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INTRODUCTION

Polymer matrix composite materials are increasingly used in Army

applications owing to the advantages of light weight, corrosion resistance and

high specific strength and stiffness 1
. It is apparent that wider use of these

materials to benefit the Army could be made if more rapid processing of higher

quality products could be achieved. Current production methods are slow and

labor intensive, and there is a demonstrable need to develop on-line methods

for process monitoring, in particular with respect to the interfacial regions

coupling the strong and brittle reinforcement fibers to the polymer matrix2
.

In-service monitoring of polymer composites is also important, and as in the

case of processing, the interfacial region is primarily of interest. In this

report, we present results of a research program to develop sensors capable of

process monitoring with emphasis on interfacial properties. The sensors are

based on optical fibers which become a permanent part of the polymer composite

component after processing and which have the added advantage that they may

function as performance monitors when the component is placed in service.

Processing of polymer composites differs from that of the more common

thermoplastics in two important aspects. First, polymerization of

thermosetting resins occurs in the final stages of product manufacture, and

second, the presence of reinforcements, frequently at volume ratios greater

than 50%, not only introduces inhomogeneities in thermal expansion

coefficients, but also leads to large interfacial regions which can have a

pronounced effect on resultant properties 3
. The development of the interface

in terms of consolidation of reinforcement plies and fiber wetting becomes an

important aspect of processing, and consequently should be probed by the

process monitoring sensors.
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The interfacial region is also important in the performance of polymer

composites. The accumulation of chemical by-products during manufacture at the

interface and of environmental contaminants, such as moisture, may be

detrimental to the adhesion between the reinforcements and the matrix resin.

Moisture accumulation is known to have an adverse effect on the performance of

advanced composites of the sort used in aircraft4
. One aspect of our program

addresses the identification of probes that are sensitive to polarity, and

hence may be used to monitor moisture uptake in the interfacial region.

Current trends in polymer composite manufacture to more rapid and

automated processing are also driving the demand for on-line process sensors

and control technologies. In addition, on-line process monitoring techniques

would facilitate the introduction of modified or new resin systems. Currently,

extensive laboratory studies must be conducted to optimize the cure cycles

before modified or new resin systems can be commercialized. With proper on-

line monitoring, the amount of laboratory work can be greatly reduced. Thus,

process monitoring should lead to more rapid introduction of improved composite

materials and optimization of cure cycles as well as facilitate more rapid and

automated processing technologies.

Complex chemical and physical processes are associated with the cure of

thermosets, such as epoxy resin materials. In the usual cure cycle, the resin

initially exists as a viscous liquid that thins as it is warmed to the

temperature of cure. The exothermic cross-linking reactions also contribute to

the temperature rise. The growing molecular weight of the thermoset matrix

eventually controls the viscosity which increases to a value typical of a gel,

and in the latter stages of cure to that of a brittle solid5
. Chemical

reactions may also produce by-products of the cross-linking reactions that may
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affect processing and use properties.

Of the various changes that occur, the viscosity is perhaps the most

important from a processing standpoint as it influences fiber wetting,

devolatilization, uniformity of resin distribution, and consolidation of the

reinforcement plies. In the processing environment, the resin viscosity

initially decreases as the resin temperature rises to that of the autoclave,

and then increases as the molecular weight of the cross-link network dominates

the viscosity. If the viscosity decreases too much during the autoclave

process, an excess of resin will flow out of the product leading to poor

adhesion between the reinforcement plies. If, on the other hand, the viscosity

remains too high, or increases too rapidly, the flow may be insufficient to

achieve good consolidation of the plies. Thus, knowledge of the time

dependence of the viscosity during the cure cycle is necessary for proper

adjustment of the autoclave temperature and pressure to achieve high quality

products. The time intervals during which the polymer composite is held at

specific temperature and pressure may. be varied to produce high quality

products 6
. The key aspect is to have an on-line monitor of viscosity so that

the time- temperature -pressure can be adjusted to optimize processing.

Until recently, only dielectric measurements have been exploited for in-

situ monitoring of polymer composites cure 7-9 . Measurements on curing resins

have shown that the dielectric response is dominated by ionic conductivity,

even though the concentration of ions is very low in these materials 10
. The

variability in type and concentration of adventitious ions poses problems for

quantification of dielectric cure data. Preliminary work has shown that UV-vis

absorption and fluorescence spectroscopy can be used to determine the

concentration of some reactive species in chemically labeled epoxies 11
,
and
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that the fluorescence spectra of probe molecules 12 and of specific epoxy-

systems 13 ' 14 are sensitive to local viscosity. The question of the sensitivity

of these methods to the interface or of how to make measurements in a remote

sensing environment have not been addressed.

On the basis of the above-mentioned considerations, the project reported

herein was designed to address measurement of viscosity during processing,

albeit in a relative sense, with specificity to the fiber-reinforcement

interface. The measurement system was also designed to include the flexibility

to monitor chemical changes, at least in selected resin formulations. The

major components of the process monitoring approach developed in this project

are fluorescent probes in the form of low molecular weight organic dyes that

exhibit sensitivity to microviscosity and optic fibers as remote sensors. The

application of the method is illustrated in figure 1. Laser light is

propagated through an optic fiber imbedded in the composite; probe molecules

lying near the optic fiber interface are excited by the evanescent wave of the

propagated light; fluorescence from the probe molecules is trapped by the fiber

and observed at the end of the fiber.

The fluorescence spectra of organic molecules may be sensitive to the

chemical environment at the molecular site as well as to microviscosity 15
. In

addition, the high quantum yields obtainable with many dyes, laser sources

capable of delivering high power in narrow frequency intervals, and

sophisticated spectroscopic equipment capable of detection and differentiation

on exceedingly low concentrations of dye molecules make the approach viable.

In the course of this project, several dye systems have been identified for

monitoring viscosity during processing; and detailed investigations have been

conducted to demonstrate their application to epoxy resin systems 16-18
. In
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addition, fluorescence spectra of polyimides have been shown to be sensitive to

the chemical environment 18
.

For neat resins, conventional fluorimetry has been used to measure the

intensities of viscosity probes. This method is generally limited to the

surface of a reinforced specimen, particularly for opaque samples. To probe

the interior of a specimen, optic fiber sensors have been investigated as a

means of transmitting the excitation light to the measurement site and for

collecting and transmitting a portion of the fluorescence light to the

detector. Optic fibers have the advantage that they can be selectively placed

in the specimen to develop an image of the viscosity profile across the

specimen. This is particularly important for thick specimens in which a

significant temperature gradient between exterior and interior regions may

result in non-uniform cross-linking.

