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(57) ABSTRACT 

A refractometer computer controls the rotation of a rotary 
plate upon which are mounted a prism optically coupled via 
an optical window to a spectroscopic cell holding a resin 
exhibiting a dynamic refractive index during photocuring. 
The computer system positions the prism and spectroscopic 
cell relative to a visible light laser which illuminates the 
prism-resin interface at selected incidence angles. A photo- 
detector mounted on the plate generates a signal to the com- 
puter proportional to intensity of an internally reflected light 
beam. A curing light is selectively transmitted through the 
prism and into the photocurable resin. The refractometer 
determines the intensity of the internally reflected beam a 
selected incidence angles and determines the effective refrac- 
tive index curve of the resin at an uncured state and, option- 
ally, at a completely cured state. Next, an amount of uncured 
resin and selected optical components to be joined by the 
resin is placed in the spectroscopic cell and irradiated with the 
W light. The refractometer is fixed at a selected incidence 
angle and measures the intensity of an internally reflected 
light beam of light throughout the cure cycle. The refracto- 
meter determines the resin’s refractive index ofthe polymeric 
mixture by means of extrapolation of a horizontal shift in the 
effective refractive index curve of the resin from an uncured 
state to a selected point in the cure cycle. 

31 Claims, 4 Drawing Sheets 
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DYNAMIC REFRACTOMETER 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

tive index of a photocurable polymeric mixture during trans- 
formation from uncured raw materials into a cured polymer. 
Such a device and method would be of great value since 
photocurable polymers, such as photocurable resins and 

5 adhesives, are frequently used in a wide variety of optical 
applications such as assembling optical components, making 
compound lenses, creating and connecting optical fibers, fix- 
ing fibers in mechanical splices, and other similar applica- 
tions. 

Refractometers are one class of devices commonly used to 
measure refractive index of materials. In general, refractome- 

The present invention relates generally to refractometers ters measure the critical angle of total reflection by directing 
for measuring the refractive index of a translucent material an obliquely incident beam of light at a surface-to-surface 
during a physical or chemical process. More particularly, the boundary between a high refractive index prism and a trans- 
invention relates to refractometers for measuring the refrac- 15 lucent sample to allow a portion ofthe light to be observed 
tive index of a transparent polymeric material during a curing after interaction at the boundary. Reflected light refractome- 
process. Even more particularly, the invention relates to ters detect and measure the light that is reflected at the sur- 
refractometers for continuously measuring the dynamic face-to-surface boundary. In prior art reflected light refracto- 
refractive index of a photocurable resin or adhesive mixture meters, an illuminated region is produced over a portion of a 
during the process of curing the mixture by means photonic 20 detection field of view, and the location of a shadowline 
irradiation. between the illuminated region and an adjacent dark region in 

Growing demand for photocurable polymeric materials the detection field of view allows the sample refractive index 
has necessitated the development of advanced process moni- to be deduced geometrically. 
toring techniques to ensure high quality production of cured Current devices used to measure the changes of refractive 
polymers at minimum cost. In particular, monitoring the 25 index during the cure cycle of photocurable polymers include 
progress of the cure cycle of a photocured polymeric article classical ABBE Type refractometers. ABBE Type refracto- 
during the polymerization process is critical to ensuring com- meters measure either the refractive index of the liquid poly- 
plete polymerization of the polymer matrix of the processed meric resin prior to initiation of the cure process or measure 
article while also providing for the shortest unit production the refractive index of the cured polymer after the completion 
times and the greatest production throughput of such photo- 30 of the curing process. A significant time delay between the 
cured articles. change of the refractive index and the moment when the data 

The degree of polymerization of the polymer matrix of a is obtained makes real time or even near-real time measure- 
processed article is directly affected by various physical pro- ment of the kinetics of the refractive index change during the 
cessingparameters. Conventionally, these parameters arevar- photo-curing process impossible. 
ied by preset amounts over the entire curing cycle based on a 35 Prior art refractometers include a prism coupler described 
predetermined cure cycle. However, even if an optimal cure in paper R. Ulrich and R. Forge. “Measurement of thin film 
cycle is determined for a given chemical composition and parameters with a prism couple”, Appl. Optics 12 (1973) 
application, uncontrolledorunobservedvariations inthe tem- 2901 -2908 and a prism coupler found in the Metricon 2010 
perature, pressure, andor intensity and duration ofphotonic made by Metricon Corporation, P.O. Box 63 Pennington, N.J. 
irradiation used during cure still result in variations in the 40 08534, telephone 609-737-1052. The principle of operation 
degree of polymerization of the polymer matrix. It is there- used in these two prior art devices is based on the measure- 
fore essential to reduce the effect of processing variations by ment ofthe critical angle oftotal internal reflection. A mate- 
active control of the cure cycle rather than simply using rial with unknown refractive index is put in contact with the 
predetermined values for application of the processing long side face of a rectangular isosceles prism. The prism 
parameters. Such a scheme requires dynamic properties ofthe 45 must have refractive index greater than ofthe material. A laser 
curing polymeric mixture to be measured throughout the cure beam enters the prism from one of its short side faces. The 
process. These measured dynamic properties would then beam strikes the interface between the resin and the prism and 
serve as an input to a process model, which in turn would be is reflected due to the total internal reflection towards the 
used in situ to control the processing parameters during pro- second short side face ofthe prism. After exiting the prism the 
cessing. Such a processing scheme would produce polymeric 50 beam strikes a silicon photodetector, which generates signal 
articles of consistent quality at maximum speed while reduc- proportional to the intensity ofthe beam. The prism, together 
ing waste due to improper curing. with the resin in contact with it, are mounted on a rotary table 

