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_Abstract—it was clarified for the first time that the slight attenu-  tion distribution of the dopant, there was concern that the re-
ation increment observed in the previous poly methyl methacrylate fractive index profile degraded at a higher temperature than the

(PMMA)-dopant system graded-index polymer optical fiber (Gl o
POF) we reported originated in the excess scattering loss induced glass transition temperature (Tg) of polymer. When the dopant

by the aggregation of absorbed water into the POF. Although the molecules are added to the_p_olymer matrix, the Tg is gener-
PMMA material generally absorbs two weight% of water at max-  ally lowered due to the plasticization effect. Therefore, the Tg
imum, the low attenuation of the conventional step-index (SI) POF at the core region of a Gl POF is lowered compared with that
whose core material is PMMA can be maintained at 70C, 80%  of PMMA homopolymer. In order to develop a GI POF having

relative humidity (RH) atmosphere because the absorbed water high thermal stability, we focused on a Tg decrease depending
might be homogeneously dispersed without any aggregation in the '

core of POF. On the other hand, addition of dopant material having on the kinds and concentratiqn of dopar]t. It was experimentally
higher refractive index than that of PMMA is required to form Conﬂrmed that the I’efl’aCtlve |ndeX prOflle Of the PMMA based
the refractive index distribution in the GI POF, which decreases Gl POF was maintained for more than 5000 h af854], [5]

the amount of water absorption into polymer, because the dopant py selecting a suitable dopant which can maintain the high Tg
material is more hydrophobic than PMMA. Therefore, in spite of of PMMA even after doping.

the small amount of absorbed water such as 0.5 wt.%, the ab- In thi t onlv the th | stability of th fracti
sorbed water molecules can not be uniformly dispersed but must n this paper, not only the thermal stability of the reiractive

be aggregated to form heterogeneities in the refractive index of the index profile but also the attenuation stability under high tem-
polymer matrix. It was clarified that a dopant material that is as  perature and high humidity atmosphere was investigated. We
hydrophilic as PMMA was required to maintain the attenuation of  clarified the required characteristics for the dopant in order to
the PMMA-dopant system G| POF under high temperature and  maintain the low attenuation of the PMMA based Gl POF even

r;ugr; r\}rjglglrtgpagsr‘r;%slphere, and such a suitable dopant system Gl at high temperature and high humidity.

Index Terms—bopant, glass transition temperature, humidity Il. THERMAL STABILITY TEST OFPMMA BASED Gl POF
resistance, refractive index, temperature resistance, water absorp- ’

tion. A. PMMA-Dopant System Graded Index Polymer
Optical Fiber

|. INTRODUCTION The Gl POF was prepared by the interfacial-gel polymeriza-
ROWING research interests are focused on tﬁ!eon technigue which we have proposed [2]. The refractive index
high-speed telecommunications and data commur‘ﬁ[ome of the GI POF is formed by the concentration distribution

cations networks with increasing demand for access to tﬂ]éthe dopant which has a higher refractive index than that of the

Internet even from home. In order to transmit a large volumDEc’Iyg]ler rr}atnx. Iréttr;]etlrrl]terf?ual—%gl polgmenzzﬁon;goggss,
of data such as those of motion pictures,_a data_rate of sev_é §IS prgyraz:)ercrjnartoﬁrst asﬁi?ﬂ%iufﬁi 2|S|:L>Kc:)|:a\1;as ;btair:g:j
hundreds megabits per second (Mbfs) is required [1]. Wi the heat drawing (-)f the preform é\t 250. A detailed fab-
increasing demand for high-speed information transmissioty, .. ; . X '
recent interests are focused on gigabit-order data transmissrrigﬁgon pf?cedgfg Its discrt'r?e?:I'\;l]'\leS%Whe;eé?]bg?:ble | shows
such as the gigabit Ethernet system. Therefore, it is desirablé § dopant candidates for the ase :
introduce optical fiber networks even to the premises area fgr
covering more than 500-1000 Mb/s data. ’
We have proposed a large-core, high-bandwidth graded-index ne thermal stability of the attenuation of the GI POFs
(GI) polymer optical fiber (POF) as the physical layer of a shorfloped with several kinds and concentrations of dopant was
distance high data rate network [2], [3]. In the GI POF, as tH@vestigated. The measurement setup is schematically shown
quadratic refractive index profile is formed by the concentrd® Fig- 1. An InGaAsP laser diode whose emitting wavelength
was 655-nm was used as the light source, and the optical output
. . _ power from a 10-m length GI POF was detected by the optical
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TABLE | 10 prrrrrrrrrrreereeeeeT T
DOPANT MATERIALS USED AND THEIR PHYSICAL PROPERTIES [
. e 8T 7
Monomer and Chemical Formula L
dopant used Weight, Volume Parameter index : .
6 After 44 hours aging
(g/mol) (A% (cal/em®)'? [

