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Abstract

Continuous melting of phosphate laser glass is being used for the ®rst time to prepare meter-scale ampli®er optics for

megajoule lasers; a description of the melting process is given. Two key factors in the successful melting of laser glasses

are the elimination of damage-causing Pt-inclusions and dehydroxylation of the glass to concentrations less than

�100 ppmw OH. Oxidizing conditions using 100% O2 or O2 + Cl2 mixtures (at one atmosphere) can be used to dissolve

Pt inclusions and the e�ects of di�erent gases on the dissolution of Pt-inclusions show the trend O2 � Cl2 > O2 � N2.

The removal of hydroxyl groups is achieved by reactive (O2 + Cl2) or non-reactive (O2) gas bubbling; model calculations

are used to simulate this process. Ó 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Continuous laser glass melting is being used for
the ®rst time to supply glass for large laser systems
designed for fusion energy research [1,2]. One of
these laser systems is under construction in the US
[1] and a second is planned for construction in
France [2]. The US facility is called the National
Ignition Facility (NIF); the name is derived from
its purpose: to achieve controlled thermonuclear
(fusion) ignition. The French laser system is called
the Laser MegaJoule (LMJ).

The NIF laser will be capable of delivering
nearly 1.8 MJ of energy in about a 3.5 ns pulse,
giving a peak power of approximately

5:0� 1014 W. To achieve this output, NIF uses
192 individual laser beamlines each of which con-
tains 16 Nd-doped laser glass plates (Fig. 1). More
than 3000 glass plates will be installed on the NIF.
Similarly, the planned French laser will require
nearly 4500 glass plates. Thus, almost 8000 laser
glass plates will be needed for the two laser sys-
tems: this represents a volume in excess of 125 m3

(330 metric tons) of ®nished optical quality glass.
Note that the quantity of raw glass that must be
melted is larger than 330 metric tons to account for
various process losses.

In contrast to the 1.8 MJ NIF and LMJ laser
systems, the largest Nd-glass lasers currently in
operation are the 70 kJ Nova (LLNL) [3] and the
40 kJ Omega [4] (University of Rochester) laser sys-
tems. These two systems use only about 2.2 and
1.1 m3 of laser glass, respectively. In addition, the
largest size Nd-glass ampli®er disks installed on
these two lasers are the 7 ` (46 cm aperture) elliptical

Journal of Non-Crystalline Solids 263&264 (2000) 342±357

www.elsevier.com/locate/jnoncrysol

* Corresponding author. Tel.: +1-925 422 6497; fax: +1-925

423 0792.

E-mail address: cambell12@llnl.gov (J.H. Campbell).

0022-3093/00/$ - see front matter Ó 2000 Published by Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 0 9 3 ( 9 9 ) 0 0 6 7 5 - 4



disks on Nova and the 2 ` (21 cm aperture) disks on
Omega. Therefore, the combined NIF and LMJ
lasers require approximately 75 times the laser glass
production capacity used for Nova and Omega
with glass-part sizes more than 2 times larger.

Both the NIF and LMJ laser systems employ a
compact laser ampli®er design called the Ômulti-
segment ampli®erÕ (MSA) [5±8]. These ampli®ers
consist of stacked 4� 1 arrays of laser glass plates
inside a ¯ashlamp-pumped cavity. By using square
apertures (i.e., square beams), it is possible to
tightly pack the individual laser glass ampli®ers
into a compact matrix and greatly reduce the size
and cost of the system [1,8]. This design requires
that the laser glass be manufactured in rectangular
plates (Fig. 1) [9]. Note that although the laser
aperture is square, the laser glass plates are rect-
angular because they are mounted at BrewsterÕs
angle to the propagation direction of the beam.
Mounting the glass at BrewsterÕs angle minimizes
the Fresnel re¯ection losses at the slab surfaces
[10]. In addition, mounting at an angle increases
the coupling e�ciency of the ¯ashlamp-pump light
with the slabs [5,10].

In this paper, we ®rst summarize the composi-
tion and properties of the two laser glasses to be

used in the megajoule lasers and then describe the
advanced continuous optical glass melting systems
that have been developed to produce these laser
glasses. The remaining sections of the paper de-
scribe technical advances in understanding two of
the key processing steps that a�ect the laser glass
performance: (1) elimination of metallic Pt-inclu-
sions that might induce laser damage and (2) re-
duction in concentration of hydroxyl groups that
shortens the Nd3� ¯uorescence lifetime.

Continuous laser glass melting systems, based
on the technology described here, have been con-
structed and are currently producing glass at both
Schott Glass Technologies and Hoya Corporation,
USA.

2. Laser glass composition and properties

The laser glasses used in the large laser ampli-
®ers are Nd-doped metaphosphate glasses [11].
The two speci®c glasses that meet the gain, energy
storage, extraction e�ciency and damage resis-
tance requirements of NIF and LMJ [11±13] are
LHG-8 (Hoya Corporation) [11,14±17] and LG-
770 (Schott Glass Technologies) [11,12,14,17,18].
The composition and key properties of LHG-8
and LG-770 are summarized in Table 1 and the
Nd3� absorption and emission spectra of the two
glasses are given in Fig. 2. Campbell and Surat-
wala [11] have reviewed recent advances in Nd
phosphate laser glasses used for high-energy and
high-peak-power applications; consequently, we
will not discuss laser glass properties further here
except as they directly relate to continuous
melting.

