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Abstract—The effect of the thermal treatment of silica-based Il. EXPERIMENTAL PROCEDURE
glasses and glass fibers on their Rayleigh scattering is investigated .
experimentally. The Rayleigh scattering coefficients of bulk A- Preparation of Glass Samples

glasses are found to be increased 5-10% by heating them to  \\e fapricated pure, GeQdoped, and fluorine doped silica

1800°C because the density fluctuation is in proportion to their . .
fictive temperature. Based on these results, we propose a methodgIaSS preforms by the VAD technique. Fig. 1 shows the thermal

for reducing the Rayleigh scattering losses of silica-based optical freatment diagram of two types of sample rods [7]. All the soot
fibers by drawing them slowly at low temperatures. We used this preforms were consolidated at around 1400 They were then
method to obtain a GeQ, doped silica core single-mode fiber with  annealed from a temperature of 1400 to 128Dat a cooling
a m'rgThUTtr'IOSS gf Ot-_16 dEi{wkmf att' 1-?5#”‘- Af a riSU_:F' We Con- rate of 5°C/min, and air-cooled to room temperature. We call
Irme a € reauction In the fictive temperature of silica-base « ” “ ”
glasses and glass fibers reduces their Rayleigh scattering. thes_,e sample§ annealed samples. Each "annealed sample”was
_ _ o cut into two pieces, one of which was reheated to 1800n a
Index Terms—Drawing speed, drawing temperature, fictive tem-  frnace and then air-cooled again to room temperature. These
perature, loss reduction, optical fiber, Rayleigh scattering. we call “reheated samples.”
We measured the Rayleigh scattering of each rod sample
|. INTRODUCTION (15-mm diameter and 50-mm length) with a dynamic light scat-
ILICA-BASED optical fibers are used throughout the worI(Jerlng s_pectrometer DI.‘S7OO (Otsuka Electronics). A 50-mw
argon-ion laser operating at a wavelength of 488 nm was used

il 'f"“ge capacity and Ior!g distance transmission syste as the light source. To minimize the effect of refraction and
with erbium-doped fiber amplifiers (EDFAS). Fiber loss reduc- . : L
. . : . o reflection, the samples were immersed invdibutyl—-phthalate
tion will accelerate the construction of various transmission s

tems with lonaer repeater Sbacings yfﬁd=589.3mn = 1.49). We obtained the angular distribution of
9 P P gs. the Rayleigh ratio by measuring the scattering intensity every

With the development of the vapor-phase axial depositiqgg from 30 to 150. We measured the Rayleigh ratio in each

technique (VAD) [1], it became possible to reduce optical losses . . : . .
: . R X ) —Sample twice, and estimated the Rayleigh scattering coefficient
induced by impurities in optical fibers such as OH absorpti . . .

fom their average value. After completing the Rayleigh

loss, and the lowest optical loss of 0.154 dB/km at awavelengscatterin measurement, we cut each rod sample to a thickness
of 1.56,:m was achieved [2]. To reduce the additional imperfec- 9 : P

. . . ) . .0f 1 mm and polished it to measure its infrared absorption.
tion loss, we proposed the viscosity-matching technique, whi . : X .

. . he infrared absorption spectrum was measured with a Fourier
utilizes the dopants Geand fluorine (F) to match the core and ransform infrared spectrometer FT-IR (Nicolet)
cladding viscosities [3], [4]. We also investigated the Rayleig P '
scattering loss of silica-based glasses since it dominates the 8pFiper Fabrication
tical loss in the 1.55xm wavelength region [5]-[8]. It was found _ . .
that the Rayleigh scattering of glasses depends on the fictivé:'rSt we prepared a soot preform with a Gedbped silica

temperature [7]. Moreover, it has been reported that Raylei fre and pure silica cladding by the VAD technique. To clarify

scattering in optical fibers can be reduced by lowering their fi ne fictive.temperature dependence of the optical loss, we
tive temperatures [8], [9] prepared five single-mode fibers, each 2 km long, by drawing