The combination of fluorescence probes and optic fiber sensors shows

promise as a useful method to monitor the viscosity of a curing matrix resin

on-line. Both experimental and theoretical studies have been conducted to

determine the optimal conditions for use of optic fibers in viscosity

monitoring and for interrogation of the interface region. In the latter use,

the interface is between the optical waveguide and the surrounding medium.

Since the waveguides are constructed of glass the immediate application is to

glass reinforced composites where the reinforcements themselves may serve as

the optic fibers.

APPROACH

The approach adopted in this work combines fluorescence probes that

exhibit sensitivity to medium viscosity, or the chemical environment, with

optic fibers as a means of transmitting the excitation light to the interior of
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a composite part as well as for conducting a portion of the modulated light to

the detector for analysis.

Previous Work

Sung et al 11,19 used diaminoazobenzene (DAA) as a probe molecule to

mimic the reactivity of the cure agent diamino diphenylsulfone . The probe

molecules used in our work do not participate in the cross-linking chemistry

whereas DAA is a tetrafunctional amine whose UV-VIS absorption and fluorescence

spectra are sensitive to the replacement of amine hydrogens by functional

groups as occurs during cure. The spectroscopic measurements using DAA track

the chemistry of the probe which may or may not be indicative of the cure

agent. Also, this probe is restricted to very specific epoxy systems. The

absorption technique is limited also by the necessity of relatively high probe

concentrations, >.1%, and lack of sensitivity after vitrification. Sung and

co-workers have used the fluorescence of DAA as a probe of the cross-linking

chemistry 11
. Comparisons with the fluorescence yields of model compounds have

shown that the fluorescence sensitivity of DAA probes reflects the amine

functionality rather than viscosity 11
. The fluorescence of the DAA probe does

exhibit changes beyond vitrification, but is limited by the lack of an internal

standard.

Other investigators have attempted to use fluorescence associated with

certain types of epoxy resins as a means of process monitoring 13
. This

approach was discarded early in our work because the approach could not be

generalized to other epoxy systems. It has been observed in the course of our

work that the band shape and frequency maximum of epoxy fluorescence changes

with excitation frequency, source of the epoxy, and state of cure. It is

likely that most of this fluorescence signal does not arise from the diglycydil
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ether of bisphenol-A, or from epoxy- type intermediaries in the polymerization.

If a significant portion of the intensity arose from an impurity, as appears

likely, then the spectral response should vary from batch- to -batch as we have

observed. For these reasons cure monitoring of epoxies by fluorescence

spectroscopy is best accomplished by the intentional addition of a fluorescence

probe with a well-defined spectral response. Cure monitoring of polyimides by

naturally occurring fluorescence has been demonstrated in our work.

Viscosity-Sensitive Fluorescence

Fluorescence probes that were identified for specificity to the

microviscosity fall into two classes, one being the excimer type that has the

added advantage of self-calibration, and the second type combining a viscosity

sensitive dye with an insensitive dye, the latter of which served as an

internal standard 17
.

The sensitivity of the fluorescence spectra of some organic dye molecules

to viscosity stems from the competition between radiative and non-radiative

processes for de-excitation of the electronically excited states 20
. As the

solvent viscosity increases, the degrees of motion of the solute dye molecules

are affected to the extent that the probability of large scale movement is

diminished. For example, translational modes and rotational modes of a probe

molecule are converted into internal modes when the molecule is trapped in a

highly viscous medium. Inhibiting molecular mobility reduces the probability

of non-radiative decay of the electronic excitation, and fluorescence is

enhanced. There are molecules, however, for which the reverse is true, that is

the fluorescence intensity of some bands diminishes with decreasing mobility

rather than increasing. The latter situation occurs in excimer- forming dyes in
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which mobility enhances the formation of excited electronic state complexes

which fluoresce at different wavelengths than the normal emission21 .

Excimer Probes

One of the two types of probe molecules investigated was excimer- forming

.

An example is the molecule 1 ,
3 -bis- (1 -pyrene) propane the structure of which is

shown in figure 2. This molecule contains two pyrene rings, the chromophores

involved in the electronic excitation, attached to either end of a propane

linkage. When the molecule is excited into the excited electronic states of

the pyrene group the excitation can follow one of three pathways to de-

excitation. One involves non-radiative decay through coupling of the

electronic motion to nuclear motions (molecular vibrations, rotations, and

translations), another process results in the return to the ground state with

emission of light (fluorescence) after a period of time termed the lifetime of

the pyrene excited electronic state, and the third pathway involves creation of

a new electronic state (excimer state) in which the excitation is shared by

both pyrene groups. The relative probabilities of these three processes

determine the course of de-excitation. Fluorescence from the excited state of

the single pyrene chromophore takes place approximately 100ns after excitation,

the lifetime of its excited state, provided that de-excitation has not occurred

through the other mechanisms. The probability of non-radiative decay is

affected by the strength of the coupling between the electronic and nuclear

motions 22,23 . The nuclear motions can be affected by the local viscosity of

the medium which surrounds the molecule as discussed previously. The

probability of the third process, the formation of an excimer state, depends on

the relative arrangement of the two pyrene groups. Configurations which

maximize overlap of the II- electrons of the two pyrene groups have a high



11

probability of excimer formation, whereas other conformations have low

probability. Maximum overlap occurs when the two pyrene groups adopt a

sandwich configuration, that is, the planes of the pyrene rings are face-to-

face. Both the inter -chromophore distance and the relative orientation of the

two pyrene rings affect the probability21 .

Internal rotations about the propane segment of 1 ,
3 -bis (1 -pyrene) propane

allow conformations such as the sandwich conformation. An electronically

excited molecule undergoes transitions among the various conformations with

transition probabilities proportional to the conformational energy barriers.

If during the 100ns lifetime of the pyrene excited state, the molecule adopts

the sandwich conformation, there is a high probability for excimer formation

and fluorescence occurs at longer wavelengths. The conformational energy

barriers are dependent on the solvent viscosity which gives the dependence of

excimer fluorescence intensity on medium viscosity. An example of the

viscosity dependence of excimer fluorescence is given in figure 2 in which

fluorescence spectra of 1 , 3-bis(l-pyrene)propane in solvents having viscosities

in the range 0.44 to 4cp are shown. Two fluorescence bands are evident, one

from a singly- excited pyrene group (monomer)
,
and the longer wavelength band

from the excimer state (dimer) . As the solvent viscosity increases, the

relative intensity of the excimer emission to the monomer fluorescence

decreases or alternately, the ratio of the monomer to excimer fluorescence

increases linearly with viscosity.

