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PREFACE

The work described in this final report has been carried
out under the terms of Contract PD/QO/049/AT from May 1968 to
Septewber 1970. It formed part of a programme to develop a
restricted-bandwidth optical communications link using glass fibres,
carried out jointly with S.R.D.E., Christchurch. The parts-of the
programme assigned to the Quantum Electronics Research Group in the
Department of Electronics, University of Southampton, were as follows:
a) Measurement of optical absorption and scattering losses in high-
purity bulk glass;

b) Development of equipment for pulling suitable cladded glass fibres
from bulk glass;

c) Assessment of the quality of fibres so produced.

The necessary apparatus for the measurements in (a) has been
designed and built, and measurements have been made and are still in
progress. Fibre-drawing equipment has been designed and built, and
fibres produced and assessed; meanwhile, modifications to the drawing
apparatus are being made in the light of the quality of the
initially-produced fibres. Some theoretical work on mode
propagation in fibres was carried out in the early stages of the
Contract, and is described in the first report on the Contract and

elsewherel

1. Laybourn,P.J.R., 'Group velocity of dielectric waveguide modes',
Electronics Letters 4, 23, p.507, 1968.
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1. MEASUREMENT OF ABSORPTION 1LOSS BY THERMAL METHODS

In order to isolate the absorption loss in a sample of
glass from other losses, it is necessary to measure the actual
temperature rise of the glass due to absorption, or alternatively
some other effect within the glass that is temperature dependent,

|
such as expansion or change in refractive index.

|

A simple mechanical measurement of the expansionzmay be
dismissed, since the linear coefficient of expansion ofiglass is of
.the order of 5 x 10—6, and the resulting temperature rise in glass
in a beam of moderate power is only fractions of a degree centigrade.
An thicél method for estimating the expansion would be more
feasible, but here again, at moderate powers, the expansion would
be on the limits of such a detectknlsysteﬁ.

The thermal lens effect, observed when lossy materials are
placed in a laser cavity operating in a fundamental mode, was
investigated with a view to applying this technique to the
measurement of glass loss. With a beam of Gaussian intensity
distribution passing through a material of finite absorption,
'differential absorption across the beam, due to the varying intensity.
gives rise to a refractive index gradient which to a good
app;oximation is parabolic, and the matérial behaves as a 1ensl.
ﬁeasurement of the effective focal length of the lens, either

directly or indirectly, allows the absorption of the material to be

determined, and this technique has been used successfully in the
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determination of absorption in liquid samples

When glass is considered as the absorbing material, however,
the effect is reduced by about two orders of magnitude due to the
much smaller change in refractive index, and unless the incident
power available is many watts, the lensing effect cannot be detected.
This method has therefore been abandoned, at least until a high
power CW laser becomes available. The technique of measuring
directly the temperature rise in glass was chosen as being the most

feasible.

1.1 Introduction

An apparatus has been set up to determine the absorption loss
in glass by measuring directly the temperature increase in a sample
of the glass on irradiation with a lighp beam of known power and
spectral range. The apparatus haé been designed to allow small,
thin samples with an area of one cm2 or less to be measured, and

“suitable samples can thué be easily cut from rod, or from thin-walled

tubing used as the fibre cladding glass.

1.2 Theory of Method C!

For a given sample of glass having a finite absorption, the
rate of temperature rise of the sample is proportional to the rate

of absorption of energy from the light beam, thus



where AW is the rate of energy absorption and H is the thermal
capacity of the sample.

Now AW = 1.2.W

“where L fractional loss per cm of glass

2.3 x lO-6X where X is the loss in dB/km

1l

¢ = length (cm)
W = incident power (watts)

and H = S.p.A.¢

where S specific heat (Joules/gm.deg.C)

p = density (gm/cm3)

A = area (cmz)
- -6
Therefore de _ 2.3 x 10 X.W.
dt S.p.A -

de S.p.A. 0
dt 2.3 x 10-0.W. <o |

and X =
If no heat.were lost from the sample, then de/dt would be constant.
However, in practice, the glass loses heat by convection,
radiation, and by conduction along its supports. |
If the rate of heat loss is assumed to be proportional to
the temperature rise:
i.e. Heat loss = K8

then an equilibrium temperature, gmax’ will be reached where the

heat lost is equal to the energy absorbed, and so:

AW
emax - K
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and a plot of temperature increase against time will be exponential,

of form:
0 = %(l—e—K/H & . (2)
de _ AW e—K/H t)
dt H
L de - oW
therefore initial slope (dt)t=0 = g

Thus the loss may be found by measﬁring the initial slope from an
experimental curve, or indirectly from a number of points on the
curve. .

If, after the sample has been heated by absorption of the
incident beam, it is allowed to cool, again a plot of temperature

against time gives an exponential curve, of form:

_ AW -K/H t
0 = % e
4o __Km -K/Ht _ _Kg
dt HK H
Therefore
K K
Log, 7w @ = - @t
Thus a plot of LogeQ against t gives a straight line of slope - %
e I8 - ck = ()
t H
Therefore K = -Hm
AW - AW
Now emax = T = o
-6
therefore 0 _ - 2.3 x10 " X.¢t.W.
max S.p-A.f.m
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-Qmax. S.p.A.m.
therefore X = z eew (B

2.3 x 10 W

Because of the difficulties of accurately measuring small temperature
differences, it 1is advantageous to ése equations (3) and (4) for

the calculation of loss, rather than (1) and (2). Qmax can be
averaged over a long time interval, and since K is a constant for

a given sample of glass within the apparatus, the cooling curve may

be obtained after irradiating the sample with the full light

intensity available, without any narrowband filters in the beam,

thus raising the temperature of the sample to a significantly higher
value. The value of K thus obtained is applicable for all wavelengths

and the only further measurements required at different wavelengths

are © and W.
max

1.3 Details of Apparatus

Since it is desirable to measure absorption loss over a wide
range of wavelength, a high-power lamp was chosen, and the appropriate
spectral range of interest is selected by inserting interference
filters into the beam.

The lamp used is a 400watt compact source mercury iodide
type, manufactured by Thorn Electrical Industries. This lamp
maintains an arc of approxiﬁately 9mm x 5mm, with an output
extending from 300 to 900nm, at high efficiency. The table shown

overleaf indicates the total output power, per 30nm bandwidth,

Flhaasmmt1i~athmribl FhA 77 et hTl A A A A e



Waveleneth Range (nm) Output Power (watts)
340 - 370 - 3
370 - 400 2.5
400 - 430 7
430 - 460 7.5
460 ~ 490 7
490 - 520 7
520 - 550 13
550 - 580 11.5
580 - 610 25
610 - 640 16
640 - 670 12.5
670 ~ 700 ~16.5
700 ~ 730 7
730 - 760 6

The lamp is mounted in a force cooled lamp house, the arc
being a few millimetres behind a removeable aperture. At present
an 8mm diameter aperture is used. The lamp is run from the
manufacturer's control unit, which inéorporates an r.f. starting
unit to initiate the discharge, and after stérting;the lamp takes
about one minute to warm up to full output power.

A large aperture lens system (about 3" diameter) collects the
light and focuses the source onto the sample. The sample itself is
located inside a box to eliminate outside disturbances, and the
appropriate filters are mounted over the entrance window of the box.
Since the light beam is not parallel, but converges onto the sample

with a semi-angle of about 150, account must be taken of the effect
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of this converging beam on the transmission of the interference
filters. Barr and Stroud quote a shift of peak wavelength\l.Snm per
10° of angle from the perpendicular for metal-dielectric filters, and
4nm per 10° for all dielectric filters.

'The experimental arrangement is shown in Fig.l. To measure the
temperature increase of the glass, copper-constantan thermocouples
are used, and the temperature difference between two similar samples
measured on a Hewlett-Packard microvoltmeter. Both samples are
mounted inside the same box, supported only by their thermocouple
wires; one sample in the path of the beam, the other a few
centimetres to one side of it. The box, constructed of brass, is
lined with black flock paper, and since the beam rapidly diverges
after passing through the sample, reflections from within the box
aré not a problem. The outside of the box is insulated with an inch
thick covering of expanded polystyrene, and the whole unit mounted
on %n optical bench carrier, as are the lens mounts and the lamp-house.

1 The thermocouple leads are taken out from the top of the
boxithrough special mounpings, which may be rotated to position the
sample perpendicularly to the beam. In measuring the very small

\
voltages obtained, care must be taken not to introduce further
thermocouple junctions arising from connecting wires of dissimilar ‘
material. The copper and constantan thermocouple leads themselves

are soldered to brass wires connected to the brass terminals of the

voltmeter, the soldered joints being located very close to each
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other and against a large copper block, electrically insulated from
the block by a thin layer of mica. The copper block is thermally
insulated by a covering of expanded polystyrene. The voltmeter
itself must be operated from its internal batteries and isolated from
the mains supply, and care is taken to earth the instrument only via
the optical bench.

By taking these precautions it is possible to measure
temperature differences of the order of 2.5 x lO_3 deg.C., with an
accuracy better than 207, though at present the drift in
temperature difference between the two samples with no incident beam
can be somewhat higher than this.

Another experimental arrangement that has been used
incorporated a large spherical mirror, with which a significantly
higher power density at the sample was obtained. This arrangement is
shown in Fig.2. With this system however, there was obviously some
difficulty in isolating the sample ffom the surroundings, and
although the resulting temperature rise was.considergble, it could

not be measured with any reliability.

1.4 Measuring Glass Loss

The samples so far used in the apparatus have been either
in the form of discs, about 2mm thick and cut from lcm diameter rod,
or of square section just less than lcm square, cut from the wall

of tubing. Two similar samples are used, and in the case of discs,
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must be polished_after cutting from the rod. The two samples are
suspended from their thermocouple leads inside the box jand with the
source on and with no filter, a glass slide is inserted in front

of the box and used as a beam splitter to observe the alignment of
the sample in the beam. Adjustments can be made by rotating the
mounting on top of the box.

The source is then turned off and the temperature allowed to
stabilise, as the beam may have impinged on the thermocouple junction
during alignment. With the source on, and still without a filter,
the glass is allowed to heat up in the beam of white light, reaching
its equilibrium temperature after about 15 minutes. The sample is
allowed to cool, and readings of temperature and time recorded.

Frbm these a value of the cooling comnstant, K, is obtained as -
previously described.

i Selected filters are then introduced into the beam and the

%

maxXimum temperature attained by the glass in each case recorded. The
|

incident power is not measured at the time of irradiation, but must
l

be ?one after removal of the sample box. The stability of the lamp
outﬁut is within a few percent, and so introduces a very small error
compared with the overall accuracy of the temperature measurement.

Knowing the dimensions, density, and specific heat of the glass, the

loss in dB/km may be calculated using equation (4).
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The thermocouple leads have been supported by clamping
between split brass cylinders, and clearly most of the heat loss is by
conduction along these leads. The system is at present being
modified to utilise thinner thermocouple wires, and the supports for
these wires are being made from a thermally insulating material. 1In
this way the heat loss will be significantly reduced, and a-higher
equilibrium temperature obtained which can be measured with greater

accuracy.

1.5 Typical Results for Pyrex

With white light incident on a sample of pyrex, a maximum
e.m.f. of 120uV was obtained, corresponding to a temperature increase
of 3.0deg.C.

On cooling, readings of temperature and time were recorded,

and the resulting graph of LogeQ against time is shown in Fig.3.

The slope of this graph is m = ~1.24 x 10_2.

From equation (4)

-0 S.p.A.m
max
§)

2.3 x 10 " W

X(dB/km) =

S = 0.97 Joule/gm.deg.C.
o = 2.23gm/cm3 ‘
A = 1cm2
4 o
therefore X = 1.16 x 10". an
At 612nm

W = 19mW (Bandwidth of filter 20nm)
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1.275 x 1o‘ldeg.c.

and 8 =
max
therefore X = 7.8 x 10%dB/km
At 885nm
W = 7mW
and © = 1.85 x 10"1deg.c.
max
therefore X = 3.1 x lOSdB/km

1.6 Conclusions

The method described has proved a feasible technique for
measuring absorption loss of glass at any desired wavelength, and
being independent of the length of the sample, has the advantage
that very small amounts of glass can be used. As the apparatus
stands at present, sensitivity is limited by the voltmeter used,
which has a full scale deflection of 3uV on its lowesﬁ range, aﬁd by
the heat loss from the sample as already ment;oned, limiting the
maximum temperature reached.

Losses of the order of 50,000dB/km can be measured with an
overall accuracy of about 20%, but below this the error increases
signifiééntly, so that although losses of, say, 500dB/km or below
can be detected, the error may be as high as 100%.

Some difficulty was experienced in aligning the samples in the
beam , as it was not easy to see if the light was just hitting
the thermocouple junction, and this gave rise to some falatious

results.
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4

However, with the experience gained in using this technique

as described, modifications are now in hand to improve the overall

accuracy.

References
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2. MEASUREMENT OF BULK TOTAL ATTENUATION OF HIGH-QUALITY OPTICAL GLASS

2.1 Introduction

1,

Previous reports have outlined the methods to be used to
measure the attenuation of samples of optical-quality glass,
required as a starting material in the manufacture of multimode
glass fibres for communication. It has been found convenient to
draw fibre from glass rods of lcm diameter, and consequently the
apparatus has been designed to measure samples of such rods, up

to 30cm long. Since fibre attenuation of the order of 20dB/km is
aimed at, the starting material must have an attenutation of no
more than this figure, and consequently the measuring apparatus has
been designed with a resolution of 2dB/kﬁ as the target. This is
equivalent to a loss of about 0.01% in 30cm. A two-beam spectro-
photometer has been constructed, and measurements have been made on

various high-quality glasses, of types suitable for the core of the

fibre.