benzyl n-butyl

)
CocH;
phtalate @( l\© 3124 467.5 9.504 1.540
GOCHs
o

(BBP)

benzyl benzoate

Attenuation increment (dB)

[ 2123 314.6 9.641 1.568
EEN { »—COCH~ ) 3 :
: - After 1 hours aging 1
Diphenyl sulfide 186.3 277.8 9.431 1.633 0 L -
- | OO ; ]
triphenyl phosphate @ i) INFIFPE TIPS PSP I I TP
(e Ol | 23 | #2 | o0 | 10 450 500 550 600 650 700 750 800 850
’ Wavelength (nm)
Diphenyl sulfoxide
(OPSO) ©—E—© 03 | 269 | 195 | 1eos Fig. 2. Wavelength dependence of the attenuation increment of 20 wt.% DPS
doped GI POF at 70C, 80% RH
Dimethyl Sulfoxide o X
OMSO) o s | s | 0 | e crement from 5(_)0. nmto 700 nm s s_ma!l. From the rgsult shown
’ ’ in Fig. 2, the origin of the attenuation increase is discussed as
follows:
The peak observed at 750-nm wavelength can be explained by
Light Source the absorption of oxygen-hydrogen stretching vibration in water
Optical Power Meter molecule absorbed in the GI POF during aging. It is already

shown by the Morse potential energy theory [6] that the 4-th
_ overtone absorption of the O-H stretching vibration is located at
) ' 750-nm. On the other hand, wavelength independent attenuation
increment is difficult to explain by the excess absorption loss
such as the overtone of oxygen-hydrogen stretching vibration
i in the water molecule.
‘ | In order to clarify the effect of high humidity on the atten-
g uation spectrum, first, the stability of the attenuation af@0
‘ (with low humidity) was measured and compared with the re-
sults shown in Fig. 2. The result of the attenuation increment
after aging at 70C is shown in Fig. 3. Although the wavelength
independent attenuation increment is still observed, the amount
of increment in Fig. 3 is smaller than that after aging af @)
80% R.H. shown in Fig. 2. It should be noted that the attenu-
ations around 750- and 840-nm wavelengths actually decrease
Fig. 1. Measurement apparatus for the high temperature and high humidifer aging. This is because the absorption loss due to the O-H
resistance of the GI POF. bonding decreases during aging, since the water molecules that
were absorbed into the GI POF in advance of aging vaporized
measuring the output power change during aging. Since #éring aging at 70C. Since the PMMA which is the polymer
output power from the GI POF is very sensitive to the couplin@atrix of the GI POF, absorbs approximately 2% of water at
conditions between the light source and fiber and the fiber aftBximum, it is possible that some amount of water molecules
detector, both coupling conditions were fixed during the aginy/@s absorbed into the Gl POF in advance of the aging test.
However, as the absorbed water in the GI POF was vaporized
. RESULTS AND DISCUSSION during the aging at 70C (and low humidity), the optical losses
o ) at 750- and 840-nm wavelengths, which were affected by the
A. Thermal Stability in the Attenuation of the PMMA O-H stretching vibration absorption, decreased.
Based GI POF Although a slight amount of the attenuation increment inde-
The attenuation increment spectra of the 20-wt.% DPS dopgendent of the wavelength is observed also in Fig. 3, the atten-
Gl POF after 1 and 44 h aging at 7C, 80% RH are shown in uation increment after 48 h aging at 70 (and low humidity)
Fig. 2. It is obvious that a significant attenuation increment is small compared to that after 44 h aging at'@@) 80% R. H.
observed after aging. Furthermore, it is noteworthy that largaown in Fig. 2. Therefore, both wavelength dependent and in-
absorption peaks are observed at 750-nm and 840-nm wadependent attenuation increments shown in Fig. 2 are mainly
lengths, while the wavelength dependence in the attenuationéaused by the high humidity.