In this paper, we report in detail the effect of the therm his preform at five different temperatures between 1800 and

treatment of fluorine doped, Ge@oped and pure silica glasse OOQOC? When the drawing temperatgre is low, the (jrawmg
on their Rayleigh scattering. Based on the results, we propéﬁgsmn increases because the viscosity of the glass increases.

a method for reducing the Rayleigh scattering loss of optic Is in turn increases the additional imperfection loss caused
y the viscosity mismatch between the core and cladding [4].

fibers by lowering the drawing temperature. This method is a?h ; duced the drawi d 1o i
plied to the fabrication of Ge9doped silica core fibers, which erde ore, Wet reduce The drawmg spee dso aj rt10 © Increase
are widely used. We also confirmed the effect of our method élae_ rI?W'Eg telnsml)n. d goorawmg spte_ze I a\?v ension \(/jv?r:e
the fabrication of silica-based fibers experimentally. ypicaly about L mvs an 9. respectively. Ye measured the
optical losses of the fibers at a wavelength of 1.0+InT by
the conventional cut-back method.
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Fig. 1. Thermal treatment diagram of two types of sample.
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Fig.2. Relationship between relative-index difference and Rayleigh scattering 2200 2220 2240 2260 2280 2300
coefficient for all samples. The deviations of the Rayleigh scattering coefficient W b 1
in each sample are shown as solid bars. avenumber (cm!)

Fig. 3. Transmittance spectra of pure silica glasses at 2200-2300.cm
sample. In Fig. 2, as a measure of dopant concentration, the

relative-refractive index differences between the samples andrig. 3 shows the transmittance spectra of pure silica glasses
pure silica glass induced by Ge@nd fluorine are expressedat 2200-2300 cmt. In Fig. 3, it is seen that reheating broadens
as [GeQ] and [F], respectively. The Rayleigh scattering coefthe bandwidth of the spectrum and shifts the peak position to
ficient of GeQ and flourine co-doped silica glassz8o2-r IS a lower wavenumber. That is, the 2260 thabsorption band
reported to be [6] (first overtone of the Si@stretching vibration) is affected by the
thermal treatment. The relationship between the fictive temper-

Ageoz-F =Asioz (1 +0.62 [GeQy] +0.60 [FI? ature?’; and the peak frequeney for some pure silica glasses

+ 0.44 [GeG:][F]?) (1) is given as [10]
where As;o2 is the Rayleigh scattering coefficient of pure silica T = M. (2)
glass. In each type of sample, the measured values and those vz — 2228.64

calculated by using (1) were in good agreement within a relemploying thev, values, we used (2) to estimate thigvalues
tive error of £8%. Thus, it is confirmed that the Rayleigh scatef pure silica glasses and found them to be 1320n the re-
tering coefficient of Ge@ and/or fluorine doped silica glassesheated glass and 117C in the annealed glass. The difference
that have the same thermal history can be described by (1). Ibitween thd’; values A7) was 150°C.

also seen that the Rayleigh scattering coefficients of “reheated-ig. 4 shows the optical loss spectra of test fibers drawn from
samples” are always 5-10% greater than those of “anneathd same preform [8]. The refractive index profile of the pre-
samples.” For example, the difference between the Rayleiffirm is also shown in the inset of Fig. 4. The drawing tempera-
scattering coefficients of two pure silica glass&s4) was 6%. tures for fibersA and B were 1800 and 1900C, respectively.
These results indicate that the Rayleigh scattering coefficierise optical losses of fibeA at wavelengths of 1.31 and 1.55
of pure, GeQ@ doped and flourine doped silica glasses are in:m were 0.29 and 0.16 dB/km, respectively. These values were
creased by reheating to 1800 [7]. lower than those for fibeB.