2.2 Discussion of available measuring techniques

The major obstacle to a direct photometric determination of the
attenuation in the chosen samples is the uncertainty of the
reflective end~loss. The reflection coefficient of light
perpendicularly striking a glass surface of refractive index 1.6 is
about 5%, and may be calculated accurately if the surface
refractive index is known. Optical polishing may modify surface

reflectance properties. In addition, slight imperfections remaining
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after polishing will give rise to unpredictable scattering losses.

The two proposed measurement methods are designed to overcome
the end~loss problem. In the double-sample method, long and short
rod samples of the glass to be measured have their ends polished
equally, perpendicular to the rod axis. The samples are placed one
in each arm of a balanced twin-beam spectrophotometer, and the
resulting optical imbalance is a measure of the bulk attenuation due
to the differing lengths of the samples. The reflection and
scattering losses at the first surfaces of each sample should be
equal, while at the second surfaces the slightly greater bulk
attenuation of order 0.1% in the long sample will only introduce a
similar error, i.e. 0.1%, in the final result, much better than the
required accuracy. The second method uses a single, long, sample
whose ends are cut at Brewster's angle to the rod axis. With a
plane-polarised light source in the twin-beam spectrophotometer, the
reflection losses at each end of the sample may be greatly feduced,
theoretically to zero.

It has been found that both methods present experimental
difficulties. In the two-sample method, the end faces of the samples
are perpendicular to the light beam axes, so that multiple reflections
between front and back sample faces will be transmitted to the
detector. The major double reflection will be about 2.5 x 10—3 of
the main beam intensity. Ideally, the multiple reflections will

follow the main beam axis, and will affect each arm equally. In



~19~

practice it has been the case that the end surfaces of the rod have
not been exactly parallel, so that the double reflection from the
long sample has not struck the detector surface at the same point as
the main beam. A lack of parallelism of 1 milliradian would cause
a shift of about 2mm at the detector. The main beam itself has Bece
diverted slightly by the prismatic effect of the rod, and the tilt
of the rod has to be adjusted to return the beam to its original
position on the detector. The equality of end losses between samples
is. dependent on polishing techniques; polishing might best be
carried out on a machine, to a fixed schedule. The surface finish
may be investigated on an accurate ellipsometer

The single Brewster-angle sample method is an attempt to
eliminate the sources of error because of imperfect end faces.
However, other inaccuracies are introduced, due to the problem of
accurate alignment. The residual reflection loss at a Brewster-
angle surface depends on the accuracy of setting the angle between
incident beam and surface, on the angle between the plane of
polarisation and the plane containing incident, transmitted and
reflected beams (ideally zero) and on the amount of orthogonally-
polarised light present in the beam. Some calculations have been
presented in a previous report2 on the magnitude of such errors. In
addition, having set up the first surface of the rod in the correct
plane relative to the input beam, it is unlikely that the sgpond

surface sill be accurately aligned, although with an optically
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homogeneous rod and perfectly parallel end surfaces it might be
possible to ensure this. For each wavelength the whole system must
be re-aligned, since due to dispersion Brewsters angle is wavelength-
dependent. In the infra-~red, with low illumination intensity, such

a task would be formidable.

2.3 Experimental apparatus

After considerable experience with the spectrophotometer arranged
to use Brewster-angle samples, it was decided to use the apparatus
in the two-sample mode, since difficulties in alignment of the
Brewster-angle rod and in obtaining samples finished to a satisfactory
accuracy were great. The layout of the optical system is shown in
Fig. 2.1. The components are clamped magnetically onto a plane
steel table, allowing easy rearraengement when desired, and the table
is enclosed by a laminar~flow clean-air cabinet, to obviate the
problem of dust settling on optical surfaces.

The light source is a 12V, 100W tungsten-halogen projector lamp,
which has a close-wound, flat spiral filament presenting a
rectangular source 2mm x 3mm. It is stopped down by a 2mm diameter
pinhole, and a 20cm focal length lens with a similar stop is
arranged to produce a full-size image of the source pinhole, 40cm
from the lens. In this manner the light beam travels entirely
within a cylinder of 2wm diameter between the lens and the image; the

sanples will be placed within the image distance.
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The light beam is split and redirected into two parallel paths
by a beam-splitting cube and mirror. The two beams are extinguished
alternately by a segmented chopper disc rotated by a synchronous
motor which is supplied from a master oscillator, frequency divider
and power amplifier. The samples are arranged one in each of the
parallel beams; the holder for the long sample may be rolled out of
the beam path and accurately repositioned,‘while the short sample is
mounted in a removeable holder, also replacéble with accuracy. The
attitude of each rod may be adjusted using micrometer screws.

An additional mirror and beam~splitting cube recombine the two
beam paths, through a wavelength«selecti&e narrow-band interference
filter and onto the detectér surface. In earlier work the detector
was a 56CVP photomultiplier, cooled by liquid nitrogen to reduce
dark-current noise, but large-area silicon p-i-n photodiodes now
available have proved superior. Consistent spatial semnsitivity of
the diode (fig. 2.2) has done away with the need for a scattering
screen in front of the detector, and the signal-to-noise ratio of
the system has improved considerably.

After preamplification, the electrical signal from the detector,
basically a square waveform whose height vepresents the differential
loss between the two arms of the spectrophotometer, is processed to
remove the parts of the waveform where the changeovers occur, and
the amplitude of the square wave is measured using a phase-sensitive

ol

detection system. The signal processing circuits are locked to
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the master oscillator, and the whole of the electronic circuitry is
shown in block form in fig. 2.3. The phase-sensitive detector is a
commercial Brookdeal system, with some additional AIM filtering
equipment. A detailed diagram of the signal blanking circuit is
shown in fig. 2.4.

For ease of alignment, a small helium-neon laser has been
incorporated into the system. It produces a single mode parallel~
beam output of abour 0.6uW, and has proved of great value when
aligning the optical system. Its output enters the system through
the back of the first beam-splitter, and is primarily aligned to
be coaxial with the white light beams emerging from the beam-splitter.
After its own alignment, the laser beam is used to align all other
optical components. The beams travel parallel to the flat steel
table, exactly 20cm above it. A removable target just in front of
the detector is used from time to time to check alignment of the

samples and the optical system.

2.4 Calculation of sensitivity

Source : tungsten-iodine lawp, at 3000°K (Colour temp 31210K)
Assume it to be a grey body with emissivity E = .33; from Planck's

black body radiation law:

- E c \
Power radiation W == 1 watt/cmz/um bandwidth.
A 5 c2/7\T ‘
A (e - 1
_ 4
where Cl = 3.74 x 10
c = 1.439 x lO4

2
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Hence signal~to-noise ratio at the detector output

I 2
Lo 330" W
ISN
for a minimum signal-to-noise ratio = 1, the differential loss

detectable, o = 5.5 x 10—6.

The apparatus should therefore have sufficient sensitivity for

the glass loss measurements.

2.5 Measurement of glass samples

A number of types of optical glass were selected from the
manufacturer's cataloguelk, as suitable for use in experimental
fibre production. As the glasses chosen were to be used in the core
of the fibres, only high-refractive index glasses (n=1.6) were
considered. Four glass types;for which the manufacturers claimed
low transmission losses, were obtained.

Type F7, a lead flint glass, was obtained in the form of lcm
diameter redrawn rods, with a fire-polished finish. The rods were
not particularly straight, but this form of supply was relatively
inexpensive and suited the fibre-drawing experiments. Long (30cm)
and short (5cm) rods were cut, and their ends were polished by an
optical firm. On examination after the polishing of their ends, the
redrawn rod was seen to exhibit a strong diverging effect, and
between crossed polarisers strain birefringence was visible (fig.

2.5a) . The beam divergence was unacceptable, so the rods were
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annealed for 2 hours at aZOOG, and the strain was greatly reduced
(fig. 2.5b)

Glass types F2 and F8 , also lead flint, and SK16, a dense
barium crown glass, were obtained in the form of ground and cut rods
of high optical quality. On polishing the ends of the rods no
abberation could be seen. Annealing had already been carried out by
the manufacturers.

Measurement of the differential loss was carried out on each
pair of samples at wavelengths selected by narrow-band interference
filters in the range 500-1000nm. At each wavelength, differential
loss readings, zero readings and loss with a fused silica flat as
a substandard were measured. The accuracy with which the loss of
the thin silica flat was known was sufficient for this purpose.
The reflective loss from the flat may be accurately calculated,
and absorption and scattering loss in the 2mm path length are very
small. The attenuations measured for the glass samples were
expressed as decibels per kilometre, and plotted as a function of

wavelength.

2.6 Discussion of results

Curves are presented in figs. 2.6 to 2.9 of the measured optical
attenuation of the four glass types as a function of wavelength.
It is at once apparent that some small values of attenuation, as

low as 10dB/km, were measured. Having once aligned a set of samples,
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the measurements were repeatable to 3dB/km, which bordered on the
accuracy of the measuring system as a whole. The noise of the
system, as seen on the digital output of the phase-sensitive
detector, was at least 10% of the lowest observed attenuation. Thus
if doubt is to be cast on some of these low measured attenuations,
it would be on account of unequal end surface finish or misalignment
of the rods, resulting in movement of the beam across the detector
face. Great care was taken when aligning the rods, and further
work is being carried out to measure the effect of known misalignment.
Whatever the accuracy of measurement of low values of attenuation,
the curves obtained show some significant points. It is apparent
that the lead zlass samples exhibit particularly low loss in the
700-900nm region, and much higher loss in the visible region covered,
500-7001m. Of the three lead glass samples, the redrawn F7 is of
slightly higher loss than the two optical glass samples of F2 and F8.
A local loss minimum at about 580nm and a maximum at about 640nm
are present in all three types.
The sample of SK16 glass shows a minimum attenuation at 700nm,
of about 350dB/km, rising steadily at longer and shorter wavelengths.

SK16 does nol show much promise as a possible fibre core material.

2.7 Conclusions

A twin-bean spectrophotometer has been constructed, covering

the wavelength range 500~1000nm. It is capable of measuring small
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bulk glass attenuation to an apparent accuracy of 2dB/km.
Preparation and alignment of the glass samples is critical however.
Curves of attenuation vs. wavelength have been obtained for sone
lead glass samples which eppear to exhibit very low loss at certain
wavelengths; these results will be regarded with suspicion until

further measurements have been carried out.

2.8 References
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-28-

ws3sLs Teotado

d3L14

aNvd
-MOGHVN

- ao3swojoyd-oa3oads wesq-utml T°Z *3TJ

31dWVS LHOHS |
— %,

30010 N-+d w

A

| I

HOLOW

H3ddOHD FdNLY3dYV

N

dNVTTD

3N LY3aY

A

F1dNWVYS ONOT

d3SV
LNINNOITY

®




=

o
-0~
O
&
(w3
No)
&
<
O
09 - ~ — |
~No—00
~— \
0) \o -
Store
=004 6 V/CM
l | I J I | | |
o8
00 o8 I-0 12 1-4 -6 I8 24
Distance , cm- :
Fig.2.2

Variation of sensitivity of PIN 8-LC diodes with position
across a diameter



§7TNOITO UOTI0918p PUEB SATIP SNOUOIYSUAS JO werelp No0Td ¢°C 214

m d0L0NT | o1 -
d7dd0ED wii IATYA | -
"ONAS g€ | mowosz | olcaik:s
M |
! ZH Lt
i 2SO0 M m
f J | S j w
: IINDYID HONINNVIL : |
f b
dALTIT4 “" M 1 . f 3 i W
A \w = H P 114§ ot
\ Leé IJITHS ¢ = : LO7iS “_o. TimemmLAmmH% i LATHS
Q i asvaal idzea /w -INO DIV | SvHd! m | = ASVHA |
? ; 1 3
_ i M
m L $
FONTAAITL | v wzwzmgm ,
” i —— — — — - .
{ i humu..
H
{
T7 w
. —= R MOLOALA
AVIdSIA | ¢ asd . P 071-9 NId
WAQ TVIMIo0Nd TYNDILS

TvA@I00¥d




-31-

3TNOXTO Surdueq Jeudts  ¥-z 813
ASGl—
..30
_!..I- 0
asd by MV N1
% “ dv:., 2191 = YNNI
o5 . - I >
100 “waza LOL{NT Bxo XIF!
T NOIS ! L
.w: AM. \MG.MO_ 9 :onm‘w .le o
o o ,
d
. < | 12s Q0| fr
obs obe Wum Ay, S g OH & A
ﬂ olY > €L
W/ T\
O
al
UM
!
ASI+ Y
) T = SUTL ARG ISYHA .h_..l
o ) °
S . 8o/t 1 AL Lgdml
ol JWOV__ W N UAo! m%:m
d-d ag
hw,..\.w \)\I*TMJ\((,\_\I; _ Ul EpINCPEFER
N %mmz«m\; 47 == B0l NT &9LL,
\“l 34y +9 S % V] 80L% KUY Bolent
B 7 e ~ n o
.W Lo
dos = . Ml VNot Ju
l(lS>>\ = U
Ual T
TA d.d . s
u:ON (X v UM MM
olly T8

ASL+



£ F7 rod, nob armealed

e
s
ga
™2
LI
)
[9p]
[nd
%]
v
z.nl»
s
o
}..Jq
i
o
m
it
4,.-4’-
et
o
D
o
9]
o
(o]

Fig. 2.5b Strain blrefringence of ¥F7 rod, snmealed



/A4 ‘yasSusToaeM °SA UOTJIENUS3IY 9°7 “3TJ

wu YjIus[oaeM

oon me ﬁOm 00/ 009 00§
)

-33=
©

00t

w /gp
sso]

007%

009

008



Z4 ‘Yya3usiasem °SA UOTJENUslly /[°7 *38TJd

wu ‘y3adussaseM
000T 006 008 00¢ 009 00§

\\\ —1 00¢

wy /gp
sSO

- 34 -

’ — 00%

— 009



g1 ‘Uya3usoaem *SA UOTIBNUSIIY

8z 314
wu ‘yadusiaseMm
000T 006 008 00/ 009 00¢
" I o _ o) m ] I b
ol o o No—o
-~
nﬁ/n%\\\,/o\\\a ////o o
\\\G
o .
o/\ / 1
©
wy /gp
SSOT
i
Ve
o)
H

o

/ u Oo.q.

