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the engineering division of this office from August 4, 1918, to June
16, 1919.

The treatise is approved for publication.

C. C. WiLL1AMS,
Major General, Chief of Ordnance,
United States Army.
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THE MANUFACTURE OF OPTICAL GLASS AND
OF OPTICAL SYSTEMS.

A WAR-TIME PROBLEM

Chapter I.
INTRODUCTION.

War has been called a contest of brains and brawn. Among the
ancients emphasis was placed on brawn, on individual prowess and
skill; but with the passing centuries and the development of science
and technology, the engineering side of warfare has gradually gained
the ascendency. At the present time much of warfare is applied
engineering. In the recent war Germany had in this respect a great
advantage because many of its scientists and technical industrial
forces had been engaged for years before the war in the design and
manufacture of war matériel, whereas no efforts of like magnitude
had been put forth by the allies. In certain branches of industry,
moreover, the Germans had established practically a world monopoly.

In industries of a highly technical nature, such as the chemical
dye industry and the optical glass and instrument industry, the
Germans had established such effective control that at the beginning
of the war we were seriously embarrassed because we did not manu-
facture these commodities, and did not know how to make them.
The Germans had been at the task for more than a quarter century
and had developed a personnel trained and competent for the tasks.
Their best scientists and engineers had originated and followed
through the factory processes and were thoroughly familiar with
them; with us it was a serious question whether we would be able to
accomplish anything adequate in time to be of service on the field of
battle. The records show that in the short period of 19 months, we
did accomplish much to overtake the decades of German experience.
In certain instances, as in optical glass and instruments, there has
been developed in this country an industry which more than suffices
for our own needs and which will render us independent of Europe
if we so desire.

What is optical glass and what is its connection with modern war-
fare? At the time of the Civil War it was not used to any extent
and why should it now have become such a vital necessity? These

5



6 G -« INTRODUCTION,

questions are best answered by a comparison of the Civil War meth-
ods of artillery warfare with those of the present time.

During the Civil War artillery was used extensively by both sides
and, judged by the standards of that period, was effective and served
the purpose well; but, had the same sort of artillery been employed
in the recent European war, it would have been of little value, and,
in many instances, a positive hindrance to the troops in the field.

The cannon of the Civil War were, for the most part, of cast iron
and smooth bore, and were loaded at the muzzle. Spherical cast-
iron projectiles weighing 6 pounds, 12 pounds, and up to 42 pounds,
were used effectively at ranges between one-half mile and 1 mile;
shrapnel or spherical case shot between 500 and 800 yards; grape
and cannister shot for less distances even down to 150 yards. High-
explosive and gas shells were unknown. The cannon were fired
point blank at the visible enemy. Both direct and ricochet firing
were employed; indirect firing against an invisible target, which
plays such an important rdle in modern artillery practice, was un-
known. Distances were estimated by the eye and by observing the
fall of projectiles. Range-finding devices were considered to be of
little value and were not employed.

The guns were pointed by means of open metal sights attached
directly to the cannon barrel; the sight resembled in many respects
the sights on the modern rifle. The gunner pointed the gun by
looking through a peephole in the rear sight and aligning the front
sight near the muzzle of the gun with the target. After having
leveled the gun by a simple spirit level, obtained the line of sight
and estimated the distance to the target, the gunner elevated his
cannon to the properangle, which he measured by means of a gunner’s
quadrant that consisted essentially of a wooden frame with plumb
line and bob combined with a graduated circle, or by means of a
graduated vertical bar on which the peep sight was arranged to
move. :

Optical instruments for the direction and control of firing were
unknown in the Civil War and would have served little purpose with
the ordnance then available. During the past half century, however,
artillery construction and practice have developed at an unprece-
dented rate. The power and precision of the guns have been in-
creased to the extent that at the present time relatively small targets
may be successfully attacked at ranges up to 40,000 and 60,000 yards.
Most of the firing by modern artillery is directed at objects either
below the horizon or hidden by intervening obstacles and hence not
visible to.the gunner, but whose positions have been accurately located
on the map, either by land or aerial reconnaissance. Firing under
these conditions becomes an engineering problem and the method
of instrumental aim known as indirect fire control is employed.
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This method requires the use of surveying instruments and serves to
determine the line of sight and the distance to the target with refer-
ence to fixed points that are visible to the battery. This method is
used not only in firing at hidden targets located miles away, but also
in laying down a barrage, or deluge of missles, in front of an advancing
line of troops, thus clearing the way for them and preventing counter-
attacks by the enemy.

The essential difference between the old and the new artillery
practice is one of distance and degree of precision attained. At the
time of the Civil War the artillery was fired point blank in the general
direction of the enemy, and the effort was made to overwhelm him
with shots at close range. The gunners sighted their fieldpieces
hastily and banged away, trusting to hit some vital spot. Modern
artillery is concerned chiefly with much longer ranges and the aiming
must be accurate, otherwise the target is missed altogether. This
degree of accuracy is attainable only by means of optical instruments
of high precision which serve both as observational instruments for
detecting details of distant objects, noting the accuracy of the firing,
and as surveying instruments for measuring angles correctly. These
instruments are not only exact but also sufficiently rugged to with-
stand the violent concussion of rapid artillery fire. The French
75-millimeter gun, for example, which proved so effective in the late
war, has a range of 8,300 yards, and can be fired at the rate of 30 shots
per minute, as against the 2 shots per minute of the Civil War. The
gun, moreover, is an instrument of high precision and the shots can be
placed by the gunner practically where he wants them. The best
breech-loading musket rifte in Civil War days could be fired 10 times
- per minute as against 600 shots per minute by a modern machine gun.

The gunner of to-day who is not equipped with proper fire-control
apparatus is almost helpless in the presence of the enemy; he can
not see to aim properly without these aids and his firing serves little
purpose. The effectiveness of modern artillery and, with it, that of
the active army in the field, depends to a large extent on the quality
and the quantity of its fire-control equipment. This is only one of a
number of the fundamental requisites of the complex army of to-day.
Yesterday many of the essentials of to-day were unknown; and yet,
when war comes upon us, we can not fight the war of to-day with the
tools of yesterday, nor, unfortunately, the war of to-morrow with the
tools of to-day. The fundamental principles of warfare and combat
remain ever the same; but the methods and means of attaining the
ends desired are in a state of constant change and flux. It behooves
us, therefore, to keep in touch with modern developments, so that,
when a crisis comes, we may know definitely what is required and
also what is not essential. Had this been done during past years
this country would have saved vast sums of money, and much waste
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effort would have been avoided. Production under emergency con-
ditions is always expensive.

The lessons to be learned from our recent experiences along these
lines are so obvious that comment is unnecessary. Such lessons are
soon forgotten by the country at large. It is, however, essential
that a written record be made of the war-time development of certain
of the manufacturing problems as they confronted us and were
solved. The record may serve a useful purpose and be of value in
case of a future emergency.

