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Fabrication of microstructured optical fibres
by drawing preforms sealed at their top end

A.N. Denisov, A.F. Kosolapov, A.K. Senatorov, P.E. Pal’tsev, S.L. Semjonov

Abstract. This paper presents results of a theoretical analysis and
a series of experiments dealing with microstructured optical fibre
(MOF) drawing from preforms sealed at their top end. We dem-
onstrate that maintaining a constant temperature in the top part
of the preform is of key importance for the ability to produce long
MOFs with stable parameters. We have proposed and imple-
mented a technique for additional, controlled heating of the top
part of preforms, which allows one to fabricate long MOFs with
both constant and varying parameters. Evidence is provided that
MOFs with holes differing in size can be produced rather easily
by this method.

Keywords: microstructured optical fibres, photonic crystal fibres,
fabrication of optical fibres.

1. Introduction

Microstructured optical fibres (MOFs), also known as pho-
tonic crystal fibres, are becoming indispensable elements of
fibre lasers owing to their unique, highly nonlinear properties.
Such fibres are used for material dispersion compensation in
the 1-um range, supercontinuum generation and efficient
four-wave mixing in the visible and IR spectral regions [1-6].
These effects depend significantly on the dispersion properties
of the MOF, which are in turn determined by the size, posi-
tion and longitudinal uniformity of the holes in the fibre.
Therefore, an important issue pertaining to the MOF draw-
ing process is the ability to maintain the structural parameters
of the fibre — which are determined by those of the preform —
constant or vary them in a controlled manner.

There are several main MOF drawing methods. One of
them is the drawing of preforms with their holes open to the
atmosphere [7—15]. In the drawing process, however, surface
tension forces reduce the hole diameter, to the point of com-
plete hole closure (collapse). To avoid hole collapse, one
should use a low drawing temperature, high preform feed
rate, large hole diameter or any combination of these param-
eters [7]. Unfortunately, drawing under such conditions leads
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to problems with the strength of the MOFs and the reproduc-
ibility of their parameters and makes it difficult to produce
MOFs with thin walls between the holes.

One, widely used approach to preventing hole collapse
during MOF drawing is to introduce a gas (typically argon,
oxygen or nitrogen) into the holes at an external pressure
slightly exceeding atmospheric pressure, which allows surface
tension forces to be compensated for [14-21]. This method
offers the possibility of working at higher temperatures and
fibre drawing speeds, which ensure sufficient strength of the
resultant MOFs. However, the final diameter of the holes in
the fibre is then determined not only by the initial diameter of
the holes in the preform but also by the temperature and
drawing speed, which leads to low stability of the structural
and, hence, physical parameters (e.g. dispersion) of the MOF.
Moreover, if an MOF with different hole diameters is needed,
different gas pressures should be used.

In this paper, we consider an alternative MOF drawing
method, from preforms sealed at their top end [22, 23]. At the
beginning of the process, the holes are open at the bottom end
of the preform, i.e. they are at atmospheric pressure. After
hole collapse in the first instance of drawing, fibre drawing
and, accordingly, the decrease in preform length are accom-
panied by a gradual rise in internal gas pressure in the holes of
the preform. Eventually, this leads to the formation of holes
in the resulting MOF. However, the MOFs described by
DiGiovanni et al. [22] have essentially identical relationships
between the hole dimensions and spacings in both the pre-
form and fibre, which significantly differentiates them from
the MOFs produced by us using the proposed method
[24, 25]. The effect of MOF length on the degree of geometric
transformation of the fibre structure was not examined by
DiGiovanni et al. [22]. Thus, the existing uncertainty in the
geometric transformation of the MOF structure makes it
impossible to control the structural parameters of MOFs fab-
ricated by the method in question.

The objectives of this work were

(1) to perform a theoretical analysis of the MOF drawing
from preforms sealed at their top end and determine the main
factors influencing the transformation of the geometric struc-
ture of the MOFs in this process;

(2) to draw various MOFs from preforms sealed at their
top end and compare the results with theoretical predictions;

(3) to find necessary conditions for the fabrication of long
MOFs with stable structural and, accordingly, physical
parameters; and

(4) to experimentally verify the possibility of controlling
the parameters of MOFs through additional heating of the
top part of the preform during drawing.
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2. Theoretical analysis

Consider a steady-state process. In this study, we restrict our
consideration to the drawing of silica MOFs, even though
there is also great interest in polymer [26] and non-silica glass
[27, 28] MOFs. In examining the drawing of such MOFs, only
differences in their relevant parameters should be taken into
account.

