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Abstract

The effect of annealing on the optical waveguide characteristics of glass coverslips
was studied by investigating the change in Rayleigh scatter intensity between anncaled and
unannealed samples. It was determined that the annealing process improved the overall
quality of the waveguide by reducing the variation of the refr-ctive index along the length

of samples.
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Theory

The purpose of this experiment was to study how the optical propertics of glass
coverslips were affected by annealing. A change in the amount of Rayleigh scatter along
the length of the coverslips was chosen as a means of investigating this process.

The reduction of intensity of a light beam as it propagates through n absorbing

medium J of thickness d x can be written as:
di= -a|lJlidx, ord Inf= .|} ]} dx (1)

where [ is intensity, [J] is the concentration of J, and « is the proportionality coefficient.
To obtain the intensity that emerges from g sample of thickness x when the incident

intensity is /; one can sum up all of the changes in thickness:

)
[dlnl=~ [alJ]dx (2)

0

If the sample is assumed to be homogencous, then the above equation integrates to the

Beer-Lambert Law:
Is= lie -alilx (3)

[t can be secn that intensity will decrease exponentially with the sumple thickness. A more
useful form of the Beer-Lambert Law is:

in(I¢1) = -alllx (4)

A plot of In I5 vs. x with give a lincar plot with a slope = -al}], which is called the molar
absorption coefficient, and the y-intercept will equal the initial intensity (1). These

relationships can be applied to glass media for they are fairly homogeneous in nature.




Tﬁc behavior of a light wave as it propagates through the interface between two

media with different refractive indices can be described by Snelf's Law:

nysin@; = nasinh; (3)

The angle of light propagating inside an optical waveguide can be determined by using
Snell's Law afier knowing the angle with which the light enters the guide, and its refractive
index (2).

The process of anncaling glass is an important industrial practice. This process
involves a heating followed by a slow cooling of the glass. There are many reasons why
glass is annealed. An important one concerning optical samples is the reduction of the
spatial variation in the refractive index (3. This will create @ more homogencous sample,
and thus a better waveguide. Since light tends to scatter as it encounters a change in
refractive index, a sample that has been annealed should show less scatter along its length

than a sample that is unannealed.




m Coming glm covetslips were used as thc waveguiding medium. These )
'tre made of a BK7 type glass, and are approxtmmiy 150 microns thick.

wm:nm Before anneallng, the samples were cut in half uslns a
diamond lipped cutter. The cut was made 30 that cach sample was of appmximately the
same lcn_gt-h. One of the coversiip halves was anncaled in a Thermolye Model 21100 wbe

furnace, the other was left unannealed as a control. A constant flow of nitrogen gus was

. pn»ed through the furnace chamber to create an incrt atmosphctc dur!ns the anncallng
- -.pmceu. Differem eonditlons for anncalins were cnatcd by vatyiag the tcmperature und_' | -
| | T hength ol‘tlme in the mmacc. Afm removal fmmthe furnace, all samples werc alluvved m-.' | ;'- o

e __ ._mol ie foom Wﬂtum before s!ﬂmse Ml ol‘ the samplcs were annealed whﬂe sumdins -' -
- o onedge in uunmple uay exccpl l'or two sets of three. These six were laid flaton top of :. | _.
e the mse mj. Upon m reinoval from the tube fumace, it was noted that the edges of ‘L e
 each sample  Appareatly, some sress had been Introduced Info the samples
r “__j_fo thm m were Rot ax yzed. Amr_‘ eing mmlcd _ aﬂ

A n_Mellu-ﬁﬂm iwﬂm.mn !aser. _’I‘_he laser was micd toa maximum omput wof 10 mw hui R
3 lypleal beam intensity for this experiment was approximately 4 mW. Before maching the |
sample, the beam was 'passed through & (/20 focusing lens with a 500 mm focal Icnsth. |

| The sample holder itsell was mounted on three stages: X and Y transitional and ratational,
- This allowed thc cxpcdment to be repeated easily for all the sampics. Each sample wos

mmwhﬁc lmmpllna edssaudhmot‘mwximiy ! mm fm tholnmredge -
._: '-_-of thc .mple holdcr. An oplleal ﬂbcr. wuh . tosal cxterio: dlamctcr ot 6 mm. was
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along the distance of the sample from 4 mm away from the incoupling edge, to the exit
coupling point. The physical limitations of the sample holder's design prevented the
movement of the fiber any closer to the incoupling point. Light emitted form the other end
of the fiber was passed directly into a Pacific Model 3150 photomultiplier tube. The tube
was powercd with 500 V from a Fluke Model 409A power supply. The signal detected
was passed through a current.-to-voltage converter with a sensitivity setting of 5 V output
per | pA input. The amplified output went to a Fluke Model 8010A digital multimeter and
the intensity of the scattered light was read and recorded in volts.

Each coverslip was mounted at the same point, so the beam entry location was at
approximately the same height. Data was iecorded starting at 4 mm from the incoupling
edge 1o the exit edge, a total distance of 25 mm, with a collection frequency of every half

mm.
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Results and Discussion

The angle of propagation of light inside the waveguide can be determined by using
equation (5) from above, and simple geometry. Given that nge = 1.000, Neoverslip = 1.515
for; = 632.8 nm, and 0, = 23.0°, then 0;, = 14.9°. Thus the angle of internal reflection
inside the guide = Ogyide = 90° - Oy = 75.1°. This is the angle of propagation of the beam
as it travels through the guide. This geometry was held constant for all analyses.