In particular, a device to continuously and accurately mea- which rotates with respect to the fixed laser beam until the 
sure the cure process of photocurable polymers would pro- intensity of the totally internally reflected portion of the beam 
vide an input to the process model so as to allow optimal 55 sharply drops down. The angle of incidence of the beam 
control of selected processing parameters such as total cure striking the interface at this position of the prism is equal to 
time and photonic irradiation duration and intensity. One the critical angle of reflection. The unknown refractive index 
measurable dynamic parameter that accurately indicates the of the material could be calculated using the known index of 
status of the curing process in transparent or translucent pho- the coupling prism and the critical angle. 
tocurable polymers is the refractive index of the polymeric 60 One disadvantage of these prior art measurement instru- 
material. Generally, the refractive index of a photocurable ments is that the measurement of the refractive index using 
polymeric material changes predictably and continuously these devices is inherently static. Measurement of any change 
from the refractive index of the material in an uncured state to of the refractive index must be based on the change in the 
the refractive index of the material in a completely cured critical angle. Changes in the critical angle require a separate 
state. 65 series of rotations of the prism for each discrete measurement 

Thus, there is a need for simple and fast method and device and also require, for each discrete measurement, determina- 
to continuously and accurately measure the changes of refrac- tion of the change in the angular displacement at which the 

This invention was made with Government support under 
grant NAGS-1 880 awarded by NASA. The Government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION i o  
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intensity of totally internally reflected beam abruptly changes angle 8. The measurement laser beam undergoes either partial 
as compared to the previous discrete measurement. Such, or total internal reflection as a function ofthe incidence angles 
rotation, either manual or automatic, is a time consuming 8 and the effective refractive index of the resin. The internally 
procedure that is not suitable for continuous tracking of the reflected beam is reflected from the through and exits the 
changing critical angle. A second disadvantage is that the 5 prism. In one preferred embodiment, the source of photonic 
prior art devices do not incorporate a source of photonic radiation and a light transmission conduit includes an optical 
radiation with the mechanism for measuring refractive index fiber that transmits the W light of a W lamp to a collimator. 
of the photocurable polymeric materials. Combining both The collimated beam of W light is transmitted through the 
functions into one device would provide a highly desirable prism and into the photocurable polymeric resin held in the 
economy in the cost of equipment. i o  spectroscopic cell. This W radiation causes photocuring of 

What is needed, then, is a refractometer which provides the resin and causes the refractive index of the resin to change 
continuous, real-time measurements of the dynamic changes throughout the curing process. 
in the refractive index of a translucent photocurable material The intensity I of the internally reflected beam is a function 
during the curing process. of the incidence angle 8 such that the intensity I increases as 

Additionally, what is needed is a refractometer which pro- 15 the incidence angel 8 increases and approaches the critical 
vides continuous, real-time measurements of the dynamic incidence angle 8, and the intensity I reaches a plateau when 
changes in the refractive index of a translucent photocurable 8 equals or exceeds 8,. In one preferred embodiment, the light 
material during the curing process and which provides a detecting and measuring element is a silicon photodetector 
source of photonic irradiation for curing the material. that is connected through an interface to a computer system 

Yet additionally, what is needed, is a system or method for 20 adapted to continuously determine the measured intensity I of 
controlling the processing parameters during the process of the internally reflected beam and the dynamic change thereof 
curing a translucent photocurable material wherein the sys- during the curing cycle without rotation of the prism relative 
tem or method incorporates a refractometer to provide con- to the measurement light beam. 
tinuous, real-time measurements of the dynamic changes in The refractometer of the present invention is adapted to 
the refractive index of the translucent photocurable material 25 determine the intensity I of the internally reflected beam a 
and further provides an apparatus or steps to adjust the pro- selected incidence angles 8 and to determine the effective 
cessing parameters of the curing process based on such mea- refractive index nefcurve of photocurable polymeric mixture 
surement of real-time changes in refractive index. at an uncured state and, optionally, at a completely cured 

state. According to the method of the present invention, a test 
30 sample amount of a selected composition of a photocurable 

polymeric mixture is disposed within the spectroscopic cell. 
The refractometer of the present invention includes a pris- The prismatic optical element coupled to the spectroscopic 

matic optical element optically coupled to a spectroscopic cell are rotated relative to the source of measurement light at 
cell for holding a photocurable polymeric mixture during the selectedincidence angles 8 and the intensity I ofthe internally 
process of curing the polymeric mixture. The polymeric mix- 35 reflected light beam at selected incidence angles 8 is mea- 
ture exhibits a dynamic refractive index that changes gener- sured and recorded. Next, the refractive index ofthe uncured 
ally continuously during the curing process from an initial resin n$) is experimentally determined. 
value to final value. The spectroscopic cell is optically According to the further method of present invention, a 
coupled to a prismatic optical element SO as to provide for the completely cured test sample amount ofthe polymeric mix- 
illumination of the interface between the prismatic optical 40 ture is disposed within the spectroscopic cell and the steps of 
element and the resin within the spectroscopic cell and the measuring and recording the intensity I of the internally 
generation of internally reflected light at such interface. In reflected light beam at selected incidence angles 8 is repeated. 
preferred embodiments of the invention, the refractometer The cured test sample amount of the selectedresin is disposed 
includes a Source of measurement light illuminating the pris- in the spectroscopic cell which is rotated through selected and 
matic optical element with a measurement light beam and a 45 recorded incidence angles 8 as described above. Next, the 
light detecting and measuring element for detecting and mea- refractive index of the cured resin nrm is experimentally 
suring the intensity of the internally reflected portion of the determined. 
measurement light beam. The refractometer is further adapted to continuously mea- 

The refractometer of the present invention further includes sure the change in intensity of an internally reflected mea- 
a curing means adapted to a cure polymeric mixture held in 50 surement beam of light fixed at a selected incidence angle 8 
the spectroscopic cell. In preferred embodiments the poly- throughout the cure cycle and, at selected points in the cure 
meric mixture is a photocurable polymeric mixture and the cycle, to determine: the resultant change of the critical inci- 
curing means correspondingly includes a source of photonic dence angle e,("; the resultant the change of the refractive 
radiation and a light transmission conduit adapted to channel index ofthe polymeric mixture An,("; and the resultant refrac- 
the photonic radiation through the prismatic optical element 55 tive index of the polymeric mixture nr(t) by means of a novel 
and into the polymeric mixture within the spectroscopic cell. procedure of extrapolation of the data points the of the refrac- 
Thus, the prismatic optical element is used as an optical tive index of the polymeric mixture n, described herein. 
conduit for both the measuring light beam and the curing 
photonic radiation. 

