1P28 (S-5 response) photomultiplier output vas displayed
on the second channel of the dual beam oscilloscope wvhere pulse
widths and pulse haights were monitored visually and photographically.
A correction for the slightly nonlinear photomultiplier respouse was

used.

Samples vere irradiated wvhile fresh or, in the case of turbid

samples, after drying in a vacuum dessicacor.

Sample emission spectra wers obtained by firing the laser
several times at a given laser pulse height and pulse duration for

each wonochromator vaveleagth setting. The average pulse height

and standard deviation wvere then plotted versus wavelength.




A detailed description of the experimental methods is given
below. ’
4.1b Details of methods and materials

The ruby laser vas a commercial (Kevad Corporation) Q-ewitched
ocscillater using a Pockals cell shutter. The shutter system wes
specially designed by the manufacturer to permit selection of laser
pulse durations between 20 and 100 nanoseconds (nsec). Ia practice,
pulses from 60nsec to 100nsec were used. Sufficiently fast rise- '
time oscilloscopes vith sufficiently bright traces wers not aveil-
able for pulses shorter than 60nsec. The pulse duration vas
selectad by a circuit that delayed the shutter opening with respect
to the beginning of the flash-lamp current pulse. Progressively
longer pulses at lower amplitude vere obtained by increasing the
delay beyond the time of the maximum value of the population in-
version. The laser energy was selected by charging the flash-lamp

capacitor to a given voltage.

The laser pulse duraction (at the half peak power points) showed
no detectable variacion from shot to shot for a given shutter delay
selection. The laser pulse height shoved an rms deviation from the
mean of 8% at a given flash-lamp capacitor setting. The laser pulse
height could be reset to within an estimated peak error range of

#+ 20X once the flash-lamp capacitor veltage dial setting had been
changed.

Laser energies above 0.1 Joule vere messured with a Korad KJ-3

e —————




1iquid calorimeter. A more sensitive TIC ballistic thermepile ves
wsed for pulse eascgies of the order of 0.1 Joule or less. The

slew rise-time output of these devices ves preamplified by & Newlett-
Packard Model 419A DC micrevoltaster vwith )00aV sero supressiom,

and the amplified signal vas displayed on s Spesdomax i chart re-
eovdar. Corrvections for thermal drift and detector coelisg rate
between pulses vere made on the chart paper. Zero supression vas
needed to reset the chart to sero vhen a temperature build~up occurred
ia the tharmopile.

Only an estimate could be made of the beam dismeter at the
sample ponitigu. This estimate vas based on geometrical optics and
the assumption that laser actiom occurred uniformly over the entire
laser rod cross-section. This is a good assumption wvhen using the
spiral flasalamp pumping system of the K-1Q oscillator well above
laser threshold. This assumption is questionable at near-threshold
output energies, vhers an intense lasing filament covering ounly the
inner one~fourth of the rod diameter often may exist. The laser
vas operated considerably above the threshold in these studies.
Bxposad Polaroid film was placed at the sample position and the
diameter of the burned or ablated emulsion was measured as an approxi-
mate check of the calculated beam diameter. The diameter of the
sblated zone was in close agreement with the calculated target beam
dismeter, based on the assumption of uniform laser sction over the

rod face.




The copper sulfate solution wvas held in a tank sade from
ordinary vindov glass with a 1.75 inch light path through the liquid.
The copper sulfacte concentration vas incressed until no second-order
laser spectrum or scattered light was detected by the photo-
sultiplier vhen the sonochromator was scanned from J00mm to

spproximstely 650na wicth no sample in places.

When samples vere in place and pulses vere observed with the
asuochromator set near J47mm, checks were employed to be sure that
694nm radiation vas not, for some unforseen resson, being detected
by the photéunlctpltot. The check that was consistently employed
vas to cover the sonochromator entrance slit with a Corning CS2-38
(red pass, UV blocking) filter and repeat the laser firing with
nothing else changed. If the pulse vas sgain present, then laser
radiation at 694nn vas possibly reaching the phoctomultiplier on both
trials. If this occurred, the copper sulfate concoutrn:toﬁ wvas in-
creased. [Emission spectra woré obtained once it was certain that the
observed pulse on the photomultiplisr channel was not due to 6%4nm

radiation.

The flash-lamp capacitor voltage setting was held constant
while obtaining tissus emission spectra. A group of 10 wavelength
settings between l4énm and 350nm vas chosen f?r observation. The
laser wvas first fired once st each setting in this group. The laser
vas then fired several more times at settings vhers the signal vas

high. The wavelength sacting was changed between each of these

U
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obsarvations. The settings were chosen in a different order for
each run through the group of high nilﬁal settings so that slow
changes in ths tissue would affect the data evenly. One observation
vas generslly made at each wavelength setting in the low intensity
vings of the spectra. The average and standard deviation of the

emission pulse heights was then plotted versus wavelength setting.

A vernier vas added to the wavelength scale of the monochromator
to assist in datermining the wavelength at which the peak of the
emission line occurred. The unit together with the vernier was
calidrated for wavelength using a low pressure mercury discharge
lamp. The mercury lines at 365.10mum and 334.14 nm (Am. Inst. Physics
Handbook, 1957) were used for this purpose. Rgpeatcd approaches
from alternate sides of the calibration line maxima gave average
valuss of 362.9nm and 332.9mm on the wavelength dial of the mono-
chromator with a standard deviation of 0.2nm in both cases. It was
assumed that the wavelength dial systematic error was a linear function
of the wvavelength dial setting. The slope of the resulting error
correction line was small. For four significant figure wavelength
data,it vas sufficient to use a constant correction of +l.6nm for
settings between 34)nm and 348nm. This region is where most of the

sample emission spectra were obtained.

The bandpass of the Bausch and Lomb monochromator with narrowest
useful slits was estimated to be 0.2nm. A narrower bandpass would

have been helpful in examining the emission line-width near 347nm
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(see Section 4.3¢).

The normalized response of the monochromator with the 1P28
photomultiplier is shown in Figure 4.2a. This was obtained at
various wavelengths by placing the monochromator in and out of a
spectrophotometer beam that had been brought out into the room to
illuminate the photomultiplier. The spectrophoctometric transmission
of the copper sulfate filter is shown in Figure 4.2b. The curve
shown in Figure 4.2c is the product of the measured transmission
spectra of lens B and lens C (Fig. 4.1). Figure 4.2d is the product
of the curves in Figures 4.2a, b and ¢ which has been renormalized
to unity at 400nm. The overall relative system response (Fig. 4.2d)
is highest in the visible. The response is low at 347nm. The
response at 694am is about 108 times lower than the response at 347mm

(extrapolate curve 4.2d). This provided sufficient rejection of

laser radiation that might reach the detector when the monochromator

was saet to 347nm.

The discontinuity in the curves of Figures 4.2a and 4.2¢c was
produced by the change of gratings that was required to span the
wavelength range indicated. The light source used to determine the
monochromator-photomultiplier response was too weak to obtain reliable
data for X < 340mm. (A different spectrophotometer with a higher
intensity lamp was used to obtain the CuSOA transmission.) The dotted

line in Figure 4.2a is an extrapolation.

Our spectrophotometric measurements showed that only 14% of the
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radiation at 347nm was transmitted by the combination of lenses B .
and C. Approximately 30: of the attenuation by these lenses was l
due to reflection at the curved lens surfaces. Quartz lenses were

not available. With quartz, the transmission of these lenses would

have been improved by a factor of about 5.

Tissue samples were mounted on glass microscope slides and

irradiated while fresh as well as after air or vacuum drying at room

temperature. Sample transmission was monitored at 694nm and 347nm
with a Beckman Model B single-beam spectrophotometer while the
samples were fresh and after drying. Ten corneas, ten tendons, five
skin samples, and four scleras were investigated for second-harmonic

generation.

An interfering signal (termed pick-up in this report), con-
sisting of a damped oscillation at about 10MHz, was observed om both
oscilloscope traces. Analysis of the Pockels cell pulsing circuit
indicated that the Pockels cell crystal may have acted as a source
of electromagnetic radiation near 10MHz. The crystal was RC coupled
to a 20 foot RG8~U (50 ohm) coaxial cable. The other end of the
cable was connected to a thyratron switch through a nominal 50 ohm
series resistor. The Pockels cell was "opened” by discharging the
line through the thyratron. Assume that the crystal end of the co-
axial cable is open. 1f RL is exactly equal to the characteristic
impedance of the cable, zo, then the cable voltage at the cr?stal

end should fall from the initial voltage, Vo, to zero after one cable




transit time (30nsec). If RL < Z°, then the cable voltage will be

a damped square wave oscillation with a period equal to 4 cable
transit times (120nsec). If RL > Zo, then the cable voltage will
decay in a "staircase" manner where the steps are 4 cable transit
times long. In the case where RL < Zo. the (open) Pockels cell
crystal end of the cable would radiate a damped signal at a funda-
mental frequency of 1/120nsec or 8.3MHz. This corresponds very
closely to the v 10MHz damped oscillation picked up by our detection
equipment. Shielding the Pockels cell housing with aluminum foil
reduced the 10MHz pick-up significantly. Moviag the detection equip-
ment avay from the Pockels cell and shortening the detector leads
also reduced the pick-up. Even after these measures wers taken, the
pick-up current amplitude at the oscilloscope was approximately 0.2ma.
The photomultiplier output current had to be on the order of 2ma to
achieve about a 10:1 signal to noise ratio. At these high currents
the photomultiplier pover response was nonlinesr. Had we adjusted
the series resistor at the thyratron there may have been a reduction
in the amplitude of the cable oscillation. This might have allowed
us to use the photomultiplier in a lower current range where it vas

possibly linear.

The 1P28 photomulriplier was cal:brated for linearity as a
function of input peak power st 694nm. The previously mentioned
calorimeters wvere used in the manufacturer's suggested linear range

to show that the KD-1 photodicde wac linear at 6% inm. The photo-

diode and 1lP28 photomultiplier were then compared at 6%nm. It vas
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found that, in the ~ange of output pulse heights used in thise studies
(0 _aa - 3mA), the 1P28 photomsultiplier peak output voltage was pro-

portiomal to (Pi)°°as

vhere Pi is the relacive radiant input pesk
power (Figs. 4.4a and 4.4b). This relationship was assumed to also
hold for radiant inputs at l47om and vas used as a systematic error

correction of the obsarved photomultiplier output.

The ability of the system to shov second-harmonic emission spectra
vas checked by obtaining isolated emission maxima at 347nm from KDP
(potassius dihydrogen phosphate) powders and aspartic acid powders that
have been reported to yield second-harmonic radiation (Reickhoff and
Peticolas, 1965). No emission was observed at 347nm from glycine
crystalline powders. Glycine crystallizes in a centrosymmetric form
and has been shown to yield very low second-harmonic radiation levels

(Raickhoff and Peticolas, 1965).

4.2 QResults

4.2a Peak emission wavelength

Emission spectra for cornea, sclera, skin, and tendon were ob-
tained point-by-point in the vicinity of 347nm using a variety of
monochromator slit widths. A number of these spectra are shown in
Figures 4.3 through 4.12. The data in these figures has been cor-
rected for the photonmultiplier nonlinear responsivity. The system
response as & function of wavelength was considered constant over the

bandwidth of che input signal.

All of these spectra show an emission peak near 347nm which is the




approximate second-harmonic wavelength of the ruby laser. The low
resolution, wide range spectrum in Figure 4.5 also shows a small peak
at 694nm which is a residual signal that passed :through the Cusob
filter from the laser itself. The small peak at 694am corresponds to
radiation that, at the laser, is 1010 times more intense than the
radiation at 347nm from the tissua. There are no evident peaks be-
tween 347nm and 694nm despite the fact that over a good portion of this

range the system response was high (Fig. 4.2d).

In the case of opaque tissuss (tendon, sclera, and skin), the
collected sample emission at 347um was small but detectable while the
samples were fresh. When these samples were dried in air or vacuum,
spectrophotometric transmission at 347nm and 694nm improved markedly,
as measured with the Beckman Model B unit. For these dried tissues,
sample emission at 347om became easily measurable. Corneal samples
remained quite transparent whether fresh or dry. No marked change

in corneal emission intensity occurred after drying.

Emission at 347nm vanished when (a) the sample was removed,
(b) the glass microscope slide sample mount was irradiated alone,
(c) when a CS2-58 red pass, ultraviolet blocking filter was placed

over the monochromator entrance slit.

A free-hand smooth curve was drawn through the emission data
for each tissue and the peak of the curve was estimated. The wave-

lengths corresponding to the peaks of these smooth curves are shown

in Table 4.1. The average of the entries in this table is i; = 347.1lom
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vith a standard deviation of O0.2mm. Ve will shev im Sectiem 4.4 that
this value of Y’ 1s wichia one scemdard daviacien of the expected

peak for secoand-harmesic gemeratieam.

SARE &)

Tissue A_ (mm)
Dog cormea (fresh) 2.1
Rabbit cormea (fresh) 6.7
Radbit skin (vhole, dry) 47.4
Rabbit skin (without

superficial layers, dry) 347.1
Dog cornea (dry) u7.1
Rabbit tendon (dry) 342.3
Dog cormea (dry) 346.0
Average (I’) M7.1m
Sctandard deviastion (OP) 0.2mm

The centroid of the distribution of spectral data points wvas
determined. The vavelength value of the cemtroid, A ¢’ vas obtained

from:

[]
L Py A




mnrhumumxnmmux‘ummnnu.
for the 1“ daca peiat. The results of these centreid msscurenents
are showa 1ia Table 4.2. The average of these eatries uf‘ e Ml.2m

vith a standard caviatiom of 0.lam.

The agresmeac becveen | snd Te 1s an isdicatiea that the spectral

curves are symmatric abeut their pesk.

AN 6.3

i 1y (0
Deg cetnea (fresh) 7.1
Rabbit cormes (fresh) M7.1
Rebbic skin (whole) 347.3
Rabbit skin (witheut

superficial layers, dry) 347.3
Deg cormea (dry) 47.1
Rabbit teadon (dry) 347.3
Deg cormea (dry) 7.0
Average (rc) 347.2mm
Standard deviatiom (0.) 0.lmm

4.2d Square-law dependence

Two msasurements vere performed to investigats the fumctional !

dependence of the radiant intensity from the sample at l47mm upon

the input inteasity to the sample at 6%94mm. The first messurement




invelved fitting a regressioa line to & log-log plot of peak power
at Mam versus peak pewer at 6%4am. The second ssasuremsnt involved

msaiteriag the shape of the radiant pulse at 347om as & functiom of
time.

S$imultanecus messurements weare sade of the relative peak power
Pi reaching the photomultiplier neer 347um aad the relative laser
poak power Pi reaching & rabbit cornea sample near 694am (Fig. 4.1).
The results of these msasurements sre showm on a plot of log Pi versus
log Pi in Figuse 4.13. In this ploc, the individusl values of Pi are
corvected for the nomlimearity of the photomultiplier (Methods snd

materials, and Fig. 4.4b). Each data point represents a single laser
shot.

A regression line was obtained for the data in Pigure 4.13

(Parratt, 1961). The average percentage deviation of the data points

from the regression line was computed from:

) 4 - P!
£ = 100 ‘?‘ 2 a st. line
P
wel 2(nt. line)
The value of ¢ is 20%. The slope of the regression line is 2.0 over
the range of data shown. This slope 1is in agreement with experiamental

results on second-harmonic generation that have been reviewed by

Pershan (Pershan, 1966).

If the instantaneous relative power Pi(:) near 347nm and the

inscantaneous relative pover Pi(t) near 694nm are related by a
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square-law, Pi(t) . A (Pi(t))z. then the pulse at 347na should be
temporally narrover than the pulse at 6%4om (except in che special
case of rectangular pulses). Oscilloscope msasurements of the J4’nm
pulse width ranged from 63X to 75X of the width of the associated
laser pulses at ¢%4om. (The pulse full-width at half-meximum, FWEM,
vas used for these comparisons.) The uncertainty in the per-cent
difference betwesn the 69%94nm and 347nm pulse widths was a result of
difficulties in reading the time scale on the ocscilloecope photo-
graphs. A ﬁcir of pulses is showan in Figure 4.14 for vhich s

rabbit cornea vas used. There is some asymmetry in the 347om pulse
that i{s probably related to the photomultiplier system. The asymmetry

vas not present vhen more efficient KDP powders were nmonitored with

the less sensitive KD-1 photodiode. The asymmetry was again prasent
wvhen these powders vere monitored with the photomultiplier. Pulse
narroving was still observed vhen the }47nm and 694om pulses ware

fed to interchanged oscilloscope channels.

It will be shown in Section 4.3b that pulse narrowing by 302

is consistent with second-harmonic generatcion.
4.2¢ Bandvidth of emission at Jé7um

The bandwidth of the 347nm emission from the tissues shown in
[ Figures 3.5 ~ 3.12 was sonitored as the monochromator slits wvere
i progressively narrowed. The results of these measurements are shown
i
|

connected by line A in Figure 4.15 (data enclosed by circles).

Yor comparison, two other curves (B and C) are also shown in




Pigure 4.15. Curve B (straight line) shows the theoretical mono-
chromator band pass for perfectly aligned slics and grating according
to the manufacturer's specifications. Curve C shows the measured
bandwidth of a Hg-Cd Osram lamp spectral line near 350mm as a function
of the entrance slit width (datas enclosed by triangles). According

to the manufacturer, the actual bandwidth of the Hg=-Cd line is ~ 0.l9%mm.

Curves A and C diverge from the theoretical bandpass curve, B,
for slit widths less than v 2zm. These results will be discussed

in Section 4.3c.
4.2d Ancillary results concering sample damage

When the laser peak power at the tissue sample (cornea, sclera,

skin, tendon) was raised above ZGMU/cnz

there vas a sudden increase
in the measured radiant emission from the sample at both visible and
ultraviolet wavelengths. Accompanying this increase were these
changes: the observed sample emission covered a band from Vv 300nm
to v 700nm rather than a narrow band of less than lam near 347mm;
the teaporal pesk of the sample emission pulse occurred near the end
of the laser pulse rather than coinciding with the peak of the laser
pulse; either sn sudible "crack" accompanied the laser pulse or the
sample vas visibly damaged or both of these effects occurred. A new
sechanism of radiant emission, related to sample damage, was ap-
parently present at laser powers above 20HW/caz. While second-

harmonic generation may have still occurred at these higher laser

powvers, it could not be clearly identified, due to the high intensity

of the broad-band emission.




The broad band emission apparently covered the entire sensitive
range of our short wavelength (ultraviolet) monitoring system which
vas from 300nm (glass and photomultiplier cut-off) to 400om (gracting
cut-off). Repeatability was poor; however,the radiant emission
levels appeared to be about the same at each wavelength over this
range. The broad band emission was not systematically monitored
vith the second grating that spanned the range from 400nm to 800mm.
However, spot checks showed that the broad band emission extended
well into the visible range. A spectral emission peak at 347nm could

not be discerned.

Figure 4.16 is a sketch of the laser pulse (curve A) and two
types of broad band emission pulses (curves B and C) that wers drawn
from oscilloscope photographs and transferred to the same time scale.
The peaks of the three pulses have been normalized to be equal.
Curves B and C were obtained with a 450nm long wavelength cutoff
filter replacing the monochrama:ér (fig. 4.1). A rabbit cornea was

used for curve B and a rabbit lens was used for curve C.

Several temporal features of broad band emission pulses are
illustrated by these curves. First, the temporal peak of the broad
band emission pulses occurred after the peak of the laser pulsa.
Second, when measured at half-maximum, the broad-band emission
pulses vere temporally narrower than the laser pulse. Third, in
some cases a long, delayed decay of the broad-band emissioq pulse

extended beyond the laser pulse duration (curve C). This decay "tail"
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vas not always visible on oscilloscope photographs (curve B, Fig. 4.16).
This vas dus to the fact that the peak of the pulse was usually at
least 10 times higher than the tail. 1If the peak could be seen, the
tail vas generally below the least count of the oscilloscope scals.

When the oscilloscope gain was incressed, the tail usually became
discernable but the peak vas off scale. The rabdit lens was an ex-
ception (curve C, Pig. 4.16). TFor this (easily damaged) material,

both the peak and the tail of tha broad band emission pulses were
observable. Definitive, narrovw band radiation at 347nm was never

observed from the rabdbit lens.

4.3 Discussion
4.3a Pesk emission wavelength

We have estimsated the peak emission wavelength of the ultraviolet
radiation £r:r tissue to be AP = 347.1nm with a standard deviation
of 0.2nm. To determine whether this estimate agrees with the peak
second-harmonic wavelength for ruby lsser excitation we must first

establish the pesk emission wavelength of our ruby laser. From this

we will derive the expected second-harmonic peak wavelength in air.

The peak emission wavelength for a single ruby laser pulse is
a function of the laser rod temperature, T, that exists just before
firing the laser. Abella and Cummins (Abella and Cummins, 1961) have
shown that the mean peak emission wavelength for long pulse (lmsec

pulse duration) ruby lasers increases by 0.0065nm for each centigrade




degree increment in initial rod temperature over the range 25°C to
80°C. A linear extrapolation of their data to 20°C yields the fol-
lowing equation for peak laser wavelength as & functioq of temperature

near 20°C:
xl(r) » 694.325 + 0.0065 (T - 20) Q1)

In Equation (1), xl(r) is the peak laser emission wavelength in am
snd T is the initial rod temperature in centigrade degrees. We will
sssume the validity of this equation for Q-switched lasers as vell

a8 long pulse lasars.

The pesk emission wavelength for ultraviolet emission from
tissue was obtained from a series of laser pulses. Therefore, the
stability of the peak laser emission wavelength from pulse to pulse
is an important factor in determining the second-harmonic peak
emission wavelength. This stability is & function of the difference

in initial laser rod temperature from one pulse to the next.

The peak emission wavelength can stexdily increase from shot-to-
shot if the laser rod is not given sufficient time to cool between
flash-lamp pulscs.' The K1Q oscillator systin was equipped with a
circulating water cooling system to provide cooling of the rod be-
tween pulses. Under actual operating conditions, 300 seconds ware
alloved between laser firings. This can be shown to have been suf-

ficient time to allow the rod to cool to the temperature of the

i
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circulacing vater (21°C) within the limits of the temperature regu-

lator (+ 1°C by manufacturer's specifications) (Appendix A).

The only temperaturs effect on the peak laser emissioa vave-
length is probably that dus to temperaturs fluctuatioms in the
cooling system which are less than + 1°C. Thersfore, we can specify
A (T) from Equaticn (1) at T = 21°C + 1°C as

A, = 694.331 + 0.0065nm

1

We need only five significant figures for the value of ), ia order

1
to calculate the second-harmonic wavelength, Az. to one more signifi-
cant figure than was obtained experimentally. Rod temperature
fluctuations of + 1°C do not produce amy uncertainty in the value of

Al to five significant figures.