The glass composition data (Table 1) are given
on an oxide equivalent basis. Both glasses have
near-metaphosphate compositions (O/P� 3) and
have very similar performance properties allowing
them to be used interchangeably on the laser
system. The major compositional di�erence in the
two glasses is the group II modi®er: LHG-8 con-
tains BaO whereas LG-770 contains MgO. Both
glasses use the same Nd-doping-level (4:2�
1020 ions/cm3).

The compositions given in Table 1 are listed as
ranges and are intended to re¯ect the maximum

Fig. 1. One of the 3072 laser glass optics that will be used on

the 1.8 MJ NIF laser. Each optic is about 81� 46� 4 cm3 and

is comprised of a rectangular plate of either LHG-8 or LG-770

Nd-doped phosphate laser glass. The edges of the plate are

edge-clad with 1.2 cm thick strips of an index-matching

Cu-doped phosphate glass. Each optic can store about 3.5 kJ of

energy.
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variability in composition that can occur due to
volatile losses, di�erent Nd-doping levels and
batching variations. In addition, this protects
certain proprietary aspects of the exact composi-
tion. However, once the continuous melting con-
ditions are established the composition variation is
insigni®cant as indicated by the very small index
¯uctuations in the product glass over any 24 h

period (6 � 0:0001) and con®rmed by chemical
analysis of the product glass.

Note that small ranges in phosphate laser glass
composition, such as those shown in Table 1, have
little e�ect on the key laser properties. LHG-8 and
LG-770 have nearly identical properties (see Table
1 and Fig. 2) yet their range of compositions and
modi®ers di�ers. Campbell and Suratwala [11]

Table 1

Composition and properties of Nd-doped phosphate laser glasses LHG-8 and LG-770 [14,16,17]

Compositiona or property LHG-8 LG-770

P2O5 55±60 58±62

Al2O3 8±12 6±10

K2O 13±17 20±25

BaO 10±15 _

MgO _ 5±10

Nd2O3
b 0±2 0±2

Other <2 <2

O/P (� 0.1) 3 3

Optical

Refractive indexc

nd (587.3 nm) 1.5296 1.5067

nl (1053 nm) 1.5201 1.4991

Non-linear refractive index

n2 (10±13 esu) 1.12 1.01

c (10±20 m2/W) 3.08 2.78

Abbe number (�0:05) 66.5 68.4

Laser

Emission cross-section (10±20 cm2) (�0:2) 3.6 3.9

Radiative lifetime (zero-Nd) (ls) (�3) 365 372

Judd±Ofelt radiative lifetime (ls) (�10%) 351 349

Emission band width (nm) (�0:1) 26.5 25.4

Thermal

Thermal conductivity, 90°C (W/mK) (�0:03) 0.58 0.57

Thermal di�usivity (10±7 m2/s) 2.7 2.9

Speci®c heat, Cp (J/gK) (�0:02) 0.75 0.77

Coe�. thermal expansion, 20±300°C (10±7/K) (�3) 127 134

Glass transition temperaturec, Tg (°C) (�5) 485 460

Mechanical

Density (g/cm3)c (�0:01) 2.83 2.59

Poisson's ratio (�0:01) 0.26 0.25

Fracture toughness (MPa m1=2) (�0:02) 0.51 0.43

Hardness (GPa) (�0:10) 3.43 3.58

Young's modulus (GPa) (�1:0) 50.1 47.3

a Range in composition values re¯ect variations due to Nd-doping concentration, melt volatility, and batching variations.
b Nd-doping levels typically <2 mol% Nd2O3 (<5� 1020 Nd ions=cm

3
); the NIF and LMJ use a doping of 4:2 �� 0:1� � 1020 ions=cm

3
.

c Values may vary slightly with Nd-doping level.
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have reported a similar insensitivity of most
properties to minor changes in composition for
laser glass having the approximate composition
60P2O5±10Al2O3±30(M2O/MO). As regards this
particular manuscript, the range of compositions
shown does not a�ect the results and conclusions
given here for continuous glass melting.

3. Discontinuous melting

To put in perspective the scale of the continu-
ous laser glass melting process, it is instructive to
brie¯y describe the older discontinuous process
[19,20]. In the past, the glasses made for the large
ICF laser systems (e.g., Nova [LLNL], Phebus
[CEA], Beamlet [LLNL], Gekko [Osaka], and
Omega [University of Rochester]) [12] were man-
ufactured using a one-at-a-time, discontinuous

melting system. The ®rst step of the discontinuous
process is a pre-melting step designed to melt and
mix (on a large-scale length) the raw materials
(Fig. 3). A gas is often bubbled through the pre-
melt to remove unwanted volatile products, par-
ticularly water and, if necessary adjust the melt
redox state. The pre-melt is carried out in a rela-
tively inert refractory crucible such as SiO2. The
walls of the refractory vessel dissolve over time
eventually requiring the vessel to be replaced. The
glass from the pre-melter generally contains bub-
bles, striae, and, occasionally, some small particles
of unmelted starting material.