009



000T

9TMS ‘YISusTsABM *SA UOTIBNULIFY 6°7 *STJ

wu fy33usToaeMm
006 008 00¢ 009

00&

-36-

| I i !

00¢

— 00%

w/gp
SS0T

— 009

008




~37 -

3. A PHOTOMETER TO MEASURE LIGHT SCATTERING IN OPTICAL GLASS AND

GLASS FIBRES

3.1 Introduction

Interest in the development of cladded glass fibre,
optical waveguides for long~distance, wide-bandwidth communication
systemé has prompted the study of losses in high~quality
optical glasses. An economic figure for the overall loss
permissible in such a system has been quoted as 20dB/km,
equivalent to an attenuation of 4.6 x lOnscmwl, and.ilt is
clear that the raw glass used in the manufacture of the glass
fibre guide must heve a bulk optical loss below this figure.
Without considering the extra losses introduced in fibre
drawing, the two sources of loss in the bulk glass may be
divided into absorption loss due to ionic absorption bands,
and scattering loss, possibly due to random density

variations, concentration fluctuations characteristic of a

frozen solution of inclusions of alien matter.
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. . . . 1

Previous measurements of scattering losses in optical glasses

have provided evidence for the supposition that the main scattering
mechanism in such glasses is of a Rayleigh or Rayleigh-Gans type.
This is in accordance with X~ray diffraction studies by Warren2 which
led to the conclusion that glasses had the microscopic structure of a
liquid with small scattering centres caused by thermal density
fluctuations, frozen into the glass on cooling from the liquid state.
The spectral range of interest in a fibre-optical communication system,
where the bulk losses are generally at a minimum, extends from 500nm
to lum. Since Rayleigh type scalhtering decreases rapidly with increasing
wavelength, the scattering loss at lum would be very low for good
cuality glass. Therefore an apparatus was required that could measure
the ongular scatteving distribution within the above wavelength range
down to a leval equivalent to a scattering loss of 0.2dB/km at the
long wavelength end of this range. Previous work on light-scattering in
glasses, in comwon with scathering measurements on liquids, appear to
have been confined to the visible wvegion of the spectrum, while
commnercial lighi-scattering photometers are norwally restricted to a
few visible emission lines frow standard awrc sources. The apparatus to
be described employed a high-pressure xenon arc, with an output approx-
imating to the emission from a black body at 6OOOOK3 from which a
particular narrow wavelength band in the required range can be selected
usiné a multilayer dielectric interference {ilter. Measurements can

also be made at a wavelength of 633nn using a 1moW He-Ne laser source.
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It is intended to measure the fractional scattered power in a
small solid angle at different angles and then to integrate over all
angles (assuming a theoretical Rayleigh curve through the experimental
points) to find the fractional scatteriung loss per unit length of
sample. In order to neglect the error incurred due to the finite

; 0 .

acceptaence angle, an angular resolution of less than 9 must be achieved .

The experimental technique involves projecting a quasi-parallel
beam of lizht f%om the arc lamp through a saaple of the optical glass

under investigation, and measuring the intensity of the scattered

radiation emerging at various angles from a specified volume inside the
sample. The latter is in the fowin of a rod of square cross-section with

highly=-polished ends. The bheam propagates in a direction parallel to
the rod axis and the scattered radiation is viewed throuzh one of the

polished sides. The detectoxr is pivoted so that 1t moves in an arc

about the centre of the wrod, and in a plane including the rod axis.

£

r

I'he amonnt of lighlt scattewed at any given angle way be compared with
the intensity of the transnitted beam, since tivtotal optical loss
through the sample will be zwall, 2nd hence the fractional scattering
loss per uvnit length which occurs at the selected angular direction can
be obtained. It was decided not to wely on weasurements from known
scattering material;, such as benzane, to calibrate the transwmitted beam,
but to attenuate the beam by a kuowan zmoumi and to measure its intensity

2

with the seme detecting system as used for the scattering measursments.
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3.2 Scatterine Photometer .

o S

3.2.1 Optical System

The arrangement of the experimental apparatus used to measure the
angular variation of light scattering by optical glass samples is shown
in figs.l and 2. The glass sample is in the form of a cuboid, Zcm X Zcm
x 10cw and is placed in a long rectangular trouéhq The inside of the
trough 1s blackened, and provided with baffles, to reduce the intensity
o stray light. Apertures in the baffles allow a light beam entering

at one end of the trough to pass down it, close to one of the sides of
the trough. The sample is placed against a rectangular slit Zcm hig

by 5S5mm wide in the side, through which a region in the centra of the
sample is wvisible. Light scattered from the input beam emerges from

the slit, and is received by a detactor head votating horizontally about
the vertical axis of the slit, ia a semi~circular trousgh. The
rectangular and semi-civculac troughs are filled with a refractive-index-~
matching licuid, the particular licuid usced depending on the refractive
index of the glass being weasured. The ends of the rectangular trough
are provided with glass windows; the window remote Irom the light sou:.ce
is not pecpendicular to the beam, so that light reflected from its
surfaces does mot return to the sample but is diverted and absorbed by
the baffles. By using an index-matching liquid, corrections to the
s2sults because of refraction are much reduced, and a larger range of
scattering angles wmay be usad. Scattering from the ands of the sample
is also meduced. The angular range that can be covered is from 20° to

o . e o s . -
1607 to the cical axis and is limited by mechanical Lactows.
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A diagram of tine detector head is shown in fig.3. Light scattened
horizontally is reflected upwards by the prism; through a bank of filtex
holders and a collimating lens onto the end of a 4.5wm diameter glass
fibre lizht guide. A rectangular apertuve in front of the lens
determines the acceptance angle of theo scattered light. The position of
the input end of the light guide is adjusteble and is arrangad so that
an image of the civcular end of the guide is focussed onto, and
comnletely covers, the rectangular slit through which light is scattered
Thus th2 image of the slit is focussed onto the end ol the light guide
and is smaller than the guide. A machined socket locates the guides
in the detector head.

In order to obtain absolute scattering mecasurements the power in
the input beam must be cowpared with the scattered power. Since, during
measurement of scatiered power, the light passes through & considerable
1emg£h (about 30cm) of index wmatching licuid (which may absorb up to
70% of the light at the longest wavelength used) the attenuation
of the liquid must be taken into accovmt. The input beam is therefore
passed through a trough of the same liquid, the length being the same
as the path length in the scattering apparatus. Corrections for window
and sanple reflections must be made. Because of detector limitations
the incident beam cannot be measured directly and knowvn attenuators
must be used.

The use of neutral density filters presented weny problems as the

1010

input beem must be attenuated by as large a factor as in sowme cases



4D~

in order to operate the detector in its linear region. This involved

the use of perhaps five filters, each with an atteunuation of 100 times,
which reculred a great deal of very accurate calibration to prevent

large overall errors. Also the so-called 'neutral density’ filters
obtainable showed a large wavelength dependence of attenuation, having
an attenuation of 100 times in the visible and only about 10 at 850nm.
Thus with five filtcers in the detector head the sensitivity at 850nm 1is
approximately 105 times that in the visible. The problem is wade worse
by the peak sensitivity of the S1 cathode lying near 8350nw. When working
in the wvisible region, the large increase in ”@- sicivity in the near
infra~ved would necessitatn the us2 of narrow band filters witn very

high infra-red rejection in order to ensure that the detector was
actually measuring the required signal. Because of these difficulties,
the use of neutral density attenuators was rejected.

Some atteruation was carried out by reducing the aperture size in

the detector head with specially measured apertures, but the beam was
mainly attenuated by shining it normally ounto a white di
and viewing the spot con the screen with the detector head from a

distance of about 70cm. Thus it was not necessary to d=termine additiorn-
ally the sensitivity of the deteaction system. The scraen used could be

1 P

coated with a fresh leyer of smoked magnesium oxide o1v a thick coating

I

h

of barium sulphate paint, or weplecad by a disc of pressed barivm sulphel.:

powder. Over the wavelength range of interest, the last two types of
Ce g . — - _ 5
diffusing screen have an absolute rellectance greater than 0,99 and
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the sngular reflectance of bariuwm sulphate powder is meaxly perfect.
After some initial experiments with the other two types of diffuser, the

pressed barium sulphate powder difiuser was used for incident beam

attenuation.

3-2.2.Lizht Source

The 1ight source is a PEK 75W high-pressure xenon arc lamp, mounted
in a coavection-cooled lamphouse as shown in f£il¢. 4. The mounting
allows the arc to be easily aligned with the optical system. Very little
stray light ewerges from the cooling openings. A magnified image of
the 0,5mm diameter pinhole is forwed by the lens, of focal length 3cm,
at a diskence of 32cm. This image is the same diaweter (5ma) as the

N

lens aosciture and tius 2 parellel bzam of 0 Scm diameter extending over

30cm is puoduced. Thus all the lighl passes through the glass sauple
»nd the maxinun angular spread ol the bheen is 0.03 radian.
The lamp st be operated from a constant-current nower supnly

eg
I

Lo avoid output fluctuacions. In addition the lamp requires an t.i.

~y o]l - RO S L PR -~ . -__ s O T, St ji - -2
gpark to lgudite ik, and ¢ inenantaneous starting voltage several times
high=r chan th2 rowmal opawatving voltage must be applied. This requires

additional circultry, and precautions must be talen Lo orevent startiag

Ys and I
transinnts frowm dawaging rhe power sunnly.
feo) L) o NI N

>

A simple starting systom has been designed, and the complete
civcuit is shown in fig. 5. The power sunply used is an Advance PHb4

modular unit, and r.f. is seanervated by a Woteoa 24AC00 ignitor.
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To supply the initial starting voltage, the output from a 10A

110V isolating transformer is full-wave rectified and connected to the
lamp in series with a large ballast resistor and choke. The lawp

itself draws 6.3A at 12V. To start the lamp, switches S] and S2 are

set to the 'start' position, thus short-circuiting the output from the
power supply, and applying the starting voltage directly across the

lamp. Oa pressing the 'start' button, thez arc is triggered, and the
lamp immediately draws current through the ballast resistor fromn the

d.c. supply, dropping the voltage dowu to 12V. The lamp is then rumming,
and will continue opevating without the stabilised power supply in
circuit. To conunect the power sunply, the changeover switch S2 is

set to 'run'. On breaking the first contact, the power supnly is
connected in series with the circuit, controlling the current drawn from
th2 vectifier. On making the second contact the unstabilised d.c.

supply 1s shorted out, all the current being distributed in tha ballast

2sistor. S, is then switched off, leaving tne lamp running directly

1
from the stabilisad power supply The power sunply is, of course
. d. i pl O LA o ke (el + [ L ._.yv P }:) VYo O\.LL P .] 1\37 . curs b
gererating currvent whron sunorted out, thus S? nust be capable of

carcying 13 amps.

The scattaeved light collected Ly the detector head and focussed

onto the light pipe is divected onto the cathode of a photomultiplier.

A diagram of this arvangewent and of the cooled housing is shown in
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fig.6. To cover the wavelength range required, an EMI 9684 photo-
multiplier with an S1 type of photocathode 1is used, cooled in a liquid
* O 2 x
nitrogen enclosure to about 77K to reduce the dark current. The use

of a sealed-in light pive has ovviatad problems of the wisting-up of
<O X .

input windows- Care must be taken to use only the most sensitive part

6

of the photocathode . 1In view of the low light intensities to be
measured, and the swall (order of 0.2%) quantum efficiency of the S1
photocathede, it was decided to use a photoclectron~counting technique
in preference to the more usual phasc~sensitive or synchronous detectioul.
The signal/noise ratio of counting tachnicues at very low lizht levels

a.

to, the phasea-gsensitive

»}

Lo be as good as, or superior
755

detection method 7, wnile long integration tilwmes preseat no problems.

ey

fhe counting system shown in f{ig.7 is simple and relatively inexpensive

the digital outpub are easy to recoxd.

s

and the numerous readings o

The photomultinlier dynode chain is fed from a stabilised gHT

. , e . P N
give an electron multiplication oif avout 10 .

13

Thus a phovoelectron gives rise to a charge pulse of 1.6 x 10 C at

supply, and the dynndaes

the amode, which has a load resistance of 4.7k%. A valve preamplifier

has a waximan voliaze gain of 15 and hos a total

(fig. 8) is used which
input capacitarce, Lacluding the photonulcinlier, of 24plF so that an
everage photozlzctvon produces a 7uv volse at th: anode, and about
100wV at the preamplifier outnut.