In finding the second-harmonic wavelength Xz corrssponding to
the asbove valus of xl. the effects of the dispersion of air between
694na and 347nm should be considered. The fundamental frequency 2
and the second-harmonic frequency Vv, are related bdy:

v, = 2v1

This expression csn be revritten in terms of the (measurable) funda-

sental vavelength in air, Al.. and the second-harmonic wavelength in

alr, Xz. as follows:
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c__._x2¢
B2a x2; %a X1;

vhere C is the speed of light in vacuum and B4a¢ uz‘ are the refractive
indices of dry air at STP at vy and vy respactively. Solving the

above equation for Az. yields

‘a5, T @

For the ruby laser and its second-harmonic the ratio nh/nz‘ is
0.99998 (Handbook of Chemistry and Physics, 1965s). This correction
is very small and does not affect the value of Az {in air wvhen vritten

to five significant figures.

From the above counsiderations, we conclude that our pesk ruby
lagser wvavelength, xl. should be written as:

Ay = 694.33um

b

and that the second-harmonic wavelength, Az, is given by x1/2 or:
Az ® 347.16nm

This is our theorstical estimste of the second-harmonic wavelength
of the K1Q ruby laser. This value is in close agreement with our
experimentally observed peak emission wavelength from :1ssud of

XP = 347.1 with a standard deviation of 0.2nm.
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We have shown that the peak wavelength of the isolated ultra-
violet emission line from tissue is in close agreement with the
calculated peak second-harmonic wavelength of the K1Q ruby laser.
This is taken to be evidence that optical sscond-harmonic generation

in tissue is respousible for the cobserved ultraviolet emission.
4.3b Square-lav relatiomship

In Section 4.2b, the equation:

log Pi ® A+ 2.0 10cg ?i (3)

vhere Pi is the relative peak power near 347nm and P! is the relstive

1
laser peak power at 694om,vas shown to fit the experimental data
(Frig. 4.13). By differentisting Equation (3), it can be seen that
a fractional variation in the laser peak power APi/Pi should produce
a fractional variation in the 347nm peak pover equal to ZAPi/Pi.

1£ Pi and Pi are random variables in Equation (3), then the per-cent
standard deviations in these quantities are related by oy = 20;
(Meyer, 1965). This last equation is not consistent with our ex-
perimantal data. In scudies on cornea, sclera, tendon and skin it
vas determined that 05 = 35T vhen Gi = 102. Similar results have
been cited by Pershan in revieving experimental studies of optical
second-harmonic generation in non-biological media (Pershan, 1966).

fershan has concluded that "on the average',a square-law relation

is observed detween Pi and Pi, but there are considerabla fluctuations
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from the average behavior. As an example, Ducuing and Bloembergen
(Ducuing and Bloembergen, 1964) have observed Ji = 402 when ai vas
approximately 42.

Ducuing and Bloembergen (Ducuing and Bloembergen, 1964) have
explained these inconsistencies by including the effects of random
phass fluctuations in the laser field when computing the second-
harmonic intensity. It should be noted that they refer to the sum-
fraquencias as well as the second-harmonic fraquencies within tha
J47o0m line as "second-harmonic” froquincies (we have also adopted
this viewpoint). According to their analysis, large fluctuations
in the sscond-hsarmonic peak power are due to fluctuations in the
intensity of the sum-freque:.cy radiation within this line. A given
sum~-frequency mode, Vg can be fed by a number of pairs of laser
modes that, due to the less than perfect coherence of the lsser, vary
randoaly in relstive phase during a lsser pulse. A given mode pair
may interfere constructively at one time and destructively at ancother
time. This will cause a large variation in the intensity of certain
sum-frequancy modes even though the individual amplitudes of these
modes may be constant. In our experiments, the second-harmonic
pulse heights (peak powers) were compared from pulse to pulse under
conditions where the laser pulse height was approximataly the same
from pulse to pulse (10%). The relatively large fluctuations in
sacond-harmonic pulse height that we observed (35X) may have been
caused by the random interference of certain sum-frequency modes

near the time of the pulse peak. According to Ducuing and Bloembergen's




109

mode]l these large second-harmonic power fluctuations would not be

observed vith a monochromatic laser but probably should be observed

wvith the system used in our studies.

From the above discussion, it is apparent that with our methods ;
it would be difficult to obtain a least-squares empirical equation
of the form of Equation (3) with a low standard deviation in ¢
the slope. The fact that our regression line slope of 2.0 (Fig. 4.13)
agrees witn the slope of 2 that is associated with second-harmonic
generation (Pershan, 1966 is evidence in support of second-harmonic
generation as the mechanism responsible for emission at 347nm from

the tissues investigated.

Evidence for a square-lawv relation between Pi(c) and Pi(t)

was also obtained by comparing the laser pulse width and the 347mm
emigssion pulse width. Both pulses appeared to be nearly Gaussian

functions on the oscilloscope photographs. Let:

Pi(c) = P exp t-cz/ri] (4)

1£ P3(c) = A (2](e)?, chen:
25(c) = A ()% exp [-20%/T2) (5)

From Equations (4) and (5) it can be seen that the width at any per-

cent of maximum of the Pi Gaussian pulse is 1//2 or 712 of the width




of the Pi pulse at the same per-cent of maximum. Our experimental
measurenents were carried out at 502 maximum where it was shown

that the Pi pulse was 65% to 75% of the width of the Pi pulse (Fig.
4.14). It was estimated that the Pi pulse width could be read to
about 5% accuracy and the Pi pulse width could be read to about 7%
accuracy. Our experimental pulse width measurements are within the
expected experimental error of the theoretical pulse width estimates

which are based on a square-law relationship and Gaussian pulses.

4.3¢ Bandwidth of emission at 347mm

Using the smallest practical entrance slit width (0.15nm entrance
slit), our monochromator yielded a bsndwidth measurement of Vv 0.8nm
for Hg-Cd lamp lines near 350nm (Curve C, Fig. 4.15). Under ideal
conditions of perfect slit and grating alignment, as we;l as optimum
focusing the monochromator band pass should be 0.2nm with an 0.lmm
entrance slit (Curve B, Fig. 4.15). Therefore, under ideal conditious,
with a monochromatic band pass of 0.2nm, our unit should have yielded
a measurement of approximately 0.4nm for the Hg-Cd lines, since the
actual bandwidth of these lines is ~ 0.2nm. The divergence of curve C
from curve B indicates a systematic error of alignment or focusing
in the monochromator. There was no provision by the manufacturer to

correct such errors.

Curve C does not necessarily represent the smallest bandwidths
that can be practically obtained at each slit width. A source with

less than Vv 0.2nm actual spectral bandwidth may produce a measured
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bandwidth curve below curve C. However, such a curve should still

lie above curve B.

The measured bandwidth curve for 347am emission from cornea,
sclera, tendon and skin (curve A) lies below curve C and above curve B.
Since curve C was generated by measurements on ~ 0.2am bandwidth
radiacion near 347nm, curve A is associated with emission with a

bandwidth that is less than 0.2mm.

The expected bandwidth of second-harmonic emission is 50 times
smaller than the useful resolution of our monochromator when per-
factly aligned. The expected bandwidth for second-harmonic pulses
is determined by the bandwidth of the laser pulse. The manufacturer e
of the K1Q laser system has specified a wavelength bandwidth of

&Al = 0.0lnm for the laser pulse. The wavelength bandwidth of the

4 second-harmonic pulse, AAZ, should be smaller than AAl This can be

shown as follows. The second-harmonic pulse is compressed in time

, by a factor b relative to the laser pulse. The frequency bandwidth
L of the second-harmonic pulse, Amz, is therefore b times greater than
the frequency bandwidth of the laser pulse, Aml.

dw, = bAw
When the wavelength bandwidth A)X is much smaller than the peak wave-

length A we can use the following difference approximations that are

obtained from the equation w = 2 ¢/X:
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4,
|An:| *2c— (6)
A
2
4,
lAmll *2c—= (7
M

Combining Equations (6) and (7):

bA2
MmT ®
1
A
We have shown previously that xz -3 is an excellent approximation

because of the low dispersion of air. Equation (8) can therefore be

written as:

I£ b < 4, then AAZ < AAl. For Gaussian pulses we showed that b = v2.
For these pulses, therefore, Akz = 0.35 AAl, or AAZ = 0.0035nm which

could not be resolved by our instrumentation.

If the second-harmonic spectrum is obtained by reading emission
at s single wavelength for each laser pulse and then plotting the
dats for a number of laser pulses, then temperature differences in
the laser rod from pulse to pulse could broadem the second-harmonic
spectrunt. This broadening was calculated as negligible in our system.

The laser rod temperature fluctuations were approximately + 1°C which

could cause a shift of + 0.0065nm in the laser peak emission wavelength.




This small shift is much smaller than our systeam resolution.

4.)d Sample damage and brvad band emission

It has been shown that pulses of seco - ‘harmonic radiation were
texjporally narrover than the laser pulse. However, another form of
radiant emission was also found to yield a tempora 'y arrowed pulse.
This emission vas found to accompany sample damage and was also
found to cover a much broader wavelength range than second-harmonir
radiation. The broad band emission pulse peak occurred near the end
of the laser pulse whereas the second-harmonic pulse peak coincided
wvith the temporal peak of the laser pulyc. The relative placement
of these pulse peaks was not always easy to determine, thersfore a
wvavelength scan with the monochromator was considered to be a neces-

sary step in order to distinguish between these two kinds of emission.

With physical and biological targets, obvious sample damage is
often accompanied by the creation of a highly luminous "plume' that
expands awvay from the irradiated surface, while the surface itself
may or may not be luminous (Fine et al, 1965; Ready, 1971). The
composition of these plumes is variable and depends on the surface
and the laser peak power level. Within its luminous volume, the
plume may contain ablated macroscopic material particles; the vapor
phase of the sample constituents; ionized atoms and molecules; and,
with Q-switched lasers, the plume can become a plasma (Ready, 1971).
Radiation from laser plumes has been observed with emission extending

from the UV into the visible spectrum (Ready, 1971). Therefore, our

il e iodides i
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observation of broadband radiation in the ultraviolet and visible
range may have been due to the creation of a luminous plume from the

damaged slnplo.

The temporal behavior of plume emission has been investigated
photographically by Rsady (Rnady. 1371). 1o his studies, a 45nsec
pulse Q-switched ruby laser was used to irradiate a carbon target in
air while the interaction was photographed at various times after the
start of the laser pulse. A bright plume rapidly appearsd somewhat
after the peak of the laser pulse. The volume of the luminous plume
reached a maximum well after the end of the laser pulse, then the

luminosity and the volume decreased slowly until the plume had es-~

sentially vanished nearly lusec after the beginning of the laser pulse.

The rapid rise in intensity of broad band radiation that we have
observed after the peak of the laser pulse (Fig. 4.1€) is in agree-
ment with emission from a luminous plume according to Ready's results.
We do not have an explanation for the initial rapid decay in broad
band intansity that occurs near the end of the laser pulse. The
rapid expansion of laser plumes could, however, be a factor in our
measurements that yields this decay. That is to say, Q-switched
laser plumes have been reported to show a strongly anisotropic ex-
pansion away from the target surface (Ready, 1971). The expansiocn
velocity of the luminous front increases by an order of magnitude

in the period of time between the peak and before the end of the

laser pulse. This acceleration 1is sharply curtailed at the end of
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the laser pulse (Ready, 1963). 1f this occurred in our studies, then
much of the luminous plume volume coula have sxpanded beyond the .
rangs of optimum focusing Dby lens A (Fig. 4.1) and, therefore, rapidly
lowered the collacted broad band intensity while the plume itself

may have been actually increasing in intensity. After the laser

pulse, the plu-"doo. not grow rapidly, and remains relatively
stationary in space (Ready, 1971). This could then lead to the "decay
tail” in brosd band intensity that ve have observed.

The broad band emission that we have observed from damaged
tissue samples may therefore have been produced by a luminous plume
that ha; been found to generally accompany Q-switched laser induced
damage of physical and biological materials. In our studies, this
emission pulse accompanying sample damage was temporally narrowed
relative to the laser pulse for reasons given above. However, in
contrast with second-harmonic generation pulses, this pulse occurred
at the end of the laser pulse and exhibited a "tail". This temporal
delay for broad band emission would be expected because of the time

necessary for plume generationm.

4.4 Summary and conclusions

Fresh and dried dog and rabbit cornea, dried rabbit Achilles
tendon, dried rabbit skin, and dried rabbit skin with the superficial
layers removed were irradiated by a Q-switched ruby laser at 694nm.
Emission spectra were obtained for these collagenous tissues over

the range 300nm - 700nm. When the samples were not visibly damaged




by the laser, an isolated, narrovw emission line was found near 347mm.

Analysis of the spectral curves shﬁwod that the peak emission
vavelength for these tissues was 347.lam with a standard deviation
of 0.2nm. The peak emission wavalength expected for second-harmonic
generation is 347.16om.

The relative peak pover at 347um was shown to increase as

. z.o '
(Pl) where Pl

law is expected for second-harmonic generation. The 347nm temporal

is the relative peak power at 6%4nm. This square-

pulse width was 252 to 35% less than the 694;m laser pulse width.
Both the lagser and second-harmonic pulses appeared to be roughly
Gaussian funntions. With a Gaussian laser pulse, a second-harmonic
pulse should be Gaussian and 29% narrower than the laser pulse due

to the square-law relation.

The emissioﬁ bandwidth at 347nm could not be resolved by ocur
instrumentation, We have shown the emission bandwidth to be less
than 0.2nm. The expected emission bandwidth for second-harmonic
generation is gbout 2 Qrders of magnitude smaller than 0.2nm. Higher
resolution equipment is needed for wavelength bandwidth measurements

of the observed emission.

Our messurements of peak emission wavelength, pesk power de-
pendence, and temporal pulse width are in agreement with optical
second-harmonic generation being the mechanism for the observed

emission near 347nm.

Ian addition to the collagenous (connective) tissues, muscle,
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hair, nails, and melanosomes were irradiated. Second-harmonic
generation was found in muscle in a preliminary study but not in
the other tissues. Thus, collagenous tissue and possibly muscle
possess the requisite material characteristics for optical second-

harmonic generation. The collagen component of connective tissus

may be the principal sits for the observed harmonic generation.
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APPENDIX A

Approximately 400cal were dissipated in the laser flash lamp
at each firing. If all this energy is assumed to appear as heat in
the laser rod then, with no heat conduction during the flash lamp

pulse, the temperature rise in the rod is given by
T = Q/p VC (A1)

In Equation (Al), Q = 400cal, p = 3.98gm/cm (Adolf Meller Company,
Synthetic Sapphire Properties), V = 7.85cu3 (the volume of a lcm
diameter 1l0cm long rd), C = 0.18cal/gm*C (Abella and Cummins, 1961).
With these values T = 70°C. After 300sec, with cooling only occurring
through the sides and with the rod surface temperature held at the I
cooling water temperature of 21°C, the spatial average temperature of

the rod is given by (Carslaw and Jasger, 1959):

- -kalt

T(°C) =21+ (280) ] Lo ® (A2)
o=l a |

In Equation (A2), the a, are positive roots of Jo(ana) = 0., ais

the rod radius, K is the thermal diffusivity of the rod (0.125cn2/s¢c

(Adolf Meller Company, Synthetic Sapphire Properties)); and t = 300sec.

Only the first term of Equation (A2) is significant. In this case

a = 4.8ca”! and




T(°C) = 21 + 1247968 (A3)

Rquation (A3) shows that it csn be assumed that there are no cumu-

lative heating effacts in the rod due to repeated flash lamp firings.




Fig. 4.1

Overall schematic of experimental apparatus.
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Fig. 4.2a

Normalized response of monochromator and photomultiplier

Fig. 4.2b

Transmission of copper sulfate filter

Pig, 4.2c

Combined transmission of lens B and lens C.

These lenses are shown in Fig. 4.1.

Fig. 4.2d

Product of curves 4.2a, b and c.
Renormalized to unity at 400um.
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Fig. 4.4a

Peak current from 1P28 photomultiplier
versus peak current from KDl photodiode.

Straight line was fitted by eye.
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Fig. 4.4b

Curve A is a reproduction of ths curve shown in
Fig. 4.4a but with linear coordiﬁates. Curve B
is a straight line drawn through the origin and
approximately tangent to curve A near the origin.
Curve B is an approximation to the response of an

ideal linear photomultiplier with the same low

current sensitivity as the 1P28.
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Fig. 4.5

Low resolution spectrum showing 347am emission
from dried dog cornea. Despite the high relative
response of the system between 400 and 500nm, no
emission is observed in this region. A small
signal is seen at 6%4nm which is the highly at-
tenuated residual response to the laser pulse.
The emission intensity at 347nm is actually

~ 10-10

slit width = 15mm. Each data point represents

that at 6%4nm. Monochromator entrance

one reading. The solid line was drawn free-hand

through the data points.
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Fig. 4.6

Fresh dog cornea emission spectrum.
lmm entrance slit width.
A’ = 347.1nm
Ac = 347.1nm

FWHM = 1.9na

For Figs. 4.6 - 4.12 data points with error

bars represent the average and standard devi-

ation of pulse heights obtained at a given

monochromator wavelength setting. Data points

wvithout error bars represent a single reading

of pulse height. L
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Pig. 4.7

Fresh rabbit cornea emisgion spectrum
lmm entrance slit width

kp e 346.7Tum

Ac s 347.1nm

FWHM = 1.7nm ‘
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Fig. 4.8

Dried abdominal skin from albino rabbit
lzm entrance slit widch

Xp = 347.4nm

Ac = 347.3nm

FWHM = 1.4nm
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Fig. 4.9

Dried abdominal skin from albino rabbit. 1In
this case the superficial skin layers were
removed leaving the fatty sub-epidermal tissue
to be frradiated.

lmm entrance slit width

AP = 347.1nm

Ac s 347.3um

FWHM = 2.2nn
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Fig. 4.10

Dried dog cornea

0.5mm entrance slit width
A = 347.1

p nm

A =
c

FWHM = 1.4nm
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Fig. 4.11

Dried rabbit Achilles tendon
0.5mm entrance slit width

Ap = 347.3nm

kc = 347.3nm

FWHM = 1,5nm
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Fig. 4.12

Dried dog cornea

0.15mm entrance slit

Xp = 346.8nn
Ac = 347.0om
FWHM = Q.5nm
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Fig. 4.13

Pé is the relative peak power emitted by

rabbit cornea at 347nnm. Pi is the relative

laser peak power at 694nm. Straight line

is a least squares fit. Slope of line is
2.0.
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Tig. 4.14

Laser pulse at 694um and sample emission pulse
from rabbit cormea at 347am. Pulses have been
normalizad 0 equal amplitude. There is no
discernabls delay between pulse peaks. The
347nm pulse full width at half maximum (FWAM)
{s 357 less than the laser pulse FWH1.

1
{




q.-i—.—; =63 nsecC \/
FWHM=97nsec — \
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Fig. 4.15

Curve A is the FWHM of the emission spectra
in Figs. 4.4 through 4.12 versus monochromator

entrance slit width. Curve B is the manu-

facturer's theoretical bandwidth of the mono-
chromator versus entrance slit width. Curve
C is the FWHM of a Cd line near 347nm as
measured by the monochromator. The Cd line
FWHM was 0.19am according to the nanufacturer

4 of the standard lamp that was used for curve C.

albeanbad, (" aldit.




100
X
L
o] =
e I
'C 5
Lot
_-‘5‘, I
4 A
<
c
@)
@ | o
0.l .| Ly ] Ly g o]
0.l 1.0 10

150

Entrance Slit Width-nm




Fig. 4.16

Curve A is tha laser pulse versus time. Curve
B is a broad band emission pulse observed with
low oscilloscope gain (no tail visible). Curve
C is a broad band emission pulse from a damaged
rabbit lens. Curve C shows a tail. All three
curves were normalized o the same amplitude
for this figure. Curves 3 and C were cbtained
with the monochromator seac to 347nm. The de-
layed peak of curves 3 and C indicates that

these pulses were not due to second-har=ocnic

generaction.
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CHAPTER 5

SECOND-HARMONIC GENERATION FROM COLLAGEN

In chapter 4, second-harmonic generation was reported in cornea,
sclera, tendon and skin. The major solid component of these tissues
is collagen. It is therefore possible that the principle site for
second-harmonic generation in these tissues was collagen. The pur-
pose of the experiments reported in the present chapter is to deter-
mine whether second-harmonic generation can be observed in collagen

fibers.

5.1 Methods and materials

A commercial preparation of collagen fibers from bovine Achilles
tendon was obtained for these studies (Sigma Chemical Company number
C9879). These collagen fibers were prepared for Sigma Chemical by
the method of Einbinder and Schubert (Einbinder and Schubert, 1951).
Einbinder and Schubert describe their technique as one in which
mucopolysaccharides are removed and.purified undegraded collagen
is obtained. 1In their method, fresh bovine Achilles tendon is
manually freed of non-collagenous tissue, cut into small pieces and
placed in 3 per cent NaZHPO4 for three days at 0°C. The residue is
then washed with water and dehydrated with absolute alcohol. The
alcohol is then allowed to evaporate in air. (We assume that some
water re-enters the preparation during handling; although the stiff-

ness of the fibers compared to the flexibility of fresh tissue

collagen suggests that this was minimal (Elden, 1968)).
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Sigma collagen fibers were packed loosely in a 9mm x 6mm x lmm
rectangular cross-section chamber made from microscope slides and
then covered with a glass cover slip. The remaining volume of the

chamber was filled with anise o0il to reduce light scattering.

Before irradiation, the optical transmission of the chamber was
measured at 347nm and 6%94nm (Beckman Model B spectrophotometer) while

containing collagen alone, anise o0il alone, and collagen-anise oil

mixtures.

The chamber was irradiated using the same experimental set-up
as shown in Figure 4.1. 1In these studies, the monochromator emtrance
slit was opened wide to 3.5mm in order to collect as much of the
weak second-harmonic radiation as possible. Collagen alone, anise

oil alone, and collagen-anise oil mixtures were irradiated.

The chamber was examined before and after irradiation with a

polarizing microscope.

5.2 Results

5.2a Sample transmission

Initially the collagen was a white opaque stiff mat of fibers.

It retained this appearance when the clear, colorless anise oil was

first added. It was easy to observe the clarification of the collagen-

anise oil mixture in the sample cell with time. During the first 15
minutes most areas of the collagen fiber mat became less opaque;
however, the outline of the fibers remained evident. After approxi-

mately 45 minutes, the sample appeared to be only slightly more
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transparent than it was after 15 minutes. The polarizing microscope
was used during the first 45 minutes to determine the presence of
very thin collagen fibers in the chamber in certain places where no
material was visible to the unaided eye; the number and sizg of the

collagen fibers appeared to be unchanged.

The progressive clarification of collagen-anise oil samples was
also followed spectrohpotometrically at 347nm and 694nm. The results

are summarized in the following table.

Wavelength Transmission
No oil 30 minutes after adding oil

694nm 0.0% 80%

3470m | 0.02 3.5%

Transmission measurements were also made for anise oil alone. Most
of the above attenuation at 347anm after 30 minutes was due to the

anise oil itself (The glass slide attenuation was negligible).
5.2b Sample emission

No second-harmonic emission was observed from the Sigma collagen
fibers without the anise o0il on ruby laser irradiation at 694nm.

These samples were easily damaged, and ''plume' emissicn signals were
often observed (see chapter 4 for a description of plume emission).
No emission was detected from anise o0il alone in the sample chamber

over the wavelength range 320nm - 400am.
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The sample emission spectrum shown in Figure 5.1 was obtained
on irradiation 20 to 30 minutes after the addition of anise oil to
the Sigma collagen. There is an evident peak at 347nm. The emission

band is slightly assymmetric. No other peaks were observed between

320nm and 400nm.

