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The Role of Fluorine-Doped Cladding
In Radiation-Induced Absorption of
Silica Optical Fibers

M. O. Zabezhailov, A. L. Tomashuk, I. V. Nikolin, and K. M. Golant

Abstract—Radiation-induced absorption spectra and radial dis- position of an F-doped silica cladding on a substrate silica rod
tribution of nonbridging oxygen over the fiber core are compared vja a reaction
in fibers and preform slices fabricated under different technolog-

ical regimes with high- and low-hydroxyl silicas in the core. The = Si-OH HO-Si= +2F —
radiation-induced nonbridging oxygen concentration is found to . .
peak at the core-cladding interface. Fiber perform fabrication and —=Si-0-0-Si= +2HF T . 1)

fiber drawing processes are found to have different influence on its o ) )

value in fibers with low- and high-hydroxyl silicas in the core. The Subsequently, under rad'at'o_n- a peroxy linkage yields two
precursors of nonbridging oxygen near the core-cladding inter- NBOHCs. However, the question still remains how the fluorine
face are argued_ to arise at thg stage of preform fabripation atleast effect depends on F concentration in the cladding and on
in the case of high—hydroxyl fibers. Their concentration decreases preform and fiber fabrication regimes. Comparing fibers pro-

with increasing the fluorine concentration in the cladding. In the : . . . .
case of low-hydroxyl silica fibers the increase of the radiation-in- duced under different regimes might provide a deeper insight

duced nonbridging oxygen concentration at the core periphery is INto the role of fluorine and might allow optimization of the
argued to have a different nature as compared to high-hydroxyl fabrication regimes. Thus, the aim of this work was to compare

silica fibers. radiation-induced absorption spectra in fibers fabricated under
Index Terms—Nonbridging oxygen, optical fiber, radiation color  different regimes of F-doped cladding synthesis with different
center, radiation-induced absorption. types of silica in the core and to determine the radial distribution

of radiation-induced NBOHC.

. INTRODUCTION

WO IMPORTANT applications of optlcgl f|bers_|n t_he U~ Eiber preforms for this study were fabricated by the plasma
clear industry are related to plasma diagnostics in fu3|%n

utside deposition (POD) process [5] and by the “rod-in-tube”

reactors [1] and transmission of image from inaccessible pgé%hnique the core material being high-OH low-Cl KU-1 silica
of nuclear installations [2]. The relevant doses are above 1 M Y- Iow-OH' low-Cl KS-4V silica. KU-1 is a Russian industrial

Utnder l;(o:rgzmg _rad_|att|rc1>n .FI).O Int ldefectst,—r?(d|atr|1c_mh coIoh nthetic silica, and KS-4V is an original synthetic silica devel-
centers ( . )—aise Inthe siiica giass Network, WhICh resUpe 4 i, the silicate Chemistry Institute of Russian Academy of
n a_lbsorptlo_n of the_ s_lgnal trgnsr_mtted th_rou_gh the fiber. T ciences [6] (see Table I). Inthe POD process, an F-doped silica
main RCC in the visible region is nonbridging oxygen hOIf"ayer (light-reflecting cladding of the future fiber) is deposited

center (NBOHC). Technological peculiarities of its formatlo%n the substrate silica rod (core). F-doped silica is synthesized

artla?stjqdlgd n gh|s p;pir. i f i fib dvia chemical reactions occurring in a microwave plasma torch
adiation-induced absorption of pure-silica-core Nhers ag: 5 o5 mixture containing Sigl O», and freon [5]. In the

pends, to a certain extent, on the presence of an fluorine ( d-in-tube techni - o :
R . . : -in- que, an F-doped silica cladding is deposited
doped silica light-reflecting cladding. With the help of ES n the inner wall of a silica substrate tube, thereafter, the silica

spectroscopy, Nagasaw al. [3] demonstrated that the CON" 14 is inserted into the tube and fused with it. The preforms fab-

centraypn of NBOHC in fibers W'th.e.l hlgh-OH (h'gh'hydroxyl)r'cated for this study by the POD-process differed in the amount
pure-silica core and an F-doped silica cladding, peaks near &1uorine in the cladding (from 2 to 5 atomic%), which was

fo;ﬁ—cla(ljdlnfq[rl]ntezfaéjc;. ThISt(hEXpNeggeHrga:J obs?['r vatlgn po(;ntggntrolled by the deposition temperature (the lower the deposi-
0 the role ot the cladding In the ormation. based of, , temperature, the higher the fluorine content in the glass).