The preamplifier is followed by Ffuvther awmplification and a pulse

height discriwminator circuit, fig. 9. Ia ch2 Zirst pulse height
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discriminator used it was possible to count pulses of height between
two selected voltage reference levels resulting in the removal of the
pulses which were of very low or very High amplitude. The low amplitude
pulses represent mainly awmplifier noise, pick-up noise and thermal noise
from the dynode chain, whereas the very high amplitude pulses can occur
as a result of cosmic rays or bombardment of thé cathode by positive
ions in the tubegw It appeared experimentally that the high amplitude
pulses were very infrecuent and the added complication of the upper
discriminator level and gating circuits (the provision of which slignhtly
lowered the frecuency response of the whole circuit) was thought to be
unnecessary. The discriminator circuit has since been simplified to thatc
shown in fig.9.

The dark pulse count of the photomultiplier when cooled is
expected to be of the order of 100 pulses per second (from tube data).

The discriminator gating level was adjusted, with a small illumination

@D

level, for optimum signal/noise ratio when the dark current actually
measured was about 15 per second. A count is usually taken over a 10s
pericd which is measursad by a crystal-controlled oscillétor, The
amplitying, discriminating and counting circuits tozether are limited

to about ZMHEz maximun rate, and thus about 1% of pulses might be under-

recordad,; due to coincidence, at a count rate of about 20kHz.
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3,3 Calculations on Scattering Photometer

D e At o ol e b

3.3.1 Sensitivity and Angular Resolution of Scattering Apparatus

The output beam from the xernon arc is collimated and filtered to
pass only a narrow wavelength band about 10nm wide. The brightest
part of the arc was extremely small, and did not completely £ill the
aperture in front of the arc. 0o inspecting the magnified image of
this aperture, it was seen that no wore than a tenth of the source
aperture was filled by the bright spot of the arc. Assuming this spot
to be a black body radiator at 6OOOOK, the power in the beewm after
filtering was calculated to be 2 x IO_SW, Of the scatteved light, the

] (

. - -3 -
detector accepts a solid angle of 1.5 x 10 steradian, scattered from

an incident beam length of 0.5cwm. A count of 10 photoelectrons per

. 16 ..

second corresponds to about 2 x 107 W incident on the detector head,
. _13\--, . . . . . e
or 1.3 x 10 W scatteved per steradian., an isotvropic Rayleish

scattever would direct 3/16% per steradian of the total scattered power

1

O : . > 1 .
at 90" to an unpolarised. input beam, so that in the above eudmple the

3 . ; N , .
total scattered power is about 2 x 10 ~ ', equivalent to an attenuation

. . -7 -1 . s
by scattering of 2 10 "cm ~. This attenuation corresponds to a

scattering loss of less thaa 0.4dB/km.

AL - . NE A e A e KA} - . 1 ‘
ine net aazle of acceptence of the detector head when measuring

4

_ = . . om0 L .
scatteved ligat is 4 in the horizontal plane and about 4° in the

vertical plaue. Any divergence of the input light beam lowers the

q

SV
J

9]

tem rasolution further. When a halium-necon laser is used the lnﬁut

collimation is very good and the resolution is given by the receiving
.
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acceptaace solid aagle of scattered light calculated in
the sample
aperture attenuation for incident beram measurement

£ width

lenzth of sample viewed = scattering sli
S8R ..Z .cos §

>

N

diffusing screen attenuation factor = -
acceptance solid angle of detector head for incident beam
measurement

reflectance of diffuser

angle between viewing direction end normal to diffuser

surface.
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3.4 VM‘"D“"LHG al. thod and Initinl Checking of Equipment

A e e it e e o

3.4.1 Setting un and Checking of Detector System

)

(a) Discriminator Level Setiing

e r———

The statistical vaviation of 1light councs and noisce counts frow
the detector system necessitates care to obtain the best siznal to
noise ratio. This is not the ratio of signal count to noise count,

1

as the signal is obtained by subtracting the noilse count frow the Lote.

count and it is only the statistical variection of these cquantilties

vialch gives rise to nmoise. The signal to nolsa ratio may be

expressed as the vratio of the signal count obtained,to its standard
.‘gm., ; 1+ AF ot inn Dol {

deviation . This deviation is a vesult of variations in boch total

count and noilse count.

The low amplitude counts which represent largely noise signals
can be removed by the pulse height discriminator as described

previously. It was however necessary Lo select an optimumn

discriminator level, taking into account sgi-nal to neise ratio and

also lwminity to outside electrical interference which may be of” an

2

extremaly randow nature.

lower discriwminator level than was finally used but thoen the systea

wos somewhat sensitive to random interference. The interfereace was
recduced considerably by sultable wmalusfiltering but it was thought

level in ouder to increase

advisable to increase the discrimina
noise immunity. This ilucrease rewoved viviuvally all electrical inter-

ference whilst it only reduced the signal to nolse ratio,in the
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(b) Effect of Cooling Photomultiplier Tube

The effect of cooling on the dark count is shown in fig.(10).
The nitrogen tank was filled at tiwe t=0 and the dark count was noted
for a period of 3 hours. The temperature of the tube face was
monitored throughout with a copper/constantan thevmocouple The
measured temperature of the tube went down to -200°C and the average
noise count settled to about 14 cts/sec after passing through an
erratic period bhetween 20 and 30 minutes after cooling. This erratic
nature was always obsarved a shovt while after cooling but the noise
count settled down to its low value of 14 cts/sec aiter about 90
minutes of cooling. The tube was always cooled for at least 3 hours
before taking measurements. A single charge of nitrogen in the
cooling reservoir lasted for about 8‘hours.

(c) Stability and Lincarity of Detector

As the detectorwas used to cempare incident and scattered
intansities it must be'both stanle and liaear over the range of
intensities measured. The stability was investigated using & tungstern
source powered from a stabdbilised supply. The tungstén lawp was
placed close to a scattering screen and some of the scatitered light
wasg incident oﬁ the detector head, which contained saveral neutral
density filters. The variation of the sisnal count with time is

shown in fig.(11). This shows a total variation of only #%% over a

period of 3 hours which is well within requirements.
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The linearity of the detector must be checked over a wide

range of input sisnals as very low scatiered light counts are usually

obtained at wavelengiths near lum. These counts wmust be compared to the

count obtained when making incident beam measurements. Iven when

D

using lmnm diameter apertures in the lawmp housing and in the detector

1

nead, the latter is dbout a factor of 100 1 arger than the

~
L

ormer.
It was decided to check the linearity using geometrical alttenuation

by changing aperture sizes. A slit could be placed in the detector

&)

head Lo reduce the area of the aperture already present by a known
factor (about 6 timee). With this aperture present the detector head
was used to monitor white light scatterad from a diffuse screen at a
distance of around 70cu from the screen. With two aeutral density
Cilters and two polaroids in the incident beem, the intensity of the
beam was adjusted using the polaroids to give a signal count of

around 40cts/s2c (counared to the davk count of about licts/sec). The
signal count was measured accurately with a long averaging per iod of

about 5 minutes., The slit was then vewoved from the detector head

and the new signal count was obtained. The reduction of signal count
caused by the slit was measured accurately by vepsating the above
orocedure sevaecal times in order to minimise tha eflfects of drift in

the equipment. Tne attenuvation was found Lo agree with goowebrical

<
=

radictions to within +1% The same procadure was then
repeatad vub this time the input intensity wikh the slit present wes

adjustad to give 2 siznal count equal to that with the slit out in tne
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previous case, and the slit was then removed and the new signal count

noted. The new att nwuatwon measured was again within 1% of that

expected ) . By

continuing'in this Qay tﬁe aetéc£52 was snowit to be linear to within

1% from a signal count rate of around 40 cts/scc to one of 10,000 cts/sz
This linearity range is well within the limits requiied. The

departure from lincarity is shown in the graph in fig.(12). Having
shovm the detector to be linecar over the above raage, further poincs

on the graph were obtained as follows, Ly .ta

king a signal couni near
the top ead of this range with the slit nresent in the detector head,
the count obtained on rewoval of Lhe slit was noted. The departure

fyom linearity can be found by comparing the count measurad

count expected 1f Ethe deiector were linear over this range also. In

present are denoted with a circle

whereas those wiiti the slit absent are denoied by & square. [From the
graph it is appavent that the detectov depavts significantly frow
linearity at counlking vates greater than 17kHz. This is about the rat:

expecited from the previous considevacion of pulse coiuncidence in the
counting circuits., In order Lo ensure good linecarity, the measured

1ight was attenuated to zive a counting vetz less than 10%Hz for all

L)

measurenents.,

. 2

lamp was iovestigated using a
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Spectra Physics laser power weter in conjuaction with an avometer.
The output beam from the arc laup was divected into the defector head
of the power meter and the current outpub was wonitored on the
avoueter for a period of seveun hours. The graph of curvenl against
time is shown in fig. (13). The stendard deviation of the measured
current is 1.4%, showing the stability of the lamp to be at least

as good asit?%.

(b) Methyl Salicvliate absorption loss

Sy e A AN 7 o8

The index-matching liquid finally selected was methyl salicylate
Although the absolute absorption loss of rhe methyl salicylate is not
required in the calculation of Rayleigh's ratio, it is of use to know
the wagnitude of the loss in order to estimate the loss In seasitivity
*hen using 1t as the index matching liaquid. The loss was weasuied
oz a long ivough containing meinyl salicylate with a total path
leageh of 32.4cm.  This twough was insertad in the beam whoin waking

o~

input light measurements. The filtered light frowm the :tenon arc 1is

o0

allowed to impinge on the scattering screen and the =pol is wvievdd wiln
e detector nead containing a swall aperture. The light count is
measured when the trouzgh is not present. The twough is then pleced

in Lthe dancident beam and the new lLight count measured. The process is
repected using each of the narrow band [ilters to find ithe loss at
each wavelength. The loss must be corrected for reflection losczs at
the windows at each end of the trough, which are calculated from the
measured refractive indices. (The absarpiion loss of the glass slides

used for the windows was negligible ~t 211 wavelengths used.)

Lo By 2
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The meximum absorniion loss occured at 993nm where the transmlssion
was only 10%. ‘The transmission vas fer greater for the other wave-
leugths vsed, being close to 100%4 ot 2ll visible wavelengths.

(¢) Scaottering screen cosine law check

i - s e O S b G PN

1o

The calculation of Rayleigh's ratio assumes a perfect diffusing
screen, which when illuminated norwally gives a scattered radial
intensity proportional to cos 8 where O is the angle to the normal at
which the licht is weceived. The relationship was checked by

b

illuwnineting the scieen normally and wmoving the detector head around in

£l

an arc centred on the point where the iancident beam strikes the screen
A polar graph was plotied of light count against cos © (fig.14). The

theoretical cosine variation is represented by the semicircle shown.

Tt can be sezen from the graph that the experimental points depart

from the theoretical curves by oaly about 3% at most showing good

agreement witnin experinental error.

(a) Alienment Procedure

A AR NN R BT Pk

The optical arrangement fov scatteving measurements 1s shown in

Fies, (1) and (2). The detector head must be adjusted to vaeceilve

211 the light scattered f[rom the glass in the required receiving angle.
This is ensured by inserting into the derector head a second light

guide similar to that fixed to the detector system, and shining light
frow a tunysten scuwce into the other end. The image of the end of

the light guide is theprojected onto the area near the slit in the
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horizontal troush. The image can be focussed, and its position

adjusted to cover the whole of the slit area, by using the adjustinent
screws on the detector head. When the image covers all che slit, all
light passing out of the slit and through the receiving aperture will
be focussed onto the end of the detector lizght guide when it is
inserted.

A similar setting-un procedure is used for the incident 1light

. o~ -1

intensity measuremenkt. Here tha2 image of Lthe light guide is projected

]

o

onto the scattering screen and is focussed and adjusted to completely

cover the bright spot from the incident beam.

(0) Reduction of the effects of drift

When measuring Ravleigh's ratio in the above wanner the a

1s used to alternately neasure incident and scattered light, up to 3

=
T

acasurements of each being taken to winimise dri of equipment

batwzen incident and scatteved measureme

»

When polav sgcattering diagrams are vecuired it is nobt necessary

T TOAa 21T t“g-va imeldsat
SO pieasure e Lnecidcend

Deam intensity. In this case the affect of
drift is minimiscd by measuring intensities abt esch angle required
and baen reneeting these weasurenents several times, By taking

sufficiont sels of wmeasurements, the rvelative intenslitics receivaed

st each angle can be found accurately even when the light source
intensity 1s dri
N ) . e T Ll L R et L b -
A further example of the way in vihiich dyift effects con Le

raduczd ocours when bthe variation of scactered intensity with wavelengu

is required. With the methyl salicvlate twouszh in both beams the onlv
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significant'factors giving rise to variation with wavelength aire the
actual variation of Rayleigh's ratio with wavelength end the relative
intensity of the light source at cach wavelength. The second factor
is rewmoved when the ratio of scattered to incident 1light is teken.