After 45 minutes in anise oil, the emission pulses at 347mm
increased in amplitude by a factor of 1.7 compared to those observed
thirty minutes after the addition of anise o0il. Measurements also
indicated that an additional increase in second-harmonic emission
pulse amplitude occurred for samples stored at room temperature over-

night in anise oil. Relative to corneas, the collected 347nm emission

from Sigma collagen was weaker.

The pulses at 347nm were temporally narrower than the laser
pulses at 694nm. The relative pulse widths were like those shown in
Figure 4.14. Verification of a quadratic relationship between the
347nm pulse height and the laser pulse height was not performed. The
laser power could not be varied over a sufficiently wide range for
this test. We were limited on the low side by system noise, and
limited on the high side by sample damage. While the addition of
anise 0il raised the collagen damage threshold, damage still occurred

at relatively low laser input levels.

When sample damage occurred, the sample chamber exploded and

plume emission signals were observed. No visible signs of damage

were present in the samples when a 347nm emission peak was observed.
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Afcer removal from the chamber, the collagen fiber mat appeared

to have retained its structure and stiffness. The fibers were some-

what more translucent than initially.

5.3 Discussion

We believe that the isolated emission peak near 347nm and the
temporally narrowed emission pulses near 347nm indicate that second-

harmonic generation occurred in these Sigma collagen samples.

Since no se.ond-harmonic emission was observed from anise oil
or collagen saparately but was observed when anise 0il was added to
the collagen, it is possible that the oil and collagen interacted to
form sites for second-harmonic generation that were not present in
collagen or anise oil alone. While this is an interesting possi-

bility, we believe that there is a simpler explanation of the role

of anise o0il in these experiments. i

Immersing the collagen fibers in anise oil apparently reduced
light scattering at 694nm and 347nm (Table 1). This may have been

due to a better refractive index match between collagen and anise

oil compared to collagen and air. For example, Maurice gives a value

of approximately 1.5 for the refractive index of collagen at an un-
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specified visible wavelength (Maurice, 1969). “he refractive index
of anise oil is 1.54 at 656nm which is near the ruby laser wavelength
(American Institute of Physics Handbook, 1957). Reduced 694nn

light scattering at the fiber-oil interfaces may have resulted in

two effects. TFirst, reduced light scattering at 6%4nm may have allowed
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a forward lobe to develop in the scattering pattern for second-
harmonic radiation. This would have increased the fraction of
collected second-harmonic radiation using the apparatus in Figure 4.1.
Second, the laser peak power at which sample damage occurred may have
been raised. By operating at higher fundamental peak power levels,
the second-harmonic conversion efficiency of the collagen was probably

improved and second-harmonic radiation then became detectable.

The refractive index match at 347nm may have been poorer than
it was at 69%4nm due to an anise oil absorption band near 347nm whereas
there are no collagen absorption bands in this region (Gratzer et al,
1963). Nevertheless, the index match at 347nm was probably improved
over that which occurred in air. By reducing light scattering at
347nm, a forward lobe in the second-harmonic emission pattern may

have been allowed to form.

The importance of anise oil in these studies may, therefore, have
been to reduce light scattering at 6%nm and 347nm. Higher levels of
second-harmonic radiation might be obtained by using an imbedding
material with less absorption at 347mm and with a better refractive

index match at 6% um and 347nm than was offered by anise oil.

The 347nm emission band was slightly asvmmetric (Fig. 5.1).
The long wavelength data (Vv 355mm) is of higher amplitude than the
short wavelength data (v~ 340nm). The long wavelength data was ob-
tained last. The resulting asymmetry may, therefore, have been

caused by the ongoing wetting action of the anise oil. Data near
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340nm and 355um was also of low enough amplitude to have been af-

fected by system noise.

Native collagen in anise oil has been shown to yield weak
second~harmonic radiation. Absorption at 347nm in the anise oil
may have produced as much as an order of m#gni:ude attenuation of
the second-harmonic. When this factor is considered, the second-
harmonic generation efficiency of Sigma collagen is comparable to
that of the collagenous tissues discugsion previously. Native collagen
fibers may therefore have been the principal site for second-harmonic

generation in the collagenous tissues that we have investigated.

The preparation of the Sigma collagen fibers used in these
studies did not involve dissolving the collagen during preparation
(Einbinder and Schubert, 1951). Therefore, it is assumed that these
fibers retained their native periodic band and interband structure.
For comparison, a quantity of purified collagen was obtained that
had been dissclved (extracted chemically) from guinea pig skin and
then precipitated as so-called "amorphous" fibrils. "Amorphous”
collagen fibers show no periodic structure under the elactron micro-
scope (Schmitt, 1956); they are, however, optically birefringent.
"Amorphous” 1is therefore used to describe the electron-microscopic

appearance of the fibrils and does not refer to the actual material

properties of the fibril. Native and "amorphous' fibrils are dif=-

ferent aggregation patterns of the same (collagen) molecule. "Amorphous'

fibrils are not found in tissue (Glimcher, 1959).

P o s catnis o 4S8
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The "amorphous' fibers used in these studies were thinner and
less stiff than the Sigma fibers and had the appearance of fine
cotton wool. To the unaided eye, this white cotton wool appearance
changed to that of a hazy blue cloud wher che "amorphous” fibers
were immersed in anise oil. In anise o0il, the outline of the

"amorphous" fibers was indistinct, whereas the outline of most of

the Sigma fibers was relatively distinct. The "amorphous'" collagen
samples were subjectively more transparent in anise oil than were
Sigma collagen samples of equal weight. Both the "amorphous" and
the Sigma collagen fibers retained their original gross structure
when removed from the anise oil. Both fiber types were more trans-

lucent after removal from the anise oil.
5.4 Amorphous collagen

No second-harmonic generation was observed from "amorphous"
* guinea pig skin collagen in air or in anise oil. Whole dry, guinea
pig skin did yield narrow band emission at 347nm with temporally

narrowed pulses, which we believe to be second-harmonic generation.

These studies indicate that native collagen fibers are capable
of second-harmonic generation whereas "amorphous' collagen fibers
yielded either much lower second-harmonic radiation levels or none
at all. Both the gross appearance and the electron microscope ap-
pearances are different for these two fibrous collagen aggregates.
There 1is no evident reason why the gross property differences between

the fibers that we described should have produced marked differences




in second-harmonic generation efficiency. Therefore, it appears

that the aggregation pattern of collagen fibrils may be an important

factor in second-harmonic generation.

Aggregation pattern models of native and "amorphous' collagen
fibrils have been presented by Schmitt (Schmitt, 1956). He has sug-
gested that native collagen fibrils are formed by the end-to-end
and side-by-side aggregation of collagen molecules with a regular
stagger between adjacent end-to-end chains of collagen molecules (Fig.
5.2a). In Schmitt's model, amorphous fibrils differ from native
fibrils only in that the stagger between adjacent chains is {rregular
(Fig. 5.2b). 1In both models, the assymmetric collagen molecules of

a given fibril are "pointed" in the same direction.

We believe that an alternative model of amorphous fibrils is
possibie. For example, assume, with Schmitt, that all collagen
molecules are oriented the same within a given end-to-end chain. Then,
unlike Schmitt, assume that adjacent end-to-end chains have approxi-
mately equal likelihood of being aligned parallel or antiparallel in
addition to being irregularly staggered (Fig. 5.2c). This alternative
amorphous fibril model should have the same electren microscopic
appearance as Schmitt's amorphous fibril model. Both fibril models
can be optically birefringent. On this qualitative basis, these
amorphous fibril models are optically and electron-microscopically
indistinguishable. However, from the standpoint of optical second-

harmonic generation, the amorphous fibril models may be distinguishable.
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In the alternative model of an amorphous fibril, the irregular
orientation of the collagen molecules within a fibril may lower the
measured second-harmonic generation efficiency of the alternative
“"amorphous' fibril relative to the Schmitt models of the "amorphous"
and native fibrils. This may be the reason why no second-harmonic
generation was observed from the "amorphous' collagen used in cur
studies. Consideration of the effect of orientational irregularities

within a fibril is given in Appendix A of this chapter.

5.5 Summary and conclusions

1, On irradiation at 694nm with a Q-switched ruby laser, an isolated
emission band near 347nm was observed from purified, undegraded
collagen (Sigma Chemical Company) in anise oil. No 347 emission
was observed from this collagen or anise oil alone. Emission pulses
at 347nm were temporally narrowed with respect to the laser pulse.

We believe this to be second-harmonic emission from collagen. It is
felt that the role of anise o1l in these experiments was to reduce

light scattering at 6%nm and 347nm.

2., No isolated 347nm emission was observed from "amorphous" collagen
fibers that were precipitated from guinea pig skin extracts. These
experiments were carried out with and without anise oil. Second-
harmonic generation was observed from guinea pig skin which contains
native, and not "amorphous', collagen fibers. The lack of 347nm emission
from "amorphous'" fibrils may have been due to an irregular orientation

of collagen molecules within these fibrils.




APPENDIX A

In this appendix, the effect of molecular orientational irregu-
larities on optical second-harmonic generation is discussed. For
this discussion the coupling between induced molecular dipoles is

neglected.

To provide simple illustrations, the tensor properties nf
molecular dipoles will be neglected and a scalar equation will be
used to relate the induced dipole moment U to the electric field E.

To second-order terms this equation is.
u = aE + bEZ (A1)

A graph of Equation (Al) is sketched in Figure 5.3a.

S:nce molecules described by Equation (Al) are non-centrosvrmetric,
a direzction of molecular orientation can be defined. Assume, therefore,
that Figure 5.3a applies when a molecule is aligned with the positive
E direction (arrowhead in Fig. 5.3a). If this molecule is rotated by
180°, so as to be aligned with the negative E direction, then Figure
5.3b applies (note arrowhead in Fig. 5.3b). 1In Figure 5.3b, the

relationship between u and E is:
2
U = aE - bE (A2)

Equations (Al) and (A2) differ by a minus sign in the second-order

o Aaae e m o
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term. If E oscillates at frequency w, then this minus sign difference
shows that the phase of the induced dipole moment at frequency 2u is

shifted by 7 when the orientation of the molecule is reversed.

When two molecules are oriented in the same direction (parallel)
and driven by mutually in-phase electric fields, then they will
execute mutually in-phase second-harmonic dipole moment oscillations.
If these molecules are oriented in opposite directions (anti-parallel),
then their second-harmonic dipole moment oscillations will be 180° out
of phase. In the case of parallel molecules, an observer that is
equidistant from the two molecules will detect constructive inter-
ference between the radiated second-harmonic fields. In the case of

anti-parallel molecules this observer will detect no second-harmonic

radiation.

Consider a large number of molecules in a volume element whose
dimensions are small compared to an optical wavelength. With plane
wave illumication, the driving field is then approximately in-phase
for each molecule. A distant observer located on an axis defined by
the plane wave direction through the volume element will be approxi-
mately equidistant from the various molecules in the volume element,
the second-harmonic fields will interfere constructively at the ob-
server location. The second-harmonic intensity at the observer location
will be proportional to the square of the number of radiating molecules.

If there is an equal division between parallel and anti-parallel

molecules in the volume element, then the second-harmonic fields will




interfere destructively at the observer location. The second-harmonic

intensity will be zero for this observer.

These results can now be applied to the cases of collagen

molecules in native or amcrphous fibrillar units. To a first approxi-
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mation, the collagen molecule is a line of molecular dipole oscillators.

Actual collagen molecules are ™~ 300mm in length and or .4mm in
diameter. The dipole oscillators are assuvciated with various amino-
acids, side chains, and linkages within the collagen molecule. The
individual dipole oscillators with resonances near 347nm are thought
to be in regular positions and orientations (approximately parallel)
along the molecule (Gratzer, 1967). In the Schmict models of native
fibrils and amorphous fibrils the collagen molecules are considered
to be parallel. In the alternative model of amorphous fibrils, some
of the collagen molecules are parallel and others are anti-parallel
as shown in Figure 5.2c. 1In all of these models the wmolacules are
assumed to be closely packed. The Schmitt models of native £ibril or
amorphous fibrils (Figs. 5.2a and 5.2b) camn, therefore, produce
appreciable levels of second-harmonic radiation. The alternative
model of an amorphous fibril should produce no second-harmeonic

radiation.

If there is not an equal division between ;arallel and anti-
parallel molecules in volume elements of an amorpheous fibril, then

some second-harmonic radiation may occur.
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Fig. 5.2

Emission spectrum {rom Sigma collagen in anise

oil. Peak emicsion wavelength is kp = 347.2nm

which agrees with the second-harmonic wavelength.
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Fig. 5.2a

Native fibril aggregatiun pattern (after Schmitt)

Fig. 5.2b

"Amorphous' fibril aggregation patrtern (after Schmizz)

Fig. 5.2¢c

Alternative model of "amorphous' fibril
aggregation pattern. The conclusions drawn

in this chapter regarding this medel will also
hold for models of amorphous f£ibrils in which

there are equal numbers of collagen molacules

orientad in opposing directions.
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Fig. 5.3

Sketch of the uy-E characteristic of a non-
linear non-centrosyrmetric oscillator. Figs.
5.3a and 5.3b show the characteristic for
opposite orientations of the oscillator. The

assumed orientation of the oscillator is

shown by the arrowheads.
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CHAPTER 6

ANGULAR DISTRIBUTION OF SECOND-HARMONIC RADIATION
FROM THE RABBIT CORNEA

In this chapter we shall compare the observed angular distri-
bution of second-harmonic radiation from rabbit cornmeas with that
expected theoretically from crystalline media and from amorphous
media. Our measurements on corneas were made over a limited angular
range in the forward scattering direction. These measurements showed
the presence of a narrow lobe of rorward-scattered second-harmenic
radiation. This lobe may have been slightly broadened by light
scattering in the cornea. Minck et al have reviewed analytical and
experimental results of second-harmonic gereration in crystalline and
amorphous media (Minck et al, 1966). They have pointed out that in
amorphous media, second-harmonic radiation emerges as weak scattered
radiation (Minck et al, 1966, p. 1371) with a broad angular distri-
bution. Ward and New have presented a scalar model for second-harmonic
generation in crystalline media and have shown that in this instance
second-harmonic radiation emerges as a narrow beanm in the forward
direction (Ward and New, 1969). The measurements that we have been
able to perform show that second-harmonic generation in the rabbi:
cornea resembles coherent second-harmonic generation in a crystallire

medium more closely than it does incoherent second-harmonic generation

in an amorphous medium.
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6.1 Methods and materials

The experimental apparatus for measuring the angular discri-
bution of second-harmonic radiation from cornmeas is shown in Fig. 6.1.
A cornea was placed at point P in the converging part of a focused
ruby laser beam. The half-angle of convergence of the beam was about
2°. At the other side of the laser beam focus the half-angle of
divergence, 61, was also 2°. These estimates of convergence and
divergence were made three ways. These were: a geometrical optics
analysis of the ruby laser, measurements of polaroid film burn pat-
terns produced at various positions in the ruby laser beam, and
measurements of a He-Ne laser beam that was used to simulate the ruby
laser beam (Fig. 6.1 for position of He-Ne laser). All three estinates
vere in close agreement.

Radiation from the cormea was collected by lens B (Fig. 6.1).

This lens subtended a half-angle BB » 8% wich respect to the sample

> 9

at point P. Thus, SB 1

Masks with annular apertures concentric with the laser beam axis
were sequentially placed against lens B to allcw monitoring radiation
over different angular ranges in the forward direction (Fig. 6.1).

The scattering angle range covered by each mask is listed below.

Mask Range of 8
1 0°® - 2.1°
2 2.1* - 3.2°
3 3,2° - 4.2°
4

5.3 - 6.3°




The largest scattering angle that was monitored by these masks was

at @ = 6.3° whereas lens B subtended a half-angle of 8°. Masks at
larger angles were not used so as to avoid possible spherical
aberration effects near the edge of lens B. Radiation that passed
through lens B was monitored by the same equipment that was discussed
in Chapter 4. The nonochromator was set to pass 347.2nm radiation
and the slits were openad wide. No laser radiation at 694.3nm was

detected.

Tests vere performed that showed that the amount of light col-
lected by each annular aperture was simply proportional to the open
area of the aperture. A Lambertian source of diffuse illumination
was simulacted at the sample position. To do this, three layers of
white paper (paper used for duplicating machines) were placed over
the diffusing glass case of a high pressure ultraviolet lamp. The
spectral range of the lamp was from about 300nm to about 500nm. The
paper was covered in turn by an opaque shield with a 2mm hole in the
center. The IZmm hole was located at the sample position (at point P
in Fig. 6.1). The illuminated hole satisfied the subjective criterion
for a Lambertian source inasmuch as it appeared to have a constant
brightness as one moved his eye in an arc from 0° to about 80° from
the normal (Charschan, 1972, pp. 3586~587). With only one laver of
paper the hole appeared brighter when wviewed at 0° than it dié a:
about 80°. As a further check, a smail selenium visible light detector

with about a S5mm area was positioned at 0°, then at 30°, and finally
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at 50° to the normal to the illuminated hole. The rat.os of the
detector readings at these three positions was 1:0.86:0.62. For a
Lambertian source the corresponding ratios should be 1:0.87:0.64
(Charschan, 1972, Eq. 10-4). The detector readings were at most 3%
lower than the readings expected for a Lambertian source. It was
therefore assumed that the 2mm illuminated hole acted as a Lambertian

source.

For a Lambertian source, the power per unit area at a fixed

distance from the source,and at an angle 8 to the normal of the surface

of the source, is proportional to cos 9 (Charschan, 1972, p. 586). The
outer edge of the largest annular aperture was at § = 6.3°., At § = Q°
cosB = 1 and at 8 = 6.3°, cos® = 0.994. Therefore, it was assumed

that the power per unit area was constant over the range of areas
subtended by the annular apertures. On this basis, the photomultiplier
response to 1lllumination from the test Lambertian source should be

proportional to the open area of the annular aperture.

The smallest annular aperture area was normalized to unity in the
following computations. The relative mask area and the relative
response of the photomultipl’er when viewing the Lambertian source

through the monochromator (set to 350nm), the CuSO, filter, lens B,

4

and the various anaular apertures is listed below. The photomultiplier

was determined to be linear at these low illumination levels.




Mask Relative Area Relative Response

1 1.0 1.0

2 1.25 1.23
3 1.75 1.74
4 1.38 1.36

(The relative area of mask 4 was smaller than the area of the annular
aperture due to a shield that was accidently placed too low behind
lens B. The shield was left in position during all of these ex-
periments). There is very close agreement between the relative

areas and relative response of the photomultiplier which indicates
that the amount of light collected by each aperture and directed to

the photomultiplier was proportional to the .area of the aperture.

The oscilloscope pulse height was corrected for the photomultiplier
nonlinearity (Fig. 4.4). The corrected oscilloscope height, H, was
proportional to the second-harmonic peak power passing through a given
mask. This height was divided by the area Aa of the annular opening
of the mask. The average and standard deviation of H/Aa was obtained
for five laser pulses with each mask. The average values of H/Aa
were then normalized to unity for the largest value. This normalized
quantity wa was, therefore, proportional to the second-harmonic peak
power per unit area averaged over the area of the aperture and averaged
over five laser pulses. For brevity, we shall call Wa the relative

second~-harmonic intensity.

The actual second-harmonic power per unit area may have been
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variable from point to point of a given aperture. Our measurement

method could not show this, whereas a photographic method cculd. ]

Three wide angle positions were mounitored by rotatiug lens 3
and the rest of the collection and detection system around point P

in Fig. 6.1. Since lens B subtended a half-angle of 8°, the scat-

tering angle range -20° < Ss < +33° was monitored by placing the

] center of lens B at -12°, +12°, and then at +25°.

r The room that was available for these studies was too narrow
to allow wider angle measurements in the horizontal plane. It was
considered far too time-consuming to construct apparatus that would
allow vertical plane measurements. DBackscattering measurements were
, made, however the detector was then so close to the Pockels cell
, Q-switch that pickup from the Pockels cell became greater than the
expected second-harzonic pulse height (Chapter 4 for discussicn of

pickup).

The corneal samples were prepared as follows (Fig. 6.2). A

fresh rabbit cornea was pressed lightly against a clean microscope

slide. The central area of the cornea adhered naturally to the slide

| and the interface between the slide and the cornea appeared szooth.

The outer surface of the cormea was covered with a few drops of"
aqueous from the enucleated eve. A glass cover slip was placed over
the aqueous-wetted surface. Both corneal surfaces appeared to be

flat and smooth. The angle of the cover slip had to be adjusted in
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some cases to prevent the formation of a prismatic wedge that would
deviate the direction of the laser beam axis as it passed through the
sample. The He-lle beam was used to monitor this adjustment. Since
this adjustment could only be made at the beginning of a run it is
possible that the laser beam axis may have moved with respect to the
center of the annular apertures during a run. This movement could
have occurred if, for example, the cornea dried unevenly during a
run. In this case, the corneal sample could have become a prismatic
wedge during drying. This source of error could perhaps be eliminated
by using antireflecting sample cells with optically plane parallel
sides filled with a fluid that matched the refractive index of the

cornea.
6.2 Results

The relative second-harmonic intensity wa is shown below with
the corresponding angular range subtended by the annular aperture of

the mask.

Mask Range of S !‘
1 0° - 2.1° 0.86
2 2.1° - 3.2° 1.00
3 3.2° - 4.2° 0.77
4 5.3° - 6.3° 0.25

The values of wa are averages for five laser pulses. The per-cent
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standard deviation was abour 30% in each case. The per-cent
standard deviation in the laser pulse height was about 8%Z. The sum
of the powers measured separately by the annular apertures was about
107 lower than the power as measured directly with no apertures over
lens B. This agreement indicates that the annular apertures intro-

duced no significant losses.

No second-harmonic pulses were detected when lens B was centeraed
at 9s = +12° +25°, and -12°. As a check, dried corneas were monitored
at these wide angle positions. No second-harmonic radiation was de-
tected until the surface of the cormea was roughened with a scalpel
or a diffusing glass plate was placed between the cornea and lens B.
These last measures apparently caused the second-harmonic radiation

from the cornea to be scattered at wider angles.

The results are summarized in Fig. 6.3. A bar graph is used to
represent Wa as a function of es. This data is taken from the above
table. For simplicity, the plots are made with 55 a positive number.
The wider angle data taken at es = +12°, +25° and -12° are shown by

the circled points at 63 = +12° and Gs = +25°,

By drawing a smooth curve through the bar graph (Wa(és) in Fig.
6.3) and measuring the area under this curve from %s = 3° o another
given value of 93 we could estimate the relative second-harmonic pover

~

WR that was confined within S5 degrees of the laser beam axis. This

calculation neglects any second-harmonic radiation that =av Rave tee-
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present outside our angular range of measurements. wl vas normalized
to unity for the integration to 9. = 12° {n Fig. 6.3. A graph of wx
versus 6' is shown in the upper right of Fig. 6.3. It can be seen
from this graph that 507 of the measured second-harmonic pover vas
vithin the range 0° < 8y < 2.4° and chat 95% of the measured second-

harmonic pover was within the range 0° < 8 < 6°.

