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(57) ABSTRACT 

A composition of phosphate-based glass ?ber capable of 
being fused directly to a silica-based glass ?ber includes 
from about 60 mole % to about 75 mole % P205, from about 
8 mole % to about 30 mole % X203, from about 0.01 mole 
% to about 25 mole % of R20. X is selected from the group 
of A1, B, La, Sc, Y and combinations thereof. R is selected 
from the group of Li, Na, K and combinations thereof. 
Optionally, the phosphate-based glass ?ber may include 0.5 
to 10 mole % MO, Where M is selected from Mg, Ca, Sr, Ba, 
Zn, and combinations thereof. The composition preferably 
further includes from about 0.5 mole % to about 15 mole % 
of an additional component from the group of Si, Ge, Pb, Te 
and combinations thereof. 
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PHOSPHATE GLASS FIBER FOR 
FUSION-SPLICING TO SILICA GLASS FIBER 

REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application No. 60/375,456 ?led on Feb. 15, 2003. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to a glass 
?ber used for amplifying a signal transmitted through a glass 
?ber. More speci?cally, the present invention relates to a 
phosphate glass ?ber that can be fused directly to a signal 
transmitting fused silica glass ?ber. 

BACKGROUND OF THE INVENTION 

[0003] Glass ?bers have been Widely used in the telecom 
munications industry to transmit high volumes of optical 
signals at high speeds. Traditionally, these glass ?bers have 
been fashioned from fused silica-based compositions. Opti 
cal signals transmitted through fused silica glass ?bers, 
hoWever, eventually Weaken When transmitted across long 
distances. Therefore, it is necessary to amplify the transmit 
ted optical signals at various stages along the length of these 
silica glass ?bers. 

[0004] One method of amplifying the transmitted optical 
signal has been to insert a doped, fused silicate or a doped 
?uoride glass to amplify the strength of the optical signal 
being transmitted through the silica-based glass ?bers. One 
such doped glass is disclosed in US. Pat. No. 5,322,820, 
?led on Dec. 8, 1992, the content of Which is incorporated 
by reference herein. Doped, phosphate-based glass is also 
knoWn to amplify the signal transmitted through the fused 
silica glass, hoWever, is very dif?cult to fuse or splice 
phosphate glass to the silica glass ?bers because the tWo 
glasses have very different physical properties. For example, 
a typical phosphate-based glass exhibits a glass transition 
temperature of about 400° C. and a thermal expansion value 
greater than about 100><10_7/° C. By Way of contrast, a fused 
silica glass typically has a glass transition temperature of 
about 1,000° C. and a thermal expansion of generally 
5><10—7/° C. Phosphate glasses are generally knoWn to have 
the desirable characteristics of good chemical durability, 
high ion exchange activity, a high gain per length coef?cient, 
Wide gain spectrum, and loW conversion characteristics. 
These properties make it desirable to develop a simple and 
reliable method for splicing phosphate glasses to fused silica 
glass. 
[0005] These large differences in thermal and physical 
properties have rendered the common fusion splice method 
used to connect separate strands of silica ?bers impractical 
When mating a silica glass ?ber to a phosphate glass ?ber. 
One method used to attach an amplifying phosphate glass 
?ber to a silica glass ?ber system is to insert a splicing glass 
similar to that disclosed in US. Pat. No. 6,277,776. The 
splicing glass includes thermal and physical properties 
someWhere betWeen the properties exhibited by phosphate 
based glasses and silica-based glasses. In the absence of a 
splicing glass, the differences in glass transition temperature 
betWeen the phosphate and silica based glasses is knoWn to 
cause a Weak fusion betWeen the glasses resulting in break 
age at the fusion joint during regular usage. HoWever, the 
introduction of a spliced glass betWeen a phosphate glass 
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?ber and a silica glass ?ber is knoWn to be expensive and 
dif?cult to perform in a mass production environment. 
Therefore, it Would be desirable to introduce a phosphate 
based glass ?ber capable of being fused directly to a 
silica-based glass ?ber using conventional glass ?ber splic 
ing methods. 