The product glass from the pre-melt stage is
next processed in a physically separate unit called
the ÔremelterÕ. The remelter is a platinum-lined
refractory vessel that also has provisions for stir-
ring and gas bubbling. The main purpose of the
remelter is to dissolve any platinum-inclusions,
remove bubbles and ®nally, improve the homoge-
neity of the glass to provide the striae-free, optical
quality glass necessary for laser applications. The
remelting process occurs in several stages [19].
During the ®rst stage, the redox state of the glass is
adjusted to increase platinum particle dissolution
[21]. This step is followed by a re®ning process
conducted at temperatures greater than 1050°C at
which the viscosity of the glass is <10 poise, al-
lowing bubbles to rise to the surface. The third

Step 1: Pre-melt

Melt raw materials,
dehydrate, set redox

Step 2: Re-melt

Refine (remove bubbles)
and homogenize

Raw materials

Refractory
crucible

Refractory
crucible

Molten
glass

Molten
glass

Platinum
Downpipe

Mold

Platinum
lining

Fig. 3. Schematic representation of the discontinuous, 2-step

melting process formerly used to produce laser glass.

Fig. 2. Absorption (a) and emission (b) spectra for Nd3� in the

two phosphate laser glasses LHG-8 and LG-770.
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stage is a stirring process that is generally con-
ducted at temperatures lower than either the
melting or the re®ning stages. The continuous
stirring thoroughly distributes all components
within the glass melt, eliminating striae and in-
creasing the uniformity of the refractive index over
the entire casting. Finally, the melt is cooled to a
temperature such that the viscosity of the glass is
proper for casting into a mold of the appropriate
size and shape. After casting, the glass undergoes
an initial, relatively rapid annealing step, is in-
spected for inclusions and striae, and then is again
annealed at a slower rate (several weeks) to reduce
any residual thermal stresses.

Discontinuous processing methods have been
used with good results for producing small quan-
tities of laser glass. However, the discontinuous
process has a small through-put and a single
melting system can, at best, only produce a few
glass plates per week (<5) [19,20]. In addition, the
quality of the product glass can vary from one
melt to the next simply because of small, but
random, run-to-run variations in processing con-
ditions. Continuous glass melting, on the other
hand, has the advantage that not only can a much
greater production rate be achieved but, in addi-
tion, once steady-state is achieved, there is little if
any measurable variation in glass properties from
one glass plate to the next.

4. Continuous glass melting

Continuous optical glass melting systems are
generally divided into several interconnected zones
[20,22]. Each zone consists of one or more vessels
designed to carry out a particular part of the
process. In the speci®c case of the laser glass
continuous melters, there are six main intercon-
nected processing zones (Fig. 4): (1) raw material
mixing and feeding, (2) melting, (3) conditioning,
(4) re®ning, (5) homogenization and (6) continu-
ous strip forming. Each of these is described brie¯y
below.

4.1. Laser glass raw material, mixing and feeding

The glass transmission losses at the laser
wavelength (1054 nm) must be very low ([0.0015
cmÿ1). Therefore the purity requirements for the
raw materials are very demanding. In particular,
only trace amounts (few ppm) of most transition
metal ions are permitted [23±26]. Although Cu has
the highest measured absorption loss at 1054 nm,
Fe is perhaps the most troublesome impurity to
control because most processing equipment uses
iron-based metals. Therefore, the purity require-
ments a�ect the choice of the raw material pro-
cessing equipment and procedures. As an example,
Table 2 gives the purity requirements for the Nd

25–35 m

Distance (time)

Annealing profile

Process unit:
Purpose:

2. Melter 3. Conditioner
melt raw
mat'l, large-
scale
mixing

dehydrate,
set redox
state

remove
bubbles

4. Refiner

control
flow to form
striae-free glass

6. Forming

7. Annealing

Cut to
length

thoroughly mix
5. Homogenizer

1. Raw mat'l:
    blend and
    feed

Oxidizing
gas

Multi-zone oven

Tin

Tout

T

Fig. 4. Schematic representation of the continuous laser glass melting systems now being used to manufacture phosphate laser glass.
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salt used in the melting process; the transition
metal impurity levels are typical of the require-
ments for most of the raw materials. Unique to the
Nd, however, is the low concentration of other
rare earths (<100 ppmw) that is required. Rare
earth ions are usually separated by a solvent ex-
traction process [27]. This process can make the
manufacture of a high-purity Nd salt quite di�cult
because the similar reaction chemistry among rare
earths often makes the extraction process ine�-
cient particularly for certain pairs of rare earth
ions.

Compounding the di�culty of raw material
purity is the need to achieve these levels for many
tons of material. Recall from above that more than
300 tons of ®nished glass must be manufactured.
Of course, much more than this must be melted to
cover the yield and fabrication losses inherent in
the process. The Nd raw material requirements
alone consume most of the world-wide manufac-
turing capacity for high-purity Nd salt.

In addition to transition and rare earth ele-
ments, the raw materials should contain little
physically or chemically absorbed water (<0.1
wt%) as this introduces hydroxyl groups in the
glass that can increase the Nd non-radiative decay
rate [11]. This requirement can be quite trouble-

some because of the inherent hygroscopic nature
of some of the laser glass raw materials and the
fact they are supplied as ®nely ground powders.
The raw materials should be mixed in a dry at-
mosphere and then delivered continuously to the
melter with precautions to avoid water uptake.

4.2. Melting

The batch powder that enters the melter dis-
solves in the molten glass and undergoes large-
scale mixing driven by convection currents within
the melter. O�-gas handling equipment collects
any gas emissions from the melter (or other ves-
sels) and treats the e�uent to meet environmental
regulations.