The present report seeks to outline, in a general way, some of the
factors which we encountered in the manufacture of optical glass
and of lenses and prisms for fire-control and observational instru-
ments for the Army and Navy. The presentation is necessarily
general in character, emphasis being placed on underlying principles
rather than on details. The report presents in substance the expe-
rience of the writer, who, with fellow scientists, entered as strangers
into a new branch of endeavor to solve certain problems of a tech-
nical nature. Between the lines of the written record may be read
many interesting experiences for the scientist in technical work
and the gradual change in the attitude of practical factory men
toward him. In all problems of high precision, whether technical
or laboratory, the scientifically trained observer, who has learned to
appreciaté the factors essential to the attainment of high precision
and is competent to control these factors, is able to undertake the job
with better chance of success than the rule-of-thumb man of the
shop who has the factory experience, but lacks the necessary training
with which to meet new and radically different problems precipitated
by war. In war-time organizations as in peace-time organizations the
question of competent personnel is always the fundamental factor
and the most difficult to meet satisfactorily. The experience of the
recent war proved this statement time and again, and demonstrated
the need for a closer and more effective touch between the Army and
Navy and the scientific as well as the manufacturing forces of the
country.

THE MANUFACTURING PROBLEM.

At the time of the entrance of the United States into the. war, the
methods and instruments of indirect artillery fire were already uni-
versally employed on the battle fronts and our troops had to be
supplied with these instruments if they were to combat the enemy
successfully. We were brought, in short, face to face with many
technical manufacturing problems which had to be solved and placed
on a production basis quickly if our Army and Navy were to get
what they wanted when they needed it. Many of these problems
arose because manufacturers before the war had been accustomed
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to import supplies of this nature from Kurope, especially Germany,
and had never felt the need for developing the manufacturing proc-
esses in their own plants. Such development meant large expense
and it was easier and cheaper to place an order for the commodity
in Germany. This applied especially to highly technical produets,
such as dyes and optical glass.

Military fire-control apparatus includes instruments of high pre-
cision, and, as one of the integral parts of such instruments, optical
glass must measure up to the same standards of high precision. Upon
it the quality of the image formed and the precision of each setting
of the sighting instrument is dependent. The lens designer computes
the shapes and positions of the several different lenses and prisms in
an optical instrument and arranges them along the line of sight in
such a way that the particular and inevitable defects, or aberrations,
are reduced to a minimum. The degree to which these aberrations
can be made negligible depends in large measure on the kinds and
quality of glass available to the designer. It is important, therefore,
that the quality of the glass be of the best and that a sufficient
number of different glass types be at hand.

Before the war the optical industry in this country was in the
hands of a few firms. Several of these were under German influence
and one firm was directly affiliated with the largest manufacturer of
optical instruments in Germany; the workmen were largely Germans
or of German origin; the kinds and design of apparatus produced
were for the most part essentially European in character; optical
glass was procured entirely from abroad and chiefly from Germany.
Educational and research institutions obtained a large part of their

. equipment from Germany and offered no special inducement for
American manufacturers to provide such apparatus. Duty-free im-
portation favored and encourdged this dependence on Germany for
scientific apparatus. A

With our declaration of war the European sources of supply for
optical glass and for optical instruments were cut off abruptly.
Even before our entry into the war and especially after hostilities
began in 1914, manufacturers of optical instruments realized that
the European supply of optical glass might be stopped and they
began experiments on its manufacture. In 1912 the Bausch & Lomb
Optical Co., of Rochester, N. Y; in 1914 the Bureau of Standards
at Pittsburgh, Pa.; in 1915 the Keuffel & Esser Co., of Hoboken,
N.J., and the Pittsburgh Plate Glass Co., of Pittsburgh, Pa.; in 1916
the Spencer. Lens Co., of Buffalo, N. Y., started work and produced
some optical glass of fair quality. The quality of glass obtained was
not, however, entirely satisfactory and by the time we entered the war,
the shortage of optical glass of high quality was so serious that unless
something were done speedily to relieve the situation, the Army and
Navy would not be equipped with the necessary optical instruments.
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Such was the situation in April, 1917. The fundamental item for
fire-control instruments, optical glass, had not been produced satis-
factorily in quantity in this country. The methods for its manu-
facture on a large scale had still to be developed. After the supply of
optical glass had been assured the manufacturing capacity for pre-
cision optics had.to be increased to a scale commensurate with the
needs, and finally the design of new instruments required proper
supervision with reference both to ultimate field use and to speed of
production. _

In this emergency the Government through the Council of National
Defense appealed to the Geophysical Laboratory of the Carnegie
Institution of Washington for assistance in the manufacture of
optical glass. This research laboratory had been engaged for many
years in the study of silicate solutions, similar to optical glass, at
high temperatures, and had a corps of scientists trained along the
lines essential to the successful production of optical glass. It was
the only organization in the country with a personnel adequate and
competent to render aid in a manufacturing problem of this character
and magnitude. Obviously the best plan was to cooperate with
manufacturers who had had some experience along these lines.

In order to ascertain the attitude of one of the manufacturers the
writer visited on April 4, 1917, the Bausch & Lomb Optical Co., and
found them willing to cooperate. Accordingly, when the request
from the Government for aid was made shortly after war was
declared, a group of scientists, with the writer in charge, went from
the Geophysical Laboratory on April 27 to the Rochester plant and
began work. Its men were gradually assigned to the different factory
operations and made responsible for them. At this plant much of
the pioneer development work was accomplished. The methods of
manufacture on a large scale were here developed and placed on a
production basis. Drs. Day, Allen, Bowen, Fenner, Hostetter,
Lombard, Ferguson, Washington, Hall, Merwin, Morey, and Ander-
sen were with us for longer or shorter periods of time to May, 1918.
At the Geophysical Laboratory special problems were attacked by
Drs. Allen, Zies, Posnjak, Bichowsky, Merwin, White, Roberts,
Andersen, Adams, and Williamson. To the director of the labora-
tory, Dr. A. L. Day, fell the general executive problems involving
laboratory personnel and the several phases of their activity in
connection especially with the sources and transportation of suitable
raw materials and of fuel. He was also instrumental in securing the
cooperation of outside firms to undertake special jobs essential to
the successful manufacture of optical glass.!

1 For a detailed account of this important part of the task see the paper by A. L. Day on ‘‘ Optical glass
and its future as an American industry,” J. Franklin Institute 190, 453-472, 1920. See also Chapter VII
by Harrison E. Howe on ““Optical glass for war needs” in the book The New World of Science, edited by
R. M. Yerkes and published by the Century Co. New York, 1920.
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As a matter of record, establishing the connection of Ordnance
Department with this task, it may be noted that in April, 1917, the
writer received his captain’s commission in the Ingineer Reserve
Corps; but, at the request of officers in the Ordnance Department,
was transferred to the Ordnance Department. This direct connec-
tion with the Army aided the solution of the problem of glass manu-
facture in many ways. War-time experience has proved that direct
Army and Navy connection with technical problems of this nature
is invaluable. Under war conditions the court of last appeal is the
Army and the Navy; in situations which arise requiring prompt and
effective action it is useful to have this lever available, even though
it may not be necessary to employ it.

Military optical instruments are for the most part telescopes; for
their satisfactory design experience has shown that from three to
five different types of optical glass suffice. The problem before us
was essentially one of high-speed, quantity production of a relatively
small number of glass types. We were not concerned with the
development of new types of optical glass, but rather with the manu-
facture of only a few kinds, such as ordinary crown, borosilicate
crown, light and dense barium crown, light and dense flint. Our
task was to reproduce in this country glasses of standard type which
had long been produced in Europe. The European methods of
manufacture of these glasses, however, were not adequately known,
and a large part of our time was devoted to the study and develop-
ment of manufacturing processes which eventually enabled us to
produce sufficient quantities of optical glass of high quality. The
problem before us, although essentially a research problem, differed
materially from ordinary research problems in that the properties
of the final product were known in detail. After the manufacturing
difficulties in connection with this problem had been overcome atten-
tion might well have been devoted to the development and manufac-
ture of new types of optical glasses; but at that time the need for
greater manufacturing capacity for optical instruments was so great
that this phase of the situation demanded immediate attention.