SUMMARY OF THE INVENTION AND 
ADVANTAGES 

[0006] The present invention provides phosphate glass 
?bers having modi?ed thermal and physical properties 
enabling the use of a common fusion splice method for 
connecting phosphate-based glass ?bers directly to silica 
based glass ?bers. The composition of the inventive glass 
includes from about 60 to about 75 mole percent of P205, 
from about 8 to about 30 mole percent X203, and from about 
0.5 to about 25 mole percent of R20. X is preferably selected 
from the group comprising Al, B, La, Sc, Y, and mixtures 
thereof. R is preferably selected from the group comprising 
Li, Na, K and mixtures thereof. The composition may also 
comprise from about 0 to 15 mole percent of MO, Wherein 
M is selected from Mg, Ca, Sr, Ba, Zn, and mixtures thereof. 
The index of refraction and the thermal expansion of the 
phosphate-based glass is modi?ed by including from about 
0.5 to about 15 mole percent of a component selected from 
the group of Si, Ge, Pb, Te, and mixtures thereof. 

[0007] The combination of elements listed above provides 
a phosphate glass With a glass transition temperature 
approximately 100° C. higher than conventional phosphate 
based glasses. Further, the thermal expansion value of the 
inventive phosphate-based glass is signi?cantly loWer than 
typical phosphate-based glasses. In addition, the phosphate 
glass formulation set forth above exhibits greater chemical 
durability and higher gain When doped With active lasing 
ions for use as ?ber ampli?ers as knoWn to those of skill in 
the art. 

[0008] The modi?ed thermal and physical properties of 
the phosphate-based glass unexpectedly provide the ability 
to form a durable fusion joint betWeen phosphate and 
silica-based glass ?bers. This can be accomplished by using 
loW loss fusion splicing, With commercial fusion splicing 
equipment, Which provides high gain phosphate glass ?ber 
ampli?ers and ?ber lasers directly fused to silica glass ?bers. 
This replaces the more expensive and inef?cient technology 
presently being used to insert phosphate ?ber ampli?ers into 
a silica-based ?berglass strand. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Other advantages of the present invention Will be 
readily appreciated as the same becomes better understood 
by reference to the folloWing detailed description When 
considered in connection With the accompanying draWings 
Wherein: 

[0010] FIG. 1 is photograph of the inventive phosphate 
?ber spliced to a Corning SMF-28TM silica glass ?ber; 

[0011] FIG. 2 is a second photograph of the inventive 
phosphate ?ber spliced to a Corning SMF-28TM silica glass 
?ber; 
[0012] FIG. 3 is a photograph of the inventive phosphate 
?ber spliced to a Corning SMF-28TM silica glass ?ber after 
having been subjected to destructive testing. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0013] The present invention is directed toward a compo 
sition of glass capable of being fused directly to a silica 
based glass ?ber strands, Which are Widely used to transmit 
optical signals. The composition of glass includes from 
about 60 to about 70 mole percent of P205, from about 8 to 
about 30 mole percent of X203, and from about 0.01 to 
about 25 mole percent of R20. X is preferably selected from 
the group-comprising Al, B. La, Sc, Y and combinations 
thereof. R is preferably selected from the group comprising 
Li, Na, K, and combinations thereof. 

[0014] The index of refraction and the thermal expansion 
of the phosphate-based glass is preferably modi?ed by 
including from about 0.5 to about 15 mole percent of a 
component selected from the group of Si, Ge, Pb, Te, and 
combinations thereof. 

[0015] Additions of MO from about 0 to about 10 mole 
percent may also be made to the glass composition, Where 
M is selected from the group of Mg, Ca, Sr, Ga, Zn and 
combinations thereof. 