In one preferred embodiment the photocurable polymeric 60 
mixture is a photocurable polymer resin or adhesive. The 
spectroscopic cell includes container having an optical win- FIG. 1 shows a preferred embodiment ofthe present inven- 
dow that is optically coupled to a prism of cubic zirconium. 
The source of measurement light illuminating the prism is a FIG. 2 is a graph of experimental data showing the refrac- 
laser that emits a tuned measurement laser beam. The mea- 65 tive index of aphotocurable resin at selectedpoints in the cure 
surement laser beam enters the prism and is refracted to an cycle as a function of the intensity of the totally internally 
interface between the resin and the prism at an incidence reflected light. 

BRIEF SUMMARY OF THE INVENTION 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

tion. 
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FIG. 3 is a graph experimental data showing the change of 
the refractive index of a photocurable resin as a function of 
time during the curing cycle. 

FIG. 4 is a graph of experimental data showing the refrac- 
tive index of a photocurable resin at selected 

DETAILED DESCRIPTION OF THE INVENTION 

As shown in FIG. 1, the present invention is a novel refrac- 
tometer 10 and includes a spectroscopic cell 22 for holding a 
polymeric mixture during the process of curing the polymeric 
mixture. The polymeric mixture exhibits a dynamic refractive 
index that changes generally continuously during the curing 
process from an initial refractive index of an uncured poly- 
meric mixture to a final refractive index of a completely cured 
polymeric mixture. In one preferred embodiment the poly- 
meric mixture is a photocurable polymer resin. In an alternate 
preferred embodiment the polymeric mixture is a photocur- 
able adhesive. In the preferred embodiment shown in FIG. 1, 
a photocurable polymerresin 15 is heldina spectroscopic cell 
22 used to splice optical fibers. The spectroscopic cell 22 
includes rectangular container 20 having an optical window 
21 disposed within one wall of the container 20. Optionally 
the spectroscopic cell 22 holds selected optical elements to be 
bonded or spliced by the resin or adhesive during the curing 
process. 

In the present invention the spectroscopic cell is disposed 
so as to be optically coupled to a prismatic optical element 
having a refractive index that is greater than the refractive 
index of the polymeric mixture. In one preferred embodiment 
shown in FIG. 1, the optical window 21 of the spectroscopic 
cell 22 is disposed against a coupling prism 23. The container 
20 ofthe spectroscopic cell 22 is pressed against the coupling 
prism 23 by a holding device 27. In one preferred embodi- 
ment, the holding device 27 includes a piston 28 having a 
rounded pressure knob 29 at one end. The piston 28 contains 
a compressed gas, such as air, that provides a motive force for 
biasing the pressure knob 29 against the container 20 so as to 
hold the optical window 21 of the spectroscopic cell 22 
against the prism 23. In alternate embodiments of the present 
invention, the holding device is a clamping assembly. Other 
holding devices may be readily selected and employed in the 
present invention by one skilled in the arts. In other alternate 
embodiments of the present invention, the holding device is 
omitted and the prismatic optical element is integral to the 
spectroscopic cell. In preferred embodiments of the inven- 
tion, the prismatic optical element includes a prism with 
multiple sides. 

In one preferred embodiment shown in FIG. 1, the spec- 
troscopic cell 22 is held against the coupling prism 23 and the 
optical window 21 of the cell is a cavity disposed within one 
wall of the container 20 so as to allow the resin 15 to form an 
optical interface with the coupling prism 23. In another pre- 
ferred embodiment, the optical window 21 is a transparent 
plate and the photocurable polymer resin 15 is disposed adja- 
cent to an interior surface of the transparent plate so as to form 
an optical interface with the optical window. The transparent 
plate is preferably formed of glass. Alternately, the transpar- 
ent plate may be formed of other suitable optical materials 
readily known to one skilled in the arts. 

The prism 23 has a first short side face 24, a second short 
side face 25 and a long side face 26. The long side face 26 is 
preferably coupled with the optical window 21 of the spec- 
troscopic cell 22. In one preferred embodiment, the prism 23 
is made of cubic zirconia. However, one skilled in arts will 
recognize that the present invention is not limited to cubic 

6 
zirconia prisms but encompasses any suitable prismatic opti- 
cal element composed of any suitable prismatic materials as 
are readily known in the arts. 

The spectroscopic cell is optically coupled to the prismatic 
5 optical element so as to provide for the illumination of the 

interface between the prismatic optical element and the resin 
within the spectroscopic cell and the generation of internally 
reflected light at such interface. Measurement of selected 
characteristics of the internally reflected light provides infor- 

i o  mation for the determination of the index of refraction of the 
resin. In one preferred embodiment of the present invention, 
the refractometer includes a source of measurement light 
illuminating the prismatic optical element with a measure- 
ment light beam. In the preferred embodiment shown in FIG. 

15 1, the source of measurement light is a laser 40 that emits a 
laser beam 42. In a prototype of the embodiment shown in 
FIG. 1, the laser is a red He-Ne laser that emits a tuned red 
laser beam. Alternate embodiments of the present invention 
include a plurality of sources of measurement light wherein 

20 each source illuminates the prismatic optical element with a 
measurement light beam. In other alternate embodiments of 
the present invention, the refractometer includes a source of 
measurement light adapted to operate at various selected 
wavelengths. One preferred alternate embodiment includes a 

25 plurality of lasers illuminating a prism optically coupled to a 
spectroscopic cell at selected incidence angles 8, each laser 
emitting a measurement laser beam of a different selected 
wavelength. Another preferred alternate embodiment 
includes a tunable light source selectably operating at various 

30 selected wavelengths of measurement light. 
Referring again to the refractometer 10 shown in FIG. 1, 

the laser beam 42 emitted by the measurement laser 40 enters 
the prism 23 through the first short side face 24 of the prism 
and is refracted to the interface 50 between the resin 15 and 

35 the long side face 26 of the prism 23. According to the well 
understood principles of refraction of light in a transparent 
media, the red laser beam 42 arrives at the interface 50 at an 
incidence angle 8 as measured away from the normal direc- 
tion from the plane tangent to the interface 50. At this inter- 