According to geometrical optics calculations and polaroid fila
burn patterns, virtually all of the laser power at 694.3)nm vas within
the range 0° < 8 < 2°. As a second check, the He-Ne laser vas set
up as shown in Fig. 6.1 to imitate the ruby laser beam. The c-.-.so‘
solution was removed and the He-Ne beam wvas monitored with masks 1
and 2. A distinct signsl was observed with mask 1, but the signal
vas at least ten times smaller whea the He-Ne beam vas monitored with
mask 2. Visually, the beam was confined within the angular range of
mssk 1. The ruby laser vas not used for these measurements with the
aask because of the possibility of damaging the photomultiplier. The
above burn pattern and He-Ne simulation measurements indicate that
the ruby laser beam was confined within the approximate range
0<8, < 2° and that the masks system did not introduce an artificial
spparent broadening of che besm near 694.Jnm. There is no apparent
reason why the mask system would not also properly resolve the second-

harmonic scattering pattern at J47.2am.

It has been showm that 952 of the msasured second-harmonic power

-

vas vithin the range 0° < 8 < 6°. The rudy laser besm vas confined

to the range 0° < 6' < 2°. Therefore, the angular spread of second-
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harmonic radistion may have been greater than the angular spread of

the laser bean.
6.3 Discussion

The results of these msasurements indicate that the divergence
of the second~harmonic beam was small. However, the divergence of
the second-harmonic beam was greater than the divergence of the laser
besm. For coherent second-harmonic generation in crystalline media,
one would expect that the beam divergence of the second-harmonic would
be less than the beam divergence of the laser (Ward and New, 1969).
Por incoherent second-harmonic generation in amorphous media, one would
expect a very broad pattern of second-harmonic radiation (Minck et al,
1966, p. 1371). We shall present background material below that will
enable an analytical estimate to be made of the second-harmonic beanm
divergence from crystalline media and amorphous media. These analytical
estimates will be compared with the experimental results that have been

given above. We shall then discuss whether the cornea behaves as a
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crystalline medium or an amorphous medium for second-harmonic generatiom.

Ward and Nev have carried out experimental studies of coherent
optical :hird-hnrnou}c generation by a focused laser beam in gases
(Ward and New, 1969). Although their experimental work was primarily
concerned with third-harmonic generation, they have presented a simple
scalar model for coherent generation of the general qth harmonic by a

focused laser bean (Ward and New, 1969, Sect. 1II). Their scalar model
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of a crystalline medium is the same as that used in Chapter 2 of this
thesis. They have presented a detailed analysis of the case where
the focused laser beam is a lovest order gaussian mode (TEMOO mode) .
Less detail is supplied for more complicated beam structures. We

shall give a brief review of their results.

Figure 6.4 illustrates the characteristics of a focused TEMOO mode
(Siegman, 1971, Chapt. 8). The intensity profile at any beam cross
section is a gaussian function of radial position r from the beam axis.

The dashed curves are the locii of the cL2

points of the beam profile.
The focal region, where these locii are closest, {s called the beam waist.
The dashed curves approach straight diverging lines at distances from

the beam waist that are large compared to the waist diameter. The

angle 01 in Fig. 6.4 is called the far-field divergence angle of the

bean. Higher order gaussian Iznhn modes have intensity nulls sym-

metrically placed with respect to the beam axis. The envelope of these

higher order intensity distributions is, however, still gaussian. The
~1/2

e points of the gaussian envelopes are used to define the divergence

angle, 91, of these higher order modes.

A discussion of rznin modes found in Siegman (Siegman, 1971,
Chapt. 8) states that the wavefronts of these modes are spherical, ex-
cept at the beam waist, where they are planar. The field strength is
highest at the beam axis and decays monotonically along the wavefront

avay from the besm axis. In the far-field, the center of curvature




of the wavefronts is located at the beam waist.

Ward and New have shown in their analysis that a gaussian TEMOO
laser beam mode generates 2 second-harmonic beam which is also a
gaussian TEMoo mode. Both beams share the same waist position. How-
ever, the divergence angle of the second~harmonic beam, 62, is smaller
than the divergence angle of the laser beam 81 (Ward and New, 1969,

p. 60). This last conclusion is based on their demonstration that the
confocal beam parameter b = ZA/nez (Ward and New, 1969, Eq. III) is
the same for both beams. Frca this, the two divergences are related
by

8, = 0.707 61 1)

2
They point out, without detailed analysis, that their conclusions for
the TEMOO mode are essentially unchanged for higher order modes or

mixtures of modes. Presumably, the conclusion regarding 92 < 61 also

holds for higher order modes and mode mixtures.

We expect that the divergence of the second-harmonic beam
generated by the very complicated (generally non-gaussian) mode struc-
ture of a ruby laser beam is also narrower than the divergence of the
laser beam. This is based qualitatively on the assumption that the
beam intensity profile has an envelope that is a monotonically de-

creasing, non~-rectangular, function of radial position r with respect
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to the beam axis. The second-harmonic power per unit area, SZ’ is
proportional to the fundamental intensity, S, squared. The second-
harmonit interisity profile envelope must therefore be narrower than
the fundamental intensity profile envelope when these are both
nornalized to unity on the beam axis. On this basis, the divergence
of the second-harmonic beam is less than the divergence of the laser

beam.

We shall now compare these results with those expected for in-
coherant second-harmonic generation in an amorphous medium. Minck
et al (1966, p. 1371) have stated that second-harmonic radiation from
amorphous materials does not appear as a beam and have suggested that
it be thought of as analogous to Rayleigh scattering in linear media.

Presumably, this analogy is meant only to indicate the diffuse character

of the incoherent second-harmonic radiation pattern. A better quanti-

tative idea of the diffuse character of the incoherent second-harmonic

et it e Ve

radiation pattern can be obtained from the theoretical work by Bersohn
et al (1966). These investigators have derived general thecretical
equations for the angular distribution of incoherent second-harmonic

radiation from an amorphous medium. In their analysis, the incident

laser beam can be plane polarized, unpolarized, or elliptically
polarized (Bersohn et al, 1966, Sect. III). The expressions that they

have developed are difficult to interpret when presented in general

form (See Eqs. 25-27 in Bersohn et al, 1966). Therefore, we shall

J—

present a simplifled special case as a working example.




OO mres et - wrrany - 5 e e o R
185

Consider a plane polarized fundamental wave propagating in the

Z direction with the electric field pélarized along the Y direction

() = 0 in Eq. 17 of Bersohn et al). Let @ be the angle between the

Y axis and a radius vector drawn from the origin to a discant ob-
server. Using Eqs. 25-32 in Bersohn et al,one can write the following
simplified expressions for the intensity of the second harmonic
radiation as a function of 6,when the observer is at a fixed distance

and is confined to the X-Y, X-2 and Y-Z coordinate planes respectively.

Ix_Y(B) = Al + cosze) + B sin20 )
L _,(0) = A+3B | . (3)
I, ,(8) = AQL + cos’e) + B sin’s )

In Eqs. 2, 3, and 4, A and B are quadratic functions of the tensor
components of the second-order nonlinear polarizability of the molecules
of the medium (Bersohn et al, 1966, p. 3189; This article uses the
notation B;zz and Bgzz for quantities that are proportional to A

and B). The quantities A and B are constants for a given medium.

For the remainder of this discussicn it will be convenient to

express Eqs. 2, 3 and 4 in the forum:

I,_y(8) = (A+B) + (A - B) cos’0 (s)




I,_z(8) =A+B . 6)
Iy_2(8) = (A+B) + (A -B) cos®s N

According to Eq. 6, the intensity distridution in the X-Z plane is a
constant for all angular positions of the observer. Therefore, the
distribution in the X-Z plane has no beam-like gropcttics. According
to Eqs. 5 and 7, the distributions in the X-Y and Y-Z planes are
identical. When A > B these distributions can be beam-like in the
forward direction. The most forward peaked distribution is obtained

when B = 0. In this instance,

I_y(8) = I,_,(8) = AL + cos’e) (8

The ‘-1/2

points of this distribution occur for 8 = 62.5° which indicates
a very broad beam. This divergence is much greater than the divergence
of most laser beams. One should contrast this with the beam divergence
for coherent second-harmonic generation which is expected to be less

than the beam divergence of the laser. Consequently, with incoherent
second-harmonic generation, one would expect a beam width greater than

63° whereas with coherent second-harmonic generation one would expect

a beam width that is less than the laser beam width.

The results of our measurements shown in Fig. 6.3 indicate that {

there was a high concentration of second-harmonic power from the

rabbit cornea at low forward angles near the laser beam axis. In other

. .
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words, within our range of measurements second-harmonic emission
appeared in a well-defined beam. In order to produce detectable
amounts of second-harmonic radiation outside this beam it was
necessary that scattering media be inserted in the beam nath., This
was accomplishad by roughening the surfaca of a dried corneal sample
or by introducing a diffusing glass plate between the cornea and lens
B (See Results section 6.2). When no scattering medium was present,
no second-harmonic radiation was detected at es = +12°, +25° and -12°
(See Results section 6.2). The existence of a beam of forward-directed
second-harmonic radiation is in best agreement with the scalar model
for coherent second-harmonic generation from a crystalline medium
that was outlined above. It is in poor agreement with the broad pat-

tern expected from an amorphous medium.

There is, however, a difference between the theoretical beam for
coherent second-harmonic generation and the observed beam. We have
indicated in outlining the scalar model that the theoretical second-
harmonic beam from a crystalline medium should have a smaller divergence
than the fundamental beam. In the messurements, the opposite situation

appears to exist for the rabbit cornea.

The simplest explanation for the wider divergence of the observed
second-harmonic beam {s based on the light scattering properties of
the mamaalian cornea. Models presented by Hart and Farrell (Hart and
Farrell, 1963) and by Benedek (Benedek, 1971) have shown that light

scattering in the rabdbit cornea is negligible at Xl = 694.3nm (rudby
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laser wavelength) but is significant at Az = 347.2nm (second-harmonic
wavelength). Hart and Farrell have also given experimental spectro-
photometric light transmission data for the rabbit cornea (Hart and
Farrell, 1969, Fig. 4) that is in good agreement with their theoretical
model of transmission based on light scattering. They show that
transmission is about 95% near Xl = 694.3nm and only about 70% near
Az = 347.2nm. We have obtained transmission values in fresh rabbit
corneas that are in good agreement with this data. Based on the above
information,it is reasonable to assume that the divergence of a ruby
laser beam will not be significantly affected by light scattering in
the cornea, while a second-harmonic beam may be markedly broadened.
This may, therefore, explain why we have observed a divergence for

the second-harmonic beam from rabbit corneas that is greater than the

divergence of the laser beam.

The wider beam divergence of the second-harmonic radiation may
also indicate that there is only local crystallinity in the rabbit
cornea. The analysis of this aspect requires further experimental

work and is beyond the scope of this presentation.

The data that has been obtained regarding the divergence and pro-
file of the second-harmonic beam is approximate. Each histogram bar
in Fig. 6.3 has a 30% standard deviation in height. Therefore, the
smooth curve that has been drawn through the bars in Fig. 6.3 and
used to estimate the second-harmonic beam divergence is not precise.

It can also be seen in Fig. 6.3 that the bar between 0° and 2° is




about 12X lower than the bar between 2° and 3°. The difference in
these two heights is well within the 302 standard deviation in height.
Therefore, one cannot conclude that this difference represents an

actual feature of the second-harmonic beam profile.

No extensive work was performed to determine the distribution of
second~harmonic intensity as a function of the polar angle at a given
cross section of the beam. The only investigation of this kind con-
sisted of covering the bottom half of lens B with the top half open
and then covering the top half of lens B with the bottom half open.
No annular apertures were used in this investigation. No significant
difference in second~harmonic power was observed between covering the
top half or the bottom half (157 higher power through the top half).
Studies of the beam profile and beam divergence could be carried out
pnotographically. In.chis case, the entire beam cross section would
be observed with each exposure if the dynamic range of the film was

sufficiently large.
6.4 Summary and conclusions

Our experimental results have indicated the following:

a. A well-defined beam of ruby laser radiation at 694nm produced
a.  wvell-defined beam of second-harmonic radiation at
347nm from rabbit cormea.

b. Virtually all of the laser radiation was within 2° of the

beam axis. However, the second-harmonic beam was broader.
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Ninety-five per-cent of the measured second-harmonic power
in the forward direction was within 6° of the beam axis.

c. The ocbsarved beam of second-harmonic radiation from the
cornea is in better agreement with coherent second-harmonic

; generaction from a crystalline medium than it is with in-

coherent second-harmonic generation from an amorphous

g medium.

d. iha observed broadening of the second-harmonic beam may be
due to light scattering in the cornea at 347nm or due to
local rather than overall alignment of the second-harmouic }

oscillators of the rabbit cornea.
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Figure 6.1

Schematic of the apparatus used to monitor the angular distribution
of second-harmonic radiation from rabbit cornea. For the most part,
the apparatus is the same as that showm in Fig. 4.l1. Annular aper-
tures are added at lens B in order to map the distribution of second-
harmonic power as a function cof the forward scattering angle Ss. The
He~Ne laser and beam expander shown within dotted lines were inserted
for alignment purposes. They were removed while che ruby laser was

operating.
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‘Figure 6.2

{ .
ﬁi;gran of corneal sample preparation. The center of the cornea
uis_fla:t.nnd against a glass microscope slide where it adhered
naturally. Aquaous from the rabbit eye was spread over the front

surface and covered with a glass cover slip. The cover slip was

held in place with tape.
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Figure 6.3

The large experimental plot shows the relative second-harmonic peak-
pover per unit area of the annular apertures, H‘. versus the forward
scattering angle, 9.. H. i{s recorded as a histogram. The variance
in the histogram heights is 302. A smooth curve w.<e‘) ig drawn by
eye tarough the histogram data. The cumulative power VR as a function
of 9. was obtained by a numerical integration of W.(B.) and is shown
as a small plot of wl versus 9.. This latter plot shows that 95% of
the measured forward power was within 6° of the beam axis.
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Figure 6.4

Sketch of the salient features of a TEMOO gaussian beam. The broken

lines are the locii of the e-u2

points of the beam intensity. The
vaist region is where these lines are closest and almost parallel.

The gaussian profile is also sketched for convenience. The angle 61

is the beam divergence angle.
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CHAPTER 7

EFFECTS OF COLLAGEN PHASE TRANSFORMATION
ON SECOND-HARMONIC GENERATION

It has been recognized for about 150 years that connective
tissue fibers shorten when they are heated (Bear, 1952). There is
strong evidence that this thermal contraction of the tissue is pro-
duced by changes in the collagen component of the fibers. Contraction
occurs in a narrow tempera:ure.}ange, but the location of this range
depends ;n whether the fibers have been previously heated and on the
state of hydration of the fibers. In most cases, with fiesh moist
tissue, the fiber contraction occurs between 60°C aé§:61?c (Bear, 1952;

e

Flory, 1965; Banga, 1966). With care, the temperature range over

which contraction occurs can be made less than 3°C (Flory and Garrett,

1958).

A number of thernodyn;mic,,x-ray diffraction, light microscope,

and electron microscope studies have provided a basis for formulation
of current models of the thermal contraction process (Elden, 1968,
Sect. VA; Banga, 1966, Chapt. XI; Rice, 1960, Veis and Cohen, 1960;
Bear, 1952, Sect. IV.5). Thermodvnamic studies of tendon collagen

fibers have indicated that thermal contraction approximates a first

order phase transformation when care is exercised to maintain thermal

equilibrium (Flory and Garrett, 1958; Flory, 1956, p. 57).

The bond energies that appear to be important in this phase
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transformation are those associated with the intramolecular hydrogen
bonds of the collagen molecules themselves (Flory, 1961). The forces
that bind collagen molecules together to form fibrils are Qery weak
and are not significant in the phase transformation (Flory, 1961).
The intramolecular hydrogen bonds stabilize the three stranded
helical structure of the collagen molecule and produce ;n overall
rigid rodlet molecule (Doty, 1959; Ramachandran and Sasisekharan,
1961). Disintegration of these bonds occurs in a narrow temperature
range. When this happens, the three component chains of the collagen
molecule also separate and become flexible, non~helical, random coil

macromolecules themselves. Local attachments may occur between two

of the separated strands (Schmitt, 1959, p. 351). The molecular weights
of the individual strands are each about 100,000 (Schmitt, 1959, pp. 351-

352). These changes are, of course, not directly visible.

Macroscopically, during the phase transformation the highly
anisotropic, relatively inextensible collagen fibers are changed into
amorphous, extensible fibers. Flory has observed in tendon that this
phase transformation is characterized by a small volume increase, a
marked length decrease, and a latent heat that must be supplied to
the tendon (Flory, 1956; Flory and Garrett, 1958; Flory and Spurr,
1961). Other changes that accompany the phase transformation in fibers
are; 1increased optical trangparency and decreased birefringence
(Flory, 1956; Elden, 1968, pp. 333-335). When collagen is heated in

solution, the optical rotatory power decreases as the random coil
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phase appears (Flory and Garrett, 1958). Only slight changes occur
in the 190nm peptide absorption band of collagen during this heating
(Wood, 1963).

We expect that the collagen phase transformation described
above should affect the second-harmonic conversion efficiency of
collagenous tissue. If we consider native collagen fibrils to be
non=-centrosymmetric "crystallites" then an induced, macroscopic,
second-order nonlinear polarization may exist in these fibrils and
lead to the growth of a travelling seccnd-harmonic wave by coherent
second~harmonic generation in the tissue. When these fibrils are
converted to a random coil macromolecular phase, the tissue may be-
come smorphous. Under these conditions, the tissue could no longer
support a second-order nonlinear macroscopic polarization and produce
coherent growth of second-harmonic wave. In this disordered phase,
second-harmonic generation only occur as weak incoherent second-
harmonic generation from randomly oriented, individual, independent,
microscopic dipoles. Second-harmonic generation has been compared
for crystalline and amorphous media in Chapter 2. There it was shown
that the conversion efficiency is generally orders of magnitude lower
in amorphous media compared to crystalline media. Other changes in-
volving the oscillators themselves may also occur, which could reduce

the second-harmonic conversion efficiency.

The purpose of this chapter is to show that the second-harmonic
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conversion efficiency of rabbit cornmea and rat tail tendon decreases
during the collagen phase :rannfotmntion. A drop in efficiency may

be due to decreased order in the collagen component of these tissues.

7.1 Methods and materials

7.1a Outline of methods and materials

Six groups of rat tail tendons were heated under slight tension
for five minutes in separate distilled water baths at six different
temperatures between 20°C and 68°C (Figs. 7.1 and 7.4). .During heating,
dimensional changes of the tendons were estimated using a centimeter

scale placed in the bath. After heating, the tendons were mounted on

six different glass microscope slides. Each sample was dried in a
continuously evacuated vessel at room temperature for one-half hour.
After drying, the transmission of the mounted samples was measured

. at 694nm and 347nm using a Beckman Model B spectrophotometer.
Qualitative sample birefringence observations were then made with a

polarizing microscope.

The six samples were then irradiated using the set-up shown in
Fig. 4.1. The laser pulse duration was “v10Onsec and the energy was
varied between approximately 5mJ and 50mJ. Scattered second-harmonic
radiation was collected in a forward cone of 8° half-angle by lens B
in Fig. 4.1. The collected, relative second-harmonic peak power wRZ

vas recorded as a function of relative laser peak power le for each




of the six samples.

A single rabbit cormea was cut in half along a diameter and
taken through six heating steps in a water bath at temperatures
between 20°C and 69°C (Figs. 7.2 and 7.8). The first immersion
in the bath was at 20°C for one hour. The other immersions wvere each

for ten minutes in water at higher temperatures.

After esach heating step, the sample was mounted on a glass slide
and the major and minor chords A and B (Fig. 7.3) were measured in
inches to the nearest 1/32 inch and then converted to centimeters.
The sample was then dried on the glass slide for a few minutes in
partial vacuum until the 347nm optical transmission returned to
approximately the same level (17%) observed after the initial 20°C
immersion step. Qualitative birefringence changes were observed
with a polarizing microscope after completing the transmission check.

The sample was then irradiated using the set-up in Fig. 4.1.

Relative second-harmonic versus relative fundamental peak power
data was obtained at several power levels for each temperature as

described previously for tendons.

While only six tendon samples and one corneal sample, whose

optical transmission was adjusted to 177, (Table 2) will be discussed

in detail in this chapter, a number of other tendon and corneal samples

vere used to explore specific results in specific temperature ranges.

These latter results are incorporated into Tables 1 and 2. Preliminary

1
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studies were carried out on a number of corneas and tendons before

running the actual experiments.
7.1b Details of methods and materials

Seven or eight tendon fiber bundles from mature Sprague-Dawley
rats were used for each of the six tendon samples. When laid side-
by-side on a glass slide with no apparent spaces between the bundles,
the fresh samples were “0.7cm wide and V2.5¢m long. The cornea was
obtained from a mature albino rabbit. It was cut in half along a
diameter so that it would lay flat against the microscope slide.

The fresh cornea measured “l.4cm along the major chord A and "0.7cm

along the minor chord B when flat,

Ordinary 20ml test tubes containing 5ml of distilled water with
initial pH of 7.0 at 20°C were used for heating the samples. The
test tubes were suspended in a circulating water bath whose temperature
could be controlled to + 1°C. A thermometer was placed in the test
tube to show when the desired temperature had been reached. When the
samples were immersed in the preheated water, the test tibe water
temperature remained within + 1°C of the desired temperature throughout

the heating period.

Both the tendons and cornea adhered naturally to the glass

microscope slides.

When measuring the optical transmission of the tissue samples

(see Chapt. 4), the sample position was varied laterally to allow




the monitoring beam to pass through various zones of the tissue

that were near the zone to be irradiated. Transmission was recorded
for each position and an average value and standard deviation was
computed on the basis of about 5 measurements. At 347nm, the per-
ceantage standard deviation for the cornea was approximately 67, and
for the tendons it was approximately 10Z. At 694nm the standard
deviation for tendons was approximately 4X. Measurements at 6%nm

vere not made for corneas.

The blue color of the hydrated cornea indicated that 347nm

radiation was, perhaps, more intensely scatterad than 694nm radiation.

For the cornea, we wished the ordinary scattering properties to be
approximately the same after each heating step, therefore it was
decided to maintain a constant transmission at 347nm in one of the
corneas. The 347nm transmission was adjusted by partial drying, to
17% after each heating step in this cornea. Since the properties of
the moist cornea changed with time when exposed to air, cornea trans-
mission measurements at 694nm were omitted to speed the experimental

procedure.

Newton's color scale was used for qualitative assessment of

birefringence changes (Lin and Sullivan, 1972, Fig. 5).

Complete results from only six tendon samples and one corneal
sample will be reported in this chapter; however approximately a

dozen tendons and a slightly greater number of corneas were used to
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develop various aspects of the methods described above. For example,
three other corneas were heated in air rather than in water, while
other corneas were heated in buffer solutions. Second-harmonic
generation efficiency changes were also measured for these samples.
The six tendon samples described previously in the methods and
materials outline were heated with a Q4gm lead weight attached to
supply slight tension. Several other tendons were also heated with-
out a weight. Transmission and birefringence changes were also
studied for a number of corneas and tendons; only a few spot checks
were made of second-~harmonic conversion efficiency in most of these.
These ancillary studies did not yield results that were inconsistent
with those obtained from the six tendon samples and the one cornea

that are described in this chapter.