Without loss of generality, consider for simplicity the
drawing of a silica tube (initial outer and inner diameters D,
and d,) into a capillary of outer diameter D,, with a hole of
diameter d, (Fig. 1). Most of the conclusions drawn below are
applicable as well to more general cases. Let the preform feed
rate be vy and the capillary drawing speed be v,. The top end
of the preform is sealed. The section of the preform between
the sealed end and the furnace inlet is maintained at tempera-
ture 7' and pressure P;. The temperature and pressure in the
centre of the furnace are T, and P», respectively.

d

Ty, P

T3, P3

|

Figure 1. Schematic of capillary drawing from a preform sealed at its
top end.

From the continuity condition for silica glass flow, we
have

v _S _Di-di (1)
v, S Di-d¥’
where S and S, are the cross-sectional areas of the silica glass
in the preform and capillary, respectively.

It can be shown that, at typical MOF drawing parameters,
the gas pressure P; in the holes of the preform has enough
time to become constant throughout its length (P, = P,).
Consider first the simple case of a relatively small hole in a
capillary, where the gas flow relative to its wall is insignifi-
cant. It follows from the gas mass balance constraint that, in
a steady state,

2

P1S1V] = P2S7V2,

where s; and s, are the cross-sectional areas of the air holes in
the preform and capillary, respectively, and p, and p, are the
gas densities in the hole in the top part of the preform and in
the neck-down region, respectively. Taking into account the
equation of state for an ideal gas and the fact that the gas
pressure is constant throughout the length of the preform, we
obtain

s_ub

s v’ ®)
Taking into account (1), we have

S_snh_ s
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The parameter k represents the change (increase) in the rela-
tive area of the holes in the MOF with respect to that in the
preform. In the case of n identical holes, (4) takes the form

i __di D
D3—nd? D}—ndiT’

©)

In a typical case of silica glass, we have 77 = 300 K and
T, = 2100 K. Then, at a small number of sufficiently small
holes in a preform (v d; << Dy, i.e. the total area of the air
holes is much smaller than the area of the preform, which cor-
responds to the real situation), we obtain their relative linear
‘expansion’ in the fibre: (d2/D,)/(d,\/D) = vT3/T] ~ 2.65. This
differs considerably from the value reported by DiGiovanni
et al. [22] (~1.05). For lack of detailed information about the
MOF drawing conditions in their study [22], we can only
assume that their MOFs were probably produced with the
sealed ends of the capillaries located near the centre of the
furnace, so that 7, — T} ~ 200 K.

One of the most widely used structural parameters charac-
terising MOFs is the ratio of the hole diameter (d,) to the
centre-to-centre distance between the holes (A,): d>/A,. In a
particular case of a small area of air holes compared to the
area of silica glass (s; << ) and several (or many) identical
holes spaced A; apart, taking into account that A;/D,
A,/D, (similarity of the geometric structure persists during
fibre drawing), we can reduce (5) to the following form:

b _d, L
A AV T

At T, =300 K and 7, =2100 K, we have d,/A, ~ (d|/A;)x
2.65. Since the hole diameter in the fibre after drawing can-
not exceed the spacing between the holes, the relationship
d>/A; < 1 should be met. Then, in preform fabrication one
should ensure that d,/A; < 1/2.65 ~ 0.38. Otherwise, at d; >
0.38A;, neighbouring holes will influence each other during
the MOF drawing process and their shape will vary, but rela-
tion (4) will remain valid. The evolution of the hole shape may
also be of some interest, but this problem can only be resolved
using numerical mathematical modelling [29, 30], which is
beyond the scope of this work.

Thus, relation (4) leads us to conclude that the expansion
of the holes will be constant and stable as long as the top part
of the preform (between the sealed end and the furnace inlet)
will have a constant temperature, i.e. until the top end of the
preform will enter the furnace.