An advantage of excimer forming dyes for viscosity monitoring is that the

monomer fluorescence intensity may be used as an internal standard. The

monomer and excimer fluorescence wavelengths are sufficiently well -separated to

permit independent intensity measurements. A number of factors, characteristic
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of both the sample and measurement system, may change during the course of

cure. For example, the refractive index of the resin may change, or

inhomogeneities may affect the emission intensity. For these reasons, it is

highly desirable to have an independent measure of the efficiency of the

fluorescence excitation and detection system. The monomer emission of an

excimer forming molecule serves this purpose, as long as the active probe

concentration does not change as cure proceeds

.

We have applied the excimer fluorescence technique to monitor the

viscosity change during the cure of an epoxy resin. A trace amount of 1,3-bis-

(
1 -pyrene) propane was dissolved in a stoichiometric mixture of Epon 828 1

(diglycidil ether of bisphenol-A and 4,4' -methylene -bis- (cyclohexylamine)

.

The intensity ratio, Fm/Fd, where Fm and Fd are the fluorescence intensities of

the pyrene monomer and pyrene -excimer (dimer) fluorescence, respectively, was

measured as a function of time after the mixture was heated to 60 C. The

measured values of the intensity ratio, figure 3, successfully indicated the

initial decrease of the resin viscosity due to heating and exothermic

reactions, and the subsequent increase of the resin viscosity due to

polymerization. The cure curve, figure 3, also shows a drop in the

fluorescence ratio at a cure time of 40 minutes. We believe this drop

indicated that photochemical reactions were occurring and became appreciable

1 Certain commercial materials and equipment are identified in this paper
in order to specify adequately the experimental procedure. In no case does
such identification imply recommendation or endorsement by the National Bureau
of Standards, nor does it imply necessarily the best available for the purpose.
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when the resin viscosity was such that probe molecules no longer diffused in

and out of the sampling volume. For this reason we have examined other dye

molecules for use as viscosity probes.

Use of Dve as Internal Standard

The selection of suitable probe molecules is governed by the following

considerations: (1), sensitivity of the fluorescence intensity over a wide

range of microviscosity, (2)

,

chemical stability in the cure environment

(chemical reactions and photochemistry)
, (3)

,

excitation and fluorescence

frequencies, (4), solubility in the epoxy resin, and (5), internal intensity

standard. As stated above, the excimer-type dye satisfies 3-5, but is

photosensitive which affects its suitability to monitor the latter stages of

cure. Investigations to date have indicated that the optimal probe system is a

combination of two dyes. One dye of the pair, eg DMA-DPH, displays

fluorescence intensity sensitivity to microviscosity while the other, 9,10-

diphenylanthracene
,
has a fluorescence intensity that is essentially

independent of viscosity. The two dyes emit at different frequencies, so that

in the course of cure monitoring the luminescence from both can be

independently determined. The excitation and emission spectra of the viscosity

sensitive molecule we have selected are shown in figure 4. The dependence of

their emission intensity on viscosity as measured during the cure of an epoxy

resin is shown in figure 5, and the ratioed intensity versus cure time is given

in figure 6. In the case of the cure curve, figure 6, the initial time, t=0

,

corresponded to when the resin temperature equaled the temperature of cure and

for this reason, the dip in the ratio at early times, corresponding to the rise

in resin temperature to that of cure, is missing.
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Comparisons with Other Techniques

The cure curve of figure 6 has been compared to those generated by other

experimental techniques and these comparisons are shown in figure 7. In figure

7a, the fluorescence cure curve is compared to that obtained from viscometry.

The viscometric data were determined with an automated concentric cylinder

viscometer utilizing shear rates between 50s -1 and .02s-l. The departure of

the two curves at longer cure times may not be significant because the

viscometric data may not be accurate over the entire cure for the following

reasons. The measured viscosity is a function of the shear rate, particularly

at times corresponding to the rapid rise in viscosity. As the sample

approaches gelation, the high stresses involved and the rapid changes in the

sample limit the measurement to low shear rates, and thus the shear rate

dependence cannot be measured. Moreover, it is difficult to assure that steady

state flow is achieved, and thus the data may be only a qualitative measure of

viscosity at the highest values. For this reason, the departure between the

fluorescence measurement and viscometry at the latter stages of cure

does not necessarily indicate a lack of sensitivity on the part of the

fluorescence probe.

Figure 7b compares the fluorescence cure curve to that obtained in

an ultrasonics measurement of the shear mechanical properties 24
. The

ultrasonic wave propagation technique uses either a quartz plate or rod

that is coated or placed in contact with the sample. 25 The data presented

in figure 7b were obtained with the rod geometry. In this system, a shear

wave is generated at one end of the rod and is monitored by a transducer

at the end opposite to that placed in contact with the sample. By

measuring the reflection coefficient at the coated end (the attenuation
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and phase shift of the reflected wave)
,
the mechanical properties of the

sample can be determined. Since the attenuation of shear motion is very

high until the sample becomes rigid, the measurement is independent of

sample thickness. The ultrasonics shear wave method provides a direct

measure of the dynamic shear storage (elastic) and loss (viscous) moduli.

If desired, the absolute values of these materials properties can be

measured and followed during cure. Often, however, it is the relative

changes that are of prime interest, and in this case the measurement of

the amplitude attenuation coefficient (loss in wave amplitude) per

reflection can be used. As the sample cures the attenuation increases

markedly but eventually levels off as the cure approaches completion.

The shape of the ultrasonics and fluorescence cure curves are very

similar and can be superimposed if shifted along the cure time axis. It

has not been determined if there is some inherent difference in the data

of the two techniques as relates to viscosity, or if the offset merely

reflects a difference in the initial measurement time. Both sets of data

were obtained on epoxy resin from the same batch.

The third comparison, figure 7c, is between the fluorescence data

and heat evolution measurements. The latter were made by differential

scanning calorimetry which measures the heat evolved during the cross-linking

reaction. Excellent agreement is found between these two measurements.

It is concluded from comparisons between the fluorescence cure curve and

those of more traditional techniques of cure and viscosity monitoring that

the fluorescence method does provide a reasonable measure of the degree

of cure and of the viscosity during epoxy cure.

We conclude from the foregoing that we have demonstrated that
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fluorescence probes are effective polymer matrix cure monitors. The

fluorescece probes have the added advantage, as will be discussed below,

of being adaptable to remote sensing.