Compared to silicate glasses, phosphate laser
glasses generally melt in the range of 1000±1200°C.
Heat is supplied to the melter by electrical means
because gas-®red heat sources increase the con-
centration of hydroxyl groups in the glass.

The lifetime of the whole melting system is
governed by the dissolution rate of the refractory
walls of the melter unit. Phosphate glasses tend to
be relatively corrosive to most refractories; there-
fore the choice of a proper refractory becomes a
critical decision in the design of the melter system.
This choice is made by comparing results from

Table 2

Metal ion purity for Nd salt (on oxide basis) used in laser glass

melting

Element (as oxide) Purity level (ppmw)

Speci®ed Measured

(maximum) (typical)

Transition metals

CuO 1 0.25

Fe2O3 2 1.3

CoO 1 0.05

NiO 1 0.44

V2O5 1 0.03

Cr2O3 1 0.42

Rare earths

Pr6O11 100 18

La2O3 100 27

Sm2O3 30 0.9

CeO2 30 1.4

Dy2O3 10 <0.5

(Other rare earths) 10 <10

100

10–2

10–4

10–6

Fused
SiO2

Mullite AZS Alumina

Refractory material

Zircon Zirconia Pt (O 2) Pt (N2)

W
ea

r 
ra

te
 (

m
m

/h
)

Fig. 5. Comparison of dissolution rates of various refractories

with those for pure platinum (99.95%) in a metaphosphate laser

glass melt (LG-750, see Table 3). Unless noted, all data are for

melts in ambient air at 1300°C.
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lab-scale measurements of the dissolution rate of
candidate refractories exposed to the molten glass
composition over the range of temperatures of
interest. Fig. 5 compares the dissolution rate of a
range of typical refractories when exposed to a
metaphosphate laser glass at 1300°C. Also shown,
for comparison, is the corrosion rate of Pt metal
under both oxidizing and reducing conditions; this
will be discussed further in the next section. The
dissolution rate of the refractory is usually not
uniform over the whole area exposed to the melt
but tends to be greatest at the three-phase region
where the melt surface contacts the refractory [28].
The melter refractory material must be high purity
so as not to signi®cantly add impurities into the
melt. This includes not only dissolved impurities
such as transition metals or )OH groups
[11,24,26], but also particulate material or, as
commonly labeled, ÔstonesÕ [21]. Table 3 summa-
rizes the observed dissolution properties for the
same set of refractories whose wear rate is shown
in Fig. 5.

One advantage in melting phosphate glasses is
that the dissolved refractory wall material can
generally be easily identi®ed in the glass matrix.
Therefore, by periodically analyzing the product
glass for dissolved refractory material, one can
continuously monitor the melter wear rate and,
using a simple mass balance, estimate the life re-
maining in the melter.

4.3. Glass conditioning

All glass-processing sections beyond the melter
(from the conditioner to the forming down-pipe,

see Fig. 4) use platinum-lined vessels. In addition,
all interconnecting pipes, stirrers, etc., are also Pt.
The Pt purity is >99.95% and is re®ned and pro-
cessed into the needed shapes at a precious metal
fabricator. Platinum is used in the melter systems
because of its low wear rate (Fig. 5) and because
the small quantity of ionic platinum that is intro-
duced into the melt ([100±200 ppm) has a negli-
gible e�ect on the laser glass properties.

Apart from cost, the one major technical dis-
advantage in using platinum is the possible intro-
duction of Pt-metal inclusions into the glass. For
many years Pt-inclusions limited the output ¯u-
ence of glass lasers because the interaction of the
laser light with the inclusions generates fracture
sites within the glass [21,29±31]. Processing con-
ditions have since been developed that largely
eliminated Pt-inclusions in phosphate glasses by
controlling the redox state of the melt [32,33]. In
fact, one of the major purposes of the conditioning
unit is to adjust the redox state of the glass melt to
increase Pt-inclusion dissolution. The redox state
of the melt is controlled by addition of an oxidiz-
ing gas. Because of the size and continuous ¯ow of
the glass through this system, it is generally most
e�cient to bubble the oxidizing gas through the
glass melt. Studies of platinum dissolution rates
under oxidizing conditions show that O2 [32,33],
Cl2 [33], Cl-containing gases (e.g., CCl4 [33],
POCl3 [34]) or O2 in combination with these gases
can dissolve Pt-inclusions.

Bubbling gas through the glass melt has the
added advantage of increasing the removal of
)OH groups [35±38]. In the case of a non-reactive
bubbling gas (e.g., O2) the removal is achieved by

Table 3

Comparison of dissolution properties for various refractories exposed to a metaphosphate laser glassa at 1300°C [21]

Refractory material Absorption at 1060 nm

(10ÿ3 cmÿ1) (�1)

Wear rate (mm/h) Refractory inclusions

Fused silica 3 0:28� 0:03 Few

Mullite 6 0:20� 0:03 Few

AZS (chrome) 15 0:11� 0:02 Several

AZS (fused) 7 0:07� 0:02 Several

Sintered alumina 5 0:06� 0:02 None

Zircon (medium density) 4 0:02� 0:01 Several

Zircon (dense) 7 0:02� 0:01 Few

Zirconia (fused) 27 0:01� 0:005 Many

a LG-750 (mol%): (55±60)P2O5±(8±12)Al2O3±(13±17)K2O±(10±15)BaO±(0±2)Nd2O3.
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equilibrium between the )OH in the glass and
H2O in the bubble as described by the reaction.