Our first efforts at the Bausch & Lomb plant in April and May,
1917, were devoted to a study of the glass-making process and of the
several factors involved. At the factory we had the hearty coopera-
tion of Mr. William Bausch, to whom credit is due for having started
the glass plant in 1912, and of Mr. Victor Martin, a practical Belgian
glassmaker, who had placed the plant on a running basis and had
produced, even in 1912, some optical glass of fair quality. Our task
was to build up on Mr. Martin’s experience and to introduce into the
manufacturing process the element of high precision and control
which were not sufficiently recognized, but which were essential to
the manufacture of optical glass of uniformly high quality. Our task
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.

was not strictly a development of new processes or of a new product,
but rather the modification of existing processes as practiced at the
plant so as to obtain satisfactory optical glass in large quantities.

The search for raw materials of adequate chemical purity in ton
lots, the preparation and mixing of the batches, the control of the
melting furnaces, of the pot arches, and of the annealing ovens; the
stirring of the molten glass; the inspection of the product at the
several stages; these and other problems had to be studied in detail
and in each case exact information gained regarding the best practice
to be followed. Soon after our arrival at the plant it was the writer’s
good fortune to deduce, as a result of a statistical study of the existing
chemical analysis of optical glasses, certain relations which enabled
us to write down at once the batch-composition for glasses of desired
optical constants, especially in the flint series. This deduction freed
our minds of the uncertainty regarding our ability to reproduce
optical glasses of standard types, the batches of which were held
secret by glass makers. Indirectly it had a much more important
effect because it changed the attitude of the factory men toward us;
they realized at once that the cut-and-try method, by which their
few batch formulas had been obtained, was superseded by a more
direct method of attack which gave us control over whole series of
glasses rather than over a few isolated members of a series. Addi-
tional studies and analyses made at the Geophysical Laboratory have
borne out the conclusions deduced from these preliminary studies.

The literature on the details of optical glass making is scant, and
the processes have heretofore been considered secret and have been
closely guarded. The problem before us was one of intense interest
and great importance and we soon realized that what was most
needed was precision control over all the steps in the manufacturing
process. This was emphasized by the writer in Report No. 1, for
the week ending May 5, 1917, and in many of the succeeding reports.
Reports were prepared weekly on the progress made at the plant,
and will be referred to hereafter simply by date and number.

By November, 1917, the manufacturing processes at the Bausch
& Lomb plant had been developed, mastered, and placed on a pro-
duction basis. Large quantities of optical glass of good quality
were being produced. In December, 1917, the work was extended
and men from the Geophysical Laboratory, who had been connected
with the pioneer work at Rochester, took practical charge of the
plants of the Spencer Lens Co. and of the Pittsburgh Plate Glass Co.
At the Spencer lens plant Dr. C. N. Fenner produced excellent optical
glass from the start and was very successful in placing the plant on
a production basis and in extending its capacity manyfold. He
was assisted at different times by Drs. Allen, Andersen, Bowen,
Morey, and Zies, of the Geophysical Laboratory. In July, 1918,
Dr. Morey relieved Dr., Fenner, At the Pittsburgh works Dr.
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Hostetter was put in charge and was confronted with a most difficult
problem in organization to convert and build up an old plate-glass
plant into an effective system for the manufacture of optical glass.
In this task he was assisted by Drs. Andersen, Adams, Bowen,
Lombard, Morey, Roberts, Ferguson, Williamson, and Wright, of the
Geophysical Laboratory; by Messrs. Taylor, Bleininger, and Kiess, of
the Bureau of Standards; and by the staff of the Pittsburgh Plate
Glass Co. In the course of some months the organization was
accomplished. Much credit is due to these men for the success
attained.

These details are given because they show how a highly technical
problem of this kind was attacked under war-time conditions and
solved successfully. The records show that at these three plants
approximately 95 per cent of all the optical glass manufactured in
this country during the war was produced.

In addition to the foregoing plants, optical glass was made by
the Keuffel & Esser Co. in quantities sufficient to supply their own
needs. Much credit is due Mr. Carl Keuffel, who, on his own initia-
tive and before we entered the war, erected a glass-melting furnace,
made suitable pots, and produced some glass of good quality without
outside help.

Small- quantities of optical glass were also made in furnaces at
the Bureau of Standards at Pittsburgh. Dr. Bleininger developed
at this plant a poured, poreelainlike crucible which proved to be
satisfactory for use with the dense barium crown melts that attack
ordinary clay pots vigorously.

Three other firms, the Hazel-Atlas Glass Co., at Washington, Pa.;
the Carr-Lowrey Glass Co., of Baltimore; and the H. C. Fry Co., of
Pittsburgh, Pa., experimented on the manufacture of optical glass,
but did not reach the stage of quantity production.

In the solution of the optical glass problem, the expense incurred
by the Geophysical Laboratory as a voluntary contribution to the
Government amounted to about $200,000; at no time during the war
or after, did the Geophysical Laboratory request or receive any money
from the Government for these or other expenditures; but the results
attained justified the expenditures. This could not have been done,
however, without the hearty cooperation of the manufacturers, of the
Army, especially of the Army Ordnance Department, and of the War
Industries Board. The Bureau of Standards aided in the development
of a chemically and thoroughly resistant crucible in which to melt op-
tical glass; alsoin the testing of optical glass and especially in the test-
ing of optical instruments. The United States Geological Survey aided
in locating sources of raw materials, such as sand, of adequate purity.

The general situation may be summarized by stating that when
we entered the war we not only lacked a supply of optical glass, but

39229—21——2
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we lacked information regarding the processes of its manufacture.
We had little knowledge of the quality and sources of supply of the
raw materials required. We lacked manufacturing capacity and a
trained personnel to handle the problems. The problems to be solved
required the cooperation and working together of many diverse
elements; it was a constant source of inspiration for us to witness the
whole-hearted spirit of cooperation of the manufacturers in this con-
nection and especially of those manufacturers who were notdirectly
concerned with the final product. The quantity production of a
few standard types of optical glass of usable quality was our goal
rather than the development of new and highly perfect types of optical
glass. There is still room for improvement in many details; but the
manufacturing processes are known; there are no secrets and the
manufacture of optical glass has become one of factory routine. It
is with satisfaction that all those who have contributed to this result
may look and realize that one more commodity has been added to
the list of commodities made in this country. This was accom-
plished, however, under high pressure and at large expense, part of
which might have been saved had the problem been attacked
under peace-time conditions.

The records show that there were produced in this country between
April, 1917, and November, 1918, over 600,000 pounds of usable
optical glass. Not all of this glass was of the best quality, but it
was satisfactory for low-power optical instruments, and some of the
product was of the highest quality, equal to the best European glass.
On an average its quality was fair and satisfactory for war-time
purposes. Six different types of glass were manufactured: Ordinary
crown, borosilicate crown, barium crown, dense barium crown, light
flint, and dense flint. The total monthly production statistics are
listed in Table 1, and presented graphically in figure 1.