~

(6)
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It is worth noting that, if a preform has holes of different
diameters (d,;, where i refers to a group of holes of a given
size), Eqn (5) takes the form

A
D3 = mdsy Di—) ndp T’
J J

(N

Like (5), this relation is valid if the holes in a preform are
sufficiently spaced apart, so that they do not interact during
the MOF drawing process and their shape remains unchanged.

It follows from (7) that, if the total area of the air holes is
much smaller than the preform area, the holes differing in size
have essentially identical relative expansion values, which in
general can be accurately taken into account. This allows
MOFs with holes of different diameters to be fabricated
rather easily (there is no need to introduce a gas at different
pressures into holes of different diameters).

In the case of relatively large holes in an MOF, the above
relations, including (4), should be slightly modified. One
should then take into account cooling of the MOF to the tem-
perature T (near 300 K) after drawing and the corresponding
reduction in gas pressure (to P3) in the MOF, which produces
a gas flux Q from the preform to the fibre through the hole of
diameter d,. The flux Q can be found using Poiseuille’s equa-
tion [31]:

_ndi B-P
=gy~ 1 ®)

where 7 is the dynamic viscosity of the gas and L is the length
over which the temperature of the MOF decreases to 75. As a
result, the expansion of the hole decreases slightly.

To evaluate the decrease in the case of capillary drawing,
we add the mass flux of the gas, Qp,, to the right-hand side of
(2). Relation (5) then takes the following form:

d3 d}
_ k, 9
Di-di Di-& ©)
where
P 1 P BN I (10)
Tl " 32pLv,t T Y]

Figure 2. Parameter k as a function of hole diameter d, at drawing

speeds in the range 0.6—60 m min~".

Thus, the expansion of sufficiently large holes in MOFs is
smaller, and the decrease is determined by the hole size, MOF
drawing speed, gas viscosity in the preform and the geometric
parameters of the fibre-drawing tower (the length L over
which the temperature of the MOF drops to 73). Let us esti-
mate the change in the parameter & in response to changes in
hole diameter ¢, from 1 to 100 um and in drawing speed v,
from 0.6 to 60 m min~! at a length L = 0.25 m, pressure differ-
ence P, — P; = 1.02 atm and argon viscosity 7 = 8.97 x 104 P
(2100 K) [32] (Fig. 2). It is seen in Fig. 2 that, at d, = 50 um
and v, = 18 m min~! (near that typical of silica MOFs), the
parameter k decreases by about a factor of 2 compared to its
initial level.

3. Experimental results

To verify theoretical calculation results, we fabricated several
MOFs from different preforms.

3.1. Capillary drawing

A capillary was drawn from a silica tube of diameter D; =
6.2 mm with a hole diameter d; = 4.4 mm. The drawing speed
was v, = 40 m min~! and the preform feed rate was v, =
102 m min~!. During drawing, we monitored the outer diam-
eter of the capillary, D,. After that, we determined its inner
diameter d, using relation (1) and then the parameter k& using
(9). Figure 3a shows the variation in k as the preform is low-
ered to the furnace. The position of the sealed end of the pre-

Figure 3. (a) Parameter k as a function of the position / of the sealed
end of the preform during capillary drawing; (b, ¢) cross-sectional elec-
tron micrographs of the capillary in regions 2 (/ = 14 cm) and 3 (/ =
59 cm), respectively.
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form, /, was measured from that in the first instance of draw-
ing. The first region of the variation in / (region 1) corresponds
to the settling of hole expansion in the capillary. At the begin-
ning of drawing, heating the preform to a temperature 7,
leads to hole collapse under the effect of surface tension
forces. During subsequent drawing, however, the length of
the preform and, accordingly, the gas volume in the hole
decrease, raising the pressure in the hole. This continues until
the pressure surpasses the surface tension, leading to the for-
mation of a hole. The hole is initially very small, so the
decrease in gas volume in the preform is insignificant, the
pressure in the hole continues to rise, and the hole in the capil-
lary grows. The process continues until the system reaches
equilibrium, as represented by (2).