2
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Oÿ

ÿOH

1CA$ H2O� P
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Oÿ
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>where the OH equilibrium constant is propor-
tional to the (PH2O)1=2 [39,40]. The data in Fig. 6
are measured hydroxyl contents in LG-770 and
LHG-8 glasses as a function of the water vapor
partial pressure equilibrated with the glass.
Equilibrium was achieved by bubbling an inert gas
(O2) containing water vapor at a ®xed vapor
pressure through the glass melt at the temperatures
shown in Fig. 6. The hydroxyl content is given in
terms of the )OH absorption coe�cient at 3000
cmÿ1 [40,41]. The slope of the data yields equilib-
rium constants of 0.41 and 0.51 cmÿ1/Pa1=2 for
LG-770 and LHG-8, respectively.

Reactive gases, such as the chlorine-containing
gases mentioned above, are more e�ective than O2

because they react with the H2O generated at the
bubble interface via Eq. (1) and form HCl. For
example, in the case of Cl2, the governing reaction
with H2O is [42]

2H2O� 2Cl2 $Kd
4HCl�O2: �2�

The equilibrium constant, Kd, for this reaction,
known as the reverse Deacon reaction [42], favors
the products (i.e., Kd � 1). Therefore the con-
sumption of H2O (i.e., OH) is much greater than
can be achieved with a non-reactive gas. More
speci®cally, when an inert gas such as O2 is used to
ÔdryÕ the glass then the factor limiting OH removal
is the build-up of H2O within the bubble. As soon
as the H2O level reaches equilibrium then a net
mass transport of OH across the bubble interface
stops. Furthermore, the smaller the OH content of
the glass the quicker the bubble saturates and the
less e�ective the drying process. On the other
hand, a reactive gas such as Cl2 consumes H2O at
the bubble interface greatly increasing the drying
capacity of the bubble. Of course, the equilibrium
constant for Eq. (2) still governs the amount of
H2O consumed.

Further details of platinum particle dissolution
and dehydroxylation are discussed in later sections

because of their critical importance to the pro-
duction of phosphate laser glasses.

4.4. Re®ning, homogenization, and forming

The molten glass from the conditioning unit
then ¯ows to the re®ner section where the tem-
perature is elevated to reduce the glass viscosity
and thereby increase the bubble rise velocity to
promote bubble removal. This glass process,
known as re®ning, is described in the literature
(see, for example [22]).

The bubbles reach terminal velocity (vt) which is
governed by a balance of forces due to buoyancy
and viscous drag, and at steady state is described
by the Stokes equation [43]
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vt � g qg

ÿ ÿ qb

�
d2

b=18g; �3�

where g is the glass viscosity (poise), db the bubble
diameter (cm), g the acceleration due to gravity
(980 cm/s2), and qb and qg is the density (g/cm3) of
the gas in the bubble and the liquid, respectively.
Phosphate glasses tend to have much lower vis-
cosities at a given temperature than silicates
(Fig. 7) with the result that bubble rise velocities
are comparatively larger. Bubbles, in most cases,
are not a problem in continuous melting of phos-
phate laser glasses.

The glass from the re®ner next enters the ho-
mogenization section where Pt stirrers thoroughly
mix the glass to achieve the part-per-million index
homogeneity required for laser applications. Just
as in the discontinuous process, the temperature of
the homogenizing section is reduced to adjust the
glass viscosity to give the desired ¯ow properties
needed to form a wide (�50 cm), thick (�5 cm),
homogeneous strip of glass.

The combined width, thickness, and length
of the glass strip produced during the forming
operation is greater than any optical glass pro-
duced prior to continuous laser glass melting de-
velopment. The technology used to ÔformÕ (i.e.,
cast) the glass into a homogeneous continuous
strip is proprietary and will not be discussed fur-
ther here.

4.5. Coarse annealing

Once successfully formed, the cast strip moves
via a conveyer belt through a long (25±35 m)
coarse annealing oven where the temperature is
ramped down at a rate to avoid generating unac-
ceptable thermal stresses in the glass. The coarse
annealing step is typically much more of a chal-
lenge for phosphate laser glasses than other optical
glasses because phosphate glasses have high coef-
®cients of thermal expansions and low fracture
toughnesses (Table 1). For example, compared to
common commercial silicate optical glasses (e.g.,
BK-7 [44] or BSC-7 [45]), the thermal expansion
coe�cient of phosphate laser glasses is nearly twice
as large and the fracture toughness only one-half
as large. Therefore, the thermal shock resistance

[11] of the phosphate laser glass is only about one-
fourth that of BK-7, and the probability of frac-
ture during coarse annealing and other post-pro-
cessing steps becomes proportionally greater.

At the end of the coarse annealing oven, the
continuous as-cast strip is cut into pieces that are
then individually processed to give the desired la-
ser glass plate.

4.6. Glass processing after melting

There are four laser glass processing steps after
melting: (1) ®nal annealing, (2) optical metrology,
(3) fabrication into pre®nished blanks, and (4)
cladding and ®nal ®nishing. The ®rst three steps
are carried out at the glass manufacturers (Schott
and Hoya) and the last step at an optical glass
®nishing company. The order in which various
inspection, annealing, and fabrication steps are
carried out may vary and depends on how each
company has chosen to optimize their process.

