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Multi-Flame VAD Process for High-Rate Fabrication
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PAPER
SUMMARY A new burner with a multi-flame structure is

proposed for high-rate fabrication of optical fiber preforms in the
vapor-phase axial deposition process (VAD). In this multi-flame
VAD process, the synthesis of fine glass particles was clarified and
the fabrication of soot preforms was investigated together with
the consolidation process. As a result, a deposition rate of 4.5 g/
min was achieved using one double-flame burner. Graded-index
core preform size was increased to 2500 g. In addition, fibers with
a high numerical aperture (N. A.) of 0.28 were fabricated using
a double-flame burner. A transmission loss at 1.62 gm was 0.54
dB/km and the bandwidth at 1.3 gm was 440 MHz km.

1. Introduction

In the field of optical fiber fabrication, much empha-
sis has been placed on modifying and scaling-up of
~ processes to improve cost effectiveness and manufactur-
ability. In particular, increasing the deposition rate for
fiber preform synthesis has greatly contributed to
reduced fiber cost and ease of mass production®®,
Moreover, there have been rapid improvements in fiber
drawing techniques, and today fiber drawing speed has
increased significantly®®. Thus, larger preforms, of
high N. A. fibers particularly, are in great demand for
subscriber systems and data links. Because of the sheer
volume of required fibers for subscriber systems and
data links, it is absolutely essential that they be low-
cost.

The authors previously reported on a high-rate
deposition technique for the VAD process by optimizing
the burner flame stream. A maximum preform deposi-
tion rate of 4.5 g/min was achieved using the two

conventional single-flame burner process®. However, in

the conventional burner process, as the raw material
feed rate increased, the deposition yield decreased and
soot preform growing tended to be unstable. The cause
was thought to be due to the increase in the amount of
non-reacted raw materials. A stable high-rate fabrica-
tion process with a high deposition yield has been
demanded.

This paper presents the details of the multi-flame
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VAD process for stable high-rate preform fabrication
and describes fabricating techniques using a double-
flame burner for high N. A. optical fibers. In addition,
the influence of preform size on consolidation conditions
is also discussed to obtain a large transparent preform.

2. Multi-Flame VAD Process
2.1 Outline of Multi-Flame VAD Process

The multi-flame VAD process is shown schemati-
cally in Fig. 1. The burner employed in this process has
two or more flames, resulting in the double-flame struc-
ture shown in the figure. The outer flame originates from
the top burner while the inner flame is spaced rearward-
ly and below the outer flame. Fine glass particles are
generated from vaporized reagents in the inner flame
and grow larger as they travel through the outer flame.
These particles are deposited on the end of the soot
preform. The soot preform, growing in an axial direc-
tion, is pulled upward.

Soot preform

—

‘ ~Synthesized glass
particles

.
Outer flame

Inner flame

Fig. 1 Schematic illustration of multi-flame VAD process.
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2.2 Multi-Flame VAD Burner Design

The specific surface area of synthesized fine glass
particles at different flow speeds of raw material gas in
the flame were measured by B. E. T. method. The size of
the fine glass particles is plotted against the time
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Fig. 2 Relationship between synthesized particle size and pass
-through time.

Fig. 3 SEM photographs of glass particles synthesized by (a)
inner flame only and (b) double-flame.
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required to pass through the flame region in Fig. 2.
Particle size increases as the pass-through time
increases. It is found that synthesized particle size is
controlled by regulating pass-through time. The pass-
through time can be regulated by varying the flow speed
of raw material gas or by changing the flame length.

The multi-flame VAD burner is designed so that the
flame length is extended by the displacing the inner
flame orifice rearwardly relative to the outer flame
orifice, such as the double-flame burner with two flames
shown in Fig. 1. Consequently, the time available for the
reaction increases and the synthesized particles increase
in size. SEM photographs of fine glass particles synthes-
ized by inner flame only, i.e. conventional single flame,
and also by double-flame are shown in Figs. 3(a) and
3(b). Glass particles synthesized by a double-flame
burner have a maximum diameter of 0.5 gm, while
those synthesized by inner flame are only 0.1 um in
diameter.

2.3 Deposition Characteristics Using a Double-Flame
Burner

The particle deposition rate was measured in the
following experiment. A silica glass quasi-preform was
prepared as a deposition target. The oxy-hydrogen
flame composition was held constant and the weight of
deposited glass particles was measured for different
SiCls feed rates. The deposition rate is given as a func-
tion of the SiCls feed rate in Fig.4. The solid line
represents the deposition rate under double-flame condi-
tions and the dashed line represents the data under inner
flame only conditions. The deposition rate under the
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Fig. 4 Particle deposition characteristics using double-flame
burner.