TaBLE 1.—Estimated total production, in pounds, of usable optical glass (A and B
quality) in the United States from April, 1917, to November, 1918.

1917 Pounds. | 1918: Poun is.
PASpriless Sl vl sihe 2, 850 Jantuary = STISEESTAN 35, 955
Mayss. NN R P 4, 600 February......... ... 41,138
TV A e e AT 6, 500 March 2.5 e S i o 41, 842
1 e S ey 4,800 ApHLL L e s 24,363
AULUS: . 00100 2 800 My St RN Horox 43, 397
September. . ........ 10, 775 Tuney s L L CE e ahary 69, 328
Octuber. =5 5 i o 15, 645 Joilige ol 20 3 L 55, 355
November........... 30,499 | ATIC ST 5 e o R aomrt) /LD
December........... 42, 451 ‘ September. . ........ 67, 741

=E OO O e o i e et 79, 275
Total for year...... 122, 920

AT o Total for year...... 529, 853
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Of these quantities the Bausch & Lomb Optical Co. produced over
65 per cent, the Pittsburgh Plate Glass Co. nearly 20 per cent; the
Spencer Lens Co. nearly 10 per cent; the remaining 5 per cent was
produced by the other firms, including the Bureau of Standards.
The figures, especially those for 1917, are less accurate than those
for 1918, but they are of the correct order of magnitude. The figures
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Fi16. 1.—Curve I indicates the total monthly production of optical glass in the United States from April,
1917, to November, 1918; Curve II shows the cumulative total production of optical glass for the same
period.

~

show that starting with the total monthly production of 1} tons of
usable glass in April, 1917, the monthly production mounted to
about 40 tons in October, 1918; the organizations at that time were,
moreover, so well coordinated that an'increase of 50 per cent in the
total monthly production could have been attained had the need
arisen.



Chapter II.
THE CHARACTERISTICS OF OPTICAL GLASS.

Ordinary glass, such as bottle glass, decorative glass, ete., was
known to the ancients and has for centuries been manufactured in
large quantities; certain communities have been engaged in the art
of glassmaking for many generations. Optical glass, on the other
hand, is a modern development to meet the demand for better tele-
scopes, microscopes, photographic lenses, and other optical appara-
tus. At first sight optical glass may appear to be simply glass, not
greatly different from ordinary glass, but the differences between the
two are fundamental and can best be apppreciated by an examina-
tion into the functions of optical glass as an integral part of an optical
instrument; from these in turn the characteristics required of the
glass which shall satisfy these conditions adequately can be deduced.
It is not obvious at first thought why optical glass is so difficult to
manufacture satisfactorily and why so much emphasis is placed upon
its quality. A brief discussion of the factors, on which the per-
formance of an optical system depends, will serve to render this clear
and prepare the way for further comments on details of similar
nature.

Most optical instruments employed in military operations are of
the telescope type and serve not only to aid the observer in detecting
details of distant objects, but also to fix with high precision reference
lines of sight and thus enable the gunner to direct and to control the
fire of his fieldpieces.

THE FUNCTIONS OF THE EYE.

The function of a telescopic lens system is similar to that of the eye.
We see a distant point because light waves emerge from it or are
reflected by it; each point of the object is seen as a point becausé the
eye unites to a point on the retina the waves of light from the object
point which impinge on the eyelens. What we actually see is the
image formed on the retina of the eye as focused there by its con-
verging lens system. (Fig. 2a.) In case the eye is defective such
points are not imaged as points on the retina; thus in the eye in repose
(adjusted to see distant objects) the retina may be too near the eye-
lens (farsighted eye) (fig. 2b), or it may be too far from the eyelens
(nearsighted eye) (fig. 2¢), or the surfaces of the eyelens may not be
spherical but warped so that the converging effect in one meridian is

16
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different from that in another (astigmatic eye). The farsighted eye
is “corrected” by means of a collective or positive spectacle lens (indi-
cated by dotted lines in fig. 2b); the nearsighted eye by a dispersive
or negative lens (fig. 2¢), and the astigmatic eye by a cylindrical lens.
The eye resembles a photographic camera in certain respects. The
lens system of the normal eye converges rays from a distant point to
a point on the retina which in turn responds to the light-wave im-
pulses and functions as a receiving transformer converting the light-
wave impulses into nerve impulses which travel to the brain and are
a

Fi6. 2.—Diagrams illustrating action of eyelens in forming image of distant object on the retina. Fig. 2¢
shows action of a normal eye in which the image is focused on the retina itself. In fig. {b the image
planeis located back of theretina (far-sighted eye), whilein fig. 2c the image plane is in front of the retina.
The dotted lines in fig. 2b and 2cillustrate the action of spectacle lenses in increasing (fig. 2b) or decreas-
ing (fig. 2c) the convergence of the incident rays.

there interpreted. The retina is to the eye what the photographie
plate is to the camera.

The eye is an integral part of all optical observing instruments;
and these in turn should present to the eye images for observation
which approach in characteristics the conditions under which the
eye has been accustomed from childhood to function. These finda-
mental conditions may be considered under three heads:

1. Intensity of illumination or brightness.

2. Resolving power or definition.

3. Field of view.
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(1) Intensity of illumination.—For good seeing the intensity of
the light emerging from each object point (brightness of object)
should not be too weak (twilight illumination) nor too strong. The
adaptability of the eye to differences in intensity is most remarkable;
it operates satisfactorily over a range of intensities from 1 to
10,000,000. We see the details of an object because of differences
in brightness (contrast in light and shade) and in color. Under
ordinary conditions of illumination the eye is sensitive to a differ-
ence of about 2 per cent in brightness between two adjacent points;
under very favorable conditions this percentage difference in con-
trast may decrease to 1 per cent, but in case the intensity of illumina-
tion passes gradually and not abruptly from one detail of an object -
to another the percentage difference in intensity may increase many
per cent before the eye perceives the difference and distinguishes the
details. At very low or very high intensities the contrast sensibility
of the eye may increase to 10 per cent. For good vision an illumina-
tion approaching that of daylight in intensity and distribution is the
most favorable.

(2) Definition.—In order to distinguish the details of an object
these must exceed a certain size; thus the printed letters on this
page are clearly legible at a distance of 1 foot; but they can no longer
be read at a distance of 10 feet. Measurements show that the
unaided eye can readily distinguish two points as distinet points
when the rays from these points subtend at the eye an angle of two
minutes of arc (approximately half a mil); eyes of high acuity are
able to resolve points separated by one minute of arc or less; but, as a
general rule, two minutes may be taken as a comfortable limit of
resolution under ordinary intensities of illumination. At low
intensities (twilight illumination) the ability of the eye to resolve
details falls off rapidly with decrease in intensity and the angular
separation of points just discernible as distinet points may rise to
several degrees. This is readily tested by noting that the headlines
of a newspaper can still be read in twilight after the fine print has
become completely illegible. It is for this reason especially that in
faint illumination a telescope or field glass enables the eye to dis-
tinguish details which it can not see otherwise; and this in spite of
the fact that a considerable amount of the incident light is lost by
reflection and absorption in the elements of the telescope system
itself. In the section on the telescope lens system the explanation
of this apparent anomaly is given in some detail.:

It is shown in textbooks on physics that each image point formed
by a lens such as the eye, the photographic lens, the telescope, or
the microscope objective is in reality a diffraction pattern to which
the rays from each object point contribute; thus the image of a
luminous point, such as a star, is actually a central disk of light
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surrounded by a set of concentric dark and light rings. Kxperience
shows that the images from two such points, such as a double star,
can be distinguished or resolved when the central disk of. the one
image touches the first dark ring in the image of the second. This
theoretical limit of resolution depends directly on the wave length
of light used and inversely on the aperture of the lens. In the eye
the lens aperture is varied by means of the iris which serves also to
shield the eye from too intense illumination; the diameter of the
iris (pupillary aperture) ranges from 2 to 8 millimeters.