High Humidity

Sample Fiber Cabinet

(10m-length is placed )
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10 e In randomly oriented polymer samples, the isotropic part
Vs of the Vvis given by (1) [8], [9].
—~ 8F - 4
[ ] Vo' =V — <§> Hv. 1)

Therefore, the observedy scattering was divided into three
terms,Vvise, Voise, and (4/3Hv, as follows:

N 180 LSO 4
5 i After 48 hours aging ] Vv= (VU Vv ) (§> i @

’% where the/v{** denotes the isotropic background scattering in-
0 . dependent of the scattering angland thel v4°° is the isotropic

L After 1 h . . .

[ ef | hotr aghg scattering which depends @hdue to the large sized hetero-

2 W geneities. Finally, the total scattering loss (dB/km) is ob-

Attenuation increment (dB
S
]
L

450 500 550 600 650 700 750 800 850 tained by (3), shown at the bottom of the page, wherés di-
Wavelength (nm) vided into three termai*°, ™, anda®*° i.e.,
Fig. 3. Wavelength dependence of the attenuation increment of 20 wt.% DPS oy = ozi“’ + a‘;" 4 qamniso 4

doped GI POF at 76C. wherea* is the isotropic scattering loss froffivi** with no

angular dependenca”o is the isotropic scattering loss from
In order to maintain the low attenuation of the GI POF dtvi*° due to large-sized heterogeneities, amt*° is the
high temperature, it was found that the numerical aperture amcisotropic scattering frorHv.
heat drawing condition of the fiber were important issues[7]. By Since the angular independencewfindicated the random
optimizing the fabrication conditions, no attenuation incrementientation, Debye’s theory[10] written as (5) may be adopted

was observed during aging at 70. Details of these fabrication 4 < 2> - sin(vsr)
conditions and the results of the thermal stability studies were Vg = 3 / 2y (r) dr (5)
described in elsewhere [7]. Therefore, an excess scattering loss 0 o VST

caused by the large heterogeneous structures that were foréere

by the aggregated water molecules absorbed into the polymer 21n,
may be one of the candidates for the origin of the attenuation v= BYS (6)
increase shown in Fig. 2.
and
B. Excess Scattering Loss . — 9sin <9> @
In order to investigate the scattering loss increment after

aging at high temperature and high humidity, 20-mm diametggre (52) denotes the mean-square average of the fluctuations
PMMA rod samples doped with the dopants shown in Tablegt ) dielectric constants), is the wavelength of light in
were prepared. The dopant concentration is the same as thaldR,um and is the refractive index of the samplg(r) refers

the core center of the GI POF. to the correlation function defined by
For measuring the light scattering loss and investigating the

heterogeneities inside the PMMA rod, polariz&d)and depo- y(r) = w (8)
larized {Hv) light scattering intensities from a He-Ne laser (633 (n*)

nm-wavelength) were measured against the scattering dnglévherer(r;) andr(r;) are the fluctuations of the dielectric con-
The measurement method is described as follows: the PMMs#ant at and; positions that are a distangepart. In this paper,
rod was placed vertically at the center of the goniometer,tide correlation function(r) is assumed to be approximated by
He-Ne laser beam was injected from the side, and the scattef@das suggested by Debgeal. [10]

light from the center region of the rod was detected. e r

andHv light scattering intensities were measured, the details 7 (r) = exp (_g) ©)

of which were described in our previous papers [8], [9]. TQ

more quantitatively investigate the heterogeneities in the agga
PMMA rod and to estimate the effect of scattering loss on
the total attenuation of the GI POF, the scattering intensity Voiso — 8m® (772>a3
measurement results were analyzed by the following procedure. 2 A (1+ 1/255(12)2 '

ereq is called the correlation length and is a measure of the
e of the heterogeneities. Substituting (9) into (5) gives

(10)

o = 1.346 X 106/ {(1 + cos? 0) ( iso 4 ”") + (13 + cos 0) }sm 0do (€))
0
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Fig. 4. Scattering loss increment from 12.9 wt.% BEN doped PMMA rogtig. 5. Scattering loss increment from 9.41 wt.% DPSO doped PMMA rod
during aging at 70 C, 95% R.H. at 633- nm wavelength. during aging at 70 C, 95% R.H. at 633- nm wavelength.

