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2
The preferred method Within the art for varying glass

METHOD FOR FABRICATING THALLIUM
DOPED GRIN LENS

composition is referred to as diffusion or ion exchange. A

CROSS REFERENCE TO RELATED
APPLICATIONS

refractive index is soaked Within a molten alkali salt bath,

one example being potassium nitrate (KNO3), thereby

This application claims the bene?t of US. Provisional
Application No. 60/300,132 ?led Jun. 21, 2001.

alloWing for an exchange betWeen thallium ions in the glass
composition and potassium ions in the bath. The exchange
produces a thallium ion gradient Within the glass composi

thallium-doped glass cylinder having a uniform, high

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

tion and a corresponding refractive index pro?le. The ion
10

None.
BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention generally relates to an improved

method for fabricating a thallium-doped gradient index
(GRIN) lens. Speci?cally, the invention is a method
Whereby a preform composed of a simpli?ed glass compo
sition is chemically and mechanically processed forming a

15

ing for the fabrication of a high-quality GRIN lens com

20

SUMMARY OF THE INVENTION

25

a simpli?ed glass composition.
A further object of the present invention is to provide a
fabrication method that eliminates residual stresses Within

collimation, coupling, focusing, imaging and alignment.
30

typical parabolic-shaped refractive index is functionally
described by the equation
35

Where NO is the refractive index along the central axis of the
lens, r is the radial distance from the central axis, gr is a
constant, and h is a high-order coef?cient. The focal diam
eter varies betWeen 0.7 and 2 micrometers for most GRIN
lenses. The numerical aperture, NA, of a GRIN lens is

complexities and problems associated With re?nement
agents.
An object of the present invention is to provide a method
for the fabrication of high-quality GRIN lenses composed of

having an axially, a radially, or a spherically varying refrac
tive index. The pro?le of the refractive index is tailored
during fabrication to facilitate such applications as

For example, a parabolic-shaped refractive index provides
both imaging and focusing capabilities. The pro?le of a

contaminants Within the composition. Furthermore, the
re?ning agents described above adversely interact With
alkali salts inhibiting the ion exchange process and causing
physical degradation to the lens.
Therefore, What is currently required is a method provid

posed of a simpli?ed glass composition thereby avoiding the

GRIN lens With a parabolical-shaped refractive index.

2. Background
A gradient index (GRIN) lens is an optical component,
commonly found in optical telecommunication systems,

exchange process is in?uenced by composition uniformity
and adversely in?uenced by stresses, imperfections, and

the structure of a simpli?ed glass composition.
A further object of the present invention is to provide a
fabrication method that enhances composition uniformity
Within a lens preform so to improve symmetry of the ion
exchange process about the circumference of the lens.
A further object of the present invention is to provide a
fabrication method that eliminates contaminants along a lens

preform Which inhibit the ion exchange process.
The present invention relates to a method for the fabri
cation of a simpli?ed-composition GRIN lens. GRIN lenses

formed by the present method are functionally equivalent to
40 a single convex lens or a combination set of concave-convex

lenses. The cylindrical-shaped lenses have a refractive index

calculated by the equation

gradient that continuously decreases, preferably paraboli
cally shaped, in the outWard radial direction from the optical

(2ND *AN) 1/2
45

or central axis. A typical lens has a diameter in the range of
0.5-mm to 2.0-mm and a length in the range of 1.5-mm to
4.8-mm.

refractive index along the central axis. Commonly, a GRIN

The method of the present invention consists of preparing

lens Will have a numerical aperture betWeen 0.46 and 0.6.
50

a cylindrical glass preform composed of the simpli?ed
composition, annealing the preform to eliminate residual
stresses, removing contaminant layer from said cylindrical
preform prior to glass rod extrusion, annealing glass rod
during ion exchange process, and immersing glass rod

Where AN is the difference in refractive index betWeen

central axis and periphery along the lens and NO is the
The glass composition of a GRIN lens determines its

functional and physical characteristics. A high-quality lens
has a refractive index of at least 1.600, a chromatic trans

mittance greater than 90% for light With a Wavelength
betWeen 380 and 2000 nanometers, and a high degree of
composition uniformity so to minimiZe internal stresses,

devitri?cation, phase separation, and corrosion.
The related arts describe re?ning agents, typically Cs, Ti,
Al, As, Sn, Mg, Ba, Bi, Ge, Pb, Zr, Nd and metal oxides

Within an acid bath to re?ne the diameter of the glass rod.

The ?rst annealing step is comprised of heating the preform
55

doWn. The removing step consists of the mechanical

machining and polishing the annealed cylindrical preform.
The second annealing step is performed by heating the glass

thereof, added to a glass composition to tailor optical

properties, minimiZe devitri?cation, improve durability,
improve Weatherability, and adjust melt temperature and

60

rod to 560° C. for at least 68 hours and no longer than 72

hours. In preferred methods, the acid bath step polishes the
exterior surface of the glass rod.

viscosity. HoWever, such agents increase fabrication com

plexity and adversely alter both color and light absorption

Simpli?ed, glass compositions of the present invention
facilitate greater compositional uniformity Within the

characteristics of the lens.