7.2 Results

7.2a Brief summary of results

Near 60°C,the tendons and cornea underwent abrupt changes that
were characteristic of the collagen phase transformation that has
been studied in detail by Flory (Flory and Garrett, 1958; Flory,

1956). These changes were:

a. Shrinkage along the direction of the collagen fibers (Figs.

7.4, 1.8)
b. Swelling in the directions perpendicular to the fibers

¢. Decreased birefringence

s e . s y W
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d. Increased optical transmission (Figs. 7.6, 7.9)
e. Increased mechanical compliance
f. In the case of tendon, creep along the original direction

of the fibers following shrinkage (Fig. 7.5).

In addition to these changes, the second-harmonic conversion
efficiency in these tissues dropped by more than an order of magnitude

near 60°C and remained low at higher temperatures (Figs. 7.7, 7.10).

Reversal of these effects with time was not observed.

7.2b Results from tendons
i. Dimensional changes (tendon)

The length of the lead weighted tendon samples was estimated
from a centimeter scale placed in the water bath used for heating.
Figure 7.4 shows the maximum length changes that occurred at various
bath temperatures for each of the six tendon samples that were to be
irradiated. No length changes were produced at temperatures below
S7°C. At 60°C there was a slight contraction. At 65°C and 68°C the
tendons contracted to approximately 25% of their original length within

100sec after immersion, and then were observed to creep to 75% of their

original length.

Figure 7.5, curve A, is a sketch showing the approximate alteration
in length of a typical, contracting tendon weighted sample as a function

of time. The length was estimated periodically using the centimeter
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scale in the bath. Contraction began within a few seconds after
immersion in the preheated water. Approximately 100 seconds after
immersion, the sample reached its minimum length (V25% of original
length). At this time, marked radial swelling of the tendon was
apparent. After 100 seconds, sample creep (re-elongation at constant
force) was evident. Creep was rapid at first, but slowed to an im-
perceptible rate approximately 300 seconds after the time of immersion.
At this time the samples were removed from the heating bath, placed on
a microscope slide, and kept in air at 20°C while the final sample
length was measured. This final length was found to be 80% of the
original length at the time of immersion. No further changes occurred
while the samples remained moist in air at 20°C prior to drying in

vacuum.

In an ancillary experiment, several tendons were heated above
the contraction temperature without a weight. These samples-contracted
maximally within a few seconds of immersion (Fig. 7.5, curve B). Creep
was evident shortly after maximal contraction had occurred. These
samples returned to an asymptotic value of 75% of their original length

after 300 seconds of creep.

Each fiber bundle in those tendon samples that had been heated to
temperatures below the contraction temperature (“60°C) became slightly
smaller in cross-section after 1/2 hour of drying in vacuum at 20°C.
No length changes were observed during drying. The fibers that had

been heated to temperatures gbove the contraction temperature also

. . . . .
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did not change in length during 1/2 hour of drying in vacuum at 20°C;
that is, they maintained their length of 75X of the original length.
However, there ware marked radial changes. 1In these samplea; the '
tendons on the microscope slide became fl~ttened during drying and
appeared to "fuse" together so that individual bundles were not easily
distinguished. The thickness of these fused fiber bundles (measured
as a height above the microscope slide surface) was about 70X of the
diameter of the non-contracted fiber bundles; the overall cross-
sectional area appeared to be the same for both non-contracted ana

contracted bundles.
i1. Light transmission changes (tendon)

Light transmission was measured at 694nm and 347nm after heating
and vacuum drying. Figure 7.6 shows the light transmission as a
function of temperature for the same six tendon samples whose con-
traction characteristics are shown in Fig. 7.4. There w#s an increase
in transmission at both 6%4nm and 347nm between 50°C and 57°C. Light
transmission continued to improve over a broad range from 50°C to 68°C;

which was the highest temperature used.
1ii. Birefringence changes (tendon)

Qualitative birefringence changes were noted using a polarizing
microscope and Newton's color scale (Lin and Sullivan, 1972). The
microscope was necessary in this case since birefringence colors

change when the sample thickness changes by very small amounts. There-
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fore, only small sample regions possess distinct colors which must be
viewed with magnification. Brilliant complementary colors appearing
with crossed and then parallel polarizer and analyzer are indicative
of high birefringence. A grey or black field of view with crossed

polarizer and analyzer is indicative of low birefringence.

When scanned along their length, non-contracted fibers (fibers
heated below 60°C) showed a progression of birefringence colors. This
was probably related to small thickness changes in the fibers. When
the microscope polarizer or analyzer was rotated by 90 degrees, each
of these colored regions changed to its complementary hue. For example,
the most commonly observed colors in non-contracted fibers were green,
yelliwish-green, greenish-blue, indigo (reddish-blue) with crossed
polarizer and analyzer. When the polarizer and analyzer were rotated
so as to be parallel, these colors changed to purplish-red, violet,
brownish-orange, and gold-yellow respectively. These are complementary
color changes. The complementary color changes and the purity (or
saturation (Monk, 1963, p. 331) ) of the colors are a qualitative
indication of high birefringence in the non-contracted fibers (Vickers,

1963).

Fibers that had been heated to 65°C or 68°C (and allowed to creep)
vere uniformly grey with crossed polarizer and analyzer. They were
a brilliant white with parallel polarizer and analyzer. This is a

qualitative indication of low birefringence. Therefore, in the six

v gt e e
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tendon samples that are described in Figures 7.4 and 7.6, birefringence
was high after heating and drying below 60°C, but dropped markedly at
65°C to 68°C.

iv. Second~harmonic conversion efficiency changes (temndon)

Low-angle, forward-scattered, second-harmonic peak power and the

incident laser peak power could be measured either as oscilloscope
g . pulse heights or as actual peak powers with the apparatus shown in
Figure 4.1. Two measures of experimental second-harmonic conversion

efficiency were used in these studies. A relative forward conversion

efficiency C was defined from the ?atio of the oscilloscope pulse

heights

Gmr ™ B2/Hy

where

B, = Pulse height for second-harmonic oscilloscope channel

Hl = Pulse height for fundamental oscilloscope channel

A measured forward scattered power conversion efficiency CM?F was

defined as the ratio of the second harmonic peak power WZB collected

in the forward direction by lens B (Fig. 4.1) to the laser peak power i




incident at the sample wl

Ger = Wop/Yy

Since Hl a Wl and Hz a WZB it is clear that CMRF a CMPF'

In most of the studies reported in this chapter we were interested
in changes that occurred in the low-angle, forward conversion efficiency
of corneas and tendons as these tissues were heated. These changes
will generally be reported as the ratio of CMRF below the collagen
phase transformation temperature to CMRF above the collagen phase

transformation temperature.

In some cases it was important to compare theoretical and ex-
perimental estimates of the actual low-angle, forward scattered,

second-harmonic peak power. These comparisons were made using CMPF'

Figure 7.7 shows values of CMRF for various values of Hl and the

sample heating temperatures. The same six tendon samples used in

Figures 7.4 and 7.6 are used in Figure 7.7. Each data poiat is

labeled with the sample heating temperature. Values of CMRF were

obtained from samples that were heated at 65°C and 68°C. At 65°C and

l 68°C the forward conversion efficiency was so low that system noise

affected the second-harmonic oscilloscope signals. One laser pulse 4
was fired at H = 18 units using a 65°C sample (Fig. 7.7). This was

considered to be a laser level at which sample damage might occur;




however, it was risked in order to try to obtain higher second-harmonic
radiation levels from a thermally contracted sample. Mo gross damage
was evident. The conversion efficiency in this case was consistent

with that obtained from contracted samples at lower laser power levels.

Samples with the same second-harmonic forward conversion efficiency

should yield C versus Hl data that is grouped around a straight line

MRF
of the form:

CMR.F - AHl (1)

Where A is a constant that depends upon the sample material properties
and the irradiated area of the sample. (See Chapter 2 for a discussion
of efficiency fluctuations). When one observes the data in Figs. 7.7
and 7.10, the points appear to lie in two groups. In both figures,

one group contains only points obtained from non-contracted samples

and the other group contains only points from contracted samples. A

regression line was obtained for each group.

The ratio of the slopes of the regression lines in Fig. 7.7 for
tendons was 30:1 which is indicative of the fact that two distinct
data groups were present. The data group corresponding to thermally
contracted tendons had consistently lower values of Hz over the range
of Hl values employed. The cornea data will be discussed in the next

section.
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7.2c Details of results from corneas
i. Dimensional changes (cornea)

The length of the heated corneal sample was measured to the
nearest 1/32 inch and converted to centimeters after each heating step
while the cornea was resting flat on a microscope slide. Figure 7.8
shows the changes that occurred in chords A and B (see Fig. 7.3) as a
function of the bath temperature. No significant length changes were
produced for temperatures below 57°C. At 64°C both chords A and B
contracted to 65% of their original length. Chords A and B remained
contracted to this'length at 69°C. 1In this, and other corneas, the
contraction process was monotonic - no creep was obs;rved following
contraction. When chords A and B shortened, the thickness of the
cornea (C in Fig. 7.3) increased. The thickness change was not

measured but was clearly visible while the sample was being heated.
ii. Light transmission changes (cornea)

Light transmission was measured at 347nm after heating, while
the cornea was mounted on the glass slide. The sample was slightly
dried in vacuum for a few dinutes to return the transmission to
approximately the same value after each heating. In Fig. 7.9,the data
points enclosed in circles show the 347nm transmission after the mild
vacuum drying step before irradiation. The transmission was held to
between 16% and 18%. (No drying was needed at 69°C). For comparison,

the transmission at 347nm is shown for another rabbit cornea (data
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points enclosed in squares; Fig. 7.9) that was taken through the same
heating procedure except that no vacuum drying was performed. The
transmission of this cornea was also relatively constant between 20°C
and 51°C. At 57°C the transmission dropped by almost a factor of two.
This drop preceseded contraction. The transmission remsined low at
63°C, where contraction was evident. At 64°C and 69°C the transmission
rose markedly. The amount of contraction was approximately constant

between 64°C and 69°C.
iii. Birefringence changes (cornea)

Qualitative birefringence changes were monitored in the same way
for corneas as for the tendons. Below the contraction temperature,
the cornea was uniformly grey with crossed polarizer and analyzer.
With parallel polarizer and analyzer, it was a brilliant white. This
is indicative of low birefringence. After contraction, both grey and
black areas were visible with crossed polarizer and analyzer. These
grey and black areas became a brilliant white with parallel polarizer

and analyzer.

These results are indicative of low birefringence for light
propagating in the normal direction in the cornea both below and above
the contraction temperature. The presence of black areas above the
contraction temperature may indicate that some local reduction in bi-
refringence occurred on conctraction. The low initial birefringence

of the corneas made it more difficult to observe birefringence changes
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than had been the case with tendon.
iv. Second-harmonic conversion efficiency changes (cornea)

As was indicated in Section 7.2a.iv, the data for Hz versus Hl
lies in two groups in Fig. 7.10. One group contains only points ob-
tained from non-contracted corneas while the other zroup contains only
points obtained from contracted corneas. A regression line was ob-

tained for each group. Both groups are for corneas whose transmission

had been adjusted to 172 transmission at 347nm.

The ratio of the slopes of the regression lines in Fig. 7.10 for

corneas was about 10:1, which is indicative of the fact that two distinct
data groups were present. The data group corresponding to thermally
contracted cornea had consistently lower values of Hz over the range

of Hl values employed.

7.2d Ancillary results

In an ancillary experiment, tendons were thermally contracted at
68°C both with and without a weight as described previously. However
these tendons were removed from the bath at the time of maximal con-
traction (100 seconds), placed on microscope slides and dried in
vacuum at 20°C. These tendons remained maximally contracted. 'Fusion"
of the tendon fiber bundles was evident; as was the case with con-
tracted tendons in our principal studies. Several differences between

these maximally contracted tendons and the previously described tendons




were noted. These tendons were amber in color rather than clear;

their surfaces were badly wrinkled rather than smooth; they showed
zones of qualitatively unaltered, high birefringence. The relacive
second-harmonic conversion efficiency of these maximally contracted
tendons was much greater than that observed with the contracted

tendons that had been allowed to creep and was slightly less than

that for tendons that had not yet contracted. No transmission
measurements were made on these samples. The observed changes in

CMRF may have been due to changes in the surface quality of the tis-
sue, therefore these tissues could not be used for comparing C\mrF before

and after the collagen phase transformation.
7.3 Discussion

When heated in water to a temperature of approximately 60°C,
tendons, corneas and other collagenoﬁs tissues contract along the
collagen fiber direction; become less birefringeat; and generally
become more transparent. Flory has reviewed evidence that suggests
these changes are caused by a rigid-rod to random=~coil phase trans-
formation within the collagen molecules, of the tissue fibers (Flory,
1956). The collagen phase transformation temperature is different
for different tissues and also depends on a number of experimental
conditions such as tissue temperature history and hydration. For

convenience in this discussion, we shall use 60°C as an approximation
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to the collagen phase transformation temperature.

Below 60°C, the collagen molecule in tissue is a stiff, rope-like
structure consisting of three helical polypeptide chains that are wound
around each other in a lower pitch helical pattern. In this confor-
mation, the collagen molecule is approximately 3000& long and {its
diameter is aprpoximately 142. Hydrogen bonds are considered to be
responsible for the attachment of the polypeptide chains to each other
and are also responsible for the helical structure of the individual
chains (Schmict, 1959, ~. 35; Flory, 1956, pp. 56-58). The rigid
rodlet collagen molecules are laid down in a regular parallel array
and bound together by weak intermolecular bonds to form collagen

fidbrils (Fig. 7.12) (Flory, 1956, pp. 56-58).

In moist tissue near 60°C, there is a relatively narrow temperature
range (less than 3°C) in which the intramolecular hydrogen bonds of
the collagen molecules are broken (Flory, 1956, p. 57). When this
occurs, the polypeptide chains alsc separate, lose their own helical
structure, and become flexible macromolecules. These flexible chains

assume a random-coil coufiguration (Flory, 1956, p. 58).

The thermal contraction of collagen fibers is generally attributed
to the shortening of the distance between the polypeptide chain ends
when the random coils are formed (Flory, 1956, pp. 55-56). The reduced
birefringence of the tissue and tissue fibers is due to the greater

isotropy of the random coil collagen phase (3anga, 1966, pp. 122-125).
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The increase in tissue transparency has not been explained quanti-
tatively; however a qualitative explanation can be constructed from

current interpretations of light gscattering in collagenous tissues.

There are no significant optical absorption bands for the normal
cornea in a spectral region ranging from the middle ultraviolet
(v 310nm) to the very near infrared (% 900nm) (Maurice, 1962, p. 316).
This may also be true for the tendon. It has been suggested that the
opacity or transparency of the cornea (and che sclera) is determined
by light scattering (Benedek, 1971). Maurice has performed measure-
ments that show the refractive index of collagen fibrils to be higher
than that of the surrounding ground substance (Maurice, 1962, p. 313).
Benedek has suggested that spatial variations in the number density
and diameter of collagen fibrils producz spatial fluctuations in the
refractive index of the tissue, and that, under certain conditions,
these fluctuations can cause light scattering (Benedek, 1971). Direct
back-scattering at a given wavelength is produced by spatial fluctu-
ations in refractive index with dimensions of the order of one-half
the wavelength in the tissue (Benedek, 1971, p. 464). Progre;sively
more forward scattering is produced by spatial fluctuations of the
refractive index that occur over dimensions much longer than a wave-
length (Benedek, 1971, p. 464, Eq. 18). The tissue is opaque to a
given wavelength when backscatter is predominant. The tissue is
transparent to a given wavelength when the refractive index is uniform

or when fluctuations in refractive index occur over dimensions that
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are much smaller than half the wavelength in the tissue (Benedek,

1971, p. 464, Eq. 18).

According to Hart and Farrell, the collagen fibrils of fresh
normal rabbit corneas are of small diameter (26nm), closely spaced
(50nm) (Hart and Farrell, 1969, p. 766), and have spatial fluctuations
in their number density extending over distances that are small com-
pared to half the wavelength of visible radiation (Hart and Fa?rell,
1969, Fig. 2). Noticeable fluctuations with dimensions less than
150nm are present (Hart and Farrell, 1969, Fig. 2). Consequently,
these corneas are relatively transparent to wavelengths longer than
about 300nm but shorter than about 900nm (where water bands appear).
Hydrated human corneas (corneas containing excess water) have spatial

fluctuations in the number density of collagen fibrils with dimensions

up to approximately 230nm according to Benedek (Benedek, 1971, p. 470).

Benedek's model predicts that these fluctuations cause backscattering
of wavelengths up to ~ 500nm (green light). Hydrated cornmeas are

highly opaque to middle ultraviolet radiation (v 10% transmission at
347nm) but are less opaque to red light (™ 50% transmission at 69%4nm)
which is consistent with strong backscatter at wavelengths less than

500nm. These corneas are also blue in color under room lights.

Tendons contain irregularly positioned fibrils that range from
about 30nm to 200nm in diameter (see Chapter 3). Both small and
large fibrils are found together in any given region of the tissue.

Spatial fluctuations of refractive index with dimensions ranging up to
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200nm or more might be expected in this tissue. This may account for
the low optical transmission of these tissues at middle ultraviolet
wavelengths (Vv 27 transmission at 347nm) and somewhat higher trans-

mission for red light (v 20% transmission at 694nm). Fresh tendons

are white in color under room lights, therefore scattering must be

relatively intense over most of the visible spectrum.

When cornea, sclera and tendon are dried, they are all relatively . )
transparent. Maurice, in his studies of cornea and sclera, has sug-
gested that this may be due to a coacentration of the ground substance;
i which raises its refractive index to nearly that of the collagen

fibrils (Maurice, 1969, p. 315 and p. 322). With a more uniform

refractive index, light scattering should decrease at all wavelengths.

This may also be true in tendon.

When tendon and hydrated cornea are heated above the collagen
phase transformation temperature they become more transparent; as
we have noted previously. Flory has suggested that this is generally

observed during crystalline to amorphous polymer phase transformations

(Flory, 1956, p. 54). When the phase transformation occurs, the col-
lagen fibrils are converted to a random-coil material that is distri- !
buted over a slightly larger volume than the original fibril (Flory

and Garrett, 1958, p. 4836). Flory suggests that if a flexible polymer

of fully extended length Thax is released, then the rms separatiomn, r,

between the chain ends in the released random coil configuration is




given by r = rmax//;'where n is the number of flexible links in the
polymer (Flory, 1956, p. 53). For a single collagen strand, n "V 103
and Trax ¥ 300nm; therefore ideally r ~ 9.5nm for a collagen strand
in a random coil configuration. If r is assumed to also be the
approximate size of the random coil chain, then the size for this
chain is about an order of magnitude smaller than the second-harmonic
wavelength of the ruby laser in tissue. The spaces around the random
coil molecules are presumably filled with water. Therefore, after the
collagen phase transformataion, the collagen is dispersed as very small
particles which means that the refractive index of the tissues may
become more uniform. Under conditions of a more uniform refractive
index, light scattering should be reduced at all wavelengths, and

the tissue should become more transparent.

This discussion has qualitatively related the contraction, loss
of birefringence, and increase in transparency that occurs near 60°C
in moist collagenous tissue to changes that are thought to occur in
the collagen molecule and collagen fibril at this temperature. In
addition to these changes, we have observed a decrease in the con-
version of ruby laser radiation to forward scattered second-harmonic
radiation after tendons and corneas were heated to 60°C. Since
purified native collagen fibers have been shown to produce second-
harmonic radiation (Chapter 5), this decrease in conversion efficiency
may also be related to changes that occur in the collagen molecule

during its phase transformation near 60°C.
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In a previous section of this chapter, we have adopted the
measured relative forward scattered second-harmonic conversion
efficiency, CMRF’ as a measure of the ability of a tissue to generate
forward scattered second-ﬁarmonic radiation. CMRF was defined as the
ratio of the oscilloscope pulse height Hz (second-harmonic) to the
oscilloscope pulse height Hl (laser), recorded with the apparatus

shown in Fig. 4.1.

In this discussion we will consider that there are three possible
mechanisms by which the forward conversion efficiency, CMR!’ of
tendons and corneas could have been altered when the collagen phase

transformation occurred. These three mechanisms are:
l. Light scattering increased in the tissue

2. The nonlinear polarizability, B, of the nonlinear oscillators

of collagen decreased

3. The mechanism for second-harmonic generation changed from

coherent to incoherent second-harmonic generation (Chapter 2).

Let us consider the first mechanism - the effects of light scat-

tering on the forward conversion efficiency, CMRE'

If light scattering at the fundamental wavelength were increased,
then the average intensity of the fundamental, in the collagenous
tissue discussed, would decrease. A reduction in the fundamental
intensity would decrease the conversion efficiency for either coherent

or incoherent second-harmonic generation. If light scattering at 347nm
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increased, then a beam of coherent second-harmonic radiation might be
broadened beyond the collection angle of lens B in Fig. 4.1. This

would lower the relative conversion efficiency CMmr which is based

on oscilloscope pulse heights. Both of these arguments can be re-

versed to show that CMRF could increase if light scattering decreased. i

In our experimental work,we used measurements of spectrophotometric

transmission and visual examination as a qualitative means of deter- }
mining when light scattering had increased or decreased in tendons t
and corneas. In hydrated corneas,our spectrophotometric measurements ‘
were limited to 347nm alone. (The time required to readjust the single
beam spectrophotometer to monitor other wavelengths and obtain several
measurements at each wavelength would have been sufficiently long that

undesirable changes in the level of tissue hydration might have occurred).

Since short wavelength scattering was predominant in hydrated cormeas,
a given change in 347nm transmission was expected to be accompanied by
a smaller change in 694nm transmission. This supposition was found to

f be correct in tendon where measurements were carried out at 347nm and

} 694nm.

Tables 1 and 2 summarize our observations of optical transmission
L and relative forward conversion efficiency CHRF' We shall first con-
sider the tendon data in Table 1. Following heating in water below

60°C, it was found that moist tendons had very low 347nm and 6%4nm

transmission. Drying these tendons resulted in an increase in optical
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transmission at 347nm and 694nm, and also resulted in a corresponding

increase in C These increases were completaly reversed when the

MRF"
tendons were rehydrated. TFollowing heating in water above 60°C

(above the contraction temperature) it was found that the 347nm and
694nm transmission of moist tendon was relatively high. Drying these
tendons resulted in a further increase in transmission. Despite these

increasas in transmission, it was observed the CMRI decreased above

60°C.

Now consider Table 2 which summarizes the data for corneas. When
corneas were hydrated in a water bath below the contraction temparature,
the 347nm transmission and CMRF decreased. Drying these corneas re-
versed the above changes. When corneas were heated in a water bath

above the contraction temperature, both the 347nm transmission and

CMRP decreased relative to fresh non-hydrated corneas at 20°C. When

these corneas were dried, the above changes were not reversad.

A second set of cornea experiments were also carried out. In
these studies, the 347nm transmission was "adjusted" to 17% following
each water bath heating step. In this case, the value of CMRF

constant below the contraction temperature but decreased by sbout an

was

order of magnitude above the contraction temperature.