40 face 50 the red laser beam 42 undergoes either partial or total 
internal reflection. At incidence angles 8 below an experi- 
mentally determined critical incidence angle 8,: 8>8,, the red 
laser beam 42 undergoes only partial internal reflection and a 
portion of laser beam 42 is transmitted into the resin 15 

45 through the optical window 21 in the spectroscopic cell 22. 
Anotherportionofthelaserbeam42remains withintheprism 
23 as an internally reflected beam 43. This internally reflected 
beam 43 is reflected from the long side face 26 at an angle 
corresponding to the incidence angle 8 through the prism 23 

50 and exits the prism through the second short side face 25 
where it is refracted a second time. It is well understood that 
at incidence angles 8 above the critical incidence angle 8,: 
8>8,, the red laser beam 42 undergoes substantially total 
internal reflection. Thus, the intensity I of the internally 

55 reflected beam 43 is a function of the incidence angle 8. As is 
shown in FIG. 2, the intensity I of the internally reflected 
beam 43 increases as the incidence angle 8 increases and 
approaches the critical incidence angle 8, and the intensity I 
of the internally reflected beam 43 reaches a plateau when 8 

The refractometer further includes a light detecting and 
measuring element for detecting and measuring the intensity 
of the internally reflected portion of the measurement light 
beam. Referring again to FIG. 1, the internally reflected beam 

65 43 exits the second short side face 25 and strikes a silicon 
photodetector 60 which in turn generates an electrical signal 
proportional to the intensity I of the reflected beam 43. In the 

60 equals or exceeds 8,. 
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preferred embodiment shown in FIG. 1, the photodetector 60 cell 22. This irradiationcauses photocuring oftheresin 15 and 
is connected through interface 62 to a computer system 70. causes the refractive index of the resin 15 to change through- 
The computer system 70 is adapted to continuously deter- out the curing process. 
mine the measured intensity I ofthe internally reflected beam In accordance with the present invention, the curing means 
43 and the dynamic change thereof. The computer system 70 5 may be OPtionallY adaPtedt0 emit light of selectable intensity, 
is further adapted to contin~ously determine the critical inti- pulse length, frequency or combinations thereof for selected 
dence angle e,, the refractive index ofthe resin n,, the change periods of radiation and selectable total duration of radiation. 

tive index of the resin nr by of a novel procedure of emits a W light having an intensity that is selectably con- 
i o  trolled by a control means. Similarly, in another preferred extrapolation of the data points the of the refractive index of 

optional embodiment, the W light source is controlled by a the resin nr described infra. control means so as to selectably vary the frequency and 
The refractometer of the present invention further includes duration ofperiods ofradiation, the total cumulative duration 

a curing adaPtedt0 cure the Polymeric mixtureheldin of radiation or combinations thereof during which the W 
the spectroscopic cell.According to the present invention, the 15 light Source emits W light into the photocurable polymeric 
curing means is may be any conventional means or combina- mixture held in the spectroscopic cell. Alternate embodi- 
tion of conventional means that control any of the various ments include a plurality of sources of W radiation adapted 
physical processing parameters used during the curing pro- for transmission into a photocurable polymeric mixture held 
cess of the polymeric materials, including: time; intensity and in the spectroscopic cell by means of one or more light trans- 
duration of photonic and/or ultrasonic irradiation; tempera- 20 mission conduits. Other alternate embodiments of the present 
ture, and pressure; and combinations thereof. In preferred invention include a Plurality of selectable SOurCeS of W 
embodiments ofthe present invention, the polymeric mixture radiation, each sources adapted to cure a different composi- 
is a photocurable polymer resin and the curing means corre- tion Of a Photocurable Polymeric mixture. 

preferred embodiments of the present invention, the poly- 25 photocurable polymeric mixture, the refractive index of the 

merit mixture is a photocurable polymer and the of resin increases from its initial value n$) to the final value of 

increases as a function of the increase in the refractive index ferred embodiment shown in FIG. 1, the source of W radia- of the resin. The critical incidence angle 8, must satisfy to the 

resin and np is the refractive index of the prism. intensity and duration. 
The curing means of the present invention also includes a An effective refractive index n,,can be determined as a 

light transmission conduit adapted to channel the photonic function of the refractive index of the prism np and of the 
radiation into the spectroscopic cell. In one preferred embodi- incidence angle e by the equation: ne,=n sin 0 ,  F~~ a poly- 
ment, the light transmission conduit includes a fiber optic 35 meric mixture at a selected point ofcure fin the curing cycle 
means that receives and transmits the photonic radiation from and for a known refractive index ofthe prism np, experimental 
the source ofphotonic radiation. In the preferred embodiment measurement ofthe intensity I ofthe internally reflected light 

34thatreceives W 1ightfromtheW lamp 30 and transmits tive refractive index at each incidence angle 8, as shown in 
the light to a collimator 36 which emits a collimated beam of 40 curves 1 and 2 ofthe effective refractive index ne,as shown 
W light 38. in FIG. 2. For each of Curves 1 and 2, the effective refractive 