Next, a steady state sets in (region 2), in which the gas
pressure in the hole, capillary diameter D, and hole diameter
d, remain constant and, hence, the parameter & is also stable.
In this region, we have D, = 122 um and &, = 99 um (Fig. 3b),
which makes it possible to find &k using (10): ~2 (Fig. 2). Thus,
the measured k agrees rather well with the calculated one, and
in this case it is important to take into account the rather large
capillary size d,.

The capillary geometry remains unchanged as long as the
temperature 7; of the top part of the preform remains con-
stant. At the same time, when the sealed end approaches the
furnace and crosses its upper edge (/ = 30 cm), the tempera-
ture 7, begins to rise sharply (region 3). According to (10),
this causes a corresponding decrease in k. Figure 3¢ shows a
micrograph of the resultant capillary at /= 59 cm.

3.2. Drawing of a six-hole MOF

A preform was made by drilling holes in a silica monolith.
Next, it was stretched to reduce its diameter and jacketed in a
silica tube to increase the MOF length at a desired core size.
The drawing speed v, was about 20 m min~'. Its exact value
was set by a servo system, which monitored the outer diame-
ter of the MOF (D, = 125 um). The drawing temperature was
T, = 2113 K. Figures 4a—4d show cross-sectional electron-
microscopic images of the MOF at a constant magnification
and different positions of the sealed end of the preform (7).
Figure 4e shows a cross-sectional optical photograph of the
preform.

Since the preform had relatively large holes (d; ~ 0.7A,),
their shape began to change when expansion exceeded some
threshold (Figs 4c, 4d). Note also that, in the cross section of
the MOF in Fig. 4a, the d,/A, ratio is much less than d;/A;.
Therefore, this image of the MOF corresponds to the instant
of hole formation as a result of the increase in gas pressure,
which surpasses the surface tension.

Figure 5 shows the measured outer diameter of the six-
hole structure (D), core diameter (D) and k as functions
of the position of the sealed preform end. As in the case of
capillary drawing, the variation in / can be tentatively
divided into three steps. The first step is the settling of hole
expansion in the MOF. Note that a region about 6 cm in
length has no holes because of the hole collapse in the first
instance of drawing. Next, at / = 16 cm, a steady expansion
state sets in, in which the pressure and hole diameter should
not vary further. This is, however, not quite so for the MOF
under consideration: the hole expansion in the fibre gradu-
ally decreases, which seems to result from the heating of the
preform by the IR radiation from the furnace, because silica
glass prevails in the cross section of the preform. Heating of

Figure 4. Cross-sectional micrographs of a six-hole MOF at / = (a) 6,
(b) 12, (c) 14 and (d) 16 cm and (e) cross-sectional optical photograph
of the preform.

the preform is nonuniform, with a certain temperature gra-
dient, which shows up as a gradual variation in hole expan-
sion until / ~ 40 cm is reached. Finally, as the length of the
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Figure 5. Measured outer diameter of a six-hole structure (Dy,), core
diameter (D) and k as functions of the position of the sealed preform
end, /.
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preform decreases during the MOF drawing process, its
sealed end crosses the upper edge of the furnace (this
instant corresponds to a distance / = 40 cm) and the tem-
perature T begins to rise more rapidly. This leads to a sharp
decrease in hole expansion, in accordance with (4), as clearly
seen in Fig. 5.

3.3. MOF drawing with an additional heater
for the top part of the preform

The present experimental data demonstrates that the main
cause of the instability of the parameters of the MOFs is the
nonuniform heating of the top part of the preform, which
leads to variations in hole expansion during the drawing pro-
cess. To produce long MOFs with constant geometric and
physical parameters, the temperature of the top part of the
preform should be maintained constant. A relatively simple
approach is to use a specially designed additional heater for
the top part of the preform (it is more difficult to cool the
preform and stabilise its temperature). The heater should
ensure a controlled longitudinal temperature profile to com-
pensate for variations in the temperature of the top part of the
preform. The degree of hole expansion in the MOFs is deter-
mined by the variation in average temperature. Moreover,
setting a predetermined temperature profile with such a
heater, one can fabricate MOFs with a constant outer diam-
eter and varied hole diameter, i.e. with longitudinal variations
in optical parameters.