Atypical cylindrical-shaped GRIN lens has a high refrac
tive index along its central axis With a gradually decreasing

above the annealing temperature for a speci?ed time period
folloWed by a controlled or controlled/uncontrolled cool

65

preform, as Well as reduce complexities related to fabrica

index outWard to the circumference. The refractive-index

tion. Glass compositions are composed of elemental boron,

gradient is altered by varying the glass composition.

oxygen, silicon, potassium, Zinc, sodium, and thallium.

US 6,845,634 B2
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Glass compositions contain neither metal nor metal-oxide

to be adequate, a highly homogenous composition Was

re?ning agents. Methods and compositions of the present

achieved by continuously stirring the molten composition

invention yield colorless lenses With a refractive index from
1.5900 to 1.7810, an insertion loss less than 0.05 dB, and a

heated to a temperature no less than 1370° C. but no more

than 1390° C. for an eight hour period. Thereafter, the
molten glass composition Was poured into a metal die
having a cylindrical inner cavity and cooled to solidify the

chromatic transmittance approximately equal to 92 percent.
Several advantages are offered by the present invention.
The preform annealing step eliminates internal stresses
created during solidi?cation of the preform, reduces porosity

Within the glass rod, and enhances composition uniformity
Within the solidi?ed glass. Composition uniformity

liquid into a solid, cylindrical-shaped preform.
The solidi?ed perform Was annealed after it had cooled to
room temperature so to eliminate residual stresses and
10

improves symmetry of the ion exchange process about the
circumference of the glass rod Within the salt bath. The static

imperfections introduced during preform fabrication, as Well
as further improve composition homogeneity and uniformity
Within the preform. A temperature of at least 4900 C.
adequately annealed the preform. Anneal time Was depen

salt bath, consisting of a liquid neither refreshed nor stirred
during ion exchange, facilitates a more controllable process

dent on anneal temperature as Well as the diameter of the
since process variables are limited to bath temperature and 15 preform. A cooling rate suf?ciently loW to avoid the rein
immersion time. Diameter re?nement Within an acid solu
troduction of residual stresses Was required. Preferred cool
tion after ion exchange avoids stress related cracking Within
ing rates no greater than 0.5 degrees-per-minute Were
the GRIN lens.
adequate for most preforms. The most preferred anneal cycle

included heating preform to 525° C. for a period of at least
BRIEF DESCRIPTION OF THE DRAWINGS

20

The invention Will noW be described in more detail, by

Way of example only, With reference to the accompanying
?gure, in Which:
FIG. 1 is a graphical plot of the length of pitch in units of
millimeters against ion exchange time in units of hours.

temperature.
A thin contaminant layer comprised of oxides and other
25

The present invention speci?cally described is a method
30

of silicon, oxygen, boron, Zinc, potassium, sodium, and

cylindrical preform after smelting, annealing the cylindrical
35

re?ning diameter and ?nish along glass rod via an acid bath

dip. Avariety of high-quality, thallium-doped GRIN lenses
40

The simpli?ed glass composition is composed of ele
ments identi?ed in TABLE 1 at an atomic percentage Within
45

Atomic %

Silicon

15 to 25

Oxygen

50 to 65

Boron
Zinc
Potassium
Sodium
Thallium

0.2
0
0
2
2

to
to
to
to
to

4.5
8
1.5
12
13.5

suf?ciently large to insure completion of the ion-exchange

50

perature of the glass rod and controlled With equipment

55

understood in the art. For example, a 1.8-mm diameter rod
Was suspended Within a potassium nitrate bath maintained at
a temperature of 560° C. for a period no less than 68 hours
and no more than 72 hours. A parabolic-shaped refractive
index Was formed and ion-exchange process ceased When

quarter pitch lens shorten to less than 4.80-mm, as graphi
cally depicted in FIG. 1. The duration and temperature of the
ion exchange step eliminated residual stresses Within the

glass rod introduced during draWing step.
60

of alkali salt and other residue, and thereafter immersed
Within an acid bath. The ion-exchange process invariably
caused an increase in rod diameter. The acid bath provided

simpli?ed glass composition Was prepared by smelting
mixing container. While various temperatures above the
melt point of the constituents and mixing times Were found

After completion of the ion-exchange step, the glass rod
Was cooled so to avoid the introduction of stresses, cleaned

A cylindrical preform composed of a formulation of
elements in the desired atomic percentage Within a platinum

salt bath Was composed of potassium nitrate, hoWever other
process Without refreshment or dynamic agitation of the salt.
Bath temperature Was maintained above the annealing tem

TABLE 1
Element

the preform, and furnace temperature. The diameter of the
glass rod Was equivalent to that desired in the ?nal lens.

salts knoWn Within the art are also applicable. The bath Was

achieved by reducing thallium content Within the glass
composition. A GRIN lens having the maximum thallium
0.6 and a refractive index no greater than 1.70.