The speci®ed optical homogeneity and residual
stress-induced birefringence of the laser glass re-
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quire that it be annealed a second time at a much
slower rate. During this second annealing step,
called Ô®ne annealingÕ, the glass plate is reheated
to a temperature near the glass transition tem-
perature (�450±500°C, see Table 1) and then
slowly cooled over a period of several weeks
( P 25 days). Under these conditions the thermal
gradients across the plate are small enough that
residual stresses, as measured by the stress in-
duced birefringence, are less than 5 nm/cm across
the optic.

The laser glass must meet a given set of optical
and laser performance criteria that are measured
on each plate. Perhaps the four most important
properties are: (i) index homogeneity, (ii) absorp-
tion loss at the laser wavelength, (iii) residual )OH
content (speci®ed by a maximum allowed absor-
bance at 3000 cmÿ1) and (iv) platinum-inclusion
content. The latter two are discussed in more detail
in Sections 5 and 6, and the absorption loss is
measured using standard spectroscopic transmis-
sion methods and thus is not discussed here. In-
stead we brie¯y discuss the index homogeneity
measurements.

In the absence of residual stress, the homoge-
neity of the glass, as measured by variations in the
refractive index �Dn� is <�2� 10ÿ6. The refractive
index homogeneity of the glass is speci®ed in terms
of an allowable aberration in transmitted optical
wavefront. This is measured directly on a 61 cm
aperture, phase interferometer (Veeco Metrology).
The interferometer measures the spatial variation
in the phase of the transmitted wavefront that, in
turn, is related to the refractive index homogeneity
by

D/�x; y� � 2p`Dn�x; y�
k

; �4�

where D/�x; y� and Dn�x; y� are the spatial varia-
tion in phase (radians) and refractive index, re-
spectively, when measured at wavelength, k (m),
using a glass of thickness, ` (m). The magnitude
of the allowed phase variation due to the glass
inhomogeneity is usually expressed in terms of
either the common set of optical aberrations
(sphere, coma, astigmatism) or the set of or-
thogonal Zernike polynomials [46]. Note that in
addition to speci®cations on the absolute magni-

tude of the phase error, there is also a limit on the
magnitude of the phase gradient (i.e., d/=dx,
d/=dy). Measurement of glass index homogeneity
is carried out in a fashion that eliminates phase
error contributions from the front and back sur-
faces.

4.7. Cladding and ®nishing

Each laser glass plate is eventually edge-clad
with an index-matched glass containing a dopant
ion (Cu2�) at a concentration su�cient to produce
an absorption coe�cient of 0.28 cmÿ1 at 1054 nm
[47]. The purpose of the cladding glass is to absorb
emission from the spontaneous ¯uorescent decay
of excited-state Nd3�. These spontaneously emit-
ted photons are ampli®ed as they travel along the
length of the glass plate either near the surface or
by total internal re¯ectance. If these rays are not
suppressed by a non-re¯ecting (i.e., index mat-
ched) edge-cladding then they can lead to parasitic
laser oscillations which e�ectively de-excite the
entire glass plate [47,48].

The cladding glass is produced using standard
continuous strip melting operations in a separate
melting system to avoid cross-contamination of
the Cu2� dopant into the laser glass. Nearly 20
metric tons (14 000 pieces) of cladding glass are
needed to clad the roughly 3500 glass plates
needed for the NIF laser system.

The cladding is bonded to the edges of the laser
slab using a custom-formulated, index-matched,
amine-cured epoxy [47]. The adhesive strength of
the phosphate glass-to-epoxy bond is increased by
use of a silane coupling agent [49]. Care is taken to
avoid particulate (dust) contamination in the ep-
oxy or on the bonded glass surfaces to eliminate
sites for optical damage. Details of the cladding
process are described elsewhere [47]; the process
has been further developed so that glass plates can
be automatically cleaned and clad using a combi-
nation of continuous and semi-continuous pro-
cessing steps.

The cladding operations are the ®rst step in ®-
nal ®nishing. Once the cladding has been applied,
the slab surfaces are ground and polished to
achieve the overall transmitted wavefront quality
needed for the laser.
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5. Dissolution of damage-causing Pt-inclusions

The operating ¯uence and irradiance of the
megajoule scale lasers will be larger than any cur-
rent laser system. Peak ¯uences in the laser glass
will approach 18±20 J/cm2 with a peak irradiance
of about 5.0 GW/cm2 [8]. To avoid optical damage
the laser glass must be free of defects, speci®cally
microscopic inclusions (either metallic or ceramic)
left from the melting process. The most common
inclusion source is metallic Pt-inclusions from the
Pt-lined vessels used in the melting system [21].
Prior to about 1988, Pt-inclusion damage repre-
sented the major source of damage in laser glass
used for peak-power application. However new
processing methods have been developed that re-
duce the Pt-inclusion concentration by more than
1000 fold to <0.1 per liter [32,33].

The process for eliminating Pt-inclusions relies
on the intrinsic property of many phosphate
glasses to dissolve Pt metal under oxidizing con-
ditions. Rindone and Rhoads [50] and Ryder and
Rindone [51] were the ®rst to report increased
platinum dissolution in phosphate glasses with the
addition of O2 and Cl2. Izumitani et al. [34] have
reported the use of gaseous POCl3 as an oxidizing
additive, and Campbell and co-workers [21,32,33]
studied the e�ects of O2, Cl2, CCl4 and N2/O2

mixtures. The rate of Pt dissolution follows the
approximate trend [21,33]:

Cl2 �O2 J CCl4 �O2 J O2 � Cl2

> N2 �O2 � Cl2 > N2 �O2 � N2: �5�
The measured rate of platinum dissolution at

1100°C as a function of both O2 partial pressure
and di�erent gas additives, based on data from
Campbell et al. [21], is shown in Fig. 8.