[0016] The cores and cladding of the phosphate-based 
glass ?bers are preferably doped up to and including the 
limits of solubility With lasing and sensitiZer ions from the 
Lanthanide series as displayed in the Periodic Table of 
Elements. Preferably, the amount of lasing or sensitiZer ion 
is from 0.01 to 8.0 mole percent. Preferably, the lasing and 
sensitiZing ions are used in the tri-oxide form and comprise: 
cerium (Ce), praseodymium (Pr), neodymium (Nd), prome 
thium (Pm), samarium (Sm), europium (Eu), gadolinium 
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), 
erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), 
copper (Cu), and chromium (Cr). Alternatively, combina 
tions of elements listed in the Lanthanide series of the 
Periodic Table may be included in the cores and claddings 
of the phosphate-based glass strands to dope the phosphate 
glasses as is knoWn to those of skill in the art. Preferably, 
combinations of erbium and ytterbium are used. 

[0017] The composition of the phosphate-based glass set 
forth above has produced the folloWing physical properties 
that have proven bene?cial to splicing the phosphate-based 
glass directly to the silica-based glass. The refractive index 
at the sodium D-line (nD) is from about 1.53 to about 1.55 
Whereas silica-based glass has a refractive index of 1.46. The 
phosphate-based glass composition has an Abbe number 
(measurement of optical dispersion), determined from the 
equation (nd—1)/(nf—nc), ranging from about 63.5 to about 
65.0, Whereas the silica-based glass has an Abbe number of 
about 70.4. An optical dispersion that is equivalent to 
silica-based glass is preferable When fusing the phosphate 
based glass to the silica-based glass. The non-linear refrac 
tive index of the phosphate-based glass is from about 
1.19><10 esu to about 1.23><10_13 esu, Whereas the silica 
based glass has a non-linear refractive index of 24x10‘13 
esu. The thermal expansion co-efficient of the phosphate 
glass is from about 70><10_7/° C. to about 84><10_7/° C. 
Whereas the silica-based glass is 5.5><10_7/° C. The glass 
transition temperature of the phosphate-based glass ranges 
from about 440° C. to about 515° C., Whereas the silica 
based glass has a glass transition temperature of about 1042° 
C. Notably, a typical phosphate glass exhibits a glass tran 
sition temperature of generally about 400° C. The increase 
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in glass transition temperature shoWn by the inventive 
phosphate-based glass has provided a signi?cantly stronger 
fusion joint to the silica-based glass. The deformation tem 
perature (Td) of the phosphate-based glass is from about 
480° C. to about 535° C., Whereas the deformation tempera 
ture of the silica-based glass is generally 1585° C. The 
thermal conductivity of the phosphate-based glass is from 
about 0.8 W/mk to about 0.9 W/mk, Whereas the thermal 
conductivity of the silica-based glass is 1.30 W/mk. The 
density of the phosphate-based glass is from about 2.6 g/cc 
to about 3.0 g/cc, Whereas the density of the silica-based 
glass is generally 2.2 g/cc. 

[0018] The physical and thermal properties set forth above 
have unexpectedly provided the ability to make a “forgiv 
ing” fusion splice of a phosphate-based glass ?ber to a 
silica-based glass ?ber. Most notably, increasing the glass 
transition temperature by up to 100° C. over traditional 
phosphate-based glass transition temperatures of generally 
400 ° C. and reducing the thermal expansion values to Well 
beloW the general value of 100><10_7/° C. has resulted in the 
ability to form a durable spliced joint betWeen phosphate 
based glass ?bers and the silica-based glass ?bers in the 
absence of using a splicing glass. 

[0019] Experiment Description and Results 

[0020] Single mode ?ber samples of Corning SMF-28TM 
(125 pm OD) fused silica glass and a sample of the inventive 
phosphate-based glass composition having the characteris 
tics listed in Table 1 beloW Were cleaved by using an 
Amherst Ericsson model #EFC 11-4 electronic cleaver or a 
Fitel FurukaWa model #S323 manual cleaver. 