CURE MONITORING OF POLYIMIDES

Preliminary work on polyimides has shown that the natural fluorescence

from species generated by the cure chemistry can be used as a measure of the

degree of cure.

Synthesis of Polvimide

The polyimide was prepared from 2 , 2-bis(3 ,4-dicarboxyphenyl)

hexafluoropropane dianhydride (American Hoechst 6F) 1 and 2,2-bis[4(4-

aminophenoxy) phenyl] hexafluoropropane (Morton Thiokol 4BDAF)

.

Both 6F and 4BDAF are soluble in dry glyme at 25 °C. 4BDAF (0.5g,

9 . 6x10' 4 mol) was dissolved in 3 ml of dry glyme at 25°C with stirring in a 25

ml glass -stoppered flask. When dissolution was completed (usually within 3

minutes), 0.42g (9. 6x10” 4 mol) of solid 6F in small portions (O.lg each) was

added to the solution of 4BDAF at 25 °C. Within 5 minutes after the 6F was

added, stirring was impeded by the increased solution viscosity. After 15

minutes of manually swirling the contents, the solution viscosity decreased

sufficiently to allow normal stirring to proceed. The reaction was stopped

after 44 hours at 25°C. This solution (26% solids) of the poly(amide acid) in

glyme was used to prepare films for fluorescence spectroscopy as described

below.

A few drops of the poly(amide acid) solution were spread on a clear

quartz slide by drawing a wedge of the solution beneath another clean slide.

Room temperature solvent evaporation and all heat treatments were carried out

in air. The film was cured for 0.5 hour at each of seven temperatures ranging
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from 80° to 350° C, with oven warmup and cooiing down times of up to 0.5 hour

each. Front surface fluorescence from the same film region was measured at

room temperature after each heat treatment. Film thickness averaged 13^m.

Results

Figure 8 shows the uncorrected excitation and emission spectra of a film

of the poly(amide acid) after thermal treatment in an air filled oven for 30

minutes at each of the temperatures ranging from 80 °C to 350°C. The excitation

and the emission wavelengths were 480 nm and 550 run, respectively. The

fluorescence intensity at 550 nm increased steadily when the cure temperature

was raised from 80°C to 350°C. The uncorrected excitation spectra were more

complex. A band at 460 nm appeared at the expense of the one at 330 nm after

the second heating. However, the intensity of the band at 330 nm relative to

the one at 460 nm increased steadily with additional thermal treatments. In

any event, the formation of this polyimide polymer can be readily monitored in-

situ by fluorescence spectroscopy.

OPTIC FIBER SENSORS

Conventional fluorimetry can be used to monitor the fluorescence of probe

molecules in the processing environment, particularly if the manufactured part

is transparent or if surface measurements suffice. Indeed, there have been

reports of its use in the manufacture of circuit boards 26
- For general

applications in the autoclave environment, or for measurements of cure in the

interior of a composite part, it is necessary to use optic fibers as a means of

bringing the excitation light to the sampling volume and for transmitting a

portion of the modulated radiation to the detector.

Several optic fiber probes specifically designed for fluorescence

detection are available commercially, including devices that may be suitable
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for use in an autoclave under certain conditions. A common aspect of

commercial devices is distal sensor, that is, sample illumination, and in some

designs the collection of modulated light, occur at the end of the optic

fiber27 . The distal end of the optic fiber may have an optic element, such as

a lens, incorporated into it. With this sensor design, the material under

inspection is situated in a small volume located at the end of the optic fiber.

The dimensions of the volume of material interrogated in such sensor designs

depend on the numerical aperture and diameter of the fiber, as well as the

optic element incorporated into it, if any.

Another type of optic fiber sensor uses the evanescent wave to excite the

fluorescence24,28-30 . The volume element, termed the evanescent volume, is

rather different from that sensed by the distal- type of optic fiber probe. In

the evanescent- type design, the material surrounding the optic fiber to a depth

ranging from 30-100nm is measured by the fluorescence technique. Both optic

fiber probe designs make use of the guided waves to transmit the radiation to

the point of measurement as well as to guide modulated radiation to the

detection system. No commercial sensors based on the evanescent wave

excitation are currently available, although the design offers advantages in

characterization of interfaces and through -specimen sampling. By using an

array of waveguide- type sensors, an image of the state-of-cure as a function of

cure time of a thick and complex composite part can be made. There are

technical difficulties with evanescent- type sensors that must be resolved

before this design becomes commercially viable. Our work on optic fiber

sensors has explored the potential of the evanescent- type to monitor the

fluorescence of probe molecules.
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EVANESCENT WAVE SENSORS

In the evanescent- type sensor, the fluorescence is excited by evanescent

waves. The evanescent wave arises from total internal reflection at the

waveguide -medium interface 31
. As long as the refractive index of the

surrounding medium is less than that of the fiber, there will be an angle of

incidence at the waveguide -medium interface beyond which light is totally

reflected. That angle, termed the critical angle, is given by

9 = sin" 1
(rijjj/ng ) [1]

where n
g

is the refractive index of the fiber, is that of the medium and 9

is the angle that the ray incident at the fiber -medium interface makes with the

surface normal. The salient feature of optic waveguides is that the electric

field amplitude of a totally reflected ray does not vanish at the waveguide

interface but penetrates a short distance into the surrounding medium of lower

refractive index. The electric field in the lower refractive index medium is

termed the evanescent wave and its magnitude at a distance z into the medium is

proportional to exp(-z/d), where d is given by

d = A/2II n
8

[ s in ( 6 )
- (n,,./^) 2 ]* [2]

In this equation, A is the wavelength of light in vacuum, 9 is the angle of

incidence and
,
n
g

are as defined previously. The distance d is referred to

as the penetration depth and equals the distance at which the evanescent wave

magnitude decreases to 1/e its value at the interface. The magnitude of the

electric field at the interface also depends on the angle of incidence, 9 .
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As a result of the evanescent wave, light propagating in a waveguide can

excite probe molecules that are located within a distance from the interface

approximately equal to the penetration depth. This distance is of the order of

lOOnm and according to equation 2 depends on the wavelength of the exciting

radiation, the refractive indices of the waveguide and the medium, and the

angle of incidence that the propagating light makes at the waveguide/medium

interface. The probability of excitation depends on the electric field

amplitude and therefore falls off exponentially away from the surface. For

this reason, evanescent wave excited fluorescence samples the interfacial

region, in contrast to the distal -type sensor design.