In one preferred embodiment of the invention, the light index n,,becomes equal to the refractive index of the poly- 
transmission conduit includes an optical window disposed in meric mixture nr when 8=8,. Thus, the refractive index of the 
the spectroscopic cell so as to allow transmission of the pho- uncured polymeric mixture ny(l) can be experimentally deter- 
tonic radiation into the photocurable polymer held in the 45 mined as the effective refractive index ne, at the point of 
spectroscopic cell. In a more preferred embodiment of the discontinuity between the continuously rising of the region of 
invention, the light transmission conduit further includes a Curve 1 where the selected incidence angles 8 are less than 
prismatic optical element optically coupled to an optical win- the critical incidence angle 8c and the plateau region of Curve 
dow disposed in the spectroscopic cell so as to allow trans- 1 where the selected incidence angles 8 are equal to or greater 
mission of the photonic radiation into the photocurable poly- 50 than the critical incidence angle €IC. This relationship holds at 
mer held in the spectroscopic cell. In yet more preferred any point in the curing cycle, including the final point where 
embodiments of the invention, the light transmission conduit the polymeric mixture is completely cured, where the refrac- 
incorporates the same prismatic optical element as is used to tive index of the cured polymeric mixture nrV) can be experi- 
refract and internally reflect the measurement light beam of mentally determined as the effective refractive index n,,at the 
the invention. As shown in FIG. 1, the light transmission 55 point of discontinuity between the continuously rising of the 
conduit includes the prism 23 of one preferred embodiment. region of Curve 2. 
The collimator 38 of the reflectometer 10 shown in FIG. 1 Both Curve 1 and Curve 2 may be experimentally deter- 
emits a collimated beam of W light 38 that is transmitted mined by rotating the prismatic optical element coupled to the 
through the second short side face 25 and then refracted spectroscopic cell relative to the source of measurement light 
through prism 23. Optionally, the collimated beam of W 60 as a means of determining the selected incidence angles 8 and 
light 38 may be transmitted through the first short side face 24 the intensity I of the internally reflected light beam 42 at 
and then refracted through prism 23. Referring again to FIG. selected incidence angles 8. The refractometer is optionally 
1, the beam 38 is totally internally reflected at the first short configured to provide rotation of the assembly of the pris- 
side face 24 and transmitted into the long side face 26. The matic optical element coupled to the spectroscopic cell rela- 
beam of W light 38 escapes the prism through the long side 65 tive to the source of measurement light. In the preferred 
face 26 and is transmitted through the optical window 21 into embodiment showninFIG. 1, the spectroscopic cell 22, prism 
the photocurable polymeric resin 15 held in the spectroscopic 23, the holding device 27, the collimator 36 and detector 60 of 

ofthe critical incidence angle 8, and the change ofthe refrac- In One preferred Optional embodiment, the light 

spondingly includes a Source ofphotonic radiation. In more During the process Of photocuring Of the resin Or Other 

photonic radiation is a of W radiation, In the pre- "rV). cOrresPOndinglY, the incidence 

lamp 30 which light that is in its 30 equation: sin ec=njnp, where nr is the refractive index ofthe 

shown in FIG. 1, fiber optic means includes a fiber optic cable beam 42 at selected incidence angles e determines the effec- 
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the refractometer 10 are mounted on a rotary table 80 which 
is optionally controlled in angular displacement by computer 
system 70. 

According to one step in the method of the present inven- 
tion, a test sample amount of a selected composition of a 
photocurable polymeric mixture is disposed within the spec- 
troscopic cell. The prismatic optical element coupled to the 
spectroscopic cell are rotated relative to the source of mea- 
surement light at selected incidence angles 0 and the intensity 
I ofthe internally reflected light beam 42 at selected incidence 
angles 0 is measured and recorded. In one step of one pre- 
ferred method of the present invention, a test sample amount 
of a selected photocurable resin 15 is disposed in the spectro- 
scopic cell 22. The prism 23 and the spectroscopic cell 22 are 
rotated through selected and recorded incidence angles 0 
relative to the measurement laser beam 42. According to a 
preferred method, computer system 70 controls the rotary 
table 80 to rotate the prism 23 and the spectroscopic cell 22. 
According to the present invention, the intensity I of the 
internally reflected light beam 42 at the selected and recorded 
incidence angles 0 is measured and recorded. Next, the 
refractive index of the uncured resin n:) is experimentally 
determined as the effective refractive index neflat the point of 
discontinuity in Curve 1 of FIG. 2 as described above. Nota- 
bly, in these steps the curing means is not operated. 

The test sample amount of the photocurable polymeric 
mixture is next completely cured and is disposed within the 
spectroscopic cell. In the preferred method, W lamp 30 is 
operated at a sufficient intensity and duration to completely 
cure the test sample amount of the photocurable polymeric 
mixture. 

According to another step in the method of present inven- 
tion, the completely cured test sample amount of the poly- 
meric mixture is disposed within the spectroscopic cell and 
the steps of measuring and recording the intensity I of the 
internally reflected light beam 42 at selected incidence angles 
0 is repeated. In the preferredmethod ofthe present invention, 
the cured test sample amount of the selected resin 15 is 
disposed in the spectroscopic cell 22 which is rotated through 
selected and recorded incidence angles 0 as described above. 
Next, the refractive index of the curedresinnFn is experimen- 
tally determined as the effective refractive index nef at the 
point of discontinuity in Curve 2 of FIG. 2 as also described 
above. 

Referring to FIG. 2, Curve 1 and Curve 2 form the bound- 
ary conditions for determination of the refractive index of the 
photocurable polymeric mixture during the curing process. 
During the process of curing the resin 15, the refractive index 
of the resin increases from its initial value n:) to the final 
value of nFm. At a given point of cure in the cure cycle the 
corresponding the effective refractive index nefcurve (Curve 
3 of FIG. 2) displays a shift along the neflaxis from Curve 1 
that is generally equivalent to the change in the refractive 
index of the resin at the given point in the cure cycle nr(t) from 
the refractive index of the resin at the initial point in the cure 
cycle n:). 

One of the advantages of the present invention is that the 
intensity I ofthe internally reflected light beam can be quickly 
and repeatedly measured during the photocuring process and 
the refractive index nr of the of photocurable polymeric mix- 
ture can be continuously determined during the photocuring 
process without the excessive delays associated mechanical 
rotation of the prisms taught by the prior art devices and 
methods. Thus, according to the method ofthe present inven- 
tion, a working amount of a selected composition of a pho- 
tocurable polymeric mixture is disposed within the spectro- 
scopic cell along with any desired additional optical elements 

10 
to be integrated with the cured polymeric mixture. The pris- 
matic optical element coupled to the spectroscopic cell are 
rotated relative to the source of measurement light to selected 
incidence angle 0, preferably the incidence angle 0 previ- 

5 ously determined to correspond to refractive index of the 
uncured resin n:), and the intensity I of the internally 
reflected light beam is measured and recorded during the cure 
process. In the preferred method of the present invention, the 
working amount of a selected photocurable resin 15 is dis- 
posed in the spectroscopic cell 22 along with any desired 
additional optical elements to be integrated with the cured 
resin. (For example, two ends of fiber optic cables may be 
placed within the spectroscopic cell 22 to be held together in 

15 a splice by the resin when cured.) The prism 23 and the 
spectroscopic cell 22 are rotated to the incidence angle 0 
previously determined to correspond to refractive index ofthe 
uncured resin n:): nefl=n:). W lamp 30 is operated at 
selected intensities and periods and the photocurable resin 15 

2o undergoes a curing cycle. During the curing cycle the opti- 
cally coupled prism 23 and spectroscopic cell 22 are held 
stationary with regards to the laser beam 42 and the laser 40. 