TABLE 1 

Property Value 

Refractive index as sodium D line (nD) 1.540 nD 
Abbe number 64.0 (nd — 1)/(nf — no) 
Non-linear refractive index 1.20 esu 

Thermal expansion 72 (x10’7/° C.) 
Glass transition temperature 506 (° C.) 
Deformation temperature 535 (° C.) 
Thermal conductivity 0.84 (W/mk) 
Density 2.7 (g/cc) 

[0021] Single mode (rectangular) double-clad and round 
multi-mode ?bers Were also evaluated having the folloWing 
properties disclosed in Table 2: 

TABLE 2 

Property Value 

Refractive index 1.53 nD 
Abbe number 64.5 (nd — 1)/(nf — no) 
Non-linear refractive index 1.22 esu 

Thermal expansion 82 (x10’7/° C.) 
Glass transition temperature 450 (° C.) 
Deformation temperature 485 (° C.) 
Thermal conductivity .85 (W/mk) 
Density 2.9 (g/cc) 

[0022] Good quality cleaved ?ber faces Were achieved 
With both cleaving units on various test ?bers. Initial suc 
cesses With the Ericsson electronic cleaver unit on the single 
mode ?bers Were surprisingly surpassed With quality and 
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consistency of the cleaves produced by a simpler Fitel 
manual cleaver unit. Test cleaving optimization studies With 
the Ericsson unit presented a trend indicating a requirement 
for higher tension settings for the production of optimiZed 
(?at and smooth) cleaved ?ber faces. Continued studies With 
the Fitel manual cleaver (Which provides no ?ber tension 
unlike the Ericsson unit, Which does provide ?ber tension) 
surpassed all earlier Work With very consistent high quality 
cleaved ?ber end faces. 

[0023] Initial results of the ?ber splicing experiments 
using the single mode phosphate-based glass composition 
spliced to standard fused silica-based glass Were evaluated. 
Strong splices Were produced that exhibited mechanical 
strengths of 0.5 Gpa (equivalent to 6 neWtons). This unex 
pected result is comparable to a standard silica/silica splice. 
Initially, a strong splice With a measured loss of approxi 
mately 2.5 dB Was established. 

[0024] A Sumotomo type 36 unit arc circuit board Was 
modi?ed to increase the heat control resolution and limit the 
range to the loWest 10% of the unit’s standard scale. The 
poWer Was set to 1, the gap to 10, the overlap to 15, the 
pre-fusion to 0.0, the duration to 0.15, and the arc spattering 
duration to 0.05s. 

[0025] Fiber fusion splicing Was performed With the modi 
?ed Sumotomo type 36 and an Ericsson model FSU 995 FA 
unit. As the optimiZation experiments proceeded, it Was 
found that the Ericsson model FSU 995 FA provided more 
?exibility When adjusting the system parameters. Optimum 
settings for the Ericsson unit Were as folloWs: pre-fuse time 
0.2 sec., pre-fuse current 2.0 mA, Gap 50.0 mm, overlap 
13.0 mm, segment #1 fusion time 0.1 sec., segment #1 
fusion current 8.0 mA, Segment #2 fusion time 1.0 sec., 
segment #2 fusion current 2.0 mA, segment #3 fusion time 
1.2 sec., segment #3 fusion current 2.0 mA, and set center 
(offset form 255 arc center) 225. 

[0026] Processes for cleaving and fusion splicing single 
mode phosphate ?bers to fuse silica ?bers Were indepen 
dently developed. Using 180 pm diameter cladding, single 
mode core, ampli?er ?bers produced a fusion splice Where 
the strength of the bond betWeen the single mode phosphate 
?bers and the fused silica ?bers Were unexpectedly good 
even though the chemical and thermal properties of the tWo 
?bers Were radically different. Ten splices Were examined 
for breakage characteristics. In each case, the fractures 
occurred in the fused silica ?bers generally Within 3 mm of 
the fusion splice. Therefore, the tensile strength of the fusion 
splice proved to be unexpectedly stronger than the fused 
silica ?bers. 

TENSILE STRENGTH 

[0027] A ?rst order quantitative measurement of the ten 
sile strength of the ?rst sample of the phosphate-based glass 
composition Was determined by a loop test and the value 
compared to that of other ?bers. A loop of ?ber Was draWn 
by hand. The tensile strength of the ?ber Was calculated from 
the radius or diameter of the loop When the ?ber broke. Five 
separate tests Were performed-and all broke at the same 
diameter, 4 mm:0.5 mm. Assuming that the modulus of 
elasticity of the glass is 10.2><106 psi (67 GPa), and the ?ber 
diameter Was 125 pm, then the strength of the ?ber Was 
calculated as: 
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U = 1.195E(d/D)( = 1.198)><(10.2>< 106 psi)><(0.l25/4) 

= 382000 psi 

: 2.6 Gpa. 