EXPERIMENTAL STUDIES

Experiments were conducted to investigate factors that may affect or

limit the usefulness of optic fibers in cure monitoring systems. One potential

advantage of the waveguide- type sensor is that the fluorescence signal is

generated along the entire length of the fiber, and therefore descriptive of

the entire system. We have examined the dependence between the fluorescence

signal and the length of fiber exposed to the medium. Another aspect

investigated was the effect of the difference in the refractive indices of the

optic fiber and surrounding medium on the fluorescence signal. In order for a

fiber to operate as a waveguide, the refractive index of the fiber must be

higher than that of the surrounding material. The penetration depth of the

evanescent wave and the efficiency of the waveguide to collect the fluorescent

light depend on the refractive index difference. In addition, the refractive

index of the resin system is expected to change during cure as a result of

changes in density and chemistry6
. To explore the degree to which the observed

fluorescence is affected by the refractive index difference, experiments were
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conducted using dyes dissolved in mixtures of two solvents having different

refractive indices

.

All experiments were carried out using one of two setups, both of which

simulated arrangements envisaged for real time cure monitoring. The setup

diagrammed in figure 9 collects the fluorescence from the proximal end of the

fiber, whereas in the other setup the fluorescence is collected at the distal

end. In either arrangement, light from an argon ion laser is focussed onto one

end (proximal) of the optic fiber. The fiber is held in a commercial fiber

mount which can be adjusted to position the fiber at the focal point of the

objective. The fiber, which is stripped of cladding, if any, passes through

the sample. The fluorescence light is collected at the distal end of the fiber

in one arrangement and in the other, as shown in figure 9, collected through a

beamsplitter from the proximal end of the fiber. In either arrangement, the

fluorescence light is focussed onto the entrance slit of a double 0.25M

monochromator, and the intensity measured as a function of wavelength by photon

counting electronics.

The dependence of the fluorescence signal on exposed fiber length was

obtained for a 100 micrometer diameter waveguide made of ordinary silica,

refractive index 1.46, and the dye rhodamine-B at a concentration of 10-5M in a

30/70 by volume mixture of dichlorobenzene and propanol-1. The fluorescence

spectrum of rhodamine-B obtained with excitation at 488nm is shown in figure

10, and the peak intensity as a function of the length of fiber exposed to the

solution is depicted in figure 11. The findings given in figure 11 show a

linear relationship between fiber length and fluorescence intensity. In these

experiments, no attempt was made to optimize the fluorescence signal so that

the minimum length of fiber needed to obtain good quality data has not been
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addressed. Other factors such as the total change in fluorexcence intensity

during a cure cycle, fiber characteristics (diameter, refractive index

composition)
,
laser intensity, and dye concentration will influence the minimum

length of exposed fiber required for measurement of state of cure.

The straight line of figure 11 extrapolates to the origin, zero intensity

at zero length, which provides an internal check on the data. This observation

differs from that made by Andrade et al 28 who used a somewhat similar design to

determine fluorescence from solutions. In their optic fiber system, the fiber

terminates in the solution; the distal end is blackened, and the signal is

observed from the proximal end of the fiber. With this design, their plot of

signal intensity versus immersion depth does not extrapolate to zero intensity,

but to a finite value. A possible explanation is that guided light may escape

the fiber at the air- solution interface and excite molecules situated outside

the fiber-solution interfacial region. Light will escape the fiber at the air-

solution boundary because the critical angle for fiber/air is less than that

for fiber/solution owing to the difference in refractive index between air and

the solution. With proper selection of the optics coupling the laser beam into

the fiber, the effect can be minimized as demonstrated by the data shown in

figure 11.

Experiments also verified that a linear relationship existed between the

dye concentration and the fluorescence intensity.

As the refractive indices of epoxies are in the range 1.5 -1.6 one

potential problem is the availability of fibers of high refractive index. It

is likely that the fiber index would have to be close to that of the resin.

For this reason, we have examined the dependence of the fluorescence intensity

observed with a fiber on the difference between refractive indices of the
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waveguide and surrounding medium. In figure 12 is shown the fluorescence

intensities observed with a glass fiber (index 1.46) immersed in rhodamine-B

solutions of different refractive indices. Refractive indices in the range

1.34 to 1.56 were obtained with mixtures of propanol -1 and dichlorobenzene.

Care was taken to ensure that the same length of fiber was exposed to the

solution for each measurement. The observed fluorescence increases by three

orders of magnitude when the solution refractive index is less than that of the

glass fiber. The residual intensity observed with the solution index higher

than that of the fiber is attributed to scattering of the propagating light at

the air- liquid interface. The scattering results from a change in the minimum

angle of incidence for total internal reflection when the surrounding medium

refractive index increases at the air- liquid interface. The observed

fluorescence intensities are also sensitive to the effects of the refractive

index mismatch on the efficiency of the fiber to collect some of the

fluorescence light for transmission through the fiber to the detector. The

effects of the refractive index and fiber diameter on the collection efficiency

has been analyzed theoretically and will be discussed in the next section.

The dye systems described in the preceding section require excitation in

the near UV and UV regions of the electromagnetic spectrum. Unfortunately, most

glasses, particularly those with refractive indices higher than that of epoxy

resins, fluoresce strongly upon excitation by radiation in this wavelength

range. Optic fibers made of high purity quartz have been used to excite and

collect fluorescence of probe molecules which have been excited at 363. 8nm by

an argon laser with UV reflectors. However, the refractive index of quartz is

too low for use as a waveguide with epoxy resins. Owing to the limitations of

glass fibers we have explored the potential of plastic fibers made of
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polystyrene, PS, and poly(methyl methracrylate)
,
PMMA. The refractive index of

PS is 1.6 and PMMA has an index of 1.499. The latter material, PMMA, may be

marginally acceptable for some epoxy systems, whereas the former has general

application. Both plastic fibers are chemically inert in an epoxy system.

Another possibility, which may be worthy of consideration, is the fabrication

of optic fibers from epoxy resins. This is attractive for the following

reasons. The refractive index of the epoxy fiber would be higher than that of

the epoxy prepolymer resin because of densification, and subsequent to cure the

fiber would have a chemical composition very similar to that of the cured

resin. The latter effect could be important if the optic fibers made of glass

serve as failure initiation sites when the composite parts in which they are

imbedded are placed in service.