accuracy along the glass rod. The preferred monitor system
dynamically adjusted draW speed of the rod, feed speed of

a thallium-doped glass rod Within a static salt bath. The static

thallium content, Whereas a loWer refractive index is

content identi?ed in TABLE 1 yields a numerical aperture of

temperature Within the range of 800° to 850° C. in accor

dance With glass composition, preform diameter, and rod

The ion-exchange process Was performed by suspending

the de?ned range. Thallium content is adjusted to achieve

the refractive index Within the cylindrical preform. The
refractive index is increased via a corresponding change in

understood in the art.

diameter. Rod diameter and ellipticity Was monitored in
real-time With a feedback system to guarantee diametrical

process Within a salt bath at elevated temperature, and

are possible With the described method.

yield of high-quality lenses from a preform by mechanical
means including machining and polishing via techniques
Next, the cylindrical glass preform Was draWn into a thin
glass rod through a draWing toWer similar to that for
fabricating optical ?bers. The preform Was heated to a

thallium. The fabrication method includes preparing a solid,

preform, removing contaminant layer along exterior of the
cylindrical preform, extruding a glass rod from the cylin
drical preform, annealing the glass rod during ion exchange

ion-exchange inhibiting deposits formed along the exterior
surface of the preform during preparation and annealing
steps. This contaminant layer Was removed to maximiZe the

DESCRIPTION OF THE INVENTION

of fabrication yielding a high-quality GRIN lens composed

four and no more than ?ve hours folloWed by a controlled
cool doWn period at a rate of 0.3 degrees-per-minute to 300°
C. and a second uncontrolled cool doWn period to the room

65

a non-mechanical means for milling the rod to its original
diameter. Exposure time Within the acid bath Was dependent

on the degree of rod groWth during the ion-exchange

US 6,845,634 B2
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process, as Well as acid strength. A 15 second acid dip Within

the range of 50 to 65 atomic %, boron in the range of
0.2 to 4.5 atomic %, Zinc in the range of 0 to 8 atomic
%, potassium in the range of 0 to 1.5 atomic %, sodium
in the range of 2 to 12 atomic %, and thallium in the
range of 2 to 13.5 atomic %;

a hydro?uoric acid bath Was suf?cient for a 1.8-mm diam

eter glass rod exposed to a potassium bath as described
above. Thereafter, the glass rod Was cut to length, mechani
cally or chemically polished, and coated With an anti
re?ection material via techniques understood in the art.
The above described method Was performed to fabricate
tWo separate batches of 1.8-mm diameter GRIN lenses.
TABLE 2 describes the elemental composition for each

(b) annealing said cylindrical preform to eliminate
residual stresses;

batch. A 650-nm laser source facilitated measurement of the

refractive index along the central axis. Batch 1 and Batch 2
lenses had a refractive index of 1.6055 and 1.6003, respec
tively. All lenses had an insertion loss of approximately 0.05
dB With a corresponding numerical aperture of 0.46.

10

TABLE 2

15

(c) removing a contaminant layer from said cylindrical
preform, said cylindrical preform thereafter extruded
into a glass rod;

(d) annealing said glass rod during an ion exchange
process Within a static bath composed of alkali salt; and
(e) milling said glass rod Within an acid bath to re?ne
diameter of said glass rod.
2. The method of claim 1, Wherein ?rst said annealing step

Atomic %

Atomic %

Element

(Batch 1)

(Batch 2)

is comprised of heating said cylindrical preform in the range

Silicon

19.23

19.87

Oxygen

of 490 to 550 degrees Celsius for at least 3 hours and cooling
said cylindrical preform at a rate of 0.5 degrees-per-minute.
3. The method of claim 1, Wherein ?rst said annealing step

59.50

59.59

Boron

2.17

2.14

Zinc
Potassium
Sodium
Thallium

5.26
0.80
8.01
5.03

5.53
0.68
8.13
4.06

20

is comprised of heating said cylindrical preform to 525
degrees Celsius for at least 4 hours and no more than 5 hours
25

The description above indicates that a great degree of
?exibility is offered in terms of the present invention.
Although the present invention has been described in con
siderable detail With reference to certain preferred versions
thereof, other versions are possible. Therefore, the spirit and
scope of the appended claims should not be limited to the

an uncontrolled rate to room temperature.

4. The method of claim 1, Wherein said removing step

includes machining and polishing said cylindrical preform.
30

description of the preferred versions contained herein.

5. The method of claim 1, Wherein second said annealing
step is performed at 560 degrees Celsius for at least 68 hours
and no longer than 72 hours, said glass rod cooled so to
avoid the introduction of residual stresses.

What is claimed is:
1. Amethod for making a GRIN lens comprising the steps
of:

and cooling said cylindrical preform at a controlled rate of

0.3 degrees-per-minute to 300 degrees Celsius folloWed by

6. The method of claim 1, Wherein said milling step
35

polishes said glass rod.

(a) preparing a cylindrical preform consisting essentially
of silicon in the range of 15 to 25 atomic %, oxygen in

*
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*

*
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