Figure 6 shows a schematic of MOF drawing with an
additional heater for controlling the temperature of the top
part of the preform. The top end of the preform (1) is
sealed and fused to an auxiliary rod (2), secured to the pre-
form feed system. The feed system ensures a necessary rate
of preform feed to the furnace (v;). The furnace (3) heats
the preform to the drawing temperature. The temperature
in the centre of the furnace — in the neck-down region for
silica glass —is 7, ~ 2143 K. The MOF (4) is drawn from
the bottom end of the preform with the use of a take-up
capstan, which ensures the desired rate of the process, v,.
The top part of the preform is enclosed in the additional
heater (5) and is maintained at temperature 75, which can
be varied from room temperature to ~1200 K. Between the
heater and furnace is a flange (6) for mounting dia-
phragms.

A key component of the heater is a 42-cm-long ceramic
tube (outer diameter, 23 mm; inner diameter, 18 mm), with
three independent Nichrome tape sections, each 13 cm in
length, wound on it. The electric power supplied to them can
be varied in a wide range or switched off.

Figure 7a shows the measured heater temperature as a
function of the position of the thermocouple (/) as measured
from the upper edge of the heater towards the drawing fur-
nace. Negative / values correspond to positions above the
heater. Curve I was obtained with the heater switched off and
the drawing furnace switched on. The temperature in the fur-
nace was 7, = 1973 K. Curve II corresponds to the drawing
furnace switched off, with the heater ensuring a negative tem-
perature gradient in the direction of the furnace in order to
compensate for the heating of the preform under its effect.
Curve III was obtained with the middle section of the heater
switched off, which ensured the maximum possible tempera-
ture gradient in it.

Figure 7b presents k(/) curves obtained from the above
experimental data. In our calculations, we assumed that,

Figure 6. Schematic of MOF drawing with an additional heater of the
top part of the preform.

when moving, the preform was heated and cooled instanta-
neously, so that the relation k = 7,/T(/), valid for small holes
in MOFs, was applicable.

The shape of curve I indicates that, as the preform
approaches the furnace, the temperature along it rises by
more than 150 K. Extrapolating this curve to /= 67 cm (which
corresponds to the upper edge of the drawing furnace), we
obtain an increase in temperature by more than 300 K.
According to (4), such a change in temperature should be
accompanied by a decrease in the degree of hole expansion to
k ~ 3.5, in good agreement with the experimental data pre-
sented in Fig. 5.

To demonstrate the potentialities of MOF drawing with
an additional heater, we used a highly birefringent micro-
structured fibre (HB MSF) with a 724 structure [33, 34] (two
rings of holes). The HB MSF preform was made by drilling
holes in a silica monolith. The hole diameter was 2.1 mm in
one ring and 2.5 mm in the other. The spacing between the
holes in the former ring was A; = 3.4 mm, with d;,/A; = 0.62.
This was expected to ensure d,;,/A, = 0.92 < 1 [see (6)] after
preform drawing at an additional heater temperature of
973 K. The preform was then stretched to a smaller diameter
and jacketed in a silica tube to increase the fibre length and
ensure the desired core size.

This structure is of interest from the viewpoint of a
detailed experimental study of MOF drawing from multi-
hole preforms sealed at their top end, in which holes having
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Figure 7. (a) Measured heater temperature as a function of the position
of the thermocouple relative to the upper edge of the heater (I) without
heating and with (II) three and (IIT) two windings energised; (b) param-
eter k as a function of the position of the sealed end of the preform
(calculation from the above data).

different sizes and neighbours are located at different dis-
tances from the centre of the preform. For further analysis,
we tentatively divided such holes into four groups. The &
values for these groups of holes are denoted as k1, k2, k3
and k4.

3.3.1. MOF drawing at a constant heater temperature pro-
file. During drawing, the heater operation mode corre-
sponded to curve II (Fig. 7a). In the initial position (before
the beginning of drawing), the sealed end was 13 cm above
the upper edge of the heater (i.e. / = —13 cm). The preform
feed rate during drawing was v; = 10> m min~! and the
drawing speed was v, &~ 30 m min~'. The exact value of the
latter was determined by a servo system, which ensured an
outer diameter of the MOF D, = 125 um. The drawing tem-
perature was T, = 2113 K. Figures 8a—8e show cross-sec-
tional electron-microscopic images of HB MSF 724 at dif-
ferent values of / and Fig. 8f shows a cross-sectional image
of the cane.