We believe that, below 60°C, CMRF was affected mainly by changes
in light transmission in both tendons and corneas. Decreases in light

transmission were probably the result of increases in light scattering




and vice versa. On this basis, increased light scattering reduced

CHRF and decreased light scattering raised CMRF'

consistent with our previous interpretation of the effect of light

These results are

scattering changes, per se, on the forward conversion efficiency.

The decrease in CMRF that accompanied the collagen phase trans-
formation (Tables 1 and 2) was not due to an increase in light scat-
tering. For example, tendon that had been dried after heating above
the collagen phase transformation temperature had the highest optical
transmission and also appeared to have the most regular surfaces and
the clearest interior on visual examination (Table 1). Therefore, if

light scattering along affected C it would have been expected to

MRF’
have the lowest light scattering and the highest conversion efficiency;
however, Cer actually decreased markedly in comparison to tendon that
had been dried after heating below the collagen phase transformation

temperature (Table 1). We believe that this decrease in C that

MRF
was observed above the collagen phase transformation temperature was
not related to (increased) light scattering, but may have been related

to changes in certain nonlinear properties of the tissue (mechanisms

2 and 3).

The conclusion that the decrease in C not associated with

MRF ¥®

increased light scattering was supported by our results from the cornea.

In our cornesal studies it was found necessary to adjust the hydration

of the tissue after each heating step in order to maintain a constant
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347nm transmission (17%) at each irradiation step (Table 2). With
the 347nm cransmission_constan:, the forward conversion efficlency
decrcased markedly after heating the cornea above the collagen phase
transformation temperature (Table 2). If the 347nm transmission was,
indeed, a measure of light scattering changes, and if light scattering
changes alone affected Cumr, then we would have expected CMRF to be
constant when the 347nm transmission was constant. The fact that CMRE
decreased after the cornea had been heated above the collagen phase
transformation temperature (while light scattering was expected to be
constant as measured by the 347nm transmission) indicated that CMRF
was affected by a mechanism other than light scattering changes. The
decrease in CMRF may have been caused by changes in certain nonlinear
properties of the cornea (mechanisms 2 and 3).

There were a number of other combinations of hydration and
temperature history for which changes in CMRF were observed in both
tendons and corneas. In these cases one could not separate the effects

of light scattering on chr from the possible effects of changes in the

nonlinear properties of the tissue (Tables 1 and 2).

In summary, then, we have presented evidence that a mechanism
other than changes in the light scattering properties of tendons and

corneas could be responsible for the observed decrease in C near

MRF
the collagen phase transformation temperature. While there are a

numbar of tissue optical properties that may change near this
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temperature, we believe that it is important that we examine two
specific nonlinear optical properties for changes that could lower
CHRF' Thess changes were stated previously as mechanisms 2 and 3.

For convenience they are restated again below.

mechanism 2. The nonlinear polarizability, 8, of the micro-
scopic subunits of the collagen molecule might
have been reduced by the collagen phase trans-

formation.

mechanism 3. Thae mechanism for second-harmonic generation
changed from coherent to incocherent second~harmonic

generaction (Chapter 2).

We shall begin our discussion of mechanism 2 by identifying the
microscopic subunits of the collagen molecule that may be important
for second-nammonic generation at 347am. An important subuait will
be one that has a relatively large (second-order) nonlinear polariza-
bilicy, 8 (w, 2w), where W corresponds to the ruby laser frequency

(w=2.7x 1015 rad/sec).

A large molecule;like collagen:;contains many subunits. Each sub-
unit in turn may behave like a quantum mechanical system with several
electronic energy transitions corresponding to optical photon energies
W»J. In a linear classical model of a dipole oscillator, each of these

transitions is analyzed as an independent damped harmonic oscillator

with resonant frequency Wge oscillator strength fJ, and bandwidth TJ.
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In the case of a nonlinear noncentrosymmetric restoring force, the
damped anharmonic oscillator with quadratic restoring force nQJXZ

is often used to model the corresponding quantum mechanical transition.
In the anharmonic restoring force,m is the electron mass, QJ is the
anharmonic coefficient and X is the oscillator displacement. This
nonlinear oscillator model can be used to describe second-harmonic

generation (Chapter 2).

Each anharmonic oscillator contributes an amount BJ(wJ.FJ,fJ.QJ;

w,2w) to the overall second-order nonlinear polarizability, 8(w, 2w),

of the subunit (Chapter 2, Section 2.4). Thus:

N
Bw, 2w) = ] 8wy, Ty, £4, 255 w, 20) (2)
Jul
vhere
2 3
8 - f; 8 1
J o 2 (sz - - ir, u)z(sz - Gt - ZJFJ w)
B (3)

(e is the charge of the electron and m 1is the mass of the electron.
The equations are in terms of Guassian cgs units (Chapter 2, Appendix

A).

From Eqs. 2 and 3, it can be seen that strong oscillator resonances
near w or 2w make the greatast contribution to 3(w, 2w). For the ruby

laser, w is the frequency of "deep red" radiation (A = 694.3nm,
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wes 2.7 x 107 rad/sec) and 2w is a "middle ultraviolet" frequency

(A/2 = 347.20m, 2w = S.4 x 10%°

rad/sec). Therefore, one would ex-
pect that strong ultraviolet absorption bands and strong visible and
near infrared absorption bands could have the greatest effect on 8.

This, of course, presupposes that these bands correspond to non-

centrosymmetric anharmonic oscillator resonances.

For collagen, most of the readily available spectroscopy litera-
ture deals with ultraviolet spectra between 180nm and 320nm. For
example, a standard handbook of vis{ble and ultraviolet spectra of
proteins gives the optical density of corne;l collagen solutions only
up to 320nm of wavelength in the ultraviolet, and does not show a near
ultraviolet or visible spectrum (Xirschenbaum, 1972, p. 59). Based on
other entries in this handbook, this is indicative of there being no
known absorption bands in these latter fegions. We have found no ab-
sorption bands in concentrated solutions of rat-tail tendon collagen
in HCl over the wavelength range 400nm-700nm. While very thick and
viscous, these solutions are extremely clear to the unaided eye. Ac-
cording to measurements made by Langham, the rabbit cornea, which con-
tains 13% collagen by yeighc, is quite transparent from 350nm to 900nm
with no evidence of absorption bands in this region (Hart and Farrell,
1968, Fig. 4). The transparency of the cornea decreases sharply at
wavelengths between 350nm and 300nm, but this is mainly due to scat-
tering (Hart and Farrell, 1969).' There are absorption bands for the

cornea between 900nm and 1.4u, however, these are similar to those
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for water (Ham et al, 1966, p. 518) and may not be associated with
collagen per se. Based on the above informatiom, it appears that
there are no oscillator resonances in collagen near the fundamental

frequency of the ruby laser.

There are oscillator resonances in collagen that are relatively
near the second-harmonic frequency of the ruby laser. For example, j
the strongest absorption peak that has been identified with collagen
lies at 190nm (Gratzer et al, 1963). Some references show a much
weaker absorption peak between 280nm and 290nm (Kirschenbaum, 1972,
p. 59). The height of this peak depends upon the history of the col-

lagen, and the peak has been shown to virtually disappear when the |

collagen preparation has been carefully purified (VanWinkle, 1954).

We shall neglect this peak in our analysis of collagen.

The 19Cam peak in collagen is associated with the peptide subunit
(Gratzer et al, 1963). The peptide subunit is a link appearing be-
tween each amino acid subunit on a given protein polypeptide chain.

In proteins that form a-helices, there are other observable peaks
associated with the peptide subunit. In these instances the peptide
band is split into a 190nm peak (strong), a 150nm (slightly weaker),
200am (very weak), and 165qm (weak) (Weclaufer, 1962, p. 329). This
band splitting has not been observed in the poly~L-proline II helix
which is not an a-helical polypeptide (Gratzer et al, 1963 p. 325).

The collagen helix is thought to be similar to that of poly-L-proline




11 (Gratzer et al, 1963, p. 320). Gratzer does not show any band
splitting of the 190nm peak in his collagen spectra (Gratzer et al,
1963, Fig. 5). 1If there was any band-splitting it may not have been
resolved in Gratzer's experiments. We shall assume that the 190nm

peak is the only resonance for the peptide link in collagen.

There does not appear to have been any reported studies of col-
lagen absorption spectra at wavelengths shorter than about 185am.
This is not surprising in view of the difficulties encountered in
obtaining transparent diluents for proteins at these short wavelengths.
Some studies have been performed at short wavelengths on the amino
acids that can be found in collagen. 'In a review article by Yannas,
he stated that while there are possibly as many as 18 different amino
acids in human tendon collagen (Yannas, 1972, p. 46) only a few are
present in significant anounts. In terms of :hg approximate number
of residues per 1000 total residues, there are 1lll alanine residues,
324 glycine residues, 126 proline residues, 92 hydroxyproline residues,
72 glutamic acid residues, and 275 miscellaneous residues in human
tendon collagen (Yannas, 1972, p. 46). The absorption peaks of the
amino acids that appear in significant numbers in collagen appear to
lie at wavelengths shorter than 185nm in the spectra shown by Wetlaufer
(Wetlaufer, 1962).. The exact location of all these peaks may be as
yet unknown. While absorption by these amino acids seems to be strong,
' Gratzer et al have calculated that, at 190nm, only 177% of the observed

absorption is due to amino acids, while 83% of the absorption is due




to the peptide bond (Gratzer et al, 1963, p. 326). This may indicate
that the significant collagen amino acid peaks lie at wavelengths
that are much shorter than 190nm and therefore may not be significant

to second-harmonic generation at 347um.

A number of amino acid crystals including alanine, proline,
hydroxyproline, and glutamic acid have been shown to generate the
second~-harmonic of ruby laser radiation (Reickoff and Peticolas,
1965). Glycine is an exception that will be discussed later. Second-
harmonic generation'by peptide links has not yet been definitively
demonstrated although poly-glycine may be useful for this purpose.

We shall show evidence that the peptide link oscillator in collagen
is bound by a non-centrosymmetric restoring force. According to the
scalar model of Chapter 2, second-harmonic dipole moments can occur

in non-centrosvmmetrically bound oscillators.

The evidence for the non-centrosymmetry of the collagen peptide
link is contained in studies of the optical activity of collagen
solutions. In optically active media; one can consider that a plane
polarized incident wave is decomposed into right-handed and left-handed
circularly polarized waves in the medium. The right-handed wave
travels with a'phase velocity c/nR and the left-handed wave travels
with a phase velocity c/nL in the medium, where np and n, are the
refractive indices of right-handed and left-handed waves respectively.

The medium can be isotropic (eg. liquid); 1in which case these phase

233




velocities are independent of the original incident wave polarization
direction and propagation direction. In anisotropic media the inci-
dent wave is decomposed into elliptically polarized waves, where the
ellipticity is direction sensitive. We shall only consider isotropic
liquid media. The rotation of the incident wave polarization is a
result of the difference in phase velocities of the circularly
polarized waves. The specific rotatory power of the liquid (a] is
defined by [a] = a/Lc’'; where @ is the net angular rotation of the
plane of polarization in degrees, L is the distance travelled in the
liquid in decimeters, and ¢' is the concentration of optically active
solute in gms per ml (Urnes and Doty, 1961, p. 405). The specific
rotatory power is wavelength dependent. This dependency is called

optical rotatory dispersion.

For a molecule to produce optical activity in liquid solutionm,
it is necessary that it be both non-centrosymmetric and laczking in a
plane of symmetry (Sommerfeld, 1964, p. 164). Condon, Altar, and
Eyring have shown that optical activity can be modeled by assuming a
single dipole oscillator moving in a force field having these same
unsymmetrical characteristics (Condon et al, 1937; Glasstone, 1946,
p. 608). Some previous models had been based on coupled dipole
oscillators (Glasstone, 1946, pp. 607-608). In Chapter 2, it was
shown that when a dipole oscillator moves under the influence of a
non-centrosymmetric restoring force, then it is possible to produce

a second-harmonic dipole moment in that oscillator. Since the
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oscillators responsible for optical activity move under the influence
of non-centrosymmatric restoring forces, then it should be possible

for these oscillators to have second-harmonic dipole moments and

produce second-harmonic radiationm.

In optically active media, the specific rotatory power [a] in-
éreases markedly when the wavelength of the incident radiation
approaches the absorption band of an oscillator that participates in
optical activity. In some materials, whare absorption is weak enough,
one can explore optical activity within an absorption band. Sometimes,
when this is done, one observes a maximum in rotation near the band,
then a decrease to zero rotation within the band, and finally an
increase to a second maximum of rotation in the opposite sense on
the other side of the band. The general name of Cotton effect is
applied to these observations (Glasstone, 1946, p. 605). According
to Glasstone, the angle of rotation becomes zero and is reversed in
sign in an absorption band only when the oscillator producing that
band is the sole, or by far the most important, contributor to the
total observed optical activity (Glasstone, 1946, p. 606). When this
is not the case, the dispersion curve does not pass through a zero of
rotation but does show an inflection point. This is due to a
s:eédily increasing or decreasing contribution from another oscillator

added to that of the absorption band under consideration (Glasstone,

1946, p. 606).
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Collagen solutions have been shown to be optically active (Blout
et al, 1963). A large Cotton effect has been observed at 195nm
(Blout et al, 1963, p. 645), which is within the 190nm absorption band
of the collagen peptide link (Gratzer et al, 1963, Fig. 5). According
to the above discussion, this indicates that the 190nm peptide band
is the sole, or by far the most important, contributor to optical
activity that has been observed in collagen. The amino acid oscil-
lators, which have shorter wavelength absorption bands, do not signi-
ficantly contribute to the observea optical activity of collagen ac-
cording to the interpretation that we have adopted from Glasstone.
Furthermore, according to the previous discussion of optical activity,
the peptide link oscillator in collagen is bound by a restoring force
that is non-centrosymmetric for most directions of oscillation. This
discussion indicates that the collagen peptide link oscillator is
capable of optical second-harmonic generation. Conformational changes
in collagen may affect the second-harmonic generation properties of

the peptide link.

With present day information it is not possible to determine
whether all of the amino acid oscillators of collagen have larger
or smaller values of 8 than the peptide link for second-harmonic
oscillations induced by a ruby laser. The missing values of fJ, FJ,
Wys and QJ for the amino acids would be required for this determination

(some of these values are available for the peptide link).




For the purposes of the remainder of this discussion we will
assume that the amino acid oscillators of collagen have much smaller
polarizabilities, 8, than the peptide link at the second-harmonic
frequency of the ruby laser. This assumption is loosely based first
on the observation that the 190nm pepcidc link absorption band is
closer to the ruby laser second-harmonic wavelength than the amino
acid absorption bands. A second basis is that glycine, which is a
centrosymnetric molecule, counstitutes approximately 33% of the amino
acid content of the colisgen macromolecule (Yannas, 1972, p. 46).

Being centrosymmetric, the glycine 8 should be zero. This has been

partially confirmed by Reickhoff and Peticolas (Reickhoff and Peticolas,

1965), who observed very low levels of second-harmonic radiation from
crystalline glycine compared to other crystalline amino acid prepar-
ations. We have performed similar experiments with glycine and have
observed no detectable second-harmonic radiation (see Chapter 4).
Peptide links should therefore outnumber the amino acid subunits that

can yield second-harmonic radiation in a given collagen molecule.

In summary, then, there are several optical frequency resonances
in the far ultraviolet and vacuum ultraviolet that are associated
with the peptide links and amino acids of collagen. Some of these
resonances appear to be relatively far removed from the ruby laser
second-harmonic frequency. One resonance, the 190nm absorption band

of the peptide link, appears to be both sufficiently strong and
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sufficiently close to the ruby laser second-harmonic to make a major

contribution to the second-order polarizabilicy 8(w, 2w).

For che remainder of this discussion, we will assume that the
peptide link is the only subunit and chat the 190nm transition repre-
sents the only oscillator that contributes to 8(w, 2w) in collagen
where w is the ruby laser frequency. Equation 2, in this case, is

reduced to one term:

Blw, 2w) = BP(“P' Tor £ QP; Q , 2w) (4

where the subscript "P" stands for the 190nm peptide resonance and

w 1s the ruby laser frequency.

We now wish to determine yhe:her Bp(w, 2w) given by Eq. 4 changes
during the collagen phase transformation. We note that SP depends on
a number of properties such as wp s fP’ and FP that affect linear as
well as nonlinear interactions. Therefore, changes in Wps fP, and
FP that occur during the collagen phase transformation should be
evident from the ordinary linear spectroscopy of the peptide liak.

Such spectroscopy has been performed by Wood (Woed, 1963) in the range

185nm to 230nm for collagen molecule solutions at temperatures that
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ranged from below to above the collagen phase transformation temperature.

He observed a slight temperature broadening of the 190nm band, a slight

(™ 3%) increase in the extinction at 190nm, no apparent shift in the




239

wavelength position of the peaak and a slight distortion of the shape
of the absorption band. Wood believes that cthese changes in the 190n=2
band weare produced by the Figid-tod to random-coil conformational
change in the collagen polypeptides during the phase transformation.
He notes that these spectral changes are small compared to those that
occur in a~helical proteins during thermal denaturation (collagen is

not an a-helical protein). It seems reasonable to assume that w £

P* P

and FP are invariant during the collagen phase transformation in
solution. We will extend this assumption to collagen in tissue as

well.

We have no way of directly ascertaining whether the anharmonic
coefficient QP for the peptide oscillator in Eq. 4 changes during the
collagen phase transformation. There is, however, some indirect
evidence that QP may change. Blout et al have observed a significant
reduction in the optical rotatory power of collagen solutions near
190nm during the collagen phase transformation (Blout et al, 1963,

P. 646). Since opcical activity requires a lack of inversion center
and a lack of any mirror planes, it is conceivable that the observed
changes in optical activity are related to possible changes in the
symmetry properties of the individual peptide link or the intar-
relationships between the peptide links of the molecule. Changes
related to inversion symmetry could in turn affect QP' which exigts
only when there is a lack of inversion symmetry. There is no clear

evidence that the specific rotatory power [a] in collagen is related
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to QP' however, there is a possibility of such a relationship occurring.

The exploration of this relationship is beyond the scope of this dis-

sertation.

In summary, then, using spectroscopic evidence by Gratzer et al
and Wood, Wp fP and PP do not appear to be significantly changed
during the collagen phase transformation (Gratzer et al, 1963; Wood,
1963). Insofar as these affect B(w, 2w) for collagen we would expect
second-harmonic generation to also be unchanged by the collagen phase
transformation. However, we have indicated that it is difficult to
assess changes in QP and, indeed, there are some reasons, based on a
decreased Cotton effect in collagen during denaturation (Blout et al,
1963) to consider possible changes in QP during the collagen phase
transformation. A reduction in QP would reduce the second-harmonic
conversion efficiency of the peptide bond by reducing BP(w, 2w)

(Eq. J).

So far we have considered two mechanisms for the observed re-
duction in the second-harmonic conversion efficiency of cornea and
tendon after the collagen phase transformation. Evidence was pre-
serted to show that mechanism 1 (an increase in light scattering) was
not a reasonable explanation for the reduction in C . We have seen

MRF
that there is some possibilicy that B for collagen may be reduced

during the phase transformation (mechanism 2) as a result of a reduction

in QP as discussed above.
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We shall now consider mechanism 3 which involves changes from
coherent to incoherent second-harmonic generation. With regard co
mechanism 3, if coherent second-harmonic generation occurs in the
fibers of tendons and corneas, then a chfngc in the second-order
dielectric susceptibilicy Xp (Eq.35, Chapter 2) for these fibers

will change C 1f the fibers are changed to an amorphous material

MRF’
then X, will become very small (x2 = 0 in an ideal amorphous material)

without any necessary change in B(w, 2w).

In the tendon, the fibril sizes cover a broad range and the
spatial distribution of these fibrils is not known. Since there is
not enough information on the optical properties of tendon, calculation
of second-harmonic conversion efficiency in this tissue is difficulrc.
Therefore, calculations will be limited to the cornea where optical

properties information is available.

As a specific example, let us consider second-harmonic generation
in a single corneal lamella from a normal rabbit eye. This lamella
will typically have the appearance of a thin slab with length ™ lcm;
width ~ 200microns; and thickness v 2microns (Chapter 3). In the
cornea, light propagates along the direction of the lamella thicknass.
To simplify our calculations, we will model this lamella as follows

(Fig. 7.11):

1. The model lamella will be an infinite slab (length = =,

width = «) with thickness = 2microns.
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2. The model lamella has a constant second-order dielectric

susceptibility Xy (Chapter 2).

|

]

“1

; 3. Xy is derived from the spatial average number density of
collagen peptide bonds in the model lamella (See Appendix A

for details regarding this assumption).

4. Incident radiations at w and second-harmonic radiation at
2w propagate as uniform plane waves along the direction of

the model lamella thickness.

5. Atwand 2w, the refractive index and the optical dispersion
of the model lamella is equal to that of water, and is con~

stant throughout the medium.

6. There is no light scattering atw and 2w; and the medium is

considered to be lossless.

7. Since the second-harmonic conversion efficiency has been
experimentally determined to be low, we shall assume no
attenuation of the incident beam at w due to harmonic

generation.

In Chapter 2 we have reviewed the results of a coherent second-
harmonic conversion efficiency analysis in nonlinear slabs with
properties similar to those assumed above. There, it was shown that
a second-harmonic'wave will grow monotonically from relatively in-

phase contributions from the oscillating second-harmonic polarization




over distances less than:

con = M 4ta (5)
where A is the vacuum wavelength of the ruby laser (694.3nm) and

4n is the dispersion of the medium between w and 2u. Using assumption
5, that the refractive index of the slab is that of water, we have

4n = 0.18 (ICT, Vel. 7, p. 14). Therefore, Lcoh = 9,.6microns in the
model lamella. On this basis we expect that a second-harmonic wave

will grow monotonically in a 2micron thickness model lamella.

This wmonotonic growth of a second-harmonic travelling wave will
not occur in the model lamella if we alter the model to represent the
lamella after the collagen phase transformation. To alter the model
wve need only change assumptions 2 and 3 above. Assumption 2 is

replaced by:

2a. The thermally transformed model lamella is amorphous and
therefore, macroscopically centrosymmetric. .onsequently,
the second order dielectric susceptibility, xz, is zero

everywhere.

This accounts for the fact that, under ideal conditions, the lamella
is converted to an iszcropic random coil material after the collagen

phase transformation. This also accounts for the fact that both the
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tensor and scalar second-order nonlinear susceptibilities become zero
in a centrosymmetric medium (Franken and Ward, 1963). In assumption
3, the spatial averaging over the peptide bonds yields X, = 0 in the

amorphous lamella. Thus, assumption 3 is replaced bv:
3a. X2 » 0 in the thermally transformed model lamella.

with )(2 = 0, the transformed model lamella cannot support a
macroscopic second-harmonic polarization that could act as a scurce
for coherent second-harmonic generation. Therefore, assuming this
polarization to be a necessary condition, coherent second-harmonic
generation will not occur in the thermally transformed model lamella.
(This does not preclude the possibility of the occurrence of incoherent

second-harmonic generation).