The rearrangement of (10) gives a Debye plot [8], Wherr?enzoate (BEN) and diphenyl sulfoxide (DPSO), respectively.

is0\1/2 2 H i P . \ )
l(VUch) vgrsgsts showds a s_tra/l\ggt Imel, ano_l tthe Corrle/lft'orbopant concentrations were chosen to give the same refractive
engtha can be determined by= (/2 )(slopg/intercepy™/=. index (1.507) as the core center of the GI POF. The relation

The o™ term corr:a sponds tq the intrinsic S(':atte”rlng lo etween the dopant concentration and the refractive index of
caused by so-called “thermally induced fluctuations” [8], an

) it oped PMMA was measured for each dopant [11] as shown in

IS written Fig. 6, and the appropriate dopant concentration with which
iso _ (80loge m 2, 9 2 the refractive index of 1.507 (index differencen = 0.015)

“= < 27 ) )\_g (n B 1) (n + 2) KTB (11) was achieved was adopted for the preparation of PMMA rods
doped with these dopants. It is noteworthy thafvescattering

wh(tj—:‘ref-hs _Bo:thzmanrlrs constan'fg_lt.?e z;psoluttre] t(irr]nperaltlur(,e’intensity increment is observed in BEN doped PMMA after 150
andj the iso nermat compressibiiity. Since the thermally 1y ¢ aging, while no scattering intensity increase is observed in
duced fluctuations may be less than 50 A in size, which is mUﬁtﬂe DPSO doped PMMA even after 400 h of aging. The change
smaller than the correlation lengthof the large sized hetero- of scattering loss parametes described by (3) during aging

?heneitri]es,hthé/yf: intdenfril'?:ohas r(ljo an%ulzr defpﬁndel.flce. O@ summarized in Fig. 7 for all kinds of dopant. The scattering
e other handy;™ anda are described as follows: loss parameters of BEN, diphenyl sulfide (DPS), and triphenyl

o 320loge - a®(n?)mt phosphate (TPP) doped PMMA rods increased after 100 h of
Gy = A aging, while remarkably no scattering parameter change was
b+2?2  20b+2) obgerved in DPSO doped PMMA rods even after 1500 h of
T In(b+1) (12) aging.
5 o It was experimentally observed that this excess scattering loss
b=4v'a (13) incrementwas clearly visualized if the dopant concentration was
Qmise :8%0 loge - wHy . (14) higher than that shown in Fig. 8. A photograph of a 16.1-wt.%

BEN doped PMMA rod after 400 h aging at 7C, 95% R.H.

To clarify the effect of high temperature and high humiditys shown in Fig. 8(b) as an example to be compared with the
on the scattering loss from the PMMA rody andHv intensi- original one before aging in Fig. 8(a). The dopant concentra-
ties from the rod before and after aging were measured. Figgich of 16.1 wt.% was adopted in the case of BEN, with which
and 5 show the results of PMMA rods doped with benzw high refractive index (1.512\n = 0.020) was obtained. It is
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Fig. 8. Photograph of 16.1 wt.% BEN doped PMMA rod after the aging at 70
Fig. 6. Relation between the dopant concentration and refractive index of fe: 95% RH and after drying at 70C for 100 h.
dopant added PMMA.