According to a step in the method of the present invention, 
the internally reflected measurement beam of light is fixed at 

25 critical incidence angle Oca, ofthe uncured polymeric mixture 
and throughout the cure cyc1e.A sampledpoint of cure t in the 
cure cycle may be understood to be any convenient parameter 
including: elapsed time of cure, total duration of irradiation, 
total energy of irradiation, or change in the intensity I of the 

30 internally reflected light beam during the photocuring pro- 
cess. According to a preferred step in the method of the 
present invention, the intensity I,, of the internally reflected 
light beam is measured during the curing cycle and recorded 
as a function of time. (Here the sampled point of cure t in the 

35 cure cycle corresponds to the time parameter) Assuming that 
the intensity I of internally reflected light as a function of the 
effective index nefcorresponding to selected incidence angles 
0 as describing the increasing part of each of the Curves 1 , 2  
and 3 before the plateau is reached does not change except for 

40 the horizontal shift at the transition from Curve 1 toward 
Curve 2 as the I function is horizontally displaced until it 
intersects with vertical line n,=n,(') at the point I=Ict) as shown 
in FIG. 2. Thus, the refractive index of the resin nF@=nefl 
where the Curve 3 reaches plateau. FIG. 3 shows a graphical 

45 determination of the refractive index of the resin nr(t) as a 
function of time during the curing cycle where the UV irra- 
diation is of a constant intensity. Thus, at each sampled point 
of curet in the cure cycle, the intensity I,, is compared to the 
intensity I,,, corresponding the effective refractive index nef 

50 curve (Curve 3 of FIG. 2). Curve 3, as stated supra, displays 
a shift along the nefl axis from Curve 1 that is generally 
equivalent to An,(" the change in the refractive index of the 
resin at the sampled point of cure t in the cure cycle from the 
refractive index ofthe resin at the initial point in the cure cycle 

55 n:). The refractive index of the resin at the sampled point of 
cure t in the cure cycle is determined by the equation 
n,("=An/)+n,('). The preferred method of the present inven- 
tion contemplates determination of the refractive index of the 
resinn,(" at the sampledpoint of cure t by conventional means 

60 of data analysis. This method may be automated by means of 
a computer system. 

The refractometer is optionally adapted to control the 
source of photonic radiation and a light transmission conduit 
to adjust at least one of the duration, intensity. operating 

65 frequency, and period of the photonic radiation in response to 
the determination of the resultant refractive index n/) of the 
polymeric mixture. 

10 
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The inventors have constructed a prototype of the refrac- tion thereof in response to the refractive index n,(t) of the 
tometer 10 shown in FIG. 1 and have experimentally verified photocurable polymeric mixture at the selected point t in the 
the operability and assumptions by measuring the kinetic cure cycle. 
changes of the refractive indices of two photocurable resins Thus, although there have been described Particular 
during the process ofphotocuring,: ~~~i~~ SL 5195 and SL 5 embodiments of the present invention of a new and useful 
8195, which were obtained fromVantico A&I us, 4917 Dynamic Refractometer, it is not intended that such refer- 
D ~ ~ ~ A ~ ~ , ,  ~ ~ ~ i ~ ~ ,  ~ i ~ h ,  FIG, 4 shows a graphic plot ences be construedas limitations upon the scope ofthis inven- 
of the refractive index of the SL 5 195 resin irradiated at 632.8 tion except as set forth in the 
nm W light from the W lamp. The radiation from the W 
lamp was sent through a 365 nm filter. The solid line of the lo 

graphic plot is the nonlinear fit of the experimental data. The 
dotted line is the approximation of the refractive index at the 
365 nm as a function oftime during the curing cycle where the 
W radiation is of a constant intensity. The intensity of the 15 
W radiation was 1.7 Wicm'. The inset of the graphical 
data shows the optical density (O.D.) of a 17 pm thick film of 
the SL 51 95 resin versus the dose of exposure. The prototype 
of the refractometer of the present invention was used to 
measure the change ofthe index of refraction within the range 20 
of 1.3 to 1 .8 at a wavelength within the range from 400 nm to 
1550 nm with a time constant of the measurement of the 
refractive index at a certain moment of time being 0.1 sec or 
less. 

What is 
'' A refractometer comprising: 
spectroscopic cell including a container adapted to hold a 

photocurable mixture; 
a prismatic having an interface surface disposed 

adjacent an optical window disposed in the container; 
a measurement light adapted to emit a measurement 

light beam, the measurement light beam illuminating the 
interface surface at selectable incidence angles so as to 
reflect a portion of the measurement light beam as an 
internally reflected light beam; 

a light detection means disposed so as to receive the inter- 
nally reflected light beam; and 

a photonic curing means adapted to selectively emit a cur- 
ing light beam and disposed so as to irradiate the pho- 
tocurable mixture with the curing light beam. 

is: 

The inventors have experimentally verified the assupt ion 25 2. The Of 1, wherein the prismatic 
that the intensity 1 of internally reflected light function comprises a prism having a plurality Of sides, a first 

describing the increasing part of the Curves 1 , 2  and 3 in FIG. wherein, the prism is disposed so as to receive the mea- l does not change except for the horizontal shift at the tran- surement light beam through the second side and sition from Curve 1 to Curve 2 as the intensity I of internally 3o adapted to emit the internally reflected light beam from 
a third side, and reflected light function is horizontally displaced until it inter- 

sects with vertical line n,=n,"). FIG. 3 shows the resulting wherein, the prism is disposed so as to receive the curing 
light beam through at least one face and adapted to emit determination of the change of the refractive index of the SL 
the curing light beam from the first face through the 8195 resin versus the time of curing. 