The above changes in X, occur because the peptide link oscillazors
are assumed to be randomly oriented in the thermally transformed
lamella. The value of SP(U. 2w) can remain unchanged during the col-
lagen phase transformation. After the collagen phase transformation,
incoherent second-harmonic generation by the individual peptide links
may still cccur. 1In Chapters 2 and 6, it was shown that incoherent
second-nagrmonic generation from amorphous media is an Iinherently weak

process with low forward conversion efficiency.

If a complete transformation to an amorphous state occurred in a

corneal lamella, then we would expect the forward conversion efficiency
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of the transformed lamella to be very low compared to that for our
model of a normal lamella, In order to make this comparison on an
analytical basis we will need models for both the normal and thermally
transformed whole cornea. Simple models can be constructed for normal
and completely thermally transformed corneas from our models for single
lamellae; where transformation is not complete, analysis becomes dif-

ficult.

We shall assume that coherent second-harmonic generation occcurs
independently in each model lamella before the collagen phase trans-
formation. Therefore, the total second-harmonic energy generated by
the comea will be assumed to be the sum of the energies generated by
each model lamella. The spacing between lamellae in real corneas may
be partially determined by the presence of large flat cells, called
fibroblasts, between the lamellae. This spacing is irregular; there-
fore there may be only a very low correlation in phase between second-
harmounic travelling waves generated in separate lamellae (Fig. 7.11).
In our model we will assume that this correlation is zero, which leads

to the assumption of additive energies.

In Appendix A of this chapter we have calculated the coherent

forward power conversion efficiency C., for a model cormea consisting

(093
of 200 model lamella. This anumber of lamellae is based on estimates
by Maurice in the human eye (Maurice, 1969, p. 297) (and estimates

of the thickness of a particular moist rabbit stroma that was used
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in one of our studies), a 2micron model lamella thickness, and a 157%
allowance for the space occupied by cells between lamellae in the
stroma. The laser pulse was assumed to be a plane wave field confined
to a uniformly illuminated circular area 2mm in diameter. A 75nsec,

T 20mJ pulse was assumed. The calculated value of Cc for the whole

P
é model cornea is (Appendix A):

- =10
(CCP)cornea 9.8 x 10

with an estimated peak error range of plus or minus a factor of 30.

In Appendix B we have used a simple model for a whole cornea,
after a complete collagen phase transformation, to estimate the in-
coherent conversion efficiency. In this model, we have assumed that

the peptide link concentration after the phase transformation is the

N same as the spatial average concentration of peptide links in a
lamella before the phase transformation. The other assumptions re-
garding scattering and uniformity remain the same. We have used the
model presented in Chapter 2 to calculate CIP for incoherent second-
harmonic generation from independent, randomly oriented peptide
oscillators in the transformed stroma. The laser pulse was again
assumed to be 20mJ, 75nsec, and confined to a 2am diameter beam.

The collecting lens was assumed to be as shown in Fig. 4.1. Based om

this lens, our calculated value of the forward, incoherent, power

conversion efficiency, CIPF’ for a completely thermally transformed




cornea is (Appendix B):

' =16
(CIPF)cornea 6.9 x 10

with an estimated peak error range of plus or minus a factor of 600.

Let us summarize the model cormea calculations. The coherent

conversion efficiency (C has been calculated as (C

CP)cornea CP)cornea

9.8 x 10-10. This conversion efficiency is assumed to hold for a
normal, non-hydrated cornea that is completely transparent. The in-
coherent conversion efficiency for radiation collected by lens B in

the forward direction has been calculated as (C = 6.9 x 10.l

IPF)cornea
This conversion efficiency is assumed to hold for a completely trans-
parent, completely thermally transformed cornea. The forward con-
version efficiency is, therefore, predicted to decrease by a factor
of from 102 to 108 when the corneal collagen is transformed to a
completely random coil state. These calculations assume no change in
the second-harmonic oscillators (peptide bonds), other than a change
from perfect mutual alignment to a condition of randomly oriented

independent oscillators. This is the underlying assumption on which

mechanism 3 is based.

The above calculations c¢could not be completely checked experi~-

mentally because (C = 6.9 x 10’ was too small to be

IPF)cornea

measured with available instrumentation. The computed value of

6

.
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(c = 9,8 x 10-10 was checked experimentally. A fresh non-

CP)cornea

hydrated normal rabbit cornea at 20°C was used to obtain a value of

CMPF’ which is the measured forward peak-power conversion efficiency.

CMPF should agree with the calculation of (C..) given above.

CP’ cornea

Details of the methods used to measure C are given in Appendix C.

MPF

The results of these measurements gave the following range for

(Copp?

MPF cornea:

1.2 %207 < (G < 1.7 x 107

This range is based on estimates of peak measurement errors.

)

The accompanying table shows the computed values of (CIPF

The estimated

cornea’

and the measured range for (C

(CCP)cornea MEF)cornea°

ranges of error are also given.

Upper bound Estimated Lower bound

estimate mean estimate
-13 =16 -18

CIPF 4.1 x 10 6.9 x 10 1.2 x 10
Cep 2.9 x 1078 9.8 x 10710 3.3 x 10722
-10 -11 =11

CM?F 1.7 x 10 9.1 x 10 1.2 x 10

The estimated range of measured conversion efficiency of a normal
rabbit cornea partly overlaps the estimates range of calculated
conversion efficiency based on coherent second-harmonic generation

in indeperndent lamellae. The lower limit of the measured conversion
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efficiency (1.2 x 10-11) is about 30 times lower than the highest
estimate of the calculated conversionvefficiency (4.1 x 10-13) based
on incoherent second-harmonic generation from randomly oriented
independent peptide bonds in the cormea. In Chapter 6, it was shown
that a distinct forward lobe was present in the forward emission pat-
tern of second-harmonic radiation from the rabbit cornea. This was
shown to be consistent with coherent second-harmonic generation from
a crystalline medium. The conversion efficiency measurements and

the emission pattern measurements are ﬁot inconsistent with the
hypothesis that optical second-harmonic generation at 347nm in freshly
exclised rabbit corneas occurs much like coherent second-harmonic
generation in crystalline materials. Peptide bonds im collagen may

be the principal second-harmonic oscillators, and coherent second-

harmonic generation may occur within individual lamellae. It will
require a substantial program of future investigation to verify these

preliminary hypotheses.

The results of our calculations in Appendix B for incoherent
second-harmonic generation do not agree with our experimental obser-
vations. From Appendix B we calculated that 1f a complete trans-
formation to a random coil phase occurred in collagen, then the forward
conversion efficiency of the rabbit cormea should be from lO2 to lO8
times lower than it was before the phase transformation. We have

found in practice that C was only about a factor of 50 times lower

MRF
in hydrated corneas that had been heated above the collagen phase
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transformation when compared to C from fresh normal corneas (Table

MRF
2). The thermally transformed corneas in this comparison were turgid
whereas the fresh corneas were not. Therefore, light scattering dif-
ferences could account for some of the observed decrease in CMRF’
When corneas with approximately the same transmission were compared
(Table 2) it was found that CMRF decreased by about a factor of 10
after the collagen phase transformation. Therefore, our experimental
results indicate that CMRF decreased by between one and two orders of
magnitude rather than by from 2 to 8 orders of magnitude during the

collagen phase transformation in cormneas.

The theoretical estimate of CIPF after the collagen phase trans-
formation was based partially on the assumption that all of the collagen
molecules had been converted to a random coil form and that incoherent
second-harmonic generation predominated. Our experimental results may
indicate that only part of the corneal collagen was converted to a

random-coil form and that the remaining collagen still produced signi-

ficant levels of coherent second-harmonic generation.

It is possible that not all of the collagen was converted to a

random coil form. Let us assume that C P for coherent second-harmonic

C

generation was affected only by a decrease in the number of aligned

peptide bonds after the collagen phase transformation. Since CCP is
2

proportional to (vaa) » wWhere vaa is taken to be the number of

aligned peptide oscillators, we can estimate for the cornea that a




factor of 10 decrease in CCP could be caused by about a factor of 3
decrease in “vpa and a factor of 100 decrease in CCP could be caused
by a factor of 10 decrease in vaa' Therefore, the observed decrease
in mef may have been produced by a conversion of from 70% to 907 of
the collagen molecules in the cornea to a random coil form. The
unaltered fraction of the collagen may have been in the form of

fibril regions that still contained intact, aligned collagen molecules,
or contained unravelled collagen polypeptide chains that, due to pos~-
sible cross-linking hinderances, had not assumed a random coil conform-~
ation but rather remained extended and parallel to intact collagen

molecules. The above calculation is not exact and neglects the contri-

bution from incoherent second-harmonic generatiom.

Flory has pointed out that to completely convert the collagen
molecules of tissue fibers to a random coil form it is necessary to
raise the temperature of the fiber very slowly (Flory and Garrett,
1956). In his studies, fiber temperatures were raised at the rate of
approximately 2°C per day. In these lengthy experiments it was
necessary to heat the fiters in ethelyene glycol rather than in water
to prevent fiber decomposition. We considered a replication of Flory's
procedures, but it would have been too time-consuming and required
temperature control equipment that was not at our disposal. As a
result, the tissues used in our studies were heated quickly in water
at rates of about 10°C per minute. Although we observed tissue con-

traction at the temperature generally associated with the collagen
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phase transformation, it was probably true that we did not achieve
a complete transformation of the collagen to a random coil phase as

indicated by Flory.

According to a recent review (Elden, 1968), Puette has suggested
that a complete transformation of collagen to a random coil phase
is best datected by a complete loss of fiber birefringence. Our
observation of a residual birefringence in both corneas and tendon
may also have provided evidence that the collagen phase transformation

was not complete.

Calculations for tendon have not been presented; partly because
of the inherent difficulties associated with second-harmonic generation
calculations for a medium with significant light scattering and {r-
regular surfaces. Qualitatively, it is reasonable to conclude that
coherent second-harmonic generation could occur in local sites such as
the fibers and fibrils of dried tendon that had not undergone a
collagen phase transformation. After the phase transformation, the
conversion efficiency of these fibers and fibrils could be reduced by
mechanism 3. An improved method for preparing tendons for optical
studies must be developed before quantitative analyses are possible.
For example, immersing the tendon in an oil of matching refractive

index may improve the optical quality at the interface.

To summarize our investigation of mechanism 3; it appears that

coherent second-harmonic generation may occur in corneas (and possibly

o . N " - ‘L_.,H' 4 Stne
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in tendons) below the collagen phase transformation temperature, but
that above this temperature a partial replacement of native collagen
by a random coil phase of collagen can reduce the second-harmonic
conversion efficlency of the tissue fibers. It is difficult to say
whether the reduction in the measured forward conversion efficiency,
GgpsOccurs as a result of a uniform decrease in the spatial average
number density of the peptide bonds in a lamella or fiber, or
whether macroscopic regions of the lamella or fiber remained intact

while other distinct regions became "100%Z" random coil.
7.4 Summary and conclusions

After heating tendon and cornea in water at approximately 60°C

(plus or minus about 3°C), we observed a tissue contractiocn; a

decrease in tissue birefringence; and a decrease in light scattering.

With respect to the last observation, it was noted that tendons be-
came transparent relative to their normal state and corneas became
transparent relative to their hydrated state. These changes can be j
related to a rigid-rod to random-coil phase transformation in the i
tissue collagen which has been described by other investigators. After
the collagen phase transformation in these tissues, we also oBserved

a marked decrease in the second-harmonic conversion efficiency, CMRF’

for forward scattered second-harmonic radiation.

Three possible mechanisms for the observed decrease in the

measured relative forward conversion efficiencyv, CHRF' were considered.
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The first, that this was due to increased light scattering, was shown
to not be a reasonable explanation. We obtained a marked decrease
in CMRF even when light scattering decreased after the collagen
phase transformation.

The second possible mechanism was related to changes in the
nonlinear polarizability, B, of each of the nonlinear oscillators
of tendon and cornea. A literature review of the linear optical
properties of collagen indicated to us that these oscillators may be
associated with the 190nm absorption band for the collagen peptide
link. According to a simple scalar model for the peptide link second-
order nonlinear polarizability, BP’ there are four explicit factors,
which, if changed during the collagen phase transformation, would
produce a change in BP. The literature review indicated that three
factors; the oscillator strength, linewidth and center frequency are
essentially unchanged by the collagen phase transformation. It was
not possible to determine if there are changes in the fourth factor,
the peptide oscillator anharmonic coefficient, QP. There i{s reason
to consider a possible reduction in QP based on a known decrease in
the Cotton effect that occurs near 190nm when collagen solutions are
thermally transformed. Some of the oscillator properties that are
required for a Cotton effect, such as a lack of an inversion center,
are also required for the anharmonic coefficient to exist and second-

harmonic generation to occur. Therefore, a change in the Cotton effect

.
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may be accompanied by a change in the requisite properties for second-

harmonic generation.

The third mechanism was related to a decrease in Xy for collagen
fibrils by virtue of a decrease in the number of aligned peptide
oscillators after the collagen phase transformation. In rabbit corneas
that had not been thermally transformed, the observed second-harmonic
generation more closely resembled the calculated characteristics of
coherent second~harmonic generation from crystalline media than it did
the calculated characteristics of second-harmonic generatioa from
anorphous media. Coherent';econg-harmonic generation should be reduced
when the mutual alignment of_the collagen second-harmonic oscillators
is reduced during the creation of the collagen random coil phase. This
would seem to most easily explain the experimental result that second-
harmonic generation decreased when the collagen of cornea and tendon

was thermally transformed.

In summary then, three mechanisms have been considered for the
observed decrease in the forward second-harmonic conversion efficiency
after the collagen phase tranformation in cornea and tendon. The
observed decrease in conversion efficiency was probably not due to
increased light scattering, which was mechanism one. )Mechanism two,
that changes occurred in the individual peptide oscillators, could not
be excluded. The third mechanism, that coherent second-harmonic

generation was partly changed to incoherent second-harmonic generation
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due to decreased mutual alignment of the peptide oscillators, was

the most ready explanation of the experimental results of thig chapter.
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APPENDIX A

In this appendix, we shall perform an analytical estimate of the
second-harmonic conversion efficiency, CCP’ of a normal, fresh,
rabbit cornea. Thase computations are based on the scalar model for
coherent second-harmonic generation in a crystailine medium discussed

in Chaptear 2.

We shall begin by computing the conversion efficiency of a

single model lamella. The following assumptions are also given in

Section 7.4. We assume that:

1. The model lamella is an infinite slab (length = =, width =
») with thickness = 2microns.

2. The model lamella has a constant second-order dielectric

susceptibility, XZ (see Chapter 2 for definition).

3. X2 is derived from the spatial average number density of
collagen peptide bonds in the lamella.

4. Radiation at w and 2w propagates as plane waves in the
direction of the lamella thickness.

5. At w and 2w, the refractive index and the optical dispersion
of the model lamella is equal to that of water and is constant
throughout the medium.

6. Thare is no light scattering at w and 2w; and the medium is

considered to be lossless.
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7. Since the second-harmonic conversion efficiency has been
experimentally determined to be low, we shall assume no
attenuation of the incident beam at w due to harmonic

generation.

We will first compute the spatial average number density of peptide

bonds, Nv, in a typical lamella. We will then obtain a scalar estimate
of BP (see Eq. 10 for definition) for the collagen peptide bond. Using
an approximate Lorentz correction factor we shall then evaluate X, for
the model lamella. With this value of Xy we shall go on to find the 1

coherent forward conversion efficiency of a single lamella.

To find the coherent forward conversion efficiency of whole

cornea we shall use the following model.

8. The model lamellae are arranged in a stacked series with

irregular spacing.
9. Each lamella in the stroma is identical.
10. Only the stroma contributes to second-harmonic generation.
11. Each lamella acts as an independent source of second-harmonic

radiation.

We shall assume that the total second~harmonic energy from the cornea
is the sum of the energies from the individual lamellae. The energy
from a single lamella will be computed from the scalar model given in

Chapter 2.

-
4
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a. Number density of peptide oscillators (Fig. 7.12)

The fundamental screw translation period along the lang axis of
the collagen molecule is 2.83 (Rich, 1959, p. 59). Within this period
there are three amino acid residues on separate collagen chains and
three peptide bonds. The dimensions of this cylindrical subunit are:
diameter = 144 (diameter of collagen molecule) and height = 2.84
(one screw translational period). Consider an average cormeal col-
lagen fibril in man with diameter with 260A (Maurice, 1969, p. 299).
Assume that the collagen molecules are arranged as a hexagonal close-

packed bundle of cylinders. within this fibril (Fig. 7.12).

There are then approximately 250 collagen molecules ind hence
about 250 cylindrical subunits in a given cross-section of the fibril.
The number of cylindrical subunits per unit volume of a typical

fibril, N , is then:
ve

N = 250
ve  Ap Lg

where Ap = cross-sectional area of fibril ( % x [260 x 1078 cm]z)

and L. = the length of the cylindrical unit (2.83 ). We can then

compute

ch = 1.68 x 1023 cylindrical units/cmd

et S
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] There are three peptide bonds per cylindrical unit, therefore

NVPF' the number of peptide bonds per unit volume of the fibril is:

Nypr = 5.05 x 1021 peptide bonds/cm3

Collagen fibrils occupy approximately 20Z of the total volume
of a lamella (Maurice, 1969, p. 316). Therefore we shall assume that

the average density of peptide bonds per unit volume of a lamella is,

NVPL = 0.20 NVPE’ or:

NopL ™ 102 peptide bonds/cm3

b. Lorentz correction factors

We will assume that the refractive index of a fibril is 1.5
(Maurice, 1969) at both the fundamental second-harmonic frequencies
for the purposes of computing the Lorentz correction factors (Chapter

2). Then both L(2w) and L(w) can be approximated by

2
L-“_;‘_Z-l.az

e W | A
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c. Peptide link polarizability

The scalar polarizability of the peptide link Bp will be calcu~

lated from Eqs. (26), (31) and (34) of Chapter 2:

s . 'r P 1
n’ D% (w) D. (2w)
P P

2 2
DP(w) a0 " - w - jFP w

P

2

2
DP(Zm) - 0 ° - 40" - ZjFP w

P
The factors DP(u) and DP(Zw) are complex numbers. The following
table compares the real and imaginary parts of these factors when
wp = 9.9 x 1015 rad/sec which is the center frequency of 190nm
peptide band; w is the ruby laser frequency which is w = 2.7 x 1015
rad/sec; and FP is the bandwidth of the 190mm peptide resonance
which is FP = 1.6 x 1015 rad/sec (estimated bandwidth of 30rmm from
Gratzer et al, 1963, Fig. 5). The entries in the third column show
that the imaginary part of the DP factors is small compared to the
real part. We shall therefore retain only the real part as an

approximation to the D_ factors when computing BP.

P




Dp Factor Re{Dp} + 4 1_{D,} (1{Dp}/Re{Dp1)2
D (w) 9.1 x 1031 - 4.3 x 1030 42
Dp (2u) 6.9 x 10° - 38.6 x 10°0 132

The anharmonic coefficient QP will be obtained from the fol-

lowing approximation developed in Chapter 2

8
s -T.1/3

The resonant frequency, mP, for the peptide link is 9.9 x 1013

rad/sec (XP = 190mn). With the electron mass m = 9.1 x 10'28gm

and the electron charge of e = 4.8 x 10 x lo-loesu we obtain:

Ry = 7.1 x 10°7 sec8/3 gul/3 egy72/3 |

The oscillator strength of the peptide bond is ™~ 0.3 (Ham and Platt,
1952; Gratzer et al, 1963, Fig. 5; these authors use fP = 0.27, we

shall use 0.3). Using these additional parameters, we obtain

B

p " 1.50 x 10-31 cxng/z/ergl/2

d. Susceptibility of single model lamella

We shall compute X2 for a single model lamella from Eq. (36)




llF"""1r'""""""""""""'"' . 263

of Chapter 2:

- 2

Xg = Nypp L (w) L(2w) BP

This equation is only an approximation. The limitations of its use
are discussed in Chapter 2, Section 1.7. From our prior results for
NVPL’ L{w), L(2w) and BP we obtain

X. = 4.26 x 10710 ¢p3/2 erg-l/2

2

e. CCP for a single model lamella

In Chapter 2, Section 1.7 we obtained the following expression
for the coherent second-harmonic power conversion efficiency for a

uniform nonlinear slab of thickness L:

2.2
; 2 X2 A Y sin? Ak L/2 :
ce = ¥ 3 % 2
A% cn, Ak

641> &

where W, 1s the laser peak power, kz is the second-harwmonic wave

1
vector in air, )& is the second-order susceptibility, Az is the
cross-sectional area of the second-harmonic beam, Al is the cross-
sectional area of the laser beam, ¢ is the speed of light in vacuunm,

n, is the refractive index at the second-harmonic wavelength, Ak =

Zkl - k2 (where k

1 and kz are the laser wave vector and second-harmonic !
4
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wave vector in the medium), and L is the thickness of a lamella,.

In our experiments

W, = 2.66 x 1012 erg/sec (2.66 x 105 Watts, measured)

5

k, = Zﬂlkz - 3.31 x 10° cn”! (calculated)

X, = 4.26 x 10710 ¢p3/2 erg-llz (calculated

. Ay =3 x 1072 cmz (measured)

1
Az = A1 (approximation for these calculations)
c = 2.99 x 1030 cm/sec

n, = 1.35 (ICT Vol. 7, p. 14)

Ak = (20/¢)(n, = ny) = (2w/c) (0.018) = 5.96 x 103 cn >

(ICT, Vol. 7, p. 14)

e e

L=2x10% cm (assumption based on Maurice, 1969, pp.

295-300).

with these parameters we obtain

- -12
Cep = 4:9 x 10

for a single model lamella
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f. C for the whole corneal stroma

Cp
We shall assume that second-harmomic generation occurs inde-

pendently in each lamella and that the relative phase of the radiation

from the various lamellae is random. Based on this, we shall assume
that the second-harmonic power from each lamella is additive to yield
the total radiated power from the cornea. Maurice has stated that

the human cornea is at least 200 lamellae thick (Maurice, 1969, p. 297).
We have estimated the number of lamellae in thickness of the rabbit
cornea to be between 150 and 200. We shall assume 200 lamellae for

the thickness of the rabbit cornea. The calculated forward peak

power conversion efficiency of the rabbit cornea is then:

(€.} =

CP’'stroma * 200

Ccp)lamella

= 4.9 x 10712 ¢ 200

= 9.8 x 10710

g. Uncertainties in the calculations

In these calculations we do not have the same difficulties in
computing Al and Az that we encountered in Chapter 2 when analyzing
Terhune's focused beam experiments. In our focused beam experiments,

the beam radius was about lmm at the cornea and the beam was very




slowly divergent over the corneal thickness. Thus we could more
easily estimate the volume over which second-harmonic generation

occurred.

The serious uncertainties in the present calculation concern:

the degree to which corneal lamellae can actually be considered
uniform non-linear crystals; the assumption of independent harmonic
generation with random phase in each lamella; the assumption of the
disperson of water for the cormea; and the assumption that all
lamellae are the same in thickness. Some of these assumptions could
be checked in further experiments. For example, if the cornea were
sectioned in layers of known thicknesses, containing many lamella,
then the convefsion efficiency should be proportional to the thickness
if second-harmonic generagion occurs independently in each lamella.
Of course the same would be ture for second-harmonic generation from
amorphous media, but a second check involving the angular distribution
of secoond-harmonic radiation could be used in this case (see Chapter
6).