TABLE I

SCATTERING PARAMETER CHANGE OF SLIGHTLY HAZED 16.1wT.% BEN
) BN DoPEDPMMA RoOD BY WATER ABSORPTIONDURING DRYING AT 70°C
= L
~— L m
= 300 [ / Parameter Before aging After 25 h. After 50 h. After 100 h.
o . o
£ d ] . . .
5_;, 250 F / . drying drying drying
S F E »
ﬁ 200 F / ] o™ (dB/km) 13.31 11.27 15.02 14.08
w o E
=} )

0" (dB/km) 1.2 26.48 2.11 1.15

jt) 150 ] 2 )
£ F / ] @ (dB/km) 1326 1283 1231 1254
5 100 ﬂ;.’ :
§ s k o (dB/km) 27.81 50.58 29.44 27.77
%)
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Fig. 7. Change of the scattering loss parameter from the PMMA rods doped ‘é 1.0 3 A A BEN: 129 wt.% E
with several dopants after aging at 70, 95% R. H.. Dopant concentration of 2 08F il:l 152 3
each rod was determined to have a refractive index of 1.507. jg O O TPP:152 wt.%
5 06F o O DPS:826wt.% [ 3

obvious that the rod became slightly hazy after the aging. Subse- £ 04F = DPSO:9.41 wt.% [ 1
guently, this rod was dried in an oven at’ D, and the scattering 02F PMMA 3
loss change was measured. A photograph of the rod sample after . & ]
being dried for 100 h is also shown in Fig. 8(c). It is noted that ..........

the slightly hazed rod after aging at 7Q, 95% R.H. became
transparent again as shown in Fig. 8(c), and the scattering loss
from the rod became almost the same as the original value. The
scattering loss parameter§”, a3, a*"**?, anda; are SUMMa- Fig. 9. Amount of water absorption into PMMA homopolymer rod and
rized in Table Il. It was revealed that the excess scattering Id¥8MA rods doped with several types of dopants.
observed after aging under high temperature and high humidity
atmosphere is induced by the water absorbed during aging. the PMMA rod during aging. The amount of water absorption
Amount of water absorbed into the PMMA rods doped witdecreases compared to the PMMA homopolymer when BEN,
BEN, DPS, TPP, and DPSO is summarized in Fig. 9 comparBdS, and TPP are doped, because those dopants are more hy-
with that of the PMMA homopolymer. Amount of water ab-drophobic than PMMA, whereas almost the same amount of
sorption was estimated by measuring the weight incrementwéter is absorbed in the PMMA rod doped with DPSO. As

0 100 200 300 400 500
Aging Time (hour)



ISHIGURE et al. GRADED-INDEX POLYMER OPTICAL FIBER 1823

300 T T T T T T T T A
_00 I . T . T .
=250 H —&— BEN: 129 wt.% _ .
3 <150 F .
TPP: 15.2 wt.% =
S0 T : "
2 2
— —8— DPS: 8.26 wt.% £1.00 | =
= =l DPSO: 9.41 wt.% 5
2100 20 sogl .
[ - A 4
o PMMA \ P A A
5 50 homopolymer &
E ] 0. " i " A i " " 1 i . a .
5 0 200 400 600 800
s 0 Time (hours)
_50 1 Il 1 Il |- 1 Il Il Il
0 02 04 06 08 10 12 14 16 18 20 ® MMA ¢ MMA:BzMA 1:1 4 BzMA

Water Absorption (wt. %)

Fig. 10. Relation between the scattering loss increment from the PMMA ro
doped with several types of dopants and amount of absorbed water.

shown in Fig. 9, the amount of absorbed water is strongly i
fluenced by the kind of dopant.

The relation between the increment of the scattering loss |
rametera, from the polymer rod and the amount of absorbe
water is shown in Fig. 10 for all kinds of dopant. With increasin
the amount of absorbed water, scattering loss also increas
Furthermore, the critical amount of water absorption at whic
an abrupt increase of excess scattering loss is observed, is
pendent on the dopant used. In the case of PMMA rods dof
with BEN and DPS, itis n(_Jteworthy thata scat.tering loss incr ——— Copilipmer b WNK PMMA
ment is observed after aging at 70, 95% R.H. in spite of less hm‘mpahlmer and BzZMA  (MMA/ homopolymer
water absorption compared to the PMMA homopolymer. Ther : BzMA=1/1)
fore, even if the amount of absorbed water is much smaller i
the PMMA rods, this absorbed water cannot be homogeneously 11.  Amount of water absorption into PMMA, PBzMA homopolymer
dispersed in the polymer but aggregates to form large heterais and copolymer of MMA and BzMA rodsMMA/B2MA = 1/1)