THEORETICAL CONSIDERATIONS

It is desirable to improve the efficiency of fiber optics

fluorescence excitation and collection systems in order to reduce fiber

diameters and probe concentrations, as well as to permit the use of less

expensive light sources and detection systems.' Efficiency, as used here, is

defined as the product of the probabilities of fluorescence excitation with

evanescent wave light and of observing a photon of fluorescent light at the

detector end of the optic waveguide. Calculations were conducted to determine

the effect of various factors, listed in Table 1, on the excitation and

collection probabilities. In addition to the factors listed in Table 1, we

considered the effect of the probe molecule absorption on the refractive index

of the resin-probe medium and we will discuss this aspect first.

As evident from figure 12, small changes in the refractive index of the

epoxy-probe system when the waveguide index is only slightly larger can have a
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demonstable effect on the waveguide excitation and collection efficiency. The

high refractive index of epoxies relative to most waveguide materials is likely

to limit the available range of refractive index differences between the

waveguide and medium. It is possible, therefore, that the medium index would

be only slightly less than that of the fiber waveguide and the effect of the

dye on the refractive index should be considered. Although the probe

concentration is low its effect on the medium refractive index at the

excitation and emission wavelengths may be non-negligible owing to anomalous

dispersion.

Dispersion in the refractive index,
,
in the frequency range of the

probe absorption was modeled by the Lorenz -Lorentz relation32
,

2 2 222 22 22
n^ = n„ + 4n Ne f(w' )/me [(o>' -c/) + y w

] [3]

In this equation, nQ is the refractive index of the epoxy without the probe, N

is the probe concentration in number of molecules per cc, e and me are the

charge and mass of the electron, u> is the frequency of the light, 7 and f are

the halfwidth and oscillator strength of the electronic transition,

respectively, and w' is the electronic transition frequency shifted by

-4 II e2 f/3 m
e . The frequency dependence of the refractive index given by

equation 3 has implications for both the excitation and collection of

fluorescent light by an optic fiber. The presence of the probe molecule has no

effect on the refractive index for u> = w'
,
increases the refractive index above

nQ for u<w'
,
and lowers the refractive index below nQ at frequencies greater

than u>' .

Based on equation 3 it may be possible to select an excitation frequency

greater than w' thereby decreasing the refractive index of the medium.

Unfortunately, the few laser lines available and the low probability of
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electronic excitation off-resonance militate against achieving a lower

refractive index through the presence of the absorbing probe. In the case of

the emission, the refractive index of the epoxy and probe system would be

greater than that of the epoxy alone since the fluorescence frequencies are

less than u>' .

We calculated the maximum change in refractive index to be 0.01 using a

probe concentration of 10-4 mol/1, a frequency w' corresponding to 500nm, an

oscillator strength, f, of 1.0, and a bandwidth, 7, of 2000cm- 1. Reference to

figure 12 shows that a change of this magnitude would only affect the

efficiency of the optic fiber sensor if the difference in the refractive

indices of the fiber and epoxy resin was less than 0.04.

TABLE 1

Input Parameters for Modeling Fluorescent Light Excitation
and Collection Efficiency of Optic Fibers

ELEMENT PARAMETERS

laser source

optic system

optical fiber

frequency, beam profile and diameter

numerical aperture and power of
objective lens used to focus laser
light onto fiber

diameter and refractive index

medium refractive index, quantum efficiency
and concentration of probe

The calculation of the efficiency of the optic fiber excitation and

collection can be divided into five parts:

(1) The intensity profile of the focussed laser beam as a function of the

angle of incidence at the front (proximal) surface of the optic fiber; (2) the

evanescent wave amplitude as a function of the angle of incidence at the
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waveguide -medium interface and distance from the waveguide surface; (3)

probability of absorption by probe molecule with photon emission; (4) portion

of the fluorescent light entering the waveguide as a function of the angle of

incidence at the medium/waveguide interface; and (5) transmission efficiency of

the collected light. We will outline the computational approach to each of

these 5 parts below.

The excitation and collection efficiency is given by the probability

of observing a photon of fluorescent light at the end of an optic fiber

collection system. The probability is given by

L rn/22 r r
P(A0 )=nPo CQ P(A0 ,A')

|

I

r
H/2 rsin-l (po/(po+z)

)

r
J o

f(0 r ) I(0 r
,z,A0 ,n )d9 r

.
g ) [Fr (z ,0,^,1^ ,n

g ]
dzd<f>dipd£

[
4

]

The integration variables of equation 4 are defined as follows: 0 r is

i

n/ £. p£>J-ll- 1 ^U/ )

- s in" 1
( p /

(

Po +z ) )

the angle of incidence of the excitation laser at the waveguide -medium

interface; 2 is the axial fiber distance measured from where the optic

fiber enters the sample and L is total length of fiber exposed to the

medium; z is the radial distance measured from the fiber surface;
<f>

and

ip are the angles of a spherical coordinate system located on the

fluorescing molecule and their integration limits are set to include all

emitted light rays that intersect the waveguide. Since the fiber optic

illumination and detection system has radial symmetry, the integration over

this angle variable is included in the factor multiplying the integral

term. The remaining quantities of equation 4 which determine the

excitation probability are as follows: C Q is the probe concentration;

is t*ie probability of absorption of a photon of energy
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hc/A0 with the emission of light of wavelength A'; f(0 r ) is the portion of the

laser light beam intersecting the waveguide -medium interface at the angle

9 r ;
and I (0 r ,

z
,
A0 ,

1^ ,
n
g ) is the intensity of the evanescent

wave at the radial distance z from the waveguide. The collection

probability is given by the product

Fi (z, ,n
g
)Fr (z, ,n

g
^

which gives the probability that a photon emitted at z,i in the direction

arrives at the detector end of the optic fiber. F
i
(z ,n

g ) gives the

fraction of light refracted into the fiber and Fr (z
, <f> f iJ> ,

n,,, ,n
g )

N ( * • ^ » L '^) is the

portion of that light which reaches the detector. The exact form of F
i

and Fr

depends on whether the emitted light is evanescent as will be discussed below.

The computational approaches used in each of the previously mentioned

five parts are defined as follows:

1. In our experiments, we used the 363. 8nm UV line of an argon ion laser and a

20X, 0.4 NA microscope objective lens to focus the laser light onto the

proximal face of the fiber. From the characteristics of the lens, the laser

beam profile (Gaussian), and the beam diameter (1/e 2 intensity values) we

determine the distribution of the incident light intensity, g (<f>) ,
as a function

of the angle of incidence on the proximal fiber face. The distribution of the

source intensity as a function of the angle of incidence, f(0 r ), at the

waveguide -medium interface is found using Snell's law. The intensity

distributions -are related

f(* r )=g(?) [5]

where

J=sin_1 (n
g

cos(0 r ))

and the index of air is taken to be unity. Since only guided waves are of
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interest, we limit consideration to angles of incidence at the waveguide

proximal face that satisfy total internal reflection at the waveguide -medium

interface, or

7< sin" 1 ((n
g

2 -t^ 2
)
%

) [6]

The maximum value of
<f>

is limited by the numerical aperture of the focussing

lens which can be selected to satisfy equation 6 and thereby to minimize light

loss at the air- fiber-medium interface.