Any defect in a lens which tends to decrease the theoretical limit
of resolution is serious; but such defects are inherent in all lenses
and the lens designer aims to reduce these defects or aberrations to
a limit at least equal to that of the eye itself. The importance of the
eye as an essential part of an observing instrument is obvious; but
the need for training the eye to do its part and the desirability of
fulfilling certain conditions requisite for the attainment of the best
definition arenot always realized, especially by observers in the field.

3. Field of view—The eyes grasp at a glance a certain area or
field of view, and thus enable the observer to perceive the relative
positions of points and objects in space. The normal eye at rest
is focused for parallel rays, i. e., rays from distant points; it accom-
modates, however, with extreme rapidity for points distant only 10
inches, the distance of near vision. Experiments show that the field
of sharpest vision is only }°, corresponding to the area of the yellow
spot on the retina; but, as a result of persistence of vision and mo-
bility of the eye in its socket, the field ‘covered satisfactorily is
nearly 30° horizontal and 20° vertical; this is surrounded by a field
of visual perception but indistinct vision which extends to 150°
horizontal and 120° vertical in the single eye. In observing instru-
ments the apparent field of view should approximate at least the
angular area of satisfactory vision and preferably a larger area
because the eye by reason of its mobility in changing its line of sight
easily covers larger angular fields of view. .

To recapitulate: Three factors, intensity of tllumination, definition,
and field of view, are fundamental to satisfactory vision.

THE LENS SYSTEM OF A TELESCOPE.

In the design of an optical observing instrument these factors are
likewise fundamental; in addition, a fourth factor, namely, magni-
Jfication is equally fundamental. The objective of the telescope
functions as the eye of the instrument. Its area is much larger than
that of the pupil of the eye; hence a correspondingly larger number
of light waves from each distant object point impinge on it. The
objective should be so designed that it converges the rays which it
receives from each distant point to a corresponding point in -the
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image plane. (Fig. 3.) The image thus formed is the aggregate of
the points of convergence of pencils of rays received by the objec-
tive from distant object points. By thus imaging the object points,
they are, as it were, brought to a position much nearer the observer,
and can there be examined by him with the aid of a magnifying lens.
(Eyepiece, fig. 3.) By this means the eye approaches in effect close
to the image and the angle subtended at the eye by any two points
in the image is correspondingly increased. The ratio of the angle
subtended at the eye between two points in the image to the angle
at the eye between the corresponding points of the distant object
is a measure of the angular magnifying power of the telescope.
Thus, if the angle of separation between two distant points, as viewed
by the unaided eye, is 2 minutes of arc, this apparent angle of sepa-
ration when viewed through a telescope may be 20 minutes of are;
in this case the magnifying power of the telescope is 10. The angle
between two object points actually separated by only 12 seconds
of arc (0.2 of a minute) at the observer’s eye appears through this
telescope (10 power) to be separated by 2 minutes of arc; these points

OBJECTIVE] IMAGE-PLANE - EYE-PIECE
—_——
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F16. 3.—Sectional view of the optical elements of a telescope lens system, showing paths of rays through
the system.

are therefore readily distinguished as separate points with the aid of
the telescope. The apparent field of a 6-power binocular is 48°; the
actual field is 8°, only one-sixth as large.

In a telescope the area of the image is limited by a circular stop or
diaphragm located in the image plane; this is called the field of view
diaphragm; it is imaged on the retina and effectively excludes the
rays from object points outside of the area imaged. This diaphragm
functions similarly to the porthole in a ship’s cabin in limiting the
field of view, and has been called the entrance port or window of the
instrument; it is evident that the farther away the eye is from the
porthole or window the smaller is the angular field of view.

The pencils of rays from distant object points enter the telescope
through the objective and are limited in width either by the rim of
the objective or by some smaller stop which is called the entrance
pupil of the instrument; this, like the iris of the eye, limits the cone
of light which a given object point sends through the instrument;
the image of this stop (entrance pupil), as seen through the eyepiece
end of the telescope, is called the exit pupil. The rays from all points
in the image cross at the exit pupil; if the observer’s eye is placed
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there, the entire image can be seen without lateral shift of the eye;
if the eye is placed elsewhere it must be shifted from side to side in
order to see the entire field. It is important, therefore, for ease of
observation that the iris of the eye coincide in position with the exit
pupil of the instrument. If a telescope of the ordinary type is
pointed at the sky, the exit pupil can be seen as a disk of light sus-
pended in air a short distance back of the eyepiece.

The telescope is primarily a light-collecting device to concentrate
on the pupil of the eye a greater quantity of light from an object
point than the eye would otherwise receive. At the same time the
angular separation of the object points, as seen in the image, is
increased. Mere magnification of the size of the image, however,
without corresponding increase in illumination serves little purpose.
Hence the general rule that the best power to use is the lowest power
which enables the eye to see the details of the object. With this power
the size of the exit pupil is larger than with higher powers and the
image appedrs to the eye brighter and more readily seen.

The quantity of light entering a telescope depends in general
directly on the area of its entrance pupil, and this is commonly the
objective itself. The relative licht-gathering power of two telescope
objectives varies accordingly as their areas or as the squares of their
diameters. The relative quantities of light from a distant object
point, such as a star, flowing into a telescope objective of 1-inch (25.4
mm.) aperture and the pupil of the eye of 1 inch (5 mm.) aperture
are accordingly as 25 to 1. Similarly a 2-inch objective collects 4
times as much light as a 1-inch objective and 100 times as much as
the eye; a 3-inch objective, 9 times as much as the I-inch and 225
times as much as the eye. From this it may be concluded that,
since in a telescope the ratio of the diameter of its entrance pupil
(ordinarily diameter of objective) to that of its exit pupil (eye circle)
is a measure of 1ts magnifying power, a linear magnification of 10
diameters (one hundredfold magnification of corresponding image
areas) is the most favorable in a 2-inch objective. In this case the
full resolving power of the eye is utilized. Although an appreciable
amount of light is lost on its passage through the telescope lens
system, experience has proved that for field purposes this degree of
magnification is satisfactory. On the other hand, the magnifica-
tion should not be so low that the size of the exit pupil exceeds
appreciably that of the eye pupil, which at a maximum is 8 milli-
meters in diameter. In the Army type 6 by 30 binocular field-
glass the magnification is 6 diameters; the diameter of its objective
is 30 millimeters; the diameter of its exit pupil is accordingly 5
millimeters.