The proposed reactions [32,33] governing Pt
dissolution in either O2 or Cl2 containing additives
are

Pt° � n
4

O2 ! Ptn� � n
2

O2ÿ; �6�
Pt° � n

2
Cl2 ! Ptn� � nClÿ: �7�

In the absence of O2 (or Cl2) as gas additives, the
oxidation is controlled by the equilibrium oxygen
fugacity of the glass melt.

Ionic platinum gives the glass a slight yellow
color due to its optical absorption below 450 nm.
Correlation of ionic platinum content with the
absorption at 400 nm has been reported [21]

�Ptn�� � k a400 ÿ 1:6; �8�

where [Ptn�] is the ionic platinum content in the
glass (ppmw), a400 the absorption coe�cient
(cmÿ1) at 400 nm, and k is an empirically derived
constant with a value of 855 ppmw Pt/cmÿ1 for
LHG-8, LG-750, and LG-770 laser glasses [21].
Therefore values for the optical absorption of the
product glass at 400 nm provide a measure of the
degree of platinum dissolution during continuous
melting.

The ®rst published Pt solubility study was by
Ryder and Rindone [51] on lead-alkali silicates,
phosphates, and borates who report that the sol-
ubility follows the trend: phosphates�
borates > silicates. The work by Ryder and Rin-
done [51] combined with the more recent work
by Izumatani et al. [34] show the e�ects of glass
composition on platinum solubility follow
the trend: phosphate > silica-phosphate� fluoro
phosphate � borates > silicate [34,51]. Izumatani
et al. [34] results are based on solubility measure-
ments using LHG-5 and LHG-8 (phosphates),
HAP-3 (silicophosphate), LHG-10 (¯uorophos-
phate) and LSG-91H (silicate). In another study,
Hayden et al. [52] examined the e�ects of the
Al2O3 concentration in phosphate glasses on Pt
solubility. They chose three commercial phosphate
laser glasses (LG-770, LG-760 and APG-1) each
having di�erent Al2O3 content. The e�ects of alu-
mina were studied because it is a common modi®er
added to improve thermal±mechanical properties
and chemical durability [11]. These researchers [52]
report that the Pt solubility decreases as the Al2O3

content increases. The e�ects of Al2O3 on Pt sol-
ubility tend to parallel those reported by Izumitani
et al for SiO2 in phosphate glasses [34]. The com-
positions of LHG-8 and LG-770 (Table 1) have
been selected in part because of their Pt solubility
properties under oxidizing conditions.

A model for Pt-inclusion dissolution has been
reported [53]. When the temperature is su�ciently
high, mass transport (molecular di�usion), rather
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than reaction kinetics, dominates the dissolution
process. The time to dissolve a Pt-inclusion can be
approximated by the simple expression

td � qir
2
0= 2D�Cs� ÿ C0�M �; �9�

where td is the dissolution time (s), qi the inclusion
material density (19 g/cm2 for Pt), r0 the initial
inclusion radius (cm), M the gram-atomic weight
of Pt, and D is the Pt-ion di�usion constant
(cm2/s). Cs and C0 refer to the Pt-ion concentration
(g/cm3) at saturation and measured in the melt,
respectively; Cs is about 1100 ppmw Ptn� at
1100°C in LHG-8 [53] and C0 is determined from
Eq. (8). The di�usion constant for Ptn� in LHG-8
laser glass has been estimated to be about 10ÿ7

cm2/s at 1100°C [53].
The dissolution of platinum-inclusions is more

di�cult in continuous than discontinuous melting
because of the variable melt residence time. In the
discontinuous process the entire glass melt sees the
same process time whereas in a continuous melter
the glass experiences a distribution of residence

times. The residence time distributions depend
entirely on the properties of the ¯uid and the ge-
ometry and degree of mixing within the melter.
Therefore, to insure complete Pt-inclusion disso-
lution in a continuous melter requires vigorous
addition of oxidizing gas.

In most cases a small number of inclusions can
be tolerated if the size of the inclusion is small
(<5 lm) and the laser-induced damage (i.e., frac-
tures) they produce does not exceed 300 lm. In-
spection methods have been developed and put
into production to scan each piece of laser glass
with the output from a pulsed laser and measure
the size of any damage site generated at ¯uences
between 7 and 14 J/cm2 (laser pulse length �8 ns)
[54]. These ¯uences are similar to those the glass
sees in operation on the megajoule laser [8].

6. OH removal from phosphate laser glasses

As discussed in Section 4.3, phosphate glasses
react with water vapor forming chain terminating
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hydroxyl groups at equilibrium concentrations
that vary as

����������
PH2O

p
(see Fig. 6). These hydroxyl

groups increase the rate of non-radiative decay of
Nd3� from the upper 4F3=2 laser level [11] and thus
adversely a�ect laser performance.

The gases added to promote Pt-inclusion dis-
solution can also increase the removal of residual
hydroxyl groups in the glass. The reduction of
)OH in the glass by addition of either inert or
reactive gases has been the subject of numerous
studies (see, for example [35±38,55±57]). In par-
ticular, the addition of chlorine or chlorine-con-
taining compounds is a well-documented method
for OH removal in silicate and phosphate glasses
[36,38,40,55,56].