2. The amplitude of the evanescent wave at the distance z from the

waveguide/medium interface is given by

exp [ —b- (sin (0 r ) - (r^/ng) ) ] [7]

where A 0 is the wavelength of the excitation light in vacuum. The intensity is

proportional to the square of the product of this quantity and 2 cos (& r )/(l -

(r^/ng

)

2
)
1 1

2

;
the latter expression gives the functional dependence of the

electric field at the interface on the angle of incidence and the refractive

indices. In equation 1, the intensity form I (0 r , z ,

A

0 ,
,n

g )

,

is

2
4 cos d T -4nzn

g
I(0 r ,z,A0 .r^.ng ) =

( 1
. (nm/n&) 2

)

exP [ (sin (0 r )-( ) ]

[ 8 ]

This expression is plotted in figure 13 as a function of the angle of

incidence, d T and distance, z.

3. The probability of a molecule emitting a photon at wavelength A' is given

by the sum of the probabilities of spontaneous and stimulated emission, with
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the latter proportional to the energy density of radiation of the wavelength

A' .

P(A')
e
2
f A' E

2
8n

2
e
2
f

4h m
e

C
c 2 A#

[9]

where e, me are the charge and mass of the electron, respectively; C is the

velocity of light; h is Planck's constant; f is the oscillator strength of the

electronic transition; A' is the wavelength of emission; and E is the electric

field amplitude at the molecule. Alternately, the probability of fluorescence

may be expressed as the product of the quantum efficiency, q and the

probability of absorption. The quantum efficiency is defined as the

probability that an excited molecule will emit light to return to the ground

state rather than take non- radiative pathways to electronic de- excitation. The

variation in the quantity q with medium viscosity gives the sensitivity of the

fluorescence method for viscosity monitoring.

4. A probe molecule situated at the distance z from the interface will

fluoresce with the probability p(A
0 ,A') I(0 r ,z,

A

0 ,
1^ ,n

g )

.

Not all of the

fluorescent light will impinge on the detector. To determine the solid angle

intercepted by the fiber we treat the fluorescing molecule as a point source at

z and determine the angles of incidence that the wavefront normals make with

the fiber surface normal. This angle is given by

•
- 1

/= sm {
sin(<£) r 2 , lx 2 . 2,1/2.—-— [p cos (V>) - p + z

] } [
10

]

where p—pQ + z, and
<f>

,

V are the angles of a spherical coordinate system

situated on the fluorescing molecule at z. The *z axis of the spherical
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coordinate system is parallel to the optic fiber direction, 2 (of equation 4)

,

and <j) is the angle between *z and the wavefront normal. To include all light

refracted into the fiber which would propagate in the positive 2 direction,
<f>

varies between 0 and n/2 and \j> between -sin_1 (p 0 /p) and sin-1 (p Q /p).

Figure 14 shows the fraction of light incident on the fiber as a function

of the fiber radius and distance from the fiber surface. Departures from the

optimal value exist only for exceedingly small fiber diameters and/or large

distances. For distances over which the amplitude of the evanescent wave is

significant (0<z<Ao ) z/p « 1 since p Q is typically in the range 25-100^m and

A0 ~ 500nm. This implies that approximately 1/2 of the light emanating from

the point z impinges on the optic fiber.

5 . Some of the fluorescent light incident on the optic fiber at the angle of

incidence 9
S ,

given by equation 10, will be refracted into the fiber and

propagate down the fiber to the detector. The efficiency of the collection and

transmission depends on whether the angle 9 S
is greater or less than the

critical angle,

*sc = sin’^TAn/ng) [11]

All the refracted light for 9 S
>9 SC and propagating towards the detector will

reach the detector end of the fiber unless losses occur through scattering from

voids, impurities, etc. Light refracted into the fiber at angles of incidence

less than the critical angle propagates towards the detector by successive

reflections at the waveguide -medium interface, but with intensity loss at each

reflection owing to refraction into the medium.

The principle of reciprocity in electromagnetic theory leads to the

prediction that emission from an evanescent wave excited molecule, located near
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the interface, should give rise to a totally internally reflected wave in the

waveguide 33
. The results given in reference 19 and in figure 11 are

experimental verification of this prediction for the following reasons. If the

fluorescing molecule is treated as a point source, e.g., the molecule is

situated far from the interface, it is easily shown that no light would be

refracted into the fiber such that it has an angle of incidence with the

waveguide -medium interface greater than the critical angle, sin" 1 (r^/ng )•. A

consequence is that light entering the waveguide would not undergo total

internal reflection and a portion of the fluorescent light would escape the

waveguide because of refraction. Except near the critical angle, the loss

through refraction at each reflection would be high and owing to the large

number of successive reflections needed to propagate the light to the detector,

virtually no fluorescence would reach the detector. If no fluorescent light

propagates in the waveguide at angles of incidence greater than the critical

angle then only light that enters the fiber near the detector would have a high

probability of reaching the detector. As a consequence, the detector signal

would not depend linearly on the length of the fiber exposed to the medium but

would increase rapidly at lengths of the order of the fiber diameter and

plateau at longer lengths. The observed linear dependence of the fluorescence

signal with exposed fiber length as well as the observation of light entering

the waveguide at angles beyond the critical angle support the notion of the

emission of evanescent waves by excited molecules.

The theory of the emission of evanescent waves by excited molecules has

been treated by Carniglia, et al 33 and Lukost and Kunz 34 using a classical

treatment of the transition dipoles. We will outline the treatment of

Carniglia, et al 33 and expand on it as necessary for the system under



47

consideration here. We seek the electric field amplitude in the waveguide

originating from a transition dipole, P situated a distance z from the

waveguide -medium interface. Note that treatment of the excited molecule as a

point source leads to the result that fluorescent light refracted into the

waveguide cannot propagate at angles of incidence (with the normal to the

waveguide -medium interface) greater than the critical angle. The presence of a

wave propagating in the waveguide in a direction beyond the critical angle

would imply the emission of an evanescent photon. Whereas Carniglia et al 33

treated a transition dipole oriented in a plane parallel to the interface we

will use a transition dipole with random orientation, and then average over all

orientations. The treatment of a dipole oriented perpendicular to the

interface is presented in reference 34
. Let p x ,p2 >P 3

be the projections of the

transition dipole on three mutually perpendicular directions corresponding to

the radial (z) and axial (x) fiber directions with the third direction mutually

perpendicular to these two. The electric field on the surface of the waveguide

(z=0) is given in the plane wave spectrum representation as

where K is the wavevector in the medium with components, Ki.K2.K3 and K is the

angular frequency in units such that the velocity of light in vacuum is C=1

.