To recapitulate: The size of the objective in a telescope determines
in general the quantity of light which enters the eye through the
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exit pupil. This, in turn, should be approximately equal in area to
that of the pupillary aperture of the eye. If it is much larger, some
of the light is lost; if much smaller, the subjective brightness of the
image is decreased and the resolving power of the eye is not fully
utilized. The magnifying power of the telescope should be so chosen
that its exit pupil is approximately equal to the pupillary aperture
of the eye. The visual brightness of an image can never be greater
than that produced by the object itself on the retina; but the fact
that the telescope objective concentrates a much larger cone of rays
from each object point than does the eye, and at the same time
increases the angular separation of these points in the ratio of the
magnifying power, accounts for the lack of decrease in apparent
brightness ‘which one might expect with increase in magnification.
It also explains the fact that many stars invisible to the unaided
eye are readily seen through a telescope, and this in spite of the loss
of an appreciable quantity of light by absorption and reflection in
the telescope itself. In the case of a fixed star, the star remains a
point or diffraction disk even under the highest powers; but, because
the telescope gathers a large amount of light, its effect is to produce
a correspondingly increased sensation of light on the retina. The
luminous stimulus must exceed a certain limit of light energy flux
(about 0.001 meter-candle) in order to produce the sensation of light
in the eye. For energy fluxes below this limit the eyé fails to respond
and the luminous point is not visible. The larger the diameter of
the telescope lens the greater is its resolving power, and the fainter
are the stars which are visible. In twilight illumination details of ob-
jects are more readily discerned through a binocular than with the un-
aided eye, chiefly because of increased angular separation of the details
accompanied by an increase in brightness to offset the increase in
size of the retinal image.

In the design of a telescope lens system the effort is made to
obtain an apparent field of view which is comparable to that of the
unaided eye. The apparent angular field of view (actual field of
view times the magnification) ranges in telescopes from 15° to 50°.
The higher the magnification the smaller the actual angle subtended
at the telescope between points at opposite margins of the field.

THE QUALITY OF THE IMAGE.

The ideal image, as formed by the objective of a telescope, is one
similar in every respect to the distant object, so that, when viewed
through the eyepiece, the image produced on the retina of the eye is
a correct and enlarged picture of that received on the retina when
viewed by the unaided eye. There are, however, a number of factors
which render it impossible actually to attain this ideal; but in
modern lens systems it is possible to approach so closely to it that
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the definition attained is as good as the eye is capable of perceiving,
and for practical purposes this suffices. A brief summary of the
several defects of the image will indicate some of the factors with
which the lens designer and lens constructor have to contend. It is
customary to consider, under separate headings, the defects or aberra-
tions affecting image points situated along the axis (line of sight) of the
instrument and the defects for points removed from the axis. These
aberrations occur for each color of light employed. The defects
arising from the use of white light are designated chromatic aber-
rations in contrast to the aberrations which are present when light
of only one color (monochromatic light) is employed.

The significance of the several aberrations of a lens is most readily
presented by considering first its action on extremely narrow pencils
of light rays entering indefinitely near the axis (first order theory)
and then deducing the effects produced on wider pencils and larger
apertures (third order theory). Gauss showed that for the first
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Fi1G. 4.—Diagramillustrating the principal Gauss points H and H’ (planes), and the principal foci, F and
F’, of a lens for paraxial rays.

case the effect of the lens may be completely defined by reference to
six points on the axis, namely, two focal points, two principal points,
and two nodal points. If the lens is surrounded by air and the re-
fringence of the medium for the entering rays is the same as that for
the emergent rays, the nodal points coincide in position with the
principal points, and the lens or lens system may be replaced for
purposes of computation by its two foci, F, F’, and its two principal
points H, H’; thus in figure 4, F and F’ are the two foci and H and
H’, the principal points (also nodal points). The equivalent focal
length of the lens is ¥ H=F’ H’; its external focal lengths are
FV and F'V’. I light of different colors be used it is found
that rays of different color intersect the axis at points near F’, but
not exactly coinciding with it. This variation in the position of the
focus or distance of the focus from the rear surface of the lens (ex-
ternal focal length) with change in wave length is called chromatic

aberration. QIt is also found that the position of H’ changes slightly
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with the color of the light, so that even if the lens were corrected for
chromatic aberration the focal-distance H’ F’ varies with the color;
this is called chromatic dlfferenoe of focal length or chromatic d zﬁer—
ences of magnification.

If the pencil of light from a distant object point on the axis is not
indefinitely narrow but is sufficiently wide to transmit an appre-
ciable amount of light, so that at F’ there is formed an image point
which can be seen, it is found that the marginal rays intersect the
axis near I/ but not exactly at F/; this change in the position of the
focus for rays of different aperture is called spherical aberration, and
like chromatic aberration means a variation in external focal lengths.
In a lens corrected for spherical aberration a distant object point on
the axis is imaged as a single point on the axis. If it is desired to
produce a single image point of a distant object point situated slightly
off the axis, it is essential that the lengths of the optical paths of all
rays from the object point to the image point be equal; this will be
the case, as Abbe was the first to show, when, for each ray, the ratio of
the sine of its opening angle (1. e. angle between axis and ray diverging
from object point) to the sine of its closing angle (i. e. angle between
axis and ray converging to ccnjugate image point) is a constant.
For a distant object point the entering rays are practically parallel,
and the Abbe sine condition is equivalent practically to the state-
ment that the focal length, and hence the imagination of the lens
for different zones, is constant. The four aberrations, namely,
spherical aberration, sine condition, chromatic aberration, and chro-
matic differences of magnification are fundamental; but there are
other aberrations which are important and merit consideration.
In the following paragraphs a description of these aberrations is
given, together with a somewhat different treatment of the four
aberrations noted above.

MONOCHROMATIC ABERRATIONS.

The important monochromatic aberrations are five in number.
It is not possible to eliminate them all in any one system and they
are not all equally important in any given instrument; the lens
designer endeavors, therefore, to reduce to a minimum those aberra-
tions that are serious for the special type of lens system he desires.
The five monochromatic aberrations are: (1) Aberration of a point
on the axis (spherical aberration), (2) aberration of points removed
from the axis (coma, sine condition), (3) astigmatism, (4) curvature
of field, (5) distortion. The effects of these aberrations are illus-
trated in figure 5, a to h.

1. Axial spherical aberration.—In a simple collective lens (fig. 5a)
refraction at the periphery causes rays near the margin to converge
toward an axial point nearer the lens than the point for central axial
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rays. The lens exhibits an excess of convergence for peripheral
rays. A simple dispersive lens, on the other hand, exhibits an excess
diverging cffect for the peripheral rays. (Fig. 56.) The result in
both cases is to produce a gen-
eral lack of sharpness in the
image. This is called spherical
aberration, longitudinal or axial.
It is overcome in an objective
by combining a collective lens
with a dispersive lens as indi-
cated by figure 5c so that the
excess converging effect of the
collective lens is neutralized by
that of opposite 'character in
the dispersive lens. The axial
point of convergence for a beam
of parallel incident rays is called
the focal point or the focus
of the lens. In correcting for
spherical aberration the de-
signer may cause the marginal
rays to focus at a point beyond
the point of convergence of
the central rays (fig. 5d); the
combination is said then to be
spherically overcorrected. Iig-
ure Sa illustrates a spherically
undercorrected lens. An objec-
tive may focus both central and
marginal rays at one point and
fail to do so for intermediate
rays (fig. 5¢); the lens is then
said to show spherical zones.
Correction of spherical aberra-
tion can be effected for only
one pair of conjugate planes.