optical window and into the photocurable polymeric 
tion of a constant intensity is one preferred step in the method material. 
of the present invention. The preferred embodiment includes 3, The apparatus of claim 2, wherein the prism comprises 
providing a constant intensity W lamp as the curing means. 
However, the Present invention encompasses apparatus and 4. The apparatus of claim 2, wherein the measurement light 
methods that provide selectable variations in the intensity, 40 

period and duration of the photonic irradiation. The present wherein, the measurement light beam comprises a mea- 
invention contemplates determination of the change of the 
refractive index of a selected photocurable polymeric mixture 5, The apparatus ofclaim 4, wherein the measurement laser 
at the given point in the cure cycle nr(t) as a function of any 
suitable Parameter fort. For example, the ParametertmaY be 45 6. The apparatus of claim 4, wherein, the light measuring 
taken to be total duration of irradiation. Alternative, t may be 
taken to be a measure of total amun t  of Photonic energy a photon detector disposed so as to receive the internally 
deposited within the photocurable polymeric mixture. This reflected light beam and adapted to produce a signal 
latter parameter may be useful where the intensity, duration proportional the intensity of the internally reflected light 
andor period of radiation are variable. 50 beam; and 

One preferred alternate embodiment of the refractometer a computer system adapted to receive the signal provided 
ofthe present invention includes a source of radiation, such as from the photon detector and further adapted to deter- 
an adjustable W lamp that is selectable in any of the intensity mine the intensity of the internally reflected light beam. 
of radiation, the length of period of irradiation, the total 7. The apparatus of claim 6, wherein, with the container 
duration of radiation, or a combination thereof. This alternate 55 holding a test amount of the photocurable mixture in a 
embodiment of the refractometer of the present invention selected boundary state, the apparatus is adapted to rotate the 
further includes a computer system adapted to determine the spectroscopic cell, the prism, and the photon detector relative 
total amount of photonic energy deposited within the photo- to the measurement laser, and 
curable polymeric mixture at a selected point t in the cure wherein, the apparatus is further adapted to illuminate the 
cycle by the adjustable W lamp. The computer system ofthis 60 interface surface at each of a plurality of selected inci- 
alternate embodiment is further adapted to determine the dence angles and to determine the intensity of the inter- 
refractive index n,(t) of the photocurable polymeric mixture at nally reflected light beam of the mixture in the selected 
the selected point t in the cure cycle as a function of total boundary state at each incidence angle selected. 
amount of photonic energy deposited. The computer system 8. The apparatus of claim 7, wherein, the boundary state 
of this alternate embodiment is yet further adapted to adjust 65 comprises an uncured state. 
any of any of the intensity of irradiation, the length of period 9. The apparatus of claim 7, wherein the boundary state 
of irradiation, the total duration of irradiation, or a combina- comprises an cured state. 

side the interface surface, 

Providing a photocuring means having a photonic radia- 35 

cubic zirconium, 

comprises a measurement laser, and 

surement laser beam. 

comprises a visible light laser, 

comprises: 
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10. The apparatus of claim 7, the apparatus further com- 

a rotation means having the spectroscopic cell, the prism, 
and the photon detector mounted thereon and adapted to 
rotate relative to the measurement laser. 

11. The apparatus of claim 7, wherein the computer system 
is adapted to determine, for each selected incidence angle, the 
effective refractive index and to correlate, for each selected 
incidence angle, the effective refractive index and the inten- 
sity of the internally reflected light beam of the mixture in the 
selected boundary state. 

12. The apparatus of claim 11, wherein the computer sys- 
tem is further adapted to determine the refractive index of 
photocurable mixture in the selected boundary state. 

13. The apparatus of claim 6, wherein, with the container 
holding a working amount of the selected photocurable mix- 
ture and with the curing light source operated so as to selec- 
tively transmit the curing light, 

(a) providing: 
prising: a container adapted to hold a selected photocurable 

polymeric mixture, the mixture disposed adjacent an 
interface surface of a prism optically coupled to the 

a measurement light beam illuminating the interface 
surface at selectable incidence angles so as to reflect a 
portion of the measurement light beam as an inter- 
nally reflected light beam; 

disposed so as to receive the 
internally reflected light beam and adapted to measure 
the intensity of the internally reflected light beam; 

a photonic curing means operable to selectively transmit 
a curing light beam and disposed so as to irradiate the 
photocurable polymeric mixture through the interface 
surface with the curing light beam; and 

a rotation means adapted to adapted to rotate the con- 
tainer, the prism, and the light detection means rela- 
tive to the measurement light beam; 

5 container; 

a light detection 

15 

the rotation means is fixed at a point of rotation such that 20 
the measurement laser illuminates the interface surface 
at a selected curing incidence angle during the curing 
cycle, and 

the computer is adapted to determine the intensity of the 
internally reflected beam of the working amount of the 25 
selectedmixture at a selectedpoint in the cure cycle, and 

the computer is further adapted to determine the refractive 
index of the working amount of the selected mixture at 
the 
intensity of the internally reflected beam the working 
amount of the selected mixture at the selected point in 
the cure cycle with the effective refractive index curve of 
the mixture in a selected boundary state and then 
extrapolating the change in refractive index of the mix- 35 
ture at the selected point in the cure cycle. 

(b) selecting a Photocurable Polymeric mixture; 
(c) providing a working amount of the selected mixture 

disposed within the container; 
(d) fixing the rotation means at a point of rotation such that 

the measurement light beam illuminates the interface 
surface at a selected curing incidence angle during the 
curing cycle; 

(e) selectively operating the curing light source for a curing 
cycle so as to selectively transmit the curing light so as to 
irradiate the photocurable polymeric mixture; 

(f) measuring the intensity of the internally reflected beam 
at a selected point in the cure cycle of the working 
amount of the selected mixture, and 

(g) determining the refractive index of the selected photo- 
curable polymeric mixture at the selected point in the 
cure cycle by 
reflected beam the working amount of the selected mix- 
ture at the selected point in the cure cycle with the 
effective refractive index curve of the mixture in a 
selected boundary state and then extrapolating the 
change in the refractive index of the mixture at the 
selected point in the cure cycle. 