1530 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 11, NOVEMBER 2000

TABLE |
LOSSCOMPONENTS OFTEST FIBERS

Fiber A Fiber B Fiber C

Core / Cladding dopant Ge0,-58i0, /510,  Ge0,-8i0, /Si0, Si0, /F-Si0,
Mode field diameter at 1.55 pm (um) 10.0 10.0 10.0
Cutoff wavelength (um) 1.23 1.23 1.41
Relative-refractive index difference (%) 0.33 0.33 0.30
Drawing temperature ®) 1800 1900 >2000
Loss at 1.31 um (dB/km) 0.29 0.33 0.31

Loss at 1.55 pm (dB/km) 0.16 0.20 0.17
Rayleigh scattering coefficient (dB/km/pum%) 078 0.84 0.82
Imperfection loss at 1.55 um (dB/km) 0.01 0.05 0.02

IR absorption loss at 1.55 pm (dB/km) 0.01 0.01 0.01

OH absorption loss at 1.55 um (dB/km) <0.01 <0.01 <0.01

Wavelength (lim) scattering coefficienti can be expressed by (4), whetg and

1.0 T A, are the Rayleigh scattering coefficients due to density and
L concentration fluctuations, respectively; is expressed as (5),
08 F 50 | wheren is the refractive indexy the photoelastic coefficient,
' | the Boltzmann constant, armt- the isothermal compressibility
atT; [11], [12]
2 061
= - A=Ag+ A, (4)
; 04 Ag =20 p* kB Ty ®)
'_] I
R Y (5) indicates thatd, is in proportion to7;, and this has been
o2 b s Otmin=0.16(dB/km) ' . - o
gz confirmed by the fact that the Rayleigh scattering exhibits a
e 0=0.78/A%+0.01(dB/km) linear relation withl’; in pure silica glasses and pure silica core
0.0 SN S S Y O S — fibers, which have only density fluctuation [9], [13], [14].

0 0.2 04 0.6 08 1 Ty is defined as a temperature at which no further structural
(Wavelengthy™ - (um) relaxation occurs in glasses. Therefdti,changes depending
on the glass viscosity and the cooling rate [15]. As expected,
thel’; of the annealed pure silica was 11°%0, which is almost
i the same as the annealing temperature TZ5(Fig. 1). In con-
Next we analyzed th_e Ios§ cor_nponents of the test fibers. Tﬁ&st, thel; of reheated pure silica was 1320, which is much
spectral losg of an optical fiber is expanded as lower than the reheating temperature of 18@0 We probably
obtained this result because there was structural relaxation and
theT’; decreased during the air-cooling from 18D since the
relaxation time of pure silica glass is very short over 1300
[14], [15]. As mentioned in Section I A was 6% for aAT’
Qf. 150°C in pure silica glasses, which is almost the same as

Fig. 4. Optical loss spectra of test fibers drawn from the same preform.

a=A/\* + am + o + aon 3

where A is the Rayleigh scattering coefficienty,; the imper-
fection lossag the infrared absorption loss, angdy the OH
e

absorption loss. Table | shows the loss components. We estin}%% reported value [14], that is about 8% ford’s of 150°C
these values by fitting measured data to (3) using the nonlinjarl]r ' 4 '

regression method. For comparison, we show the values o faerefor_e_, we conc_luded tha_t rehegtln_g |_ncreases4mealue
of pure silica glass in proportion to its fictive temperature.

In both types of sample, th&; of GeQ, or fluorine doped
glasses should be slightly lower than that of pure silica glass
because their viscosities are lower. However A% values of
smaller than that of fibe”, despite the fact that the core ofd.qde glasses are assumed to be almost the same as that of pure
. silica glass (150°C), because the temperature dependence of
fiber A was GeQ doped. The other loss factors were the sam . . "
e viscosities of doped and pure silica glasses are almost the

as or less than those of fibér. We estimated the intrinsic loss L

. S . . . spme [16], [17]. This is why th& A values are almost constant

of fiber A, which is a summation of the Rayleigh scattering and"_. 0 . .

the infrared absorption, to be 0.15 dB/km at 1,68 in F.|g.. 2 (5-10%). In otherwords., t.he con_centratlon fluctuation

' A is independent df’, although it is dominated by the dopant

concentrations [Geg) or [F]. However, the density fluctuation
IV. DISCUSSION Ag4 changes depending &y in doped glasses as well as pure

Here, we discuss the relationship between the Rayleigh scgitica glass. Therefore, the total Rayleigh scattering coefficient

tering and the fictive temperatuf€:. In general, the Rayleigh A of silica-based glasses can be controlled by changingtheir

conventional pure silica core fiber (fibér), which is one of the
lowest loss optical fibers currently available.