We have developed a computer model that de-
scribes the removal of OH groups from phosphate
laser glass using either an inert (e.g., O2, N2) or re-
active (e.g., Cl2) gas employing reaction equilibrium
and mass transfer constraints (Fig. 9). The model is
based on a time-dependent, one-dimensional bub-
ble column formulation [58] and is designed to cal-
culate glass dehydration for either discontinuous
or continuous melting operations involving one or

more interconnected processing tanks and one or
more dehydrating bubble columns.

6.1. Equilibrium chemistry and mass transport
governing dehydration

The model treats the dehydration process by a
combination of mass transport and chemical
equilibrium. This process was discussed in Section
4.3. The transport step involves the di�usion of a
water carrying component ()OH) from the inte-
rior of the glass liquid to a liquid/vapor interface.
This interface may occur at the exposed top sur-
face of a melt or at a bubble surface for the case in
which bubbling through the melt is employed. At
the interface, the model uses Eq. (1) as the gov-
erning reaction with the )OH in the liquid in
equilibrium with water in the vapor phase ac-
cording to the equilibrium relation

Kw � CgH2O=�CmOH�2; �10�
where Kw is the equilibrium constant (1/(mol/m3)),
CgH2O the water vapor concentration in the gas

Surface interface
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Gas transport
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Bulk Gas Phase
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Bulk gas
phase reaction

Bulk Liquid
Phase

CL

Liquid/gas interface
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(inlet or outlet)
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Gas/liquid
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Fig. 9. Physical representation of the numerical model for OH removal using gas bubbling through a phosphate glass melt. The model

treats bubbling using both inert and reactive gases.
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phase (mol/m3) and CmOH the OH concentration in
the melt (mol/m3).

In the presence of chlorine we add the addi-
tional vapor phase equilibrium given by Eq. (2).
As written, Eq. (2) is known as the reverse Deacon
reaction [42], and chlorine acts to dehydrate
the vapor phase (e.g., bubble). It is assumed that the
bubble contents are held near equilibrium for
the reverse Deacon reaction that has an equilibri-
um constant given by

Kd � �HCl�4�O2�
�H2O�2�Cl2�2

; �11�

where the square brackets denote species concen-
trations (mol/m3) and Kd is the equilibrium con-
stant that has a value of 5523 and 9871 mol/m3 at
1150°C and 1250°C, respectively [42]. These rela-
tively large Kd values lead to low values of water
vapor in equilibrium mixtures. As a consequence,
in systems containing chlorine in the bubbling gas,
the concentration gradient that controls the rate of
mass transfer across the liquid/gas interface re-
mains high. In contrast, in systems where only
oxygen is present the bubbles tend to reach water
vapor saturation because of the equilibrium im-
posed by Eq. (1). In this case, the concentration
gradient for transport of OH is smaller and the
dehydration rate is correspondingly slower.

Mass transport across the bubble interface is
computed by using an e�ective transport parame-
ter, �kA�, which is the product of the mass transfer
coe�cient, k, and the interfacial area, A. Deckwer
[59] has proposed a correlation for mass transfer
that can be employed over a range of bubble ¯ow
conditions; we have used this correlation in model
simulations of bubble column dehydration in both
discontinuous and continuous melting.

The dehydration model has been used to predict
dehydration levels for both discontinuous and
continuous melting processes; in Fig. 10 the com-
puted relative OH levels are compared to mea-
sured levels in the product glass from both melting
processes. The continuous melting data represent
operating regimes for which the bubbling ¯ow rate
and Cl2 content di�ered by more than 10 times and
thus is a good test of the model. The ability to

predict the dehydration in both discontinuous and
continuous melts con®rms that the basic model
assumptions capture the primary physics and
chemistry involved in dehydration of phosphate
glass by gas bubbling.

7. Summary and conclusion

Continuous melting has been used for the ®rst
time to prepare meter-scale plates of Nd-doped
phosphate laser glass. Two laser glasses have been
successfully manufactured using this process:
LHG-8 and LG-770.
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To meet the laser performance criteria, the glass
must have high-optical quality (Dn6 2� 10ÿ6�, be
free of Pt-inclusions, and have only trace amounts
of hydroxyl group contamination. The latter two
speci®cations require special processing features in
the continuous melter system, in particular the
addition of oxidizing and chlorine-containing
gases into the glass melt.

Platinum inclusions are removed by dissolution
in the melt under oxidizing conditions; the time to
dissolve Pt-inclusions increases as the square of the
inclusion diameter. The rate of Pt dissolution is
highest with the use of a Cl2 and O2 mixture.

The measured equilibrium OH content in the
glass depends on the square root of the sur-
rounding water vapor pressure as expected from
simple reaction equilibrium. The equilibrium con-
stant has an approximate value of 0.41 cmÿ1/

������
Pa
p

at 1300°C in LG-770 and 0.51 cmÿ1/
������
Pa
p

at
1100°C for LHG-8.

A computational model is used to simulate de-
hydroxylation of the laser glass using either reac-
tive gas (e.g., Cl2) or inert gas (e.g., O2) bubbling.
The model accurately predicts OH removal during
both discontinuous and continuous melting oper-
ations of both LHG-8 and LG-770.
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