In order to reduce drift etffects when finding the waveleungth
variation in this way, the scettered light is first measured at each
wavelensth and then the process is repeated several times. The same

3

raight through inteunsity.

ot

procedure is carried out when measuring the s

Thus the variation of scattered light inteusity with wavelensth can

be found free from the effects of dvift.
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3.5 Results

e

Initial iments nave been carcied out on two samples of

(6
Nz
d
()
x“'s

glass supplied by Schott and Co., a lead [link glass, type F7

L]

optical

iND

and a dense bavriun czown glass, Lype SSKZ. The polar scattering
diagrams for Uh(O) and UV(G) were obtained at 033nm using the He-Ne
laser source, and are shown for the vespective glasses in figs. (16)
and (17). Superimposed on the 2xperimental points are theoretical

curves of U (®) and U (®) calculated frem the
v i

0(90) = e

measured perpendicularly to the input beam. The 'peaks' at avout

0 3 O : r T2 e e N i 3 .
377 and 1437 ere attributanle to lisht scathered fvowm the entry and
exit faces of the sauple

refiected into the detector from the

polished back face of the sample. his 1s confiirwed by the fact that

sample is wovad in tie longliudinal direction. In order to alimianate

- T - ~ E (N —~ Fraia S Fais L - P ~ T o A il aa & " P . = e g S s dee ooy T $oinm 2

Lo ne cut at a suitavle aungle, lecving rods of approximately tri-

. s ST [ 2 DU SN P _ - A8 AR o g oy A s 2 ot T e e -
du;};u]_c L spotion Thre usnout tie a n,'_'},ll.aj_ réuge oveay wnica Ltae L)b-‘) Lo-

ey ] P [ o 5 . P R I i i ey . s oy DS .

meter can e usaed kbne scattering in our samples of F7 and SSK2 glass
B P 0 Lt plaa 2 AaanTl DaserT s o T i I T I ) ? e ¥

ave within 3% of ithe ideal Rayieligu curves cxcept where these 'peaks

occur. Curves of similar shape have also bzea obtained at obiher wave-
ths Tt is theretore not unvcasconable to cowpuie the toual
scatiering loss by integrating, on the basis of the cxperimental

S

angle of 47 assumin rleigh scattering law.

=
: -t
e
@]
<
{0
=
w
W
O
e

b



Thus the scattered light nas beea measursd et specirfiled engles over
the waole wavelenghth rarnge and the computed variation of scettered

power mec unit length with wavelensth is shown io figs (18) and (19).

It can be seen that for bhoth zlass samples the scattered power varies

"4—05 - . s ~ v .
2s A . The wavelength of particular intevest for fibre optical

1 K

communication applicetions is thel cowrrvesponding to the output of a
gallium arsenide cewlconductor lasewr operated at room teupevature,

namely S00nm. At tois wavolength the bulk scattering loss of the F7

sample is 4,363/ km, and that of the SSKZ sample is 5.0dB/km. Thase

},-. A
Ayl
}-——-l
@]
=
%)
-
)
foed
(@]
197
w
}__
3
©]
P

figures are considerably less than the toktal
opcical comuunication system, AL shorter wavelengths the loss by

O T Y P e , . T TS Y RN A . LT Yy AT o 1. L -
scattering increases to anout 20d3/wwm at 630ma for the 7

C

Results have also baen obtained for e fused silica sample

(Coraing 7940) supplied by Dx. H. N. Dazlish, These results

egree closely (within 2%) with results Lr Daglish obtained for
the sawme sanple at 900am Dy c¢lish's resulits were obtained

resulls obtained at shorter wavelengths using

=

by extrapolation o
a mercury arc line source. The scattering diagram and scattering

cttenuation vs wavelength plots are shown in figs. @1, (22).

The calibration of the instrument has been checked by

measurements of two samples of commercial highe purity benzene and
also on one re~distilled sauwple., The scattering attenuation

coefficient o for a sample of benzene is shown as a function of
1 . ne n . . 5 '{f . O oA A 1 § . 1 .
wavclength in fig.(20) and varies at A which corresponds to

ideal Rayleigh~type scattering as might be ewxpectad. R(90) has
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has been found et 546mm and compared with some previous calculated

10
. - N - . -
and experimental values . [for the two commercial samples

5 - i -1 .
R(90) x 107 was found to b2 1.67 and 1.8lcwm = respectively.

. -/ ) o
For the redistilled benzene R(90) x 107 was 1.65cm L, Values

: 10 ; .
calculated for pure benzone by two different-methods avre 1.55

-1 . . . , ) 10
and 1.64cm 7, while selected previous experimental values are
1

1.54, 1.58 and 1.60cm ~. In view of the measured wavelength

dependence and the difficulity in obtalining dustfree benzene the

agreement is setisfactory.
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3.6 Measurement of Fibyre Scattering

(a) Wsing existing apparatus

Using the scattering photometer in unmodified form it was
possible to measure angular scattering functions of fibrecs over a
limited angular range. This was achieved by mounting the fibre
behind and close to the existing window in the horizontel trough
and measuring as before. The liquid in the tank should match the
refractive index of the cladding in order to obtain the scattering
distribution from the core-cladding interface. The problem of
finding a suitable non-toxic matching liquid is simplified here as
the refractive indices of cladding materials used so far are
considerably lower than those of the core glasses, (e.g. pyrex

. cladding tube n, = 1 475, MEI cladding tube n_. = 1.487) enabling

D
the use of hérmless liquids such as liquid paraffin (n=1.47-1.48).

A scattering diagram obtained in this manner is shown in
fig. (23). The fibre used bad an F7 core and pyrex cladding and
illumination was from an unpolarised 633nm He-Ne laser source. The
length of fibre between source and photometer was two metres and
the fibre was illuminated al6ng its axis by the unfocussed laser
beam. Light propagated in the cladding was removed by a lossy
medium on the outside of the fibre. From the diagram it may be seen
that the majority of scattering may occur at angles less than 25°
and greater than 155°. As the photometer was not designed to
measure low angle scattering it was clearly unsuitable for fibre

scattering measurements and therefore considerable modification

to the existing apparatus was necessary.



-62-

(b) Modification to apparatus

The principle modification unecessary is the provision for
measurement at low scattering angles. Several factors limit the
angular range of the apparatus. They are :- (1) Physical restriction
on the movement of the detector head; (ii) Thickness of the window
which restricts the scattering length; (iii) Poor index matching at
the glass liquid boundary gives rise to total internal reflection
at angles close to axis; (iv) Poor separetion of incident beam and
scattered beam. With fibres the last factor is not a serious problem
as the incident beem is contelaed by the fibre.

The modified apparatus enables a full 180° movement of the
detector head, unlike the original which could only rotate from 200
to 160°. The window of the new apparatus was made photographically
on glass plate and so it 1s physically very thin enabling measurement
at low angles. The index matching system is the same as before with
index matching liquid in the semicircular trough. The method of
supporting the fibre is to lightly clamp it to the photographic plate
forming the window. The.glass plate is fastened to a metal plate
with a large window and the metal plate is held in position by
button magnets set in the central support pillar. The modified
apparatus is shown in‘figs. (24), (25).

Apart from the above modifications the apparatus has now
been mechanised by the addition of a D.C. stepping motor which drives

the detector head in 1.8° steps to the desired angle. The provision
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of this eliminates the need to switch off the photomultiplier supply
and switch on the lights for each manual angle adjustment. This
should therefore improve the short term stability of the measurements.
The driving circuits for the motor are shown in figs. (26) and (27).
The number of steps the motor takes is recorded.on a resettable
electro-magnetic counter enabling remote indication of the position
of the detector.head, knowing the starting position.

The addition of the stepping motor also makes possible the
future automation of the apparatus. Using an electronic counter with
output to a tape punch the equipment could be set up to automatically
record signal counts, and then the detector head would move to the
next position and new counts would be recorded.

The modified apparatus in its semi-automatic form is ready to
be tested with fibres. The light propagated will be from a laser
or from the xenon arc lamp used previously and it is hoped that
useful information on scattering centres will be obtained from
scattering diagrams and Waveléngth dependence of scattering. If the
very low angle scattering can be méasuLed effectively it should also
be possible to make quantitative total scattering loss measurements
although it is thought by the author that this is best done using an

integrating sphere technique.
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3.7 CONCLUSIONS

A light-scattering photometer has been constructed to measure
the scattering loss of optical glass, in the visible and near-infra-rec
region of the spectrum  The instrument has a high sensitivity and the
measured signal counts at different wavelengths are in good agreement
with those predicted. The accuracy of the values obtained for
Rayleigh's ratio in benzene is satisfactory. The main advantage of
the instrument is its ability to measure small scattering losses, down

to 5 x 10_7

cm_1 (0.2dB/km), out to luw wavelength,without the need
for a calibration standard. Measurements on samples of F7 and SSKZ
glass indicate Rayleigh-type scattering at a level corresponding to
4.3 and 5.0dB/km respectively, at 900nm.
It was found possible to measure fibre scattering in the
existing apparatus but only over a limited angular range. A

modified apparatus has been constructed for fibre measurements and

is expected to be in operation in the near future.
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APPENDIX

1. Theory for Small Anisotropic Scattering Centres

Rayleigh's ratio R(@) is the fractiomal scattered power per unit
solid angle per unit sample length viewed at an angle © to the input
beam axis. Analysing the light scattered at angle ©, from an
unpolarised input beam, into horizontally and vertically polarised
intensity components Hu(O) and Vu(@), the depolarisation p(®) is
defined(6)as Hu(@)

Vu"(”é) .
The attenuation coefficient a due to scattering may be determined by
integration of the polar scattering diagram. From a medium whose
irregularities are small compared with the wavelength of light, the
shape of the scattering diagram may be computed theoretically(ll).
Polarising the input beam either vertically or horizontally results
in detected scattered intensity components UV(Q) and Uh(@), where U

denotes that no analyser was used at the detector head. It is easily

shown that

i

Uh(Q) Uh(90) + [pv(90) - Uh(90{]00829

and
u(e) = U _(90).
The depolarisation p(90) may be expressed as

Uh(90)
U .(90) ’
V.o (6)

and hence a may be expressed as a function of the Rayleigh ratio

and the depolarisation perpendicular to the input beam:



The theovetical scattering diagrams for horizontally and vertically
polarised incident beams are shown for different depolaristions in
fig. (15). The diagrams are normalised to a value of 1 for the
vertically polarised case. These diagrams are valid for non-

isotropic particles which are small compared with the wavelength.
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2. Reflection Loss Correction Factor, T(6')

(a) Scattered measurements

AIR ’ \INDEX MATCHﬁ GLASS SAMPLE

J LNG LIQUIDB) N
AN

INDEX
MATCHING
LIQUID

Light path shown
" by dotted line is
\ common to inciden

PRISM and scattered mea.
urements
Let the fractional reflection loss at each interface be denocted by r.

The reflection losses at each interface are :-

1) From air to glass slide = Tae
2) From glass slide ﬁo index matching liquid = rgli
3) From index matching liquid to sample =T,
4) From sample to index matching liquid = ?és(g')
5) From index matching liquid to prism =T

Overall reflection loss is given by :
1 - (l-rag)(1~rge)(l—rés)(l-rzs(g))(l—r&p)

(b) Incident Light Measurement

1] [2 3} 4 ﬁSCATTERING SCREEN

AIR | | INDEX MATCHING || AIR
LIQUID

AIR
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Reflection losses at each interface are :-

1) From air to glass slide = rag
2) From glass slide to index matching liquid = rgé
3) From index matching liquid to glass slide = rg@
4) From glass slide to air : = rag
5) From air to prism = rap

Overall reflection loss (not including screen)

2 2
= ]- (l-rag) (l—rgz) (l~1ap)

From parts (a) and (b) above the factor T(6') is given by

(L-r_ ) (1-x ) (1-x, ) (-1, (8)) (A-r, )

2
(l—rap)

2
(1-rag) (1-rgz)
(1—rzs)(l-r£p)(l-rés(d>)

(l-rag)(l_rg£)<lnrap)

T(8') =
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3. Calculation of Detector Head Acceptance Angle 62 and Scattered

angle, 8 in terms of the scattering angle 6. measured in the index

L

matching liquid

(a) Acceptance Angles Expressed in the Index Matching Liguid

=
=

RIS
GLASS INDEX MATCHING LIQUID | PRISM ATR RECTANGULAR
p . RECEIVING
a%\\\\‘\\‘\\\\-‘~\‘\‘ii\\‘\\\‘;L D N a ,|g APERTURE
\
v

Ajf is the receiving angle expressed in the liquid in the plane

considered above.

8§ , if swall, is given by length of the aperture, d

"Apparent depth' of aperture expressed
in terms of the liquid

_ d
n n
S SR
¢ pn a 1l
P
In the vertical plane Ajz = l3j%
- L
n, (1)
Lot T,y

e,

where L is the length of the receiving aperture.

In the horizontal plane 42{ =‘QjTH

= (i1)
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(b) Conversion of Scattering Angles and Acceptance Angles from the

Liquid to the Glass Sample

GLASS LIQUID
AQG
9G
eL
n AeL
cos @G - ;Z cos QL Snell's Law
n -
e = cos—l[*& cos @j
G n L
G
Differentiating :-
. L
sin QGd@G = = sin OL dQL
G
nL sin ©
de = == =e——————— {0
G nG sin QG L
For small A@G and AGL:-
n., sin 6
AQG = L L ‘ (iid)
nG sin QG
n., sin @ AB
n sin[cos —= COS 9]
G nG L

Therefore a small angle A6, in the glass can be found from the

G

corresponding small angle AG. in the liquid.