The plane wave expression for the electric field across a dielectric

boundary and originating from an oscillating dipole has been solved

numerically 3

5

for various values of rK where r is the distance from the

observation point to the dipole. The range of rK in the calculation3

5

included

both the near and far field limits. The treatment in reference 34 is in the

near field limit. Both limits lead to identical expressions for the angular
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distribution of intensity and dependence on the distance from the interface.

An analytical solution to equation 12 has been obtained in the far field

limit33 which has the advantage that the functional dependence of the intensity

on the observation angle, the refractive index ratio, and the distance between

the dipole and the interface can be shown. We will use a similar approach in

our treatment of radiation from a randomly oriented dipole in the far field

limit.

The term [(P*K)K-K2 P] is decomposed into the TE and TM components

A

(P-K)K-K2 P = PQ [ae + /3 (K x e)] [13]

A
where e is the unit vector normal to K and the plane of incidence, (TE)

,
and K

A
is the unit wave vector, K/ K, so that Kxe is the TM polarization. PQ is the

dipole moment magnitude,

P0 =(Pi
2 + P2

2 + Ps
2

)
%

Expansion of equation 13 yields

a = K2 (p2 K, - Pl K2 )/(K,
2 + K2

2 )* [14]
and

P = Oq 2 + K2
2 )* K( Pl iq + P2 k2 + P3 K3 )-K

3 (KlPl + K2 P2 )/K3
(K

1
2 + K

2
2 )*

[15]

The TM term differs from those of reference 33 in that p 3
components are

present whereas the TE component is identical since TE is perpendicular to the

interface, and hence to z. Using the Fresnel formulas 35 we have for the field

in the waveguide

,

E(r ’ c) - rj dkidkz exp(iK3Z)
[gficr

+ 2nff(Kxe )1

k3 +n
2 K

3 J

where n is the refractive index ratio, ng/n^.

far-field limit to yield

Equation 16 is solved in the
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[17]

The k values now correspond to directions along r, the other components being

negligible in the far field approximation.

The intensity of light for the TE mode at the interface but inside the

waveguide and propagating in the direction 9
S
measured from the interface

normal becomes

[18]

for 9 S
<9 SC and

P 2

I(*S.R) =

[19]

Let 9 S
' be the angle of incidence in the lower index medium so that

k
3 = n

g
K cos (0 S ) [20a]

and
K

3
= K cos (0'

s ) [20b]

The angles 9
S

and 9
S

' are related by 0 S
' = sin" 1 (ng/r^ sin 9 S ),

or |K3 |
= rv K (n

gW sin2
(tf s )-l)* h'>hc [21]

Substituting equations 20 and 21 into equation 18 we have

I(0
s
,R) =

[
22

]

and equation 19 becomes

(sin2 (^)-nm
2 /n

s
2

)
J

=) [23]

Integration of a 2
,
where a is given by equation 12, over all orientations of

the transition dipole moment yields
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The expression 23 differs from equation 22 by the exponential term

exp(-2z|K
3 |) which is identical in form to the evanescent wave decay. Thus,

the signal at the detector depends exponentially on the distance between the

fluorescing molecule and the fiber surface in the probabilities of both the

excitation and collection of fluorescent light. For this reason, the

evanescent wave type of sensor is particularly sensitive to the interface

region.

When 9 S
'>9 SC equation 23 replaces the term F

t
*Fr

N

(

^ ^

*

L of equation 4

for the TE polarization. The TM mode contribution is determined in a similar

manner using the (3 expression. In figure 15 we show the angular distribution

of the fluorescent intensity observed in the waveguide and originating from a

dipole situated in the lower index medium. The maximum intensity occurs at the

critical angle determined by the refractive index ratio. The intensity at

angles greater than the critical angle derives from evanescent wave emission

and propagates without loss to the detector. Light which enters the waveguide

at angles less than the critical angle decays in intensity rapidly as it

propagates down the waveguide owing to losses by refraction. The different

curves of figure 15 give the dependence of the emitted intensity observed in

the waveguide on the distance between the dipole and the waveguide interface.

Inserting equation 23 for the terms F
L
(z,^,^,^ ,n

g ) [Fr (z ,<f> ,
1^ ,n

g ) ]

N( * * * •

in equation 4 we calculate the intensity distribution as a function of the

refractive indices and n
g

. The calculated values for the refractive indices

of the data shown in figure 12 are compared to the experimental values in

figure 16. The calculated intensity was scaled to fit the experimental value

in the plateau region, refractive index ratio >1.04. The agreement over the
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range of refractive index ratio in which evanescent wave excitation occurs

>1.0) is satisfactory.

We next consider the non- evanescent contribution to the fluorescent

intensity collected and transmitted by the waveguide. The portion of light

entering the fiber at the angle 9 S
at the distance L-£ from the detector which

reaches the detector is given by Fr (9 S ,
1^ ,n

g )

N ( e
s

' • where Fr (^, 1^,^) is

the reflection coefficient at the fiber/medium interface averaged over the two

polarizations

:

tan2
(9 S

' - 9 S )

F; = [24a]
2

tan (0 S
' + 9 s )

and

-1- sin2 (0 S
' - 9 S )

Fr = ; [24b]

sin2
(0 S

' + 9 S )

and N (9 S '
,
L-i) is the number of reflections necessary to propagate light

which enters the fiber at the angle 0
S

' with the interface normal the distance

L-i,

N(0 '
,
L-i) = (L ' i)tan

[25]
2 Po

The functional dependence of the reflection and refraction coefficients

with the angle of incidence 9
S

is such that where the refracted light intensity

is high (near unity)
,
the reflection coefficient (at the opposite side of fiber

interface) is low, and vice-versa. The refraction loss dominates the

transmission efficiency, however, owing to the large number of reflection
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required to propagate the fluorescence light down the fiber (see equation 25)

.

The dominant contribution to the collected light intensity derives from the

evanescent wave, for which 9
S > 9 SC .
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