[0028] A value of 382,000 psi is considered to be a very 
high strength for phosphate-based glass ?bers. For example, 
pristine E glass ?bers designed for reinforcement purposes 
are generally found to have a strength of about 500,000 psi 
and have a modulus of elasticity of 10.5><106 psi. The 
inventive phosphate-based glass ?ber sample that Was tested 
shoWed a ratio of o/E of 0.0375, or about 75% of about What 
Would be expected under ideal conditions. 

[0029] Referring to FIGS. 1 and 2, photographs that are 
representative of the phosphate-based glass ?ber indicated in 
Tables 1 and 2 above being spliced to Corning SMF-28TM 
(125 pm OD) are shoWn. The phosphate-based glass ?ber 
has a larger diameter than the Corning SMF-28TM. The 
interface loss is estimated to be approximately 0.25 dB in 
FIG. 1 and 0.20 in FIG. 3. FIG. 3 shoWs a typical result of 
a destructive test use to evaluate the strength of the fused 
joint betWeen the tWo different types of glass ?bers. The 
photograph in FIG. 2 indicates the break occurred in the 
Corning SMF-28TM approximately 3 mm from the fused 
joint. Therefore, it is believe that the fused joint is stronger 
than the Corning SMF-28TM glass ?ber sample that Was 
tested. 

OPTICAL MEASUREMENTS 

[0030] Optical probing is a straightforWard method to 
measure the loss contribution of a fusion splice. There are 
three major contributors to the loss through a section of 
spliced ?ber, Fresnel loss, splice loss, and optical absorption. 
The refractive index difference betWeen the fused silica 
(1.460) and the phosphate-based glass composition (1.540) 
glass ?bers introduces a Fresnel loss at the splice boundary. 
The calculated Fresnel loss at the fusion interface for these 
materials is 0.003 dB. The Fresnel loss at the air interface of 
the unspliced end of the phosphate ?ber Was calculated to be 
0.2 dB. The material absorption of the phosphate-based 
glass ?ber at 1318 nm Was determined to be 0.47 dB/cm. 

[0031] The loss measurements Were taken on several 
samples of single-end fusion splice phosphate glass ?bers. 
TWo foot lengths of the SMF-28 TM Were fusion spliced to 
samples of the phosphate glass in Tables 1 or 2 and a high 
quality APC connector Was installed on the loose end of the 
SMF-28 TM ?ber. Single mode 1318 nm light, With knoWn 
poWer, Was injected into the APC connector. The output 
poWer of the open end of the phosphate ?ber Was measured 
With a broad area detector. The length of the splice samples 
Was about 5.0 cm. The total throughput loss at 1310 nm for 
a 5 cm spliced phosphate ?ber Was expected to be 2.6 dB. 
HoWever, the measured throughput loss of the single end 
spliced phosphate glass ?ber Was determined to be much 
loWer than expected. The throughput loss ranged from 
betWeen 2.54 dB to 0.03 dB, With a mean of about 0.6 dB 
across 12 samples. 

[0032] The invention has been described in an illustrative 
manner, and it is to be understood that the terminology 



US 2003/0168154 A1 

Which has been used is intended to be in the nature of Words 
of description rather than of limitation. 

[0033] Obviously, many modi?cations and variations of 
the present invention are possible in light of the above 
teachings. It is, therefore, to be understood that Within the 
scope of the appended claims, the invention may be prac 
ticed otherWise than as speci?cally described. 