THE TRANSACTIONS OF THE IECE OF JAPAN, VOL.E 69, NO. 11

1208

double-flame condition was about 1.5 times larger than
that for the inner flame only. It was observed that an
increase at a large raw material feed rate was greater
than that at a small feed rate. The multi-flame structure
is more effective for synthesizing soot preforms at large
raw material feed rates.

3. Soot Preform Fabrication Using a Double-Flame
Burner

3.1 Soot Preform Synthesizing

Fabrication of large core soot preforms with a
graded-index profile was carried out using a double-
flame VAD burner. Fabrication parameters were chosen
by taking the flame length extention and high reactivity
into consideration. A high deposition rate of 3.5~4.5g/
min/burner and high fabrication stability were obtained,
resulting in the large and long core soot preform shown
in Fig.5(a). The consolidated transparent preform is
shown in Fig.5(b). The outer diameter was 130 mm
and the soot preform length was 900 mm. The consoli-
dated preform weighed 2500 g, had an outer diameter of
55 mm and a length of 500 mm. From this preform it was
possible to draw 580 km of fiber with a core diameter of
50 m. The overall deposition yield was greater than 55
%. The consolidation process is described in Chap. 4.

(a)

3.2 Characteristics of GeO: Doping

The feed rate of GeCls was increased and then core
preforms having different GeO: concentrations were
synthesized using a double-flame VAD burner. The
other fabrication parameters, such as SiCl, feed rate and
oxygen and hydrogen gas flow rates, were held constant
for each preform fabrication. Deposition rates for soot
preforms were 3.4~3.8 g/min.

Figure 6 shows the relationship between the relative
refractive index difference 4, for the transparent prefor-
ms and the GeCl, concentration in the raw material gas
flow. A GeCls concentration of 18 mol % produced a
relative refractive index difference of 2.0 %.

3.3 Refractive Index Profile Control

It is necessary to precisely control the refractive
index profile for the graded-index fiber preform fabrica-
tion. In the conventional VAD process, the surface tem-
perature distribution during soot preform synthesis
plays a major role in determining the refractive index
profile®. Although both conventional and multi-flame
VAD processes are fundamentally the same, controlling
the refractive index profile in the multi-flame VAD
process is more complex than in the conventional proc-

(b)

Fig. 5 High-rate deposited large preform; (a) soot preform
and (b) consolidated transparent preform.
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ess because of its complex flame structure.

Using the double-flame burner, an appropriate sur-
face temperature distribution was attained on the soot
preform by choosing the correct ratio between the
hydrogen gas flow rates of the inner and outer flames.

The refractive index profile obtained with a high
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Fig. 6 Relationship between GeCls concentration in raw mate-
rial gas flow and relative refractive index difference for
consolidated preforms.
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Fig. 7 Refractive index profile for high-rate deposited preform
with high relative refractive index difference of 1.8 %.
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relative refractive index difference of 1.8 % is shown in
Fig. 7. The refractive index profile was measured by a
spatial filtering technique using a standard of silica
glass. A parabolic refractive index profile was -also
formed using the double-flame VAD burner.

4. Consolidation Process
4.1 Consolidation Conditions for Large Soot Preforms

Soot preforms fabricated by the multi-lame VAD
process were large in diameter. Some clouds remained .
in large preforms consolidated under the same condition
for conventional VAD soot preforms. Moreover, prefor-
ms with high GeO: concentration intended to be more
cloudy than those with low GeO; concentration.

Therefore, an accurate experiment was conducted
to determine consolidation conditions for large soot
preforms. A large soot preform, 130 mm in diameter,
was sectioned into three 80 mm thick parts.

Each sample was consolidated under different condi-
tions and these are given in Table 1, where 7} is the
standard furnace temperature (i.e. 1550°C) and G, is the
standard temperature increase rate (ie. 10°C/min).
The consolidated samples were polished and their
absorption coefficients measured. The results are shown
in Fig.8. For large preform consolidation, two key
points were found, a high furnace temperature and slow
temperature increase.

In general, the critical pore diameter d, under
various consolidation condition can be given by

2
dc:kl"'” kz‘f‘ks SDCT

where S and D are the solubility and the diffusion
coefficient of ambient gas, 7" is the furnace temperature,
C is the temperature increase rate and ks are con-
stants™. As the critical diameter is larger, it is easier to
consolidate soot preforms completely. This equation can
qualitatively explain the results in the present experi-

(1)

Table 1 List of consolidation conditiAons.