Plots of In I vs. x were made for cach data set. Figure 1 contains typical plots for a
sample that was anncaled at 400° C for 10 minutes. The unannculed sample is on top,
while the anncaled is on the botlom. Lincar linefits were used to determine the stopes for
each graph, and the resultant equations are included on each. Note the change in the slipe
between the two samples. The anncaled sample shows a 24% decrease in slope when
compared to its unanncaled half,

A summary of results of all of the samples is given below in Table 1. The first
column describes the conditions under which the samples were anncaled. This includes the
temperature and length of heating. Three samples were prepared for each.condilion, and
| !he mean cme in slope between the unannealed and annealed samples is given in column_
two This was calculated by taking the slope of the annicaled sample and aubaractiné off the
slope of the corresponding unanncaled control sample. The average of the 1hrcé f
measurements is reported along with the standard deviation. -

It can be seen that for every anncaling that took place above 400° C, a ncgative
change in slope occurcd. indicating an improvement in the waveguiding characteristics of
the samples. Also, as temperature increases, there is a decreasing trend in the standard

| deviation. T he samples unnealcd at 450° C, taken as a group, show the lowest standard:




Figure 1. Typical plots constructed for each sample.
A linecar linefit was used in each case.
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Above graph reprsents an unanncal :d, control sample.
The graph below is of a semple anncalcd for 10 minutes at 400 C.
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Anncaling Conditions Mcan Change in Stope(mm:') Standard Deviation(mm!)
450° C for 10 minuies -0.032 0.039
450° C for 20 minuies -0.005 0.02}
4 50° C for 30 minutes -0.014 0.028
400° C for 10 minutes -0.026 0.059
400° C for 20 minutes -0.036 0.073
400° C for 30 minutes -0.012 0.034
350° C for 10 minutes 0.089 0.094
300° C for 10 minutes 0.025 0.028
250° C for 10 minutes 0.022 0.079
200° C for 10 minutes 0.003 0.044

A study was also donc to sce if the samples were fairly hemogencous across their
width. A sample that was annealed at 450° C was chosen and analyzed. 1ata was collected

- at difTerent incoupling locations along the edge and the results are found betow in Table 11
The results show that there is a fairly large variance of the waveguiding
characteristics across the width of both samples. The standard deviation of the slopes,
- however, Is less for the annealed case. 1t appears that anncaled sample should exhibit more
| repro.duéible results when compared to the unanncaled, control sample. Also, since lfw

mdnrd deviation Is less for the anneuled casc, the anncaling process is improving the

 oversit quality of the guiding medium.

At WET ¢ ] 4 4 ;i1 2. ‘.’Jsﬂ.?; : I!;",.

Slopes(mm-") Slopes(mm-1)
-0.498 -0.438
-0.362 -0.408
-0.491 -0.499
-0.532 0.432
-0.485 .0.443

Mesn = -0.474 Mean = -0.444

8D = 0.065 ~ SD=0.03
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The change in the quality of the waveguide after anncaling is best seen by the eye,

so photographs were taken as a means of comparison. Figure 2 contains these prints.
The top photograph is of an unannealed, control sample. The sample holder has

been masked off with black, clectrical 1ape in an attempt to improve the contrast of the

photograph. The sample can be scen in the center of the photograph. The bright streak of
light is the beam propagating through the length of the waveguide. Note the strong
intensity of the beam, indicating a high degree of scatter. Also natice the small, bright dots
near the top of the wavcguide. ‘These are dust panticles which have scttled on the surface of
the sample. The exposure time lor this photograph was approximately seven seconds.

The second photograph is of a sample which had been anncaled at 450° C for ten
minutes. Once again the streak in the center of the guide is the beam propagating through
the sample, however the intensity of the scatter has been reduced dramatically. All of the
bright spots are once agaln dust particles on the surface of the guide. They are more
prdmlnem in this photograph because the exposure time was increased to approximaicly
thlﬁ_y seconds. This icngthening in exposure time was nccessary, otherwise the fuint streak

- of the beam as it was propagating through the waveguide would never have been apparent.

| A compulsoa of the two photographs shows the degree to which the amount of
o Wt lt reduced by annealing. A majority of the incoupled beam is passed thmu_@h the |
S | miedwavmlde. while a great deal more of the beam is scattzred by the unanncaled,

‘control waveguide.
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Pgure Y Compatison photopraphs ot unosmncaled and snneadod s cpunde

Photograph ol an unannealed waveguide taken with i 35 mm focal lenpth, zoom fons . with
an aperture seiting of 3.5 and an exposure time of seven scemuds, Note the sory imtense
saatter coming: from the beam as it propagates through the waveguide.

Photograph of a waveguide that had been anncaled at 450° € for ten minutes.  $he
exposure conditions were the same except that the exposure time had been !cnplu ned to
thirty seconds. Note the reduc Hon in the amount of scatter mdnmtmg thit a m.umm of Ilu
buam was bcmg propagmul lhmugh thc waveguide, ‘
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Annealing of glass coverslips improves their ability 1o act as optical waveguides by
reducing the variation in the refractive index along the sample. This improvement
manifests ltself on’y when a temperature of above 400” C is used for anncaling. This
experiment , however, can not conclude any relevant information conceming the magnitude

of the improvement, only that there is one.
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