L
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(c) Horizontal Scattering Angle- and Acceptance Solid Angle in the

Glass Sample

From part (b) the scattering angle 6 in the glass is given by

n
6 = cos-l‘:—k cos O ]
nG L

where QL is the scattering angle measured in the index matching liquid

When expressed in the glass the vertical receiving angle, (AQ)V, is

given by
nL 0
(A8) = = Aj/_ from (iv) above with ©_ =90,
v e v se = af L
L v
o
nG ZZ + ep ;~ + ZanL
P
sin 0, A g
(40), - 9 L H
: -1
n, sin|cos -— Cc0S O
G n L
G
2£ sin @L W
n n
sin cosm1 EL cos 9 ¢, + ¢ L 4+ 4L n
n L L pn aL
G P
Receiving solid angle 691 = (A@)V.(Ag}h as recktangular aperture
sin @L A
S8R =
1 -1 oy Na o, 2
sin cos o= cos @L Z[.;m + ¢ = + Za nG
G L P P

A = W.L = area of recaiving aperture.
The first term is a correction factor which must be applied to results

to obtain scattering diagrams.
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4. Calculation of 6%

2

ﬁScattering Screen

\4
©

b

Receiving | 3\ 2\ AIR
Aperture —,7p\ ppYsy
f area of aperture, A',
is given by s o in detector head |
App.depth' of receiving
aperture from screen as
expressed in air

Received solid angle, 692,

where np is refractive index of the prism.

A' = area of receiving aperture when making incident beam measurement
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Fig. 1 Optical arrangement of scattering
photometer (plan view)
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Light pipe

Focussing unit

Position adjustment screws

Filter holders

\..

- Air gap

< FIG. 3
Detector head assembly
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i
DISCRIVINATOR
ILEVEL KETER
PMT FUISE ! . PULSE COUNTER
EMI 9684 7] PREAMITLITIER "g DISCRIMIFATOR ADVANCE TC9

Figo 7)7,.

Counting system, blocl diagram.
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Plane of diffuser
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Incident beam ]

e i ~

Fig. 14

Variation of scattered intensity with 6 for pressed
barium sulphate diffuser illuminated normally.

Cawan,



-88-
Oo(incident direction)

Fig 15

Theoretical scattering functions for anisotropic particles,
small compared with wavelength
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Fig.l6. Polar scattering diagram for F] glassat 633nm

&expcriment&l valueg of U, (8) end U, (8)

N
gsuperimposed on theoretical curves. )
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Incident beam axis
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Fig.17. Polar scattering diagram for SSK2 glass at 633nm
(experimental values of U, (8) and U,(8)

gsuperimposed on theoretical curves )
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Fig,zlscattering Diagram for Corning Fused
Silica Sample at 633nm !
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4.

. MANUFACTURE OF GLASS FIBRES» -

1. INTRODUCTION

Since the advent of cladded fibre optics, interest has been
expressed in low loss large core fibres, both for optical communicatic
and for the more conventional-light guidigg applications, such as
aircraft fire detection systemsl. The interest in large core fibres
as the guiding medium for use in optical communications arises from
the fact that such a system may prove té be more easily_ realisable
than one using single mode small core fibres, and will find .
application where the large bgndwidth of the single mode fibre system
is not required.

This report describes the initial evaluation of large core fibre
production techgology, an assessment of the proglems involved in
production of loﬁ loss fibres, and the construcﬁion of the fibre

drawing machine. The work has advanced to the point where fibres of

good commercial quality have been produced, and the drawing machine

has been proved. Work will now progress to improving the process for

the production of low loss fibres.
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4.2, FIBRE SPECYFICATION

‘The initial specification for large core fibres is often a
direct result of factors other than those resulting from the optical
theory. The following specification is an indication of this.

4.2.1 Diameter

This was chosen to lie uL<tween 501 and 100w for ease of handling,

flexibility and good mechanical strength. - ' N

Z.Z.Z. Core=Cladding Ratio
In order that the?e should be minimum e%ergy propagéting in the
cladding, wﬁich has a greater loss than the core, the core should
océupy as much of the 50u to 100y overall diameter as possible,
provided that the cladding thickness is sufficient to allow negligible

electromagnetic field at the fibre~air interface. A core-cladding

ratio of about 10:1 is satisfactory and can be realised using

available glass tubing in the drawing process. The resulting core
diameter of around 70y and the relatively large refractive index
difference between core and cladding permits multimode waveguide
propagation of light, and is characteristic of large core fibre light

guides.

4.2.3 Length

With present attenuation the maximum fibre length required is
about 200 metres, so a length of 4 kilometres was specified to allow
several samples to be taken from one fibre draw, and to allow for the

expected improvement in attenuation.
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L.2.4 Attenuation

An attenuation of about ZOdB/km is ultimately required in an
optical communications link. However, as a preliminary check on the
drawing process; a 500dB/km attenuation was specified, as claimed for
good commercial fibre.

4.2.5 Durability

A chemically stable fibre with good weathering properties and

~

high mechanical strength is required.
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4.3. MATERTALS SURVEY

Two highly transparent materials are required for an optical
f wavéguide, the core material having a higher refractive index than
the cladding material. The bulk loss of the cladding material is
less critical than that of the coréz, as a high percentage of the
energy propagates in the core. The following is a survey of possible
materials.

4.3.1 Plastics

At the present time only two plastics have sufficiently high

- {3 optical transmittance to be considered, these being polystyrene and
methyl methacrylate. In common with other plastic materials they

oA suffer from high optical scattering resulting from their long chain

t molecule constitution. Fibres fabricated from polystyrene cladded

r with methyl methacrylate have shown én.attenuation of ZOOOdB/kmB, and
exhibit an absorption band at 0.9u, the suggested wavelength for an

{ ] optical communication link.

s 43.2 Silica

At first sigﬁt silica appears to be an ideal material as it shows
both low absorption and scattering loss. Total bulk attenuation as
low as 11dB/km has been measureda. The low scattering may Be
attributed to the lack of large ions in the glass structure, and to
the fact that silica is a single phase system, so that phase
separation into microscopic domains of differiné“refractive indices

cannot occur. The low absorption, however, may be largely attributed

to the care taken during manufacture to eliminate impurities.
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Silica has three disadvantages when considered as a material for
use Iin optical waveguide fabrication.

a) The working point (104 poise) of silica is very high, about 23OOOC,
at which point considerable volatilization occurss. The advanced
technology required to obtain this high temperature is a dis-
advantage, and the choice of a thermally compatible cladding

. material 1is difficult.

b) The refractive index of silica is low, 1.4518 at 0.9y, and a
cladding material of lower refractive index cannot easily be found.

¢) The expansion coefficient of siiica, 5.5.x10"7/00, is more than an
order of magnitude lower than that of possible cladding materials.
Fibre manufacture by high temperature drawing is difficult as the
cladding material may fracture on cooling of the fibre, owing to
the high tensile stress.

Silica fibres cladded by vacuum deposition of Mng, or by
extrusion of plastic coatings, have been fabricated. Unfortunately
the fibres show high attenuation (1000dB/km at 0.9u 6) possibly as a
result of interface imperfections, to be discussed later.

4 3.3 Glasses

The majority of glasses are formed by the addition of metal oxide
to silica, known as the classic glass former. The simplest silicate
glass is pure fused silica, which on average is a random arrangement

of silicon-oxygen tetrahedra conmected to one another by oxygen ions
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gt the corners. The structure lacks the long range order of atoms

periodically located on a regular lattice, as found in crystalline

solids. On the addition of a metal oxide;, the metal ion can be
accommodated within holes in the structure. The excess gﬁygen require
that the network be broken at several points corresponding to oxygen
ions bonded to a single silicon-oxygen tetrahedron, known as non-
bridging oxygen ions. The excess negative charge of the non-bridging
oxygen ions is compensated by the presence of the metal cation7’8.

The breaking of the oxygen=silicon bridging bonds by the addition
of metal oxides, called network modifiers, has numerous cffects on the
physical properties of the glass, the most important in the present
context being the following.

a) The viscosity of the glass at a given temperature is reduced to a
considerable degree, in direct relation to the remaining fraction o
oxygen atoms which bind the infinite network together by joining
two silicon ions. Thus the addition of 20% Nazo to silica reduces

-the viscosity at IAOOOCIfrom lO12 poise to 102 poise.

b) The expansion coefficient of the glass is increased as a result of
a less tightly bound structure.

c) Tﬁe refractive index is increased owing to the addition of ions
whose polarizability is high. 1In general the refracfive index
increases both with ion concentration and with the polarizability o
the ion. -

Commercially available optical glasses are complex mixtures of as

many as twenty components, many of which are added for ease of
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manufacture. Amongst these are A8203 used as a fining agent to
remove bubbles from the viscous melt, B203 and Ba0O used as melting
fluxes, Ale3 used to retard crystéllization and lmprove weathering
properties, Zn0O used to improve acid resistance and the oxides of Ca,
Na and Mg used to lower the viscosity or increase the durabiiity.
Other constituents.. are added to enhance a particular desired optical
property; examples being Pb0O used to incredse the refractive index,
Ba0 and Ti02 used both to increase refractive index and modify the

dispersion; and B203.

As can be seen the production of optical glass is highly complex,
and necessarily involves an element of trial and error. However by
suigable choiqé of glasses the previously mentioned disadvantages of
silica as an optical waveguide material may be overcome. A wide range
of refractive indices; expansion coefficients and softening points are

available. For this reason glass was chosen as the material to be

used in the manufacture of optical fibres for communication.
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4. GLASS SPECIFICATION

4.

Optical glasses cannot at present meet the requirements for use
in an optical waveguide core. The following is a discussion of these
requirements.

4.1 Loss

4.

The most important property in the present context is the bulk
attenuation of the glass. The loss mechanism may be divided into two

parts.

4.1.1 Absorption

‘s

Absorption is the dominant loss mechanism in available optical
glasses, and is mainly the result of impurity ions present in the glas
Absorption bands due to the resonance of the interatomic bonding in
the glass structure are not apparent in the visible region of the
sbectrum, the difference in energy states corresponding to resonances
at wavelengths greater than 5Su 9. The nearest structural absorption
band to the visible is the so-called 'water' band occuring at about
2.8u, caused by the retention of water in the form of the OH radicallo
This absorption'is particularly strong, but is is thought that the 'ta
of the band would have a negligible effect in the visible region.

Absorption in the visible and near infra-red regions is caused by
electronic transitions, broadened into bands of allowed states by the
interaction of ions in close proximityll. The transition elements,
characterized by an incomplete d shell and the raxe earth elements

characterized by an incomplete f shell, are the main causes of visible
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absorption, and may be present as impurities in the glass. Ferrous

iron is the main impurity present in the raw materials and consequentl
. is the most difficult to eliminate. It is respgnsible for the

characteristic yellow=-green colour in commercial window glass.

In addition to the ion concentration and its oxidation state,
absorption phenomena are éffected by the host meterial. It is hoped
that with further advances in glass technology a high purity glass wil

s become available with a bulk absorption 6f less than 20dB/km; the
design limit for a communication system.

e L1, 2 Scatter

Scatter in a glass may be attributed to the atomic structure of
the glass, in particular to the presence of large ionslz, and to
F1 macroscopic inhomogeneities in the glass. These inhomogeneities may
be caused by phase separation into regions of differing refractive

ij : index ! 14

s or on a larger scale, by the presence of air bubbles,
stones, or the crystal phase.
In general opticdl glasses show very low scatter, as great care

is taken during manufacture to eliminate any form of inhomogeneity.

The figures obtained to date indicate that a scatter loss well below

L

the design figure of 20dB/km may be expectedls.

4.4.2 Viscosity Rénge

A glass with a 'low viscosity' and a long viscosity range is
required to simplify fibre fabrication. A 'low viscosity' glass is a

glass with a low temperatufe softening point (107'6 poise), allowing
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fibre drawing at more easily attainable temperatures. 'The viscosity
at a given temperature is reduced in proportion to the ionic radius
of the cation replacing silica on a cation for cation basisl6, SO
that low viscosity glasses may be expected to have high refractive
indices, as refractive index is generally also dependant on the catior
ionic radiusl7.
A long viséosity range indicates a wide range of drawing

temperatures; again simplifying fibre fabrication. A high liquidus

. viscosity is a further advantage, as fibwre drawing above the liquidus
is then possible; thereby reducing the risk of the glass devitrifying
into the crystal phase. Fig. 1 shows the viscosity-temperature
relationship for a typical glass, and indicates the commonly quoted

viscosity points.

4t.64.3 Glass Stability

Glasses tend to revert to the crystalline state when cooled below
the liquidus, until a temperature is reached at which the viscosity is
sufficiently high to hamper fhe rate of crystal growth. The rate of
crystal growth reaches a maximum at a temperature about 100°C below
the liquidus, and falls to a negligible value at about 200°C below the
liquidus. Although spontaneous nucleation of a crystal may occur, the
number of crystals found in a partially devitrified glass ié a strong
function of the number of nucleating centres, usually inhomogeneities

. 19 . ; .
present in the glass™”. Glass surface abrasion or contamination acts
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as a strong nucleating force, and devitrification is usually observed
at surfaces. )

There is a risk of devitrification in any process involving
heating of a glass to tewperatures at which forming can take place.
However with @areful glass manufacture the nucleating impurities may
be removed; and by the judicious selection of glass composition a
highly Stable glass may be obtained. The size of any nucleated
crystals may be reduced to negligible proportions by rapid cooling of
the glass from above its liquidus temperature, where only the liquid
phase may exist, to a temperature at which the crystal growth rate is
smallzo. This is easily achieved in the fibre forming process,
particularly if the viscosity of the glass is such that the drawing
temperature is well above the liquidus. Rapid cooling through the

critical temperature range then occurs.as the glass cools in the fibre

9
form. However even under these rapid cooling conditions, of the
order of lOnzsec 21, some particularly unstable glasses devitrify, and
selection to avoid these compositions is desirable.