this evidence, Griscom [4] suggested that the NBOHC prec he fibers drawn from the preforms had an acrylate coating.

sors—peroxy linkages—are formed in the process of plasma deéxy,q fiers were gamma-irradiated with a cobalt source to 1.00

MGy (4.0 Gy/s, accuracy 5%) at40 °C. A detailed description
. . _ of the irradiation conditions can be found in [6]. Radiation-in-
Manuscript received September 11, 2001; February 18, 2002. This work \2@5 dab . d within 1-2 h af h
supported by the International Science and Technology Center, Project 14 Ece a sorption s.pectra were m.easulre W'_t n1- h aiter the
and by the Russian Foundation for Basic Research, Projects 99-02-16856 isrddiation. Measuring lengths of irradiated fibers varied from

00-15-96650. S5to5m.

1.5
The authors are with the Fiber Optics Research Center, 119991 Moscow, . . — . . .
Russia (e-mail: max Zab@fo_gpi_ru)_p To determine the radial distribution of NBOHC in the fiber

Publisher Item Identifier S 0018-9499(02)05840-9. core, we applied, for the first time, a measuring technique based

Il. EXPERIMENTAL

0018-9499/02$17.00 © 2002 IEEE



ZABEZHAILOV et al: THE ROLE OF F-DOPED CLADDING IN ABSORPTION OF OPTICAL FIBERS 1411

TABLE |
PARAMETERS OF THEFIBERS TESTED
Fiber | Preform fabrication | Type of silica { OH content, | Cl content, | Core/cladding NA
No. technology in the core ppm ppm diameter (LLm)
1 POD KS-4V 0.6 40 100/120 0.16
2 POD KU-1 800 80 100/120 0.16
3 POD KS-4V 0.3 40 200/240 0.23
4 POD KU-1 800 80 200/240 0.25
5 Rod-in-tube KU-1 800 80 105/250 0.26
6 POD KU-1 800 80 100/125 0.26
8- #2, POD, NA=0,16 1 #1, POD, NA=0,16
1,4
] a /
74 #5 Rodbintube, NA=O26 44 Ta, T
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wavelength, um Fig. 2. Induced loss spectra in fibers with KS-4V silica in the cpoieadiated
to 1.00 MGy.

Fig. 1. Induced loss spectra in fibers with KU-1 silica in the cpiieradiated
to 1.00 MGy.

fibers #2, 4, and 5) feature different induced absorption. In the
on the effect of differential mode attenuation. Near-field light intwo KS-4V fibers (Fig. 2), the difference is not so significant.
tensity distribution was measured at the fiber output 2t 630  From comparing the KU-1 fibers fabricated by the POD process
nm (near the maximum of the NBOHC absorption band) and @ig. 1), it may be concluded that the difference in induced
A = 710 nm (beyond the band). Then the fiber length was r@bsorption is due to different concentrations of NBOHC with
duced to~1 m without changing the excitation conditions at th@bsorption bands centered at about 630 and 260 nm. More-
fiber input and the measurements were repeated. The indu®ér, the higher fluorine concentration, which is proportional to
absorption af = 630 nm as a function of the radial coordinate¢he numerical aperture (NA), the lower NBOHC concentration.
in the fiber core was calculated as Fibers having approximately the same NA but different core and
10 10, 1omg(r) - T30, short () cladding diameters (fibers #6 and #4) featured the same induced
a(r) = T -log < 1 OnE Rt ) (2) absorption. This fact indirectly confirms the assumption that the
formation of the NBOHC precursors occurs at the stage of pre-
where I710(r) and Is3o(r) with inferior indices “long” and form fabrication, not during fiber drawing. The induced loss of
“short” are the light intensities at the two wavelengths measuréiier #5 fabricated by the rod-in-tube technique is apparently
on “long” and “short” fiber pieces] is the length difference a combination of NBOHC absorption and chlorine-associated
between the two fiber pieces. Measurements at two waveleng@isorption monotonically decreasing with wavelength [7]. We
allowed us to minimize possible influence of the waveguideelieve that chlorine was present in the F-doped cladding syn-
effects on radial distribution af(r). thesized on the substrate tube wall by the low-temperature sur-
We also measured the induced absorption spectra in differéxge plasma chemical deposition process. Taking into account
radial positions of transverse preform slices. In this way, tiiee chlorine contribution, one may conclude that the NBOHC
NBOHC radial distribution in fibers and preforms was comeoncentration in fiber #5 is the lowest of the four KU-1 fibers.
pared. The measurements of the radial distribution of NBOHC |t was found that two to three weeks thermal annealing of

and induced absorption measurements on preform slices wesfor centers at room temperature did not distort the induced
performed two to three weeks after gamma irradiation to 1.@®sorption spectra qualitatively.