The calculated value of CCP is apparently dependent upon the as-

sumed dispersion. The dispersion (nz - nl) enters in the factor

sinz(u(nz'- nllL/c)
2

[nz - n1]

where we have assumed (nz - nl) = 0.018, L = 2 x 1074 cm,
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5 rad/sec and ¢ = 2.99 x 1010 cm/sec, The factor

w= 2,7 x 10*
w(n2 - nl)L/C is of the order of 0.3 with these parameters. There-
fore let us approximate the above expression by
Wi, - n,] L/e)? 2 2
2 1. w

2 2
c

[nz - nl]

(Using this approximation results in about a 3.5% error). We see,
therefore, that because the assumed value of L is small, the assumed
value of n, = 0y does not critically affect the caliulated value

of (CCP)lamella'

The assumed value of L = 2 x 10”4 cn may not be correct. If it

were in error by a factor of two, then assuming L = 4 x 10"4 cm
yields a factor of 3.6 change in the calculated value of (CCP)lamella

and (CCP)stroma'

As we noted in our calculations in Chapter 2, there may be

significant uncertainties in using the equation
X, =N 8 Liw) L(2w)
2 v

in calculating xz. Unfortunately, there is not enough information

to estimate the error involved in using this equation.

The most serious source of error in our calculations is probably

the uncertainty in the oscillator strength for the peptide bond. In
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Chapter 2 we showed that the conversion efficiency is proportional

to £2. In the case of the peptide bond, only a little more than half
of the absorption band has been measurea (Gratzer et al, 1963, Fig.
5). Oscillator strengths have been estimated by assuming that the
absorption band is symmetric (Ham and Platt, 1952). If the value

of fp = 0.3 were in error by as much as plus or minus a factor of 2,
then the calculated value of (CCP) could be in error by as much as

plus or minus a factor of 8 as a result of this.

Combining the important calculated uncertainties in C.  which

Ccp

are a factor of 3.6 due to L and a factor of 8 due to f we obtain a

peak error of as much as plus or minus a factor of 30 in (CCP)scroma'

Assuming (CCP)stroma to account for all the conversion efficiency of

the cornea may be in error since we do not know the contributions
from Bowman's zone or Descemet's zone. We feel that these contri-
butions are small due to the thinness of these layers. We therefore

shall use (C as the value for (CCP) when the cornea has

CP)stroma cornea

not been thermally transformed.




APPENDIX B

In this appendix, we shall perform an analytical estimate of the
forward conversion efficiency of rabbit cornea after the collagen

phase transformation.

We shall assume that the collagen of the stroma has been com-
pletely converted to a random coil macromolecular material that is
uniformly dispersed throughout the tissue. The peptide bonds of the
random coil chains will be taken to be the microscopic nonlinear
oscillators of the tissue. We shall utilize the simple scalar model
discussed in Chapter 2 for incoherent second-harmonic generation from
a collection cf independent randomly oriented dipoles and assume that
this radiation is distributed uniformly over 47 steradians of solid

angle.

In Chapter 2 we obtained the following expression (Eq. 57 ) for
the total incoherent second-harmonic conversion efficiency of a

collection of independent randomly oriented second-harmonic oscillators:

Jozn? Wt
1P 5 t VP

e Al

2

¢ P

4wy 122w W) (3.1)

In Eq. (B.1), w is the laser frequency; Lt is the thickness of the

thermally transformed cornea; ¢ is the speed of light in vacuum;

A is the laser beam area in the sample (assumed to be constant);
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NVP is the average number density of peptide bonds; BP is the
gsecond-order nonlinear polarizability of these bonds; L{(w) and
L(2w) are Lorentz correction factors for the local field; and wl

is the laser peak power in the sample.

To obtain the forward conversion efficiency (i.e. as would be

measured using lens B, Fig. 4.1), Cipps ve multiply C__ by the ratio

IP
of the solid angle, 1, subtended by lens B with respect to the sample

(Fig. 4.1) to 47 steradians:

Cure * oo 7 (8.2)
where

0 =« 2mr (1 - cos 8) ) 3.3)
and

® = half-angle of cone subtended by lens B. Since 8§ = 8°,
we obtain:

z—‘n- = 5.7 X 10-2 (3‘4)

In Eq. (B.l) the parameters w, ¢, Al, BP’ and wl will be assumed

to be the same as calculated in Appendix A for travelling wave second-




harmonic generation. Due to increased light scattering, the beam area,
Al, may be somewhat larger in real corneas after the phase trans-
formation when compared to the beam area in real, freshly excised
corneas. We shall neglect this difference in this appendix. The
thickness, L:' of the contracted corneas was v 10-l cm., We will
assume that NVP was approximately the same as the average number
density of peptide bonds that was computed for normal corneas in
Appendix A. We base this assumption on the fact that when the corneal
thickness increased on contraction (tending to lower Nv), the lateral
dimensions, A and B (Fig. 7.3) decreased (tending to raise Hv). In-
sofar as an order of magnitude estimate is concerned, we will assume
that the volume average concentration of peptide bonds in the stroma

was unchanged by the collagen phase transformation.

Thus the parameters we shall use in our calculations are:

2.7 x 10%° rad/sec

E
]

L =101 cn

2l peptide bonds/cm3

1”4
[ ]

10

1.5 x 107°¢ cmg/z/ergl/2

™
9
L}

n

L{w) = L(2w) = 1.42

2.99 x 1010 cm/sec

0
n
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Ay = 3x 1072 cmz

Wy = 2.66 x 1012 erg/sec

With these parameters and assumptions, we then obtain as an

order of magnitude estimate of CIP:

Using Eq. (B.2) and Eq. (B.4) we can then compute CIPF for an 8° 3

half-angle for collection which is:

- -16
CIPF 6.9 x 10
The following factors may contribute the largest errors in the
above estimate of CIPF' First, we may not be correct in assuming
L = 10"l cm is the correct thickness of a completely transformed

€
cornea. Lc = 107! cm 1s probably too small, however it is probably

within a factor of 2 of the correct value. Second, in Appendix A
we have assumed that there are lamella. We calculated a spatial
average number density of peptide bonds vaipartly on the basis of
the dimensions of these lamellae. After the thermal phase trans-
formation, the thickness of the cornea increases and the lateral

dimensions decrease, which may mean that the overall volume of the




cornea is not appreciably changed. On this basis we therefore assume

P is the traunsformed cornea is the same as NVP in the normal

cornea. We estimate that the assumed value of NVP for the thermally

that Nv

transformed cornea is probably within plus or minus a factor of 5

of the correct value. Third, as discussed in Appendix A, the assumed
value of BPZ may be in error by as much as plus or minus a factor of
8 in normal cornea. We are assuming that BPZ is unchanged during

the collagen phase transformation in the present calculation. There-
fore, we shall retain the factor of 8 error estimate. Fourth, the
assumed Lorentz correction factors may contribute a smaller error in
an amorphous medium, such as thermally transformed cornea, than in
normal cornea. This judgment is based on suggestions by Bloembergen

that the local field correction renresented by these factors may be
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correct only for certain cubic crystals and amorphous media (Bloembergen,

1965, Eq. 3.18)., Fifth, the error in the assumption that incoherent
second-harmonic generation occurs uniformly over 47 steradians may

be significant. There could be a lobed structure to the second-
harmonic emission pattern of random coil collagen chains. Some of

this lobed structure would become diffuse as a result of light scat-
tering in the tissue. Therefore, there is no satisfactory way to
estimate the error in the ratio of collected second-harmonic radiation.
It seems reasonable to assume no more than plus or minus an order of

magnitude error in the assumed value of /47 = 5.7 x 10-2 in Eq. (B.4).




Flory has shown that it is necessary to heat tendon very slowly
for a complete transformation to the random coil phase to occur. In
our studies, heating was rapid, therefore a complete transformation
may not have occurred.

In this instance, some coherent second-

harmonic generation may still be present with our thermally trans-

formed corness.

Combining these factors yields a final peak error range of plus
a factor of 800 and minus a factor of 400. We shall simplify this

result and for convenience call the peak estimated error range plus

or minus a factor of 6Q00.
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APPENDIX C

This appendix contains the results of measurements of the
second-harmonic conversion efficiency, CMPF’ for the moist, fresh,
normal rabbit cornea. The conversion efficiency CMPF is defined as
the ratio of the peak power WZB at 2w collected in the forward scat-
tering direction by lens B (Fig. 4.1) to the incident peak power wl
at the cornea. Using the results in this appendix for CMPF in fresh,
moist, normal rabbit cornea one can compute CMPF for corneas under

other conditions of hydration and temperature history by consulting

Table 2 of Chapter 7.

a. Apparatus

A freshly excised rabbit cornea was mounted cn a glass slide
and moistened with aqueous humor as shown in Fig. 2 of Chapter 6.

The monitoring apparatus and the laser were arranged as shown in
' Fig. 1 of Chapter 4.

b. Procedure

Five laser pulses were used to obtain an average value and

standard deviation of the oscilloscope heights Hl and Hz for the

laser and second-harmonic pulses respectively. The average laser

pulse height was converted to the peak power W, from a prior cali-

1

bration of the KDl photodiode against a TRG ballistic thermopile anc

a measurement of the oscilloscope pulse width (fethods and marerials,
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Chapter 4). The average second-harmonic pulse height was converted to
peak pover W,y by using the msnufacturer’s value of responsivity at
3470m for the 1P28 photomultiplier with a correction for the non-
linearity of the photomultiplier (Methods and mstarials, Chapter &

and RCA Tube Manual for 1P28 photomultiplier) and by correcting for
transaission losses between lens 3 and the photomultiplier. The
sanufacturer’'s nominal responsivity value of 6.18 x 104 smp/vatt at

1 KV bias snd 347om wavelength may be inmcorrect by as much as a

factor of 2 for a given photomultiplier. We had no facilicy by

which one could accurately calidrate the photomultiplier used in these

studies.
e¢. Transmission losses

In order to obtain the second~harmonic peak power collected by
lens 3, "2!’ one must take into account the 347om transmission of
lens 3, lens C, the copper sulfate filter, and the sonochromator
(Pig. 4.1). These transmissions are denoted by T, = TpTc Teys
and l'n respectively. The systea transmission at 347um will be
T Tyl

The combined 347mm transmission of lenses 3 and C is Tl. - 0.14

with an estimsted peak percent error of measurement of + 352 (see

Mathods and asterials, Chapeer 4).

Estimating the }o7mm transmission of the monochromator wvas dif-
ficult. Measurement of 1’“ will be congidered in three pacts. These




sre: tha transmission of the entrance slit, the transmission of the
exit slic, and the transaission of the internal mirror and grating

of the monochromator.

The approximate transmission of the entrance slit was determined
as followvs. A He-Ne laser was placed inside the ruby laser cavity and
its besm vas expanded to simulate the ruby laser beam. It was assumed
that the second-hsrmonic forvard lobe described in Chapter 3 propagated
as & beam with slightly larger divergence than the He-le beam. Lens B
imaged the He~Ne beam onto the entrance slit of the monochromator. It
wvas estimated by visual obgervation that the image wes slightly smaller
than the slit opening (6mm slit used). The estimate may be too large
by about 50Z. This large uncertainty arises because the second-harmonic
forwvard lobs has & larger divergence than the ruby laser (Chapter $)
and the He-Ne beam divergence is not the same as the rudy laser beanm
divergence. Imaging differences due to chromatic aberration were
calculated to be only about 102 for 347nm and He-Ne laser radiation.

These effects of image aberration vere small and were neglected.

The aspproximate transmission of the exit slit was estimated as
follows. A blue spectroscopic line (near 400nm) was salected from
s low pressure Hg-Cd lamp spectrum using glass filters. This radi-
ation wvas imaged at the entrance slit of the monochromator. The
bandwidth of this line was about 0.2om (see Chapter & Methods and

materials for manufacturer's specifications on lamp). The 400mm




radiation leaving the exit slit was monitored with the 1P28 photo~
muleiplier while the entrance and exit slits vere set to the openings
used to monitor second-harmonic generation. The exit slit slone was
then widened. The power st the photomultiplier was observed to
increase to a final level that was 25% higher than the initial level.
Visual examination showed the image of the entrance slit to be tilted
wvith respect to the exit slit. No means were available on the
monochromator to correct this. On this basis, the transmission of
the axit slit was taken to be 0.75 for second-harmonic generation.
The error in this estimate is probably small, and will be assumed as

2ero.

The internal components of the monochromator consisted of a
mirror imaging the entrance slit onto the exit slit, and a reflection
grating. We shall assume the mirror reflectance to be unity. The
gratiog was blazed at 400nm. This means that at 400nm there is very
nearly 100% reflection into a single spectral order. The reflected
energy at a wavelength A relative to the reflected energy at the
blaze wvavelength is given by Klein (Klein, 1970, p. 346)
cinz ( ;F -1)

[n ¢ -’} -1?

which Ls 0.92 for lb = 400mm and A = 347nm. Therefore we shall
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assume that approximately 0.9 of the energy at 347nm inside the

monochromator was transmitted to the exit slit.

The net transmission of the monochromator will be taken to be
the product of the entrance slit transmission, the internal trans-
mission and the exit slit transmission which is IM = 0.68. The

error in TM cannot be exactly determined from our measurements.

If anything, the above value of TM is too large. We shall assume by

that tu could be as much as a factor of 2 smaller.

The system transmission is TLTCUTM = T. Based on the above

analysis,one obtains an estimated range for T of 5.5 x 1073 £TZ

3.4 x 1072,

d. Measurement of Win and Wl

Five second-harmonic pulses gave an average peak currenZ of

b L) i e < v

12ma from the photomultiplier with a standard deviation of 4ma. Using
the manufacturer's 347mm nominal current responsivity value of 6.18 x
10% amp/Watt yields a peak radiant power at 347mm at the photomultiplier

7

of 1.9 x 10/ Watts with a standard deviation of 6.5 x 108 Watts.

The second-harmonic power incident at lens B will be estimated as being

in a range
=7 «?
1.23 x 10 ~ W < 2.55 x 10
T ~ "2B - T
nax nin

vhich is based on the relation




W._ = Peak power at photomultiplier
2 T

Thus
3.7 x 1078 Watts < Wop < 4.6 x 1073 uacts

The laser peak power was determined from photodiode and thermo-
pile measurements that were taken before and after the measurements
of second-harmonic peak power. The average of these measurements was

wl = 2,9x 105 Watts with a standard deviationm of 2.3 x 106 Watts.

e. Measured peak power conversion efficiency in the forward

direction, CMPF

The measured conversion efficiency for second-harmonic radiation

collected by lens B is defined as

Ger =W,

We estimate CMPF as being in the range

1.2x10 < g < 1.7 x 10710

The final value of CHPF spans a range of about an order of magnitude.

[N




Figure 7.1

The general set-up for heating tendons. The

lead weight was used to promote creep after

" contraction of the tendoa.
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Figure 7.2

The general set-up used for heating cormeas.
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Figure 7.3

The dimensions A, B, and C defined in the main

text for a half-cornea.
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Figure 7.4

The normalized length of :cndgn samples measured at the
time of greatest contraction and fhcn plotted as a function of
wvater bath temperature. No contraction occurred at 20°C, 50°C, and
$4°C. Slight contractiom at 50°C. At 65°C and 68°C the samples
contracted to 252 of their original length. Crecp'followed con-
traccion. The six samples used for this graph were heatad with a
lead weight attached. Curve as drawn {ree-hand.

Contraction near 60°C is {ndicative of the collagen phase

J transformation.
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Figure 7.5

Normalized tendon length versus time during the heating of tendons
above 60°C. Tendons heated with the lead weight attached contracted
to a minimum length {n 100 seconds. Tendons heatsd without the weight

attached contracted to a zinimum length in less than 10 seconds. Creep

followad contraction in both casas. .
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Tigure 7.6

Speoctrophotometric transmission of ths tendon samples used

for Fig. 7.4 versus water bath temperaturs. Transmission was

measured after heating and 1/2 hour of vacuum drying at room

temperature. Transmission was higher at 694mm than it was at

347cm. Transmission at both mvclcnjchs increased after heating
to 60°C or above. Incressed transmission is indicative of the
¢ollagen phase transformation.

Curves were drawn free—hand. Shapes were chosen partially on

the basis of visual examination of the samples. |
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Pigure 7.7
Relative forward scattered second-harmonic conversion dfici;ncy
c‘.nr versus relative laser pu‘k power El’ for the tendon samples used
for Figs. 5.4 and 5.6. Cm“is defined as the ratio of oscilloscope
pulse heights _EZ/Bl obtained with the apparatus used in Fig. 4.1.
2 is the laser pulse
height in arbitrary units.

K, is the sscond-harmonic pulse height and Hl

Each data point is- labelled with the temperature to which the
tendon has been heated. CMRF was evidently lower for tendons heated
above 60°C. The straight lines A and B are regression lines fitted
to the data for T < 60°C and T > 60°C respectively. The slope of
line A is 0.95 and the slope of line B is 0.029. This difference
in slope is taken to indicate that a decrease in C‘M occurted when

tendons were heated above the collagen phase transformation tempera-

ture (T = 60°C).
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Figure 7.8

Length of chords A and B (Fig.  7.3) of cormeal sample after heating

to indicatad temperatures. No-contraction occurred below 57°C,

Contraction was evident at 64°C and 69°C. Contraction near 60°C

is indicative of the collagen phase transformation.
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Figure 7.9

Spectrophotometric rransmission of cornesl sample used for
Fig. 7.8 versus vater bath tamperature. Only 347am transmission
was monitored.

Data enclosed in squares represents transaission "immediacaely"
after sample was withdrawn from bath. Data enclosed by circles is
transmission after vacuum drying at rnom temperature to adjust the
transmission to v l7%. .

Decrease in transmission between 50°C and 60°C may be due to
denaturation of non-collagen protein. Increase in transmission

above 60°C may be due to the collagen phase transformation.
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Pigure 7.10

Relative forward scattered second-harmonic conversion efficiency
CHII versus relative laser peak power, Hl for the cornesal sample
used in Figs. 7.8 and 7.9.

Each data point is labelled with the temperature to which the
cornea had been heated. CHI! was evidently lower after heating the
cornea above 60°C. The straight lines C and D are regression lines
fitted to the data for T < 57°C and T > $7°C respectively. The slope
of line C is 1.04 and the slope of line D is 0.092. (These slopes
should not be directly compared wi:hithose in Fig. 7.7 as different
scales were used). Thae difference {n slope between lines C and D is
taken to indicate that a decrease in CMRF occurred when the cormea

was heatad above the collagen phase transformation temperature

(T = 60°C).
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FPigure 7.11
Schematic of model lamellae and model cornea. Each lamella is an
infinite plane slab, 2u in thickness. Separation between lamella

is irregular. Total number of model lamella in model rabbit cornea

1s 200.
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Figure 7.12

(a) Schematic of a ﬁingle strand of the collagen molecule showing

the coiled helix conformation. The circles denote the amino

acid positions. There is a peptide link between gach amino acid.

(b) Schematic of a segment of the three-stranded collagen molecule.
Only the backbones of the separate strands are depicted. Three

peptide link locations (Pl’ PZ and P3) are shown within a 2.83

segment of the molecule.

(c¢) A single rigid-rod collagen moiecule is shown to the upper
left. Such molecules are bundled together to form fibrils as
indicated to the lower right. The fibril diameter shown is for
corneas. The insert to the lower left shows an end view of the

assumed packing of molecules in the fibril.







Table 1 --- Tendons

305 1

Temperature Hydration Optical Trans.

History* during irrad. during irrad. CHRF

. lormalized**)
347nm 69%4nm

Below 60°C Moist (fresh) 22 20% 0.01 - 0.05
Below 60°CT Dry 30% SO% 1.0
Above 60°C Moist 352 80Z 0.01 - 0.05
Above 60°Ct Dry 85% 95% 0.03

for dry tendon below 60°C.

* The collagen phase transformation occurred between 60°C and 65°C

as evidenced by the contraction of the tissue (Fig. 4. ). '

Lid CMRF in this column has been normalized to a magnitude of unity
& .

+ These are cthe six tendons discussed in detail in the main text.
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Table 2 -— Corneas
Temperature Bydration gz:::‘li:::g" CHRF 1
History* during irrad. & ) (Normalized**) }
347nm ,
1
20°cT Moist (fresh) 602 S |
« |
: 20°C - 50°C Hydrated 112 0.1 ‘;
E (excess Hzo)
20°c -~ 50°c Dried after heating 70% 5
Above 63°C Dried after heating 102 0.1
20°C - 50°C Adjustedin* 172 1.0 «
1
50°C - 63°C Adjusted ’ 17% 1.0
Above 63°C Adjusted 172 0.1

The collagen phase transformation occurred bewteen 60°C and 63°C
as evidenced by the contraction of the tissue.

Lid CHRF in this column has been normalized to unity for corneas with

17% transmission at 347um (partially hydrated) that had been
L "heated" at 20°C

T The first four rows are data summaries for a number of different
corneas.

*%k% “"pAdjusted" hydration means that a fully hydrated cornea was partially

dried in vacuum at 20°C following heating until the 347nm trans-

mission rose to 17%. This cornea is discussed in detail in the main text.
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43. S. Fine, "Medical Applications, Research and Safety," Boston Section
I.E.E.E. 1972 Lecture Series, February, 1972

44. S. Fine, "Lasers in Biology and Medicine," a course on lasers and Y
optics for application, M.I.T., July, 1972 ‘

45, S. Fine, "Biological Effects and Medical Applications on Non-lonizing
Radiation," guest lecturer for several sessions in graduate course
2.77, M.1.T., 1972-1973

46. S. Fine, "Biological Effects and Medical Applications of Non-Ionizing
Radiation," guest lecturer in graduate course at M.I.T., 1973-9974

47. S. Fine, lectured at Raytheon Research Laboratory on Electrical Hazards
and Emergency Management of Accidents, 1974

48, S. Fine, "Biological Effects and Medical Applications of Non-Ionizing
Radiation", guest lecturer in summer session course, M.I.T.,
July, 1975
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Most other conferences in which abstracts or papers were published
are includad in the preceding bibliography.




10.

11.

Laser-Related Conference Organization and Planning; Pertinent to Contract
Boston Laser Conference, 1963
Boston Laser Conference, 1964

Institute of Electrical and Electronics Engineers - Member,
NEREM Program Committee, 1965

Institute of Electrical and Electronics Engineers - Member,
NEREM Program Committee, 1966

American Association for the Advancement of Science - Session Organizer
and Chairman of Session on Biological Effects of Laser Radiation,
1966

Laser Industry Association Convention, October 24-26, 1968

Course on "Fundamentals of Laser Radiation Protection” given to
personnel of U.S. Department of Health, Education and Welfare,
1968

Member, program planning committee on seminar series in applications
of physical chemical techniques in Biology and Medicine, EMB,
IEEE, Boston Section, 1969

Laser Industry Association Meeting - Los Angeles, California, October
20-22, 1969

Electro-Optical System Design Conference, September 22-24, 1970,
New York Coliseum. Planning of sessions, session organization
and chairman.

Major participant in the organization, planning, and instruction of
personnel, and field work related to the first major survey on
lasers and laser devices in the United States which was carried
out be the State of Massachusetts and Occupational Health and
Radiological Health, H.E.W., 1968.
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