The linear velocity of crystallization is inversely proportional
to the ionic radius of the glass cation, and inversely proportional
to the first or second power of the viscosity at a given temperature19
Therefore a glass relatively free from devitrification may be
expected to have a high refractive index as generally-this is also a
function of cation ionic radius. In particﬁlar the lead silicate

glasses are very stable, and may be held for several hours in the

critical temperature range.
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In selecting a suitable glass for fibre drawing, a glass with
high refractive index and a high liquidus viscosity is likely to have
a slow rate of devitrification. Further advantages may be gaincd by
the high liquidus viscosity in that rapid cooling through the
critical temperature range is possible, and that any existing
crystalline phases will be reduced once the temperature rises aboye tl

liquidus temperature.

4.4, Chemical Durability

Selection of a chemically durable glass is desirable; particularl
for the fibre cladding. Many glasses form weathered f£ilms on contact
with trace gases present in the atmosphere; or are leached by water
vapour leaving a skeleton of the less soluble constituentszz. Most
glasses contain additives to improve their durability; but there is
a marked difference in their resistance to corrosion, particularly
amongst optical glasses where durability may be sacrificed to obtain

a particular optical property.

44.5 Availability of Cladding Glass

The selection of both core and cladding glasses is influenced by

the following matching requirements.

4.4.5.1 Refractive Index

In order for guided waves to propagate the cladding material

must be of lower refractive index than the core material. Although
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in this vespect air is a suitable cladding &aterial, the core~- claddi:
interfaée requires protection from mechanical abrésion and contaminat:
so that a glass cladding is essential.

As discussed in sections 4.2 and 4.3 a suitable core glass is
likely to have a higﬁ refractive index, and this has the advantage
that a wide range of glasses are available for use as a cladding glas:
The absorption and stability requirements for the cladding glass are
not as critical as those of the core gléss, and the cladding is
generally selected as a match for a chosen core glass.

4.5.2. Expansion Coefficients

Ideally the expansion coefficients of the core and cladding
giasses should be matched in order to produce no residual stress in
the fibre. In pfactice, however, provided the expansion coefficient
of the cladding i; lower than that of the core so that the cladding

cocls to a compressive stress, the match is suitable. In common with

most brittle materials, glass is weak when the surface is in tension,

and a low strength fibre results.

Fortunately most glasses, and particularly high refractive index
glasses, have expansion coefficients in the range 70-100 x 10-7 /OC,
£he exceptions having a coefficient lower tﬁan this value. Selection
of a matching cladding glass is relatively easy provided the

exceptional glasses are avoided as candidate core materials.
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On consideration of the requirements enumerated in section &4, it

can be seen that a correlation exists between various properties, and

that a glass selected to satisfy some of the requirements is likely to

satisfy others. Unfortunately at present there are no available
glasses designed specifically for low loss fibre optics, the loss of

an optical glass being relatively unimportant. Of the available

optical glasses the lead silicates are the most suitable, and of these

Schott F7 is the best example. The following is a discussion of the

properties of F7 glass.

5.1 Total Bulk Attenuation

The attenuation is quoted by tﬁe manufactufers in the form of a
transmission of .999 in 25mm at 0.7y, corresponding to a loss of
170dB/km. However losses less than 60dB/km have been measured between
0.7y and 1lu 23. F7 shows the lowest loss of all commonly available
optical glasses, this being partly attributable to the oxidizing nature
of the high lead host material. The glass shows no evidence of a
divalent impurity ion absorption band at about 0.9u as the divalent io
is oxidized to the trivalent state, resulting in ultra-violet absorptio
Thus the main impurity, ferrous iron, is oxidized to the ferric state.

The glass is thought to be phase sepafated into an emulsion of

high PbO areas, of about 100R average size, in a matrix of SiO This

2’
inhomogeneity causes greater scattering loss than would be expected

in a non~phase sepérated glass, but the loss is of an acceptably low

~ e

value and has been measured at 4dB/km at 0.9um 25.
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4.5.2 Refractive Index

| SR

|~

e

R |

The refractive index of 1.612 at 0.85u is sufficiently high to
enable any commercially available glass tubing to be used as a

cladding material.

.5.3 Expansion Coefficient

git/ M v

=

:‘fﬁ

{:

=

The expansion coefficient of 96 x 10-7/0C is high, and is higher

than or equal to available glass tubing.

.5.4 Viscosity

(S

F7 has a softening point of 5800C, so that pulling temperatures
ranging from about 700°C to 1200°C may be used. The glass has a high

liquidus viscosity, and is very stable.

.5.5 Durability

F7 has excellent humidity and acid resistance. A disadvantage 1is
the poor mechanical strength and hardness; however this is not a
serious disadvantage in the fibre form as the cladding materisl acts

as a protective sheath.
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4.6. FIBRE PRODUCTION

4.6.1 Methods Available

Cladded glass fibres for light transmission are made by a number
of down-draw processes, each having particular advantages.

4.5.1.1 Rod and Tube Method

This is the softening of solid core and cladding material with
simultaneoué draWing into a fine fiﬁre. A rod of core glass is fitted
within a tube of cladding glass; and the cowmposite assembly softened
and drawn into a fibre. The ratio of the fibre core to cladding
diameter is equal to that of the rod and tube.

The disadvantages of this process are éhat the cladding mwaterial
is restricted to glasses available in tube form, and that avéilable
tubing wall thickness di;tates the core-cladding diameter ratio.
Possibly the major disadvantage, however, is the possibility of core-
cladding intexface imperfections, resulting either from contamination
of the rod and tube surfaces, or by scratching of these surfaces.
Research into the production of high strength silica fibres has shown
that surface imperfections are not entirely smoothed by drawing from

26

a rod .

2 4.6.1.2 Concentric Crucible Method

This method involves the simultaneous drawing of softened core
material from a central container and cladding material from an
annular container. The method overcomes the previously mentioned

disadvantage of interface imperfections, as the surfaces are freshly
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formed and are expected to be of good quality. Disadvantages are the
difficulty of process control, volatilization of the glass
constituents,entrapped air bubbles in the molten glass, the close
viscosity match required at the drawing tewmperature, and the

. . , . ., 27
possibility of contamination by the crucible material .

£.6.1.3 Two Stage Processes

The core is first drawn by one of the above methods, and
provided with a cladding in a subsequent process. This may eithcr be
by the addition of a cladding material, possibly during the initial
drawing process in an annular furnace located below the main furnace,
or b; the modification of the surface of the core material to produce
a lower refractive index. The surface treatment may involve ion

. ., 28 . .
diffusion or chemical reaction.

4.6.2 The Fibre Drawing Machine

One of the most important factors in the design of an experimental
fibre drawing wmachine is versatility. 1In order to investigate the
fibre drawing technique and the effect of various parameters on the
process the machine must be designed to allow a wide range of pulling
speeds, feed rates and temperatures, and in addition must be able to
accommodate the inevitable design changes associated with any
experimental machine used in an unfamiliar field.

The rod and tube method of fibre production would appear to be

the most versatile of the available techniques, and the relative

simplicity of the process allows greater control variations to be made.
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The process does mot involve large scale glass remelting with
associated gassing and contamination problems, and avoids the expense
of high purity glass containers. However the core-cladding ratio of
the fibre is to some extent dependant on the availability of suitable
giass tubing, and also on the forms of supply of optical glass rod.
For this reason a rod diameter of 10mm was chosen, allowing commercial
glass tubing with a wall thickness of 1-2mm to be used as the cladding
material. Using this diameter the convenient rod length of 400mm
yvields 6km of 100uwn diameter fibre. This fibre length is adequate

for present requirements and permits several parameter variations
during the fibre pull, whilst using a relatively small quantity of
glass per draw. The rod length of AOOmm.allows several centimetres of
wastage at the beginning and end of the draw, and the relatively

small diameter of lcm permits rapid heating of both the glass and the
furnace to the pulling temperature.

The fibre drawing machine is shown in Fig. 2 and Plate 1, and
consists of a framework of two vertically mounted 7" diameter, LOft
long, ground steel bars supported by angle girders and secured to the
floor and ceiling of the laboratory. The rigid framewofk thus
constructed allows all other equipment to be clamped to the steel bars
whilst remaining both demountable and fully adjustable in height about
a fixed fibre drop  The height of the mwachine is limited by the
laboratory ceiling, so that a relatively short fibre drop from furnace

to winding drum (1.5 metres) is used. This limits the maximum pulling

i i -] i Ffici i to cool
speed as at high speeds the fibre has insufficient time

\
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before being wound onto the drum.

The concentrically assembled rod and tube are clamped in a
chuck and smoothly lowered into the furnace at a predetermined rate by
é vertically mounted lead screw. The lead screw, of sufficient
f;averse to accommodate the rod length of 400nm, is clamped to one of
tﬁe groun& steel bars, and driven by a variable speed D.C. motor
through a 100:1 worm reduction geérbox and a system of pulleys. The

final fibre diameter is given by :

f
where df = fibre diameter
dr = overall rod and tube diameter
ve = fibre pulling rate
v. = rod and tube feed rate

Thus if fibre diameters ranging from 30um to 120num are required,
the feed rate must be variable over a 16:1 range, in addition to the
normal wotor speed control used to match the feed rate to the pulling
rate. This 16:1 rénge is achieved by a system of pulleys providing
/4, 1/2,1,2,4 x motor speed to the worm reduction gearbox. The
8 T.P.I. lead screw drives a closely machined slider on one of the
ground steel bars, giving a smooth accurately controlled feed rate
variable from O - 3mm/sec. The driving motor is a 1500rpm, 1/4H.P.
D.C. motor, thyristor controlled over a 30:1 range, with a 0.1% load/
speed variation, and has an automatic stop facility to prevent in-

advertent damage to the furnace by axcessive slider travel.

L
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Having obtained an accurately controllable feed to the furnace,
and hence good diameter control, it remains to ensure that the rod and
tube assembly is lowered concentrically through the close-fitting
furnace. Commercial glass rods and tubes are significantly bent in
long lengths so an articulating ball-joint mount is utilised for the
glass clamping chuck, and the glass is guided into the furnace by an
iris, spring loaded to close around the glass.

The glass softens within the furnace and attenuates into a fine
composite glass filament. After consideration of the 1.5m fibre drop
available, and the expected range of fibre diameters and éulling
temperatures, it can be calculated21 that the maximum pulling speed
to allow sufficient fibre cooling will be of the order of 10 metres/sec.
The fibre is wound in a mono-layer onto a cast aluminium drum, 50cm
long by 50cm diaweter, accurately machined to ensure an even pulling
speed. The drum is designed to have a mono-layer capacitylof 3km of
fibre, and provides maximum mechanical stability with minimum inertia to
enable high acceleration to the pulling speed. The drum is driven by
a. thyristor controlled 1500rpm 3H.P. D.C. motor via a 4:1 toothed
belt reduction, giving a pulling speed variable from 0-10 metres/sec.
Acceleration to the maximum speed of 375rpm occurs in approximately
1:5 seconds, and the speed control is accurate to .01%.

It is a considerable advantage in an experimental fibre drawing
machine to have the fibre produced in a monolayer, as sections of fibre
may then be easily removed for examination, and the effects of

varying parameters investigated. Monolaver winding is achieved b
g & Yy
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mounting the drum and drive motor on a slide table utilizing linear
crossed-roller bearings, and traversing the table 150u for every
revolution of the druwm by means of a lead screw driven from the drum
shaft . In this way the main fibre pullihg axis is maintained, and all
equipment is able to work on a common fibre line. A graphite guide
with a gentle radius is used to lead tHe fibre onto the drum, thus
avoiding breakage due to tight fibre radii. Graphite has proved to
be particularly successful for this application, owing to its
machinébility, low friction, and heat resistance. Both the graphite
guide and the drum may be moved to allow a clear drop for the hot end
of the rod and tube on starting a draw.

The control circuits for the feed motor and drum motor may be
locked together so that the speeds may be adjusted in synchronism.

This facility is provided to allow adjustment of pulling speed to a
particular furnace temperature whilst maintaining a substantially
constant fibre diameter. In practice the diameter response to a change
in pulling speed i1s considerably faster than to feed rate, so that time
must be allowed for transient diameter changes to subside. Results

to date suggest that the wmechanical and control accuracy is

sufficient to produce a fibre diameter variation of less than 1%.

The fibre diameter may be continuously monitored during a draw
by an ultra-violet shadow method. The apparatus is located immediately
above the drum , thereby allowing maximum fibre cooling time before
passing through the graphite guides locating the fibre between the low

i - 1e ] -projecti jective.
pressure mercury ultra-violet lamp and the shadow-projecting objec
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An ultra-violet source is used to avoid errors due to edge diffraction
effects, and, since the glass is opaque to ultra-violet, corrections
due to fibre transmission and interference. The projected shadow is
compared with an aperture and a photomultiplier tube used to detect
the difference. The fibre positional accuracy requirement is 1000
in a line transverse to the optical axis, and i%mm along the optical
axis. The guiding system pushes the fibre 2mm from the fibre drop
line in a Scm radius, and 1s adjustable in the required optical plane,
' minimum in
adjustment being for aAtransmitted light to the photomultiplier. Both
light source and optical system may be swung out of the fibre drop
line at the start of a draw.
The furnace is shown in fig.3. The furnace requirements are
summarised as follows :
a) Fast thermal response to enable rapid temperature changes for
fibre starting conditions, and to allow fast recovery from thermal
disturbances.
b) Accurate temperatﬁre control to ensure close diameter control, and
to allow pulling parameters to be accurately specified.
¢c) Variable hot zonme length,adjustable thermocouple pbsition, and
variable thermal gradient through the furnace to permit optimization
of the glass thermal cycle.
d) To ensure good heat transfér to the glass, and close glass
temperature control over the thermal cycle the furnace should be

close fitting about the rod and tube, and convection currents should

be minimised.
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e) Low external heat losses to reduce the watt léading on the small
gauge resisﬁéﬁce wire, and thus extend the life of the furnace.

f) Close dimensional tolerances and mechanical stability to ensure
concentricity of the rod in the furnacg,giving even glass heating.

g) Maximum deéign temperature of 1300°C. This temperature is above the
working point of Pyrex, 12200C , the most healt resistant of
proposed cladding materials.

h) To prevent variable cooling conditions during the critical cooling
zone directly below the furnace, the furnace should be fitted with
a shroud in this area.