Figure 9 shows the measured parameters k and k1-k4 as
functions of the position of the sealed end of the preform, /,
and a kyy(/) curve calculated from a previously measured tem-
perature profile. Note first of all the relatively small varia-
tions of the measured parameters k1—k4 from the corre-
sponding k values. Thus, we are led to conclude that, in this
MOF configuration, the expansion parameters of the holes,
which differ in size and neighbours, almost coincide, in accor-

Figure 8. Cross-sectional micrographs of HB MSF 724 produced by
drawing at a constant heater temperature profile: position of the sealed
end of the preform / = (a) —10.8, (b) -8.7, (c) -5.1, (d) +0.2 and (e)
+17.9 cm; (f) micrograph of the cane for drawing HB MSF 724.

10 20

1
-10 0 I/em

Figure 9. Measured parameters k& and k1—-k4 as functions of the posi-
tion of the sealed end of the preform, /, during drawing at a constant
heater temperature profile and ky(/) evaluated from a measured tem-
perature profile.
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dance with relation (7), which was used to analyse MOFs with
round holes. Note that, in this case, because of the small hole
size in the MOF, with the possible gas flow in the holes taken
into account [see (10)], the difference in k between the holes of
different diameters is within 2 %.

In a steady state (at / > +18 cm), the measured values
of k differ from the calculation results by no more than
10%. This attests to good accuracy of the proposed ana-
lytical model for the transformation of the geometric
structure of MOFs during drawing from preforms sealed
at their top end.

The process of reaching a steady-state value of the expan-
sion parameter k has several characteristic features. At the
beginning of drawing, the expansion of the holes in the outer
ring exceeds that in the inner ring (Fig. 8a), which may be
caused by the radial temperature gradient in the neck-down
portion of the preform. This process can be broken down
into two steps (Fig. 9). The first step is a relatively slow rise
in k to a value corresponding to the calculated ky; (at / =
+0.2 cm). Next, since the heater temperature rises after this
position of the sealed end of the preform and, accordingly,
kyp drops to a predetermined constant level, the parameter k&
begins to decrease. The decrease is relatively slow, roughly
exponential:

k = ko + Akexp(-t/t), (11
where ky = 2.26; Ak = 2.45; and t = 6.75 min (with allowance
for the rate v; = 102 m min!). This manner of reaching a
steady-state value of the parameter k& (in both regions) is
probably due to the rather low drawing temperature (7, =
2113 K, which roughly coincides with the lower boundary of
the working drawing temperature for silica glass) and, hence,
to the relatively high viscosity of silica, which is an exponen-
tial function of temperature [30]:

515400)’

u=58x 10’7exp( RT

(12)

where R = 8.31446 J mol™! K-! is the gas constant.

The untimely termination of drawing (at / = +26.7 cm) is
caused by MOF breakage, probably because of small damage
to the preform when it was lifted to the drawing tower.
Subsequently, this problem was eliminated using an addi-
tional means to protect the preform from touching the metal-
lic elements of the drawing tower during uplift.

3.3.2. MOF drawing at a varied heater temperature profile.
During drawing, the heater operation mode corresponded to
curve III (Fig. 7a). In the initial position (before the beginning
of drawing), the sealed end of the preform was 9 cm above the
upper edge of the heater (/ = -9 cm). The preform feed rate
during drawing was v, = 1.45 x 102 m min~! and the drawing
speed was v, ~ 38 m min~!. The outer diameter of the MOF
was D, = 125 um and the drawing temperature was 7, =
2163 K. Figure 10 shows cross-sectional electron-microscopic
images of HB MSF 724 at a constant magnification and dif-
ferent values of /.

Figure 11 shows the measured parameters k and k1 —k4 as
functions of /, and kyyy calculated from a previously measured
temperature profile. As in the case of the previous experi-
ment, it is worth noting the relatively small variations of the
measured parameters k1 —k4 from k. Note that here we deal
precisely with a quasi-steady state, because the temperature

Figure 10. Cross-sectional micrographs of HB MSF 724 during draw-
ing at a varied heater temperature profile: position of the sealed end of
the preform / = (a) 7.0, (b) -3.0, (c) +4.9, (d) +24.6 and (e) +40.3 cm.