MGy. The radial distribution of NBOHC in the POD fibers is
nonuniform (Fig. 3). For POD fibers with KU-1 silica in the
core, the increase of the NBOHC concentration at the core
Figs. 1 and 2 show the induced loss spectra in the fibgwsriphery with respect to the core center is greater for the fiber
under consideration. We see that the three KU-1 fibers (Fig.ith the smallest fluorine concentration in the cladding. We see

1710, short (") - 1630, tong (7)

Ill. RESULTS AND DISCUSSION
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Fig. 3. Rad|a_l d|str|but|on_of NBOHC measured in flbgrarradlated to 1.00 nlrg (NBoHac'?ang)p?nnpf:fgfmo slgge;ai:?;dligteu(f ?o f Ogo&)é; For ease of
MGy. The vertical dashed lines show the core boundaries. comparison, the values obtained at the preform center were subtracted from
the both graphs.

that the radial distribution measurements correlate well with 2.0+ ssom
the absorption spectrum measurements (Fig. 1). 18] cepeer Bl [

A higher NBOHC concentration of the low-aperture KU-1 1,64 s eontor boundary
fiber can be explained in the following way. In the POD-process, 14 £, |
the fluorine concentration in the deposited glass is controlled E 1'2_ ,, .
by the process temperature: it increases with decreasing the % 1:0_ o
temperature. Diffusivity and chemical reactivity of fluorine are g 0.6 L R B
also lower at a lower temperature; therefore, the formation of 3 ;. Wim .

NBOHC precursors due to fluorine is less efficient at a lower 2 4]
temperature. It should be noted that this explanation is consis- ~ 02
tent with the model of NBOHC precursor formation described 00]
by (1). 200 250 300 350

The radial NBOHC distribution of the KU-1 fiber fabricated
by the rod-in-tube technique does not feature an increase at the
core-cladding interface. This means that the high-temperat#g 5. Induced loss spectra in KU-1 preform slicérradiated to 1.00 MGy
fusion of the tube and the rod is not accompanied by Significdﬁ?asured at different radial coordinates. In the inset shown is the induced loss
. . . . . . at 215 nm as a function of radial position in the preform slice cross section.
fluorine diffusion and interaction with hydrogen at the core pe-

riphery. From comparing KU-1 fibers fabricated by the two dif- KU-1 oref lice. For thi | . t th
ferent techniques we may conclude that there exist two mecﬁé@ - preform slice. For this reason, a 10ss Increase at the

nisms of NBOHC formation under radiation: one is associatéd"© periphery of the KS-4V perform slice could be overshad-

with F-doped silica deposition in the POD process and the othoev?’e.d by the nhoise bgckground. . o
is apparently associated with abstraction of hydrogen from Emally, an interesting result was _obtalned for the radial dIS_trI-
groups. The latter mechanism is responsible for uniform rad lImon of the E-center (the absorption band at 215 nm), which

distribution of NBOHC. Contributions of the both mechanism$ 2 compl_emen_tary defec't to NBOHC. In an iradiated KU-1
to induced absorption at 630 nm are comparable (cf. Fig. 1)'preform slice (Fig. 5), the 'Ecenter concentration peaks at the

The KS-4V fi fabri he POD Iso fegOre center and slopes down toward the periphery, in (;on'grastto
e KS Iber fabricated by the POD process also fe OHC. Thus, we may conclude that F-doped cladding influ-

tures an increase of NBOHC concentration at the core periph . o
berip ’% ces the formation of NBOHC and-Eenter in different ways.

wavelength, nm

EE ;gbgl[;liesrjb) 'ﬁ-trjzlfsl?;;e::(? ngsai%pg?:glrl]::i]ya:]?hi?%et uch a behavior of the'enter radial distribution calls for fur-
er study.