The furnace consists of a 1.8cm bore by 1lOcm long threaded
alumina tube, externally wound with lmm diameter Kanthal Al wire. This
is cemented within a larger alumina tube and a slot cut in each side of
the assembly to allow passage of the terminal wires and the thermo-
couple probe. The annular clearance between glass tube and furnace
wall is 1-2mm depending on the glass tubing used. The furnace
windings are tapped inté lem sections allowing a minimum hot zone lengti
of lcm, and a maximum length of 6cm. In practice the lower three
windings have been found most suitable for high speed, high
temperature fibre pulling. |

The alumina tube is accurately located within a wachined
stainless steel caseing clamped between two 'Sindanyo' end plates, and
insuleted with 'Fiberfrax' block. A finned stainless steel fitting
provides heat isclation for the glass-~rod-centralising entrance iris,

and a finned brass fibre cooling chamber is provided below the



-124-

furnace. This chember is fitted with an iris closing around the

fibre to reduce convection effects. A Pt/Ptl3%Rh thermocouple probe
passes through a slot in the alumina tube, and into the hot zone of
the furnace. The furnace hot zone is controlled to within 1°C by a
three-term temperature controller driving a phase-controlled thyristor
power circuit. The furnace insulation is such that a power of 200
watts is sufficient to reach the maximum design temperature of 1300°¢,
and the response time to a 100°¢C change in temperature is about 1 min,
this being limited only by the risk of thermal shock breakage of the
alumina tube. The furnace is mechanically centred about the fibre
drop line by means of three adjustable claﬁps mounted on the furnace
table.

The furnace as described has proved successful over several
months rumming, but finally burnt out at one of the Kanthal leads.
This had been anticipated as the maximum working temperature of
Kanthal Al wire of 13SOOC, and is not entirely satisfactory in the
smallest wire gauges. The furnace has since been redesigned to
utilise O0.6mm platinum windings, with a design limit of 150000, the
remainder of the furnace being unchanged except for the thermocouple
entrance. The thermocouple now enters the furnace vertically from
_a slot in the brass cooling chamwber to allow the platinum furnace
winding to be totally ewbedded in cement.

To commence a fibre draw the glass rod and tube are cleaned and
assembled concentrically, with the rod restrained from falling out of

the tube by a metal clip. The assembly is then clamped in the chuck and
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lowered through the spring loaded iris in the top of the furnace.
The iris is released to centralise the glass in the furnace and the
furnace temperature set to about 800°C. The rod and tube are then -
lowered through thae furnace hot zone until they are seen to emerge
from the open fibre exit iris. The furnace temperature is then
increased to the point at which the glass softens and the weight of
glass below the hot zone causes the glass to neck and descend down past
the diameter measuring equipment and drum, drawing a filament of glass
with it. This filament of glass is attached to the drum, the drum
and diameter measuring guides moved back to the fibre centre line,
and the drum and feed control motors started. The temperature of the
furnace is then quickly raised to the required pulling temperature and
the drum and feed controls increased together in a preset ratio to
the desired pulling rate The pulling and feed rates, and the pulling
temperature, are previously decided from a consideration of the working
points of the core and cladding, the requirement of good interface
fire polishing at high temperatures with the corresponding disadvantage
of increased diffusion of impurities into the core from the cladding,
and the drawing stability of the particular core-cladding combination. -

Aftexr cowpletion of a fibre draw the entrance iris is opened
and the rod and tube withdrawﬁ from the furnace, after which the
entrance iris is used to exclude the high convection currents inherenﬁ
in a vertically mounted tube furnace. The fibre is them removed
from the drum, after selection of a particular section, by a rewinding

process. An llcw diameter, 1Scm long section of plastic drainpiping



is used as a storage container for %km leagths of fibre. This
drum is driven by a low inertia prinﬁed circuit motor fed by a
variable constant current source, so that the motor torque, and hence
the fibre tension, is held substantially constant regardless of
rewind speed. In this way the main aluminium drum sets the rewind
speed, and the plastic rewind drum follows automatically in speed
whilst maintaining a constant fibre .tension set between 10 and 50gm.
The fibre is wound in a monolayer to permit observation of scattering
centres when propagating light, and to allow removal of known lengths
by measurement of winding width.

In summary the design and construction of an experimental
fibre drawing machine has been comple£ed, and the machine proved in
practice. The machine is sufficiently versatile to fabricate a
wide range of fibre diameters unier varying conditions of pulling
speed, feed rate, and furnace temperature, and has the ability to
accommodate widely.varying glass specifications. The control
accuracy of the pulling parameters has yet to be fully investigated,
but on initial observation has proved to give excellent fibre

stability.
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4.6.3 Tibre Drawing Techniques

A cgrtain skill is involved in fibre drawing, together with a
feel for the correct conditions. The possible variations are complex
and are not amenable to analysis. It has been found,; however, that
the process is extremely stable, and initial fibre drawing was
conducted to determine the limits ofvthis stability. Basically the
viscosity of the glass, the surface tension and the drawing speed defi
a region in which filamentisation may take place. If the temperature
of the glass is too high and the viséosity too low,‘the drawing force
is insufficient to balance the surface tension acting upwards at the
attenuating zone, and the fibre 'burns off'; that is to say the glass
drips. However this upper temperature limit is further complicated

. bf the hot zone length, as the rate of heating of the glass is
dependent on the glass diameter, thé temperature of the rod and tube
being somewhat lower than the furnace temperature. If the hot zéne
extends below the point.at which the diameter is substantially that of
the final fibre diameter; there is a risk that the increased rate of
heating.will cause the fibre temperature to reach a point at which
'burn off' will occur. Since the attenuating zone length is dependent
on the drawing temperature an optimum hot zone length exists, and may

be achieved by selection of furnace taps.
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The maximum pulling temperature for a particular glass is a
complex function of surface tension and viscosity. The suxface tension
. . . . L . 29 .
decreases approximately linearly with increasing temperature ~, while
the viscosity reduces approximately as a square law (fig.l). The

temperature at which the surface tension forces exceed the viscous

' ’ . . 2 .
forces corresponds in most glasses to a viscosity of about 107 poise,

the viscosity of golden syrup.

The lower temperature limit for fibre drawing occurs when the

viscosity rises to such a value that the drawing force is suffic

l—Jv

ent
to break the fibre. This tewmperature limit is not well defined as the
drawing speed may be reduced to decwveasge the pulling force, since for
constant fibre tepsion the drawing speed is & function of furnace
temperature.

The situation is further complicated by the fact that the bulk

glass i1s a two glass composite, each glass having different charvacter-

}—J.

stics. In general three empirical rules emerge for a successful

fibre draw.

1) Filamentiration may occur at temperatures corresponding to
viscosities in the range lO6 to 102 poise. A glass wiih a long
viscosity range will have wide température limits.

2) The lower the viscosity the higher the pulling rate required to
maintain stable attenuation.

3) The lower the drawing viscogity the shortar the furnace hot zone

required.
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The degree of perfection of the core-cladding interface is
dependent.to some extent on the initial state of the rod and tube
surfaces. These surfaces undergo a smoothing by surface tension
induced fluid flow during the drawing process,; and therefore it is
possible that the lower the drawing viscosity the better the interface
quality. Work has been directed towards high temperature, low viscosity
fibre drawing, using tubes of a high softening point relative to that
of "7, the core glass. This has the effect of forming a stable attenuat
ing cone containing a pool of low viscosity core glass, and the
advantage that the core glass surface is completely lost within the pool
It is hoped that the inside surface of the cladding gube will not cause
interface imperfections as this surface remains untouched. Work is

continuing on this aspect of fibre drawing in an attempt to determine

~the limits of stable pulling conditions.

Fibres pulled to date consist of F7 core cladded with either
Pyrex glass or Chance Pilkington MEl glass. Since a rigorous glass
cleaning facility has not been completed, test runs have been directed
towards establishing optimum pulling conditions, although some

measurements of the optical properties have been undertaken.
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7. FIBRE LVALUATION

4.7.1 F7 Core - MEl Cladding

MELl glass is a relatively pure glass tubing made for criticél
electrical applications, and has a bulk attenuation of 19,000dB/km at
0.633y, as measured by S.R.D.é., Christchurch. This attenuation
figure 1s excellent for a commercial glass tubing, compared with
figures in excess of 1CSdB/km for an average soda glass.

The relevant properties of MEL compared with those of F7 are as

follows.
MEL F7
Softening point (lO7°6poise) 72000' 580°C
Working point (lO4 poise) 1040°¢ 850°¢C .
Thermal expansion coefficient . SO x 10"7/0C 97 x 10"7/OC
Refractive index n, 1.487 1.625

d

There is a large viscosity and expansion diffcerence belween these
two.glasses, but stéble fibre‘drawing was achieved from 900°C to 1150°C
at drawing speeds up to 5 metres/sec. Plate 2 shows a section of this
fibre set in wax.

Several fibre draws were completed in order to evaluate the
drawing machine and the process. The fibres proved to scatter badly
when transmitting light as can be expected with no initial suxface

preparation.
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7.2 F? Core - Pyrex Cladding

The properties of Pyrex are as follows. '
Softening point 820°¢
Working point 1220°¢C
Expansion coefficient 33 x 10m7/OC

Refractive index n4 1.475

Pyrex is a boro-silicate glass manufactured for its high service
temperature and its low expansion coefficient, this giving zood thermal
sh§ck resistance. It is of interest as it permits pulling at
temperatures as high as lBSOOC, at which the F7 core is very fluid, and
should provide good interface wetting. The expansion mismatch results
in a high strength fibre as the cladding is in stroung compreséion.
Available wall tubing thickness permits cladding thickness of 10-20p in
a 100y fibre, using an F7 rod diameter of lcm.

A more complete evaluation of this fibre has been undertalen as
other workers in the Optical Communications Group had reached a stage
at which a supply of fibres was required. Consequently more care was
taken in cleaning of the rod and tube, althcugh fibre drawing was still
being conducted on a process cevaluation basis. Asg a result of these
measurements it was determined that the fibre had an attenuation of
620dB/km at: 0.722u, comparing well with commercially available fibres,
in spite of the inadequate cleaning procedure. However,if fibre
diameters exceeding 50y were drawn, air bubbles were entrapped in the

core~cladding interface. Since this was diameter dependent it is
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reasonable to assume that air bubble trapping is a function of the raLe
of closure between core and cladding interfaces during the drawing
process. Evacuation of the space between rod and tube is expected to
overcome the problem, and may further improve the interface quality
both by removing gases evolving from the softened glasses, and by
excluding contaminants.

Plates 3 to 7 show various views of the Pyrex~clad F7 fibre.
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4.8. CONCLUSIONS

It is thought that the high atteruation experienced in optical
glass fibres can be mainly attributed to lighp scattering from the
imperfect interface between core and cladding. "Evidence for this is
the high forward scatter seen from the fibre, and the diameter
dependence of the fibre attenuation30’31. Experiments to detexrmine the
optimum fibre drawing conditions to improve the interface must now be
conducted, using various cleaning techniques and a variety of cladding
glasses.

Surface preparation of the two glasses is thought to be crucial,
as glass surfaces are quickly contaminated by adsorption of water vapou:
and atmospheric impurities. It is proposed to etch the surfaces of

the rod and tube to xemove the layer of contaminated glass, feollowed by

a sequence of high purity degreasing and rinsing baths. Rod and tube

.assembly will be carried out in clean conditions, and the air space

evacuated.

The rod and tube method of fibre drawing cannot as yet be
evaluated as‘the initial technology has just been completed. Results
to date are encouraging,; and the method is sufficiently versatile to
enable many variations of the basic process, while remaining controllabl.
However, of the available processes it would appear that the rod and

tube method is the most prone to interface contamination, end it remains

to be seen whether this will dominate. The alternative process,; the
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concentric crucible method, is likely to give i1lmproved interface
quality, but may result in increased absorption loss owing to glasg
contamination. However, 1f high purity low-~loss core materisals
become available the ﬁrocess will become a necessity as low loss

cladding materials are unlikely to be available in tube form.
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PLATE 1

Fibre drawing machine






Plate 2. F7-ME1 FIBRE.Polished end set in wax.
Mag. x 425

Plate 3. F7-PYREX FIBRE. BROKEN END x 400.



Plate 4. F7-PYREX FIBRE. BROKEN END x 475

Plate 5. F7-PYREX FIBRE.POLISHED END SET IN WAX
MAG. x 1220



PLATE 6

PYREX - F7 Fibre with air bubble x 350

PLATE 7

PYREX - F7 Fibre x 350