2. Coma,sine condition.—The
effect of an uncorrected lens on Fie. 5.—(e) Spherical aberration in a single collective

. . . (positive) lens. (b) Spherical aberration in a single
Obhque rays from a pOlIlt re- dispersive (negative) lens. (c) Doublet corrected for

moved from the axisis to image spherical aberration. (d) Spherical overcorrection in

. a doublet. (e) Spherical zones in a doublet corrected
the contral rays at one pOlnt’f for spherical aberration. (f) Coma in a lens. Lack

and the marginal rays nearer or of fulfillment of sine condition. (g) Astigmatism in
farther away from the axis. *'™

(Fig. 5f.) Even though the lens is corrected for axial spherical
aberration, it may show lateral spherical aberration for extra-axial
points, and the effect is then to draw out the image of the point
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so that it resembles a comet with its tail directed toward, or away
from, the axis. This defect is known as coma.

Astigmatism.—The effect of a lens system on oblique rays is to
produce not only coma, but also two sets of images for points re-
moved from the axis; in the one set (inner image surface) radial
lines (vertical) are 1maged in the second, tangential lines (horizon-
tal). (Fw 5¢g.) This aberration may be considered to follow as a
result of the foreshortening of the lens in the vertical as compared
with the horizontal plane for an inclined beam of light. Both coma
and astigmatism increase with the obliquity of the incident rays.
Astigmatism is removed when the two focal surfaces are brought to
coincidence.

Curvature of field.—The correction for astigmatism may result in a
curved image surface, so that the image is not entirely in focus over
the whole field at any one time. In the lens corrected for flatness of
field, however, the image surface is plane.

Distortion.—Even after all of the above aberrations have been sat-
isfactorily reduced the image may be distorted so that points on the
margin of the field are magnified more than the central area (pin-
cushion distortion) or vice versa (barrel-shaped distortion). In this,
as in the foregoing aberrations, the complete elimination is limited
to definite distances of the object.

CHROMATIC ABERRATIONS.

If instead of an object illuminated by monochromatic light a col-
ored object is observed, there is for each color of light an image
formed. These images are superimposed and are in different planes;
this gives rise to the defects called chromatic aberrations, of which it
is convenient to distinguish two cases, namely, axial chromatism
and lateral chromatism.

Chromatic aberration or axial chromatism.—The effect of a simple
collective lens on a beam of white light is shown in figure 6a. The
‘blue rays converge to a point nearer the lens than the red rays and
the lens is said to be chromatically undercorrected. To neutralize
this effect a dispersive lens of higher relative dispersion is combined
with the collective lens (fig. 6b) and rays of two colors, such
as red and blue emerging from a given axial object point, proceed
to the same image point on the axis. A lens corrected for two
colors is called achromatic; the departure from exact convergence,
to an image point, of rays other than the two for which the lens is
corrected gives rise to colored borders on the image; these residual
color errors are called ‘“secondary spectrum.” By the use of optical
glasses in which the partial dispersion ratios in the two glasses are
nearly identical throughout the spectrum, rays of these colors can
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be imaged at practically one image point, and only negligible colors
of the tertiary spectrum remain.

Chromatic differences of magnification; lateral chromatism.—For
points removed from the axis the corresponding image points may
be displaced laterally by different amounts as a result of the differences
in magnification with different colors so that the size of the image
for blue light is different from that for red light; this gives rise to
color fringes toward the margm of the ﬁeld (fig. 6¢). In the
microscope this error, which is characteristic of apochromatic ob-
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F16. 6.—(a) Chromatic aberration in a single collective lens. (b) Doublet corrected for axial chromatism.
(¢) Chromatic differences of magnification or lateral chromatism in a doublet.

jectives, is neutralized by the use of compensating eyepieces in which
the chromatic differences of magnification are of the same magnitude
as those of the objective, but of opposite character. :

The materials of which optical lens and prism systems are made
must satisfy extremely rigid requirements of high precision; the
character of WOIl\InanShlp in the grinding, polishing, and adjusting
of the several elements of a lens system must also be good in
order to conform to the specifications imposed by the lens designer.
In common with other factory operations requu‘mv a hlgh degree of
technical skill, a considerable amount of experience is required to
ascertain and to maintain the best methods for accomplishing the
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ends desired. Under war-time conditions this can be secured only
by adequate realization of the principles involved and by a certain
inventive adaptability on the part of the men concerned to make
the best of the facilities at hand and to develop new facilities at the
required speed. :

THE CHARACTERISTICS OF OPTICAL GLASS.

Optical glass, as used in lenses and prisms, functions as a medium
so to refract the rays of light from any distant object point that they
will converge to a single corresponding point in the image. This con-
dition is extremely difficult to meet and requires that the glass in
cach lens or prism element be of uniform quality and properties
throughout and that its optical constants agree very closely with
those of certain standard types of glass. To manufacture, on a
large scale, a series of different types of glass of this degree of per-
fection requires close attention to details.

The art of making optical glass consists essentially in melting
together certain ingredients at a sufficiently high temperature to
insure liquidity so that bubbles which are formed rise to the surface
and escape, of mixing the melt thoroughly by vigorous stirring so
that its composition is the same throughout, and then allowing the
pot of molten glass (600 to 3,500 pounds) to cool down slowly to room
temperature. The ingredients that are put into the batch depend
on the kind of glass desired; they are essentially the oxides or the
salts of the metals that are found in natural rocks, and include silica
(as sand), sodium and potassium oxides (as nitrates and carbonates),
calcium oxide (as calcium carbonate), and aluminium oxide. In
addition to these oxides certain other oxides are used to impart to
the glass special properties; these include lead oxide (as red lead or
litharge), barium oxide (as barium carbonate), zinc oxide, boric
oxide (as hydroxide, or as borax), antimony and arsenic oxide, rarely
a little manganese (as MnQ,), selenium, cobalt, and nickel (as oxides),
and in some glasses fluorine (as a fluoride). A glass that contains
an appreciable amount of lead is called flint glass, otherwise it is
crown glass; thus we have series of ordinary flint glasses, of barium
flints, of borosilicate flints; of ordinary crowns, of silicate crowns, of
borosilicate crowns, of barium crowns, etc. These glasses have
_ different refractive indices and different relative dispersions and are
used in combination in lens and prism systems to reduce to a mini-
mum the aberrations peculiar to the special optical system under
design. The quality of performance of the lens system depends on
the skill of the lens designer and the lens maker, and also on the
quality and variety in types of glasses available.
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The characteristics of good optical glass are:
Homogeneity:
(a) Uniformity in chemical composition—
1. Freedom from gstrise.
2. Freedom from bubbles.
3. Freedom from inclusions, stones, and crystallites.
4. Freedom from cloudiness.
() Uniformity in physical state—
: 1. Freedom from strains.
II. Definite refractive indices for different wave lengths:
(a) Refractivity.
(b) Dispersivity and dispersion ratios.
II1. Freedom from color.
IV. High degree of transparency.
V. High degree of chemical and physical stability:
(a) Resistance to action of weather and certain chemical agents.
(b) Toughness and hardness.