KU-1 fibers. Because the OH group concentration in KS—4{/
silica is more than three orders of magnitude less than that in
KU-1 silica, the contribution of the mechanism described by (1)
to NBOHC formation must be negligibly small. The radial distribution of NBOHC in the fiber core was in-
The radial distribution of NBOHC in an irradiated POD KU-1vestigated for the first time by the differential mode attenuation
preform slice has the same profile as in the corresponding fibéeshnique. This technique is more accurate and informative than
(Fig. 4). It directly indicates that the NBOHC precursors arhe ESR technique previously used for this purpose [3].
formed already at the perform fabrication stage. In irradiated F-doped cladding influences the formation of radiation-in-
POD KS-4V preform slice the radial distribution of NBOHC isduced color centers in different ways in “dry” and “wet” silicas.
more uniform. It should be noted that the loss in the irradiatéd fibers with high OH silica in the core, there exist at least
KS-4V preform slice was an order of magnitude lower than itwo mechanisms of NBOHC formation under radiation. One of

IV. CONCLUSION
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them is responsible for uniform NBOHC distribution over the In fibers with high OH silica, fiber drawing is found to have
core and is apparently associated with abstraction of hydrogemsignificant influence on radiation-induced NBOHC concen-
from OH groups. The second mechanism is responsible for tiation. It was found that in fibers with high OH silica in the core
NBOHC formation at the core periphery. The contributions dhe formation of radiation-induced{€enter is also affected by
the both mechanisms to the induced absorption at 630 nm #re F-doped cladding deposition process, however, toeiter
comparable. It is important that an NBOHC concentration imadial distribution is the reverse of the NBOHC distribution.
crease at the core-cladding interface is observed in KU-1 fibers
fabricated only by the POD process and is absent from fibers
fabricated by the “rod-in-tube” technique. Our experimental _ . .
lts are in agreement with the model of NBOHC recursor[1] S. F. Paul, J. L. Goldstein, R. D. Durst, and R. J. Fonck, “Effect of high-

resu S' a g ) . .p energy neutron flux on fiber optics in an active diagnostic on TFTR,”
formation proposed by Griscom [4]. According to this model, Rev. Sci. Instrumvol. 66, no. 2, pp. 1252-1255, 1995.
fluorine atoms diffuse into the core region during F-doped [2] K. Obara, S. Kakudate, K. Oka, E. Tada, Y. Morita, and M. Sei, “Devel-
i laddina deposition and make bonds with hvdrogen opment of optical components for in-vessel viewing systems used for
silica cladding depositi _ with hydrog fusion experimental reactorProc. SPIE vol. 2425, pp. 115-122, 1994.
atoms. As a result, peroxy linkages are formed; the NBOHC[3] K. Nagasawa, R. Tohmon, and Y. Ohki, “Effect of cladding material on
are precursors. In Conformity with this model. we found that 2-eV optical absorption in pure-silica core fibers and method to suppress
he NBOHC . h ! inh the absorption,Jpn. J. Appl. Physvol. 26, pp. 148-151, 1987.
_t € g prlecursor. concentration at the core perip ery[4] D. L. Griscom, “Radiation hardening of pure-silica-core optical fibers
increases with increasing the POD-process temperature (that by ultra-high-dose -ray pre-irradiation,”. Appl. Phys.vol. 77, 1995.
is, it increases with decreasing the fluorine concentration in thel3! A. S. Biriukov, E. M. Dianov, K. M. Golant, R. R. Khrapko, A. V. Ko-
laddin ) This fact opens ossibilities for optimization of ropov, A. N. Perov, A. V. Shakhanov, and A. S. Vasiliev, “Synthesis of
claading). ! p up p : I '.' I pumizau fluorine-doped silica glass by means of an outside deposition technique
the POD-process regimes. By adjusting the process tempera- using a microwave plasma torctgbv. Lightwave Communvol. 3, pp.
ture, it is possible not only to increase the numerical aperture of 1712, 1993. iy _
the fiber. but also t inimize th diati ind dab ti [6] V. A. Bogatyrjov, I. I. Cheremisin, E. M. Dianov, K. M. Golant, and

€ nber, but also to minimize the radiation-induced absorption A. L. Tomashuk, “Superhigh-strength metal-coated low-hydroxyl low-
band at 630 nm. chlorine all-silica optical fibers,1IEEE Trans. Nucl. Sgivol. 43, pp.

A different mechanism of radiation-induced NBOHC forma- _ 1057-1060, June 1996. : :

. . . . [7] K. Nagasawa, M. Tanabe, and K. Yahagi, “Gamma-ray induced absorp-
tion at the core periphery takes place in fibers with low OH/low

arHn tion bands in pure silica core fibersJpn. J. Appl. Physvol. 23, pp.
Cl silica in the core (KS-4V). 1608-1613, 1984.
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