What is claimed is: 
1. A method of fusing a silica glass ?ber to a phosphate 

glass ?ber, comprising the steps of: 

providing a phosphate glass ?ber capable of amplifying a 
signal and having a composition comprising from 
about 60 mole % to about 75 mole % P205, and from 
about 8 mole % to about 30 mole % X203, from about 
0.01 mole % to about 25 mole % of R20, and from 
about 0.01 to 8.0 mole % of a lasing ion, and Wherein 
X is selected from Al, B, La, Sc, Y and combinations 
thereof, and R is selected from Li, Na, K and combi 
nations thereof, and 

fusing said phosphate glass ?ber component directly to 
said silica glass ?ber. 

2. The method set forth in claim 1, further comprising 
providing a phosphate glass ?ber having from 0.5 mole % to 
about 15 mole % of a component comprising Si, Ge, Pb, Te, 
and combinations thereof. 

3. The method set forth in claim 1, further comprising 
providing a phosphate glass ?ber having about 0.5 mole % 
to about 10 mole % of MO, Wherein M is selected from Mg, 
Ca, Sr, Ba, Zn and combinations thereof. 

4. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said lasing ion is selected 
from cerium (Ce), praseodymium (Pr), neodymium (Nd), 
promethium (Pm), samarium (Sm), europium (Eu), gado 
linium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), 
erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), 
copper (Cu), and chromium (Cr), and combinations thereof. 

5. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a 
refractive indeX from about 1.53 to about 1.55. 

6. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has an Abbe 
Number from about 63.5 to about 65.0. 

7. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a 
non-linear refractive indeX from about 1.19><10_13 esu to 
about 1.23><10_13 esu. 

8. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a 
thermal expansion coef?cient from about 70><10_7/°C. to 
about 84 ><10_7/°C. 

9. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a glass 
transition temperature from about 440° C. to about 515° C. 

10. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a 
deformation temperature from about 480° C. to about 535° 
C. 

11. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a 
thermal conductivity from about 0.8 W/mk to about 0.9 
W/mk. 
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12. The method set forth in claim 1, comprising providing 
a phosphate glass ?ber, Wherein said glass ?ber has a density 
from about 2.6 g/cc to about 3.0 g/cc. 

13. A method of fusing a silica glass ?ber to a phosphate 
glass ?ber, comprising the steps of: 

providing a phosphate glass ?ber capable of amplifying a 
signal and having a composition comprising from 
about 60 mole % to about 75 mole % P205, from about 
8 mole % to about 30 mole % X203, from about 0.01 
mole % to about 25 mole % of R20, from about 0.01 
to 8.0 mole % of a lasing ion, from about 0.5 mole % 
to about 15 mole % of a component comprising Si, Ge, 
Pb, Te, and combinations thereof, Wherein X is selected 
from Al, B, La, Sc, Y and combinations thereof, and R 
is selected from Li, Na, K and combinations thereof; 

and fusing said phosphate glass ?ber component directly 
to said silica glass ?ber. 

14. The method set forth in claim 13, further comprising 
providing a phosphate glass ?ber having about 0.5 mole % 
to about 10 mole % of MO, Wherein M is selected from Mg, 
Ca, Sr, Ba, Zn and combinations thereof. 

15. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said lasing ion is 
selected from cerium (Ce), praseodymium (Pr), neodymium 
(Nd), promethium (Pm), samarium (Sm), europium (Eu), 
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium 
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium 
(Lu), copper (Cu), and chromium (Cr), and combinations 
thereof. 

16. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
refractive indeX from about 1.53 to about 1.55. 

17. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has an 
Abbe Number from about 63.5 to about 65.0. 

18. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
non-linear refractive indeX from about 1.19><10_13 esu to 
about 1.23><10_13 esu. 

18. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
thermal expansion coefficient from about 70><10_7/°C. to 
about 84><10_7/°C. 

19. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
glass transition temperature from about 440° C. to about 
515° C. 

20. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
deformation temperature from about 480° C. to about 535° 
C. 

21. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
thermal conductivity from about 0.8 W/mk to about 0.9 
W/mk. 

22. The method set forth in claim 13, comprising provid 
ing a phosphate glass ?ber, Wherein said glass ?ber has a 
density from about 2.6 g/cc to about 3.0 g/cc. 

* * * * * 