From Table |, the losses of fiberwere even lower than those
of fiber C'. The Rayleigh scattering coefficient of fiber was
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2 0.95 fibers can be reduced by a simple method; drawing the fiber
= slowly at low temperatures.

E Finally, we discuss the possibility of further loss reduction.
g 090 P The viscosities of the core and cladding of the present fibers
§ / were mismatched. If we apply the viscosity-matching tech-
el 0.85 e nigues to the present fibers, a reduction in the imperfection loss
g Ve can be expected [3], [4]. In addition, the Rayleigh scattering
%" o due to concentration fluctuation will be suppressed because we
£ 080 v can reduce the amount of Ge@ the core without changing

E < the relative-refractive index difference. Moreover, it will be
] possible to draw the fiber slowly at even lower temperatures
% 075 to reduce the Rayleigh scattering due to density fluctuation,
& 1750 1800 1850 1900 1950 2000 2050

because the viscosity of the whole fiber decreases when the
cladding is doped by fluorine.

Drawing temperature T, (C)

Fig. 5. Relationship between the Rayleigh scattering coefficient of test fibers

and their drawing temperatuf@, V. CONCLUSION

) We investigated the effect of the thermal treatment of
values by means of appropriate thermal treatment [see (4) &fifta-based glasses on their Rayleigh scattering in detalil
G- _ _ » experimentally. The Rayleigh scattering coefficients of the

Next, we investigated the fictive temperatures of the teﬁFasses increased 5-10% by heating them to 18D0This
fibers. In general, fiber preforms are heated to the drawiigpecayse the density fluctuation of the glasses increases in
temperature+£2000°C) and then quenched in the atmosphergyonortion to their fictive temperature. Based on these results,
Therefore, thd’s yalue of optlc_al flbers“ls assumed to be h,'yghew}’ve proposed a method for reducing the Rayleigh scattering
than that of their prefuorms, Just as rehe:ated samples” hayg silica-based optical fibers by drawing them slowly at low
higher’; values than “annealed s_a_mples. I|_1 fact, it has be?@mperatures. We used this method to obtain a Ge@ped
reported that th€’; value of pure silica core fibers drawn at &jjica core single-mode fiber with a minimum loss of 0.16

temperature higher than 200€ is around 1600C [9]. Their  4g/km at 1.55.m and a Rayleigh scattering coefficient of 0.78
Rayleigh scattering coefficients are also reported to be 0.6 afflkmy/,,m¢. This is because the fictive temperature of the fiber
0.8 dB/kmjim" at Ty values of 1200 and 160, respectively jecreased as the drawing temperature decreased. We believe
(i.e., theA A/ATy value of pure silica core fibers was< 10 that this method is applicable to the fabrication of various types

dB/km/um‘*lo_C). These values were measured for a shogt gjlica-based optical fiber and will be effective in reducing
segment of fiber [9]. Fig. 5 shows the relationship between thgeir Rayleigh scattering.

Rayleigh scattering coefficient of test fibers and their drawing
tempera_ture. Here, we deﬁne the d_rawing temperaiyras _ ACKNOWLEDGMENT
the maximum temperature in a drawing furnace. The Rayleigh

Scattering coefficienfi decreased |inear|y ﬁl decreased [8] The authors thank K. Shil‘aki, M. Tatedaand T. HOI‘iguchi for
The slope of the line obtained by the least squares methodiitful discussions.

Fig. 5 AA/AT,) was 5.6 10~*, which almost coincides
with the AA/AT; value of pure silica core fiber, &% 107*.

The Rayleigh scattering coefficient of the test fiber was reduced[1]
to 0.78 dB/km/m* by drawing it at 1800°C. This value is
even lower than that of pure silica core fiber whdseand's
are assumed to be about 2000 and 16GQrespectively (see
Table I). These results strongly suggest thatfhevalue of the
test fibers decreases linearly with decreasihgand thatl’; is
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