1 1 1 1 1 1 1 1 1 1

-10 0 10 20 30

1
IJem

Figure 11. Measured parameters k and k1—k4 as functions of the posi-
tion of the sealed end of the preform, /, during drawing at a varied heat-
er temperature profile and kyj; evaluated from the measured tempera-
ture profile.
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profile along the heater is varied and, as a result, the parameter
k also varies during the MOF drawing process. Nevertheless,
under these drawing conditions, too, in the MOF configura-
tion in question the expansion parameters of different holes
(which differ in size and neighbours) almost coincide.

The results obtained in a quasi-steady state (/ = +3.0 to
+38.4 cm) differ somewhat from those described above. Note
first of all the excellent agreement between the experimentally
determined values of the parameter k& and the calculated kyy;
immediately after a quasi-steady state is reached (/= +3.0 cm),
which attests to good accuracy of the proposed analytical
model. Next, as would be expected, there is a discrepancy
between the measured k and kyj; obtained under the assump-
tion that, when moving, the preform was heated and cooled
instantaneously. Actually, there are nonzero heating and
cooling times, which differ from each other. Because of this,
when a preform moves in a varying temperature field, the gas
pressure in the holes and, as a consequence, the parameter k
exhibit complex behaviour, which can only be assessed by
numerical techniques, but this lies beyond the framework of
this work. At the same time, it is seen from Fig. 11 that the
magnitude and range of the parameter k agree rather well
with calculation results, which demonstrates practical feasi-
bility of fabricating long MOFs with parameters varying
along their length.

In this experiment, a quasi-steady-state value of the
parameter k is reached much more rapidly than in the pre-
ceding case and has a number of local maxima, at / =—-6.2,
-3.0 and +0.9 cm, which reflect the damped oscillatory
character of the process. Thus, the entire process occurs as
the preform travels just ~8 cm, which is considerably
smaller than in the preceding case (about 29 cm). This can
be accounted for by the higher drawing temperature 7,
and, hence, the lower viscosity of the silica glass. As in the
above experiment, holes in the MOF were formed at the
very beginning of the drawing process, at / = —7.0 cm
(Fig. 10a), but the parameters k; were much greater
(Fig. 11) and differed less.

Comparison of the two experiments in which an MOF
was drawn using an additional heater for the top part of the
preform (Figs 9, 11) indicates that the time needed to reach
a steady or quasi-steady state depends significantly on the
temperature in the drawing furnace, 7>, which determines
the viscosity of the silica glass in the neck-down region.
According to (12), the viscosity of silica glass varies by about
a factor of 2 across the working range of MOF drawing tem-
peratures (2113-2163 K). Thus, comparison of the varia-
tions in k in the two experiments suggests that the optimal
drawing temperature is near 2163 K or slightly lower.

It is seen in Fig. 11 that, for the heater used in this study,
the working range of preform displacements is about 31 cm.
A similar range can be ensured at a constant heater tempera-
ture profile if the drawing temperature exceeds that in our
first experiment. This range of preform displacements corre-
sponds to an about 800-m length of the MOF in this study at
an outer preform diameter of ~6 mm. A simple calculation
shows that a preform with a standard diameter of § mm can
be drawn into an MOF more than 1200 m in length and
125 um in diameter.

4. Conclusions

MOF drawing from preforms sealed at their top end has been
analysed using numerical techniques, and a simple analytical

model has been proposed that describes the transformation of
the geometric structure of the MOF in this process.
Experimental data for various MOFs drawn from preforms
sealed at their top end agree well with theoretical estimates,
demonstrating that maintaining a stable temperature in the
top part of the preform is of key importance for the ability to
produce long MOFs with constant parameters. It has also
been shown that, in the case of sufficiently large holes in
MOFs, one should take into account additional corrections
to the transformation of the geometric structure during fibre
drawing.

It has been demonstrated experimentally that additional,
controlled heating of the top part of preforms makes it pos-
sible to fabricate long MOFs (more than 1200 m in length)
with both constant and varying parameters. Experimental
evidence has been provided that MOFs with holes differing in
size can be produced rather easily by this method.
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