Temperature
Sample number Furnace temperature increase rate
(°C) (°C/hr)
1 T CO
2 T, *+ 100 CO
3 T0 + 50 CO /3

T, =
o

Standard furnace temperature
Standard temperature increase rate
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ment. However, this representation is not sufficient to
explain that large soot preforms can not be completely
consolidated under the same conditions. Thus, another
factor must be taken into consideration.

4.2 Influence of Soot Preform Diameter

The results above suggest that soot preform size
cause the optimal conditions to change and also that
heat transfer should be taken into consideration. Thus,
shrinkage in the transient state was examined using the
following model.

It is assumed that a soot preform is infinitely long
and the heat is constantly supplied. The thermal conduc-
tion equation with respect to time ¢ and radial position
7, which takes both the initial and boundary conditions
into account, is given by

o
—

o
o

Samplel

2 3

Absorption coefficient {cm™)

0 Lee . ;
08 1.0 1.2 1.4 16 1.8 2.0
Wavelength (2 m)

Fig. 8 Absorption coefficients of consolidated preforms under
different consolidation conditions.

aT _ z<aZT L@Z)

ot \ o Ty or (2)
T=0, g=0 when =0

oT _ _
KW—QO when »=a " (3)
oT

3_7':0 when »=0
where T is the temperature, x* is the thermometric
conductivity (=K/co; K is the thermal conductivity, ¢
is the specific heat capacity and o is the density), o is
the supplied heat flux and a is the soot preform diameter
®

The above thermal conduction equation is satisfied
by the solution, as follows

_2q[ 2, A 2 Jo(enrla)
T_aK[x i+ 4 8 a n=1 &'znjo(a’n)

Xexp{— (xan/a)zt}} (4)

where Jo(z) is the Bessel function of order zero of the
first kind and @, #=1,2,- are the positive roots of Ji(@)
=0.

Rough assumptions are employed, thermal conduc-
tivity is constant and soot preforms have homogeneous
initial apparent density. The viscosity coefficient and
shrinkage data are taken from Scherer’s reports®“® so
the temperature at each divided cell can be calculated
when time ¢ has passed, and linear shrinkage can be
estimated by taking the sum of a series of sequential
steps as shown in Fig. 9.

Divide soot preform into twenty radial cells

=t

NP,

Calculate temperature |

S e —

t = ti at each cell

Calculate shrinkage of soot preform by summation

t = t,
1

Fig. 9 Calculation steps for linear shrinkage of soot preform.
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Fig. 10 Shrinkage of soot preforms with different outer diame-
ter, where a is the initial soot preform diameter.
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Fig. 11 Shrinkage distribution for soot preform, where p is the
apparent density and ps is the true density (=2.2 g/cm?®
for silica glass).

The shrinking process in soot preforms with
different diameters is shown in Fig. 10. More time is
required to completely consolidate the soot preform as
the diameter of that increases. Shrinkage time was
roughly proportional to the soot preform diameter. The
apparent density distribution in the soot preform at
different passing times is given in Fig. 11. Shrinkage was
delayed at the preform center. It is anticipated that the
temperature increase rate becomes fast as it is inward.
Consequently, the consolidation conditions for large soot
preforms become severe. The influence of soot preform
diameter on the consolidation is thought to be enhanced
for high GeO, doped preforms because ambient gas
constants, such as the solubility and diffusion coefficient,
lessen due to the GeO; becoming volatile.

5. Fiber Characteristics

Fibers with a 125 um outer diameter, were drawn
from preforms fabricated using the double-flame burner.
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Fig. 12 Transmission loss spectra for high-rate deposited
fibers with relative index differences of (A) 1.0 % and
(B) 1.8%.

Figure 12 shows transmission loss spectra for fabricated
fibers with a relative refractive index difference of 1.0
% and 1.8 %, designated by A and B. The minimum loss
of A was 0.44 dB/km at 1.55 gm and B, 0.54 dB/km at
1.62 gm. Transmission bandwidth for the high N.A.
fiber B was 440 MHz km at 1.3 gm.

It was confirmed that fibers fabricated using the
multi-flame VAD process had good transmission charac-
teristics.

6. Conclusion

A multi-flame VAD process was proposed and
developed for high-rate fabrication of optical fiber
preforms. A high deposition rate of 4.5g/min was
attained and large preforms were stably fabricated. It
was clarified that a high furnace temperature and a slow
temperature increase were necessary for large soot
preform consolidation. Fibers drawn from the high-rate
deposited preforms exhibited low transmission loss and
wide transmission bandwidth.

Using the multi-flame VAD process, it is possible to
mass-produce optical fiber preforms and thereby reduce
the cost of manufacturing optical fibers.
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