22. The method of claim 21, the method including the steps 

providing a test amount ofthe selectedmixture in abound- 
ary state and disposed within the container; 

operating the rotation means so as to illuminate the inter- 
face surface at each of a plurality of selected incidence 
angles; 

determining the intensity of the internally reflected light 

point in the cure cyc1e by Of the 30 

of the intensity of the 

14. The apparatus of claim 13, wherein, the selected pho- 
tocurable mixture comprises a photocurable polymeric mix- 
ture. 

tocurable polymeric mixture comprises a photocurable resin 
or adhesive. 

16. The apparatus of claim 13, wherein, the boundary state 
comprises an uncured state. 

17. The apparatus of claim 13, wherein the boundary state 45 
comprises an cured state. 

18. The apparatus of claim 13, wherein, the selected curing 
incidence angle comprises the critical incidence angle of the 

wherein, the boundary state is selected from the group of 

19. The apparatus of claim 2, the photonic curing means 

a 
light beam; and 

a light conduit adapted to receive the curing light beam and 
to emit the curing light beam into a face of the prism. 

20. The apparatus of claim 19, wherein the source of pho- 6o comprises an uncured state, 

15. The apparatus of claim 14, wherein, the selected pho- 40 

Of 

photocurable mixture in a boundary state, and 50 beam of the selected mixture in the selected boundary 
state at each incidence angle selected; 

determining, for each selected incidence angle, the effec- 
tive refractive index and correlating, for each selected 
incidence angle, the effective refractive index and the 
intensity of the internally reflected light beam of the 
mixture in the selected boundary state; and 

determining the refractive index of the selected mixture in 
the selected boundary state. 

23. The method of claim 22, wherein, the boundary state 

24, The method of claim 22, wherein the boundary state 

25, ne method of claim 22, the method further including 

determining the amount of curing corresponding to the 
refractive index of the selected photocurable polymeric 
mixture at the selected point in the cure cycle 

states including an uncured state and a cured state. 

comprising: 
of photonic radiation adapted to emit the curing 55 

tonic radiation comprises a W lamp adapted to emit a W 
light, and 

wherein, the light conduit comprises a fiber optic means 

21. A method of determining the refractive index of a 65 

comprises an cured state. 

and a collimator. the steps: 

photocurable polymeric mixture at a selected point during the 
curing cycle, the method comprising the steps: 
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adjusting a selected processing parameter at the selected 

26. The method of claim 25, wherein the adjusted process- 
ing parameter is selected from the group ofprocessing param- 
eters including duration of curing light irradiation, intensity 5 
of curing light irradiation, operating frequency of curing 
light, and period of curing light irradiation. 

the selected photocurable mixture at a selected point 
in the cure cycle with previously determined intensi- 
ties of the internally reflected beam of the selected 
photocurable mixture in an uncured state at the 
selected incidence angles and extrapolation of the 
change in refractive index of the polymeric mixture at 
the selected point in the cure cycle. 

28. The apparatus of claim 27, wherein, when a test amount 
of the selected photocurable mixture in a cured state is dis- 

the computer is adapted to rotate the plate and to determine 
the intensity of the internally reflected beam at selected 
incidence angles, and 

the computer is further adapted to determine the refractive 
index of the cured photocurable mixture. 

29. The apparatus of claim 27, wherein the rotation means 

point in the cure cycle. 

27. A refractometer comprising: 
a prism optically coupled via an optical window to a spec- 

troscopic cell adapted to hold a selected photocurable i o  posed in the cell, 
mixture forming an interface with the prism, the prism 
and cell mounted on a rotation means; 

a computer adapted to control the rotation of the rotation 
means relative to a measurement light source which 
illuminates the interface at selected incidence angles so 15 
as to generate an internally reflected light beam; 

a curing light source adapted to transmit a curing light 
through the Drism and into the Dhotocurable mixture and 

comprises a rotating plate, 
I _  

operable to selectively transmit the curing light during a 

a light detector mounted on the rotation means and adapted 
to generate a signal to the computer proportional to the 
intensity of the internally reflected light beam, 

wherein, when a test amount of the selected photocurable 

the computer is adapted to rotate the rotation means and 
to determine the intensity of the internally reflected 
beam at selected incidence angles, and 

the computer is further adapted to determine the refrac- 
tive index of the uncured photocurable mixture; 

wherein, when a working amount of the selected photocur- 
able mixture is disposed in the cell and when the curing 
light source is operated so as to selectively transmit the 
curing light, 
the computer is adapted to control the rotation means at 35 

a fixed point of rotation during the curing cycle cor- 
responding to a selected and fixed incidence angle, 

curing cycle; 20 

mixture in an uncured state is disposed in the cell, 25 

30 

_ _  
wherein, the measurement light source comprises a laser 

adapted to emit a laser light beam, 
wherein, curing light source comprises a W lamp adapted 

to transmit a W light via a fiber optic means and a 
collimator through the prism and into the photocurable 
mixture, and 

wherein, the light detector comprises a photodetector. 
30. A refractometer comprising: 
a prism having an interface surface optically coupled to 

spectroscopic cell adapted to hold a photocurable poly- 
meric mixture; 

a measurement light source adapted to illuminate the inter- 
face surface so as to cause an internally reflected light 
beam; and 

a curing light source adapted to emit a curing light beam 
wherein, the prism is disposed so as to receive the curing 

light beam and to emit the curing light beam from the 
interface surface so as to irradiate the photocurable mix- 
ture with the curing light beam. 

31. The apparatus of claim 30, the apparatus further com- 
the compute;is further adapted to determine the &en- 

sity of the internally reflected beam at a selectedpoint 
in the cure cycle, and 

the computer is yet further adapted to determine the 
refractive index of the polymeric mixture at the 
selected point in the cure cycle by means of compari- 

prising 
a light detector disposed so as to receive the internally 

reflected light beam and adapted to generate a signal to 
the computer proportional to the intensity of the inter- 
nally reflected light beam. 

40 

son of the intensity of the internally reflected beam of * * * * *  