; ; ographs show the rod samples of PMMA, PBzMA homopolymer, and
geneous structures that are thought to induce the scattering I'ij)%%lymer of MMA and BzMA (7 AfA/B-MA = 1/1) after aging at 70

increment. °C, 95% R.H. for 24 h.
A similar scattering loss increment is observed not only from
the doped PMMA but also from the copolymer of MMA an

d . . : .
benzyl methacrylate (BzMA). The amount of water absorptio?1fter aging for 24 h o also shown. Doping with only 10 Wt'%
and scattering loss change of a MMA-co-BzMA rod througﬂf DMSO remarkably increases the amount of water absorption
the aging at 70C, 95% R.H. are shown in Figs. 11 and 12 relNto PMMA.. Since more water was absorbed in DMSO doped
spectively. With increasing fraction of BzMA in the copolymer!j'v”vIA compared with the PMMA homopolymer, the excess
unt of water molecules, which are no longer uniformly dis-

the excess scattering after aging becomes higher as indic . .
in the photograph of Fig. 12. The bottom of the rod becanPeersed' aggregated and caused a much higher scattering loss.

slightly hazy after 24 h of aging in MMA-BzMA (1:1 by weight) Cr:)nseque':r}tly,lt;ese rods became hazy after only 24 h aging as
copolymer. In the case of the BzZMA homopolymer, the increXOWN IN F1g. L.

ment of scattering loss is visually confirmed and occurs, becau rom the res“'FS in the abo"‘? investigations,_ it can be con-
the BzMA having an aromatic ring in its monomer unit, is mor& uded that selecting an appropriate dopant that is as hydrophilic
hydrophobic than PMMA ’ as PMMA, such as DPSO, should be a key issue for obtaining

In contrast, a PMMA rod doped with 10-wt.% dimethyl sul—hlgh humidity stability.

foxide (DMSO), which is expected to be more hydrophilic than i . )

PMMA was prepared, and its scattering loss change through ﬁ:le Improveme_nt_ of Attenuation Stability at High Temperature
aging at 70C, 95% R.H. was investigated. The amount of watéd High Humidity

absorption with respect to the aging time is shown in Fig. 12 From the results of excess scattering loss and water ab-
in which the photograph of 10-wt.% DMSO doped PMMA rodsorption investigations aforementioned, it is clear that the
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Fig. 12.  Amount of water absorption into PMMA homopolymer and 10 wt.
DMSO doped PMMA rods. Photographs show both rods after aging a€70
95% R.H. for 24 h.
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the Gl POFs doped with BEN, DPS, TPP, and DPSO were
experimentally prepared and their attenuation stability at 70
°C, 80% R.H. was evaluated. Since the conditions of €0
95% R.H. atmosphere under which the fiber should maintain
its characteristics are too severe for indoor-use fibers, slightly
milder conditions were adopted. The dopant concentration was
chosen to obtain the desired numerical aperture (refractive
index of core center is 1.50RA = 0.2). During the attenua-
tion stability measurement, both fiber ends were maintained to
be connected to the light source and optical power meter, and
the attenuation was estimated from the optical power change.
The results are summarized in Fig. 13. The attenuation of the
BEN doped GI POF significantly increases within only 10 h,
while no attenuation increment is observed in the DPSO doped
Gl POF, which agrees with the results of the excess scattering
loss measurement from the doped polymer rod.

IV. CONCLUSION

It was shown that high stability in the attenuation at high tem-
perature and high humidity was achieved in the PMMA—-dopant
system GI POF. It was confirmed that the attenuation increment
in the PMMA based Gl POF observed when the dopant type and
concentration were not optimized, originated in the excess scat-
tering loss induced by heterogeneities formed in the polymer
by the aggregation of absorbed water. It was also experimen-
tally confirmed that such an excess scattering increment was
eliminated by selecting the suitable dopant having similar hy-
drophilicity to the polymer matrix. The Gl POF obtained using
an appropriate dopant had sufficiently high thermal and hu-
midity stability.

%
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