I. HOMOGENEITY.

A fundamental requirement for optical glass is homogeneity; even
a slight departure from a high degree of uniformity in composition
is not tolerated because of the effect on the performance of the fin-
ished optical instrument. Compared with other kinds of glass,
optical glass is a thing of extreme precision; the entire manufactur-
ing process of optical glass has been developed with the object of
attaining a highly homogeneous product. A number of factors enter
into the problem; neglect of any one of these may render the glass
unsuitable and useless for optical purposes. These factors will now
be considered in some detail; appreciation of their significance is
essential to a proper understanding of the several steps of the manu-
facturing process.” Lack of chemical homogeneity finds expression
in strise, veins, cords, ream; in bubbles, seeds, air bells, boil; in stones
and other inclusions, such as crystallites, and in strained glass.

(a) UNIFORMITY IN CHEMICAL COMPOSITION.

1. Striz (veins, cords, threads, ribbons, ream, etc.).—Strie are
streaks of different composition within the glass mass; they represent
either original differences in composition (resulting from insufficient
mixing of the batch or from selective settling of batch elements
during melting; these differences the stirring process failed to
eradicate entirely) or differences arising either from materials
introduced into the melt because of solution of the pot or from
the volatilization of certain components of the melt whereby local
differences in concentration are produced. Strie are generally
lower in refractive index than the inclosing glass; the differences in
refractive index are commonly limited to the fourth decimal place;
but in the case of heavy striee they may increase to several units in
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the third decimal place. (Fig. 7.) In one instance the refractive
index of a very heavy cord was found to be 0.007 less than that of

F16. 7.—(a) Heavy strie in a plate of glass. (b) Ribbon striee (central illumination). (c) Ribbon strie
(oblique illumination). (d) Cord in a plate of glass; stone with strie streamers near top of plate.
(e) Ream in rolled optical glass. (f) Heavy striee in alens. (g) Cord and pressing defect in a lens.
(h) Ream cut across by the steep curve of a negative lens.

the surrounding glass. As a result of these differences, the paths
of the transmitted light rays are deflected slightly and to this extent
the quality of the image is impaired. The effect of very slight
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differences in refractive index, even in the fifth decimal place, is
readily seen on a warm day, when hot ascending air currents render
distant objects indistinct and destroy sharp definition.?

Because of their different refringences strize disturb' the paths of
transmitted light rays slightly so that these rays no longer hit the
exact point of the image they are supposed to hit; but they miss it
by a very little; each point of the image may suffer similarly and
the result is a decrease in sharpness over the entire field. In the
case of high-power instruments the rays converge to an image point
under a very small angle and a slight deviation in path seriously
affects the quality of the image; in low-power instruments the rays
converge to the image points under a larger angle and the same
amount of angular deviation may be practically negligible. For
this reason it is essential that for optical measuring instruments
of precision, such as range finders, panoramic sights, etc., optical
glass of the best quality only be used; for low-power visual instru-
ments, such as trench telescopes, glass of second quality may not be
objectionable for certain lens elements.

Experience has shown that the optical effect of fine strize or even
of heavy striee in optical glass depends on their position and
abundance in the particular optical element in which they appear.
In the case of heavy cords or ribbons whose composition is noticeably
different from that of the adjacent glass, their effect on transmitted
light rays is so serious that the glass is worthless for optical purposes.
A single heavy cord located near the margin or even at the center
of a lens deflects and renders useless only a small fraction of the
transmitted light and may have no perceptible effect on the defini-
tion; if the cord is in the objective lens, it is imaged near the exit
pupil of the instrument and, although not visible, functions as would
a piece of thread or wire placed directly in front of the eye. If the
stria appears near the image plane, it is seen directly and destroys
the definition along its path. In the case of fine strie the effect
depends largely on their character; it may be negligible for certain
elements in low-power optical instruments. In photographic lenses
of precision fine strize in a lens element enlarge the circle of con-
fusion for image points to such an extent that sharp definition is
destroyed; a single heavy thread, on the other hand, simply deflects
a small amount of light and does not cause appreciable deterioration
of the image. :

The effect of the presence of striee in prisms depends on the type
of strizz and on their position in the prisms, also on the type of the
prism. Inthe case of individual threads which are sharply defined, the

2 An interesting paper on the “Optical conditions accompanying the strizz which appear as imper-
fectionsin opticalglass™ hasrecently been published by A. A. Michelson in Scientific Paper No. 333, U. S.
Bureau of Standards, 1919,
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effect is simply to cut off a small amount of light and is not sufficient
to cause perceptible decrease in illumination or definition. In the
case of heavy striee a large part of the light suffers deflection and the
image of a distant object examined through the prism and an observ-
ing telescope may be doubled or appear to be badly astigmatic;
fine-banded stri® may give rise also to a general flare, resembling
that from coma, over the field. In the case of fine strize the effect
may be negligible or it may be so serious that the definition is spoiled;
if the fine strise are residual remnants of heavy cords which have not
been completely dissolved, they may be surrounded by glass whose
composition and refringence changes gradually in the vicinity of
the strize. A change of this kind in composition and refractivity is
serious because it warps a transmitted light wave and renders sharp
definition impossible. Under ordinary conditions of test such changes
in composition are moreover not readily detected.

In the testing of prisms one is impressed with the variety and number
of strize which may be present and yet have no perceptible effect on
definition in the image; whereas in other prisms even very faint
striee affect the quality of the image seriously. A heavy stria in an
objective prism of a range finder may, if located near the margin, have
no perceptible effect on the image; but the same stria situated at the
center of the prism affects the definition so seriously that the prism
is worthless. In the case of large objective prisms, the incident light
rays are practically parallel and it is essential that the quality of the
reflecting prism be of the best, otherwise astigmatism, double images,
flare, and other defects are introduced into the image. The same
holds true of roof-angle and other prisms in which each light ray
traverses the prism in more than one plane. Glass for such prisms
should be entirely free from strize of any kind, otherwise the resolving
power of the mstrument containing such prisms may be seriously
impaired.

In the case of fine-banded stri, called “ream” by the plate-glass
maker, experience has shown that if the planes of the ream are
normal to the line of sight the quality of the image is not appreciably
affected by the presence of ream. For example, the protecting win-
dows or shields and the reticules of certain fire-control instruments are
commonly made of selected plate glass, which is characterized by the
presence of bands and ribbons of fine strie approx1mately parallel
with the polished surfaces. The crown lenses of many eyepieces are
made of molded rolled glass. All spectacle lenses are made from
molded rolled glass, not from stirred optical glass. Experience has
shown that in many low-power optical instruments the use of rolled
glass for relatively flat lenses of large curvature is permissible,
especially if the lenses before grinding be molded to approximately
the final shape. For lenses of deep curvature it is not good practice
to use average quality rolled glass, because the heavy reams are cut



BUBBLES AND SEEDS. 33

across and function there as ordinary strize causing double images,
ete. (Fig. 7h.)

The fact that a stria of a certain kind may destroy the usefulness
of a prism or lens when located in one position is in general sufficient
to bar it out entirely even though it would not be serious were it
located in another part of the lens or prism. It is better policy in
manufacture to eliminate raw, unworked material which is defective
than to discard it later after much labor and expense have been put
on it to produce finished optics. The probability that the striee will
be favorably located in the finished lens or prism is not sufficiently
great to make the risk worth the while.

A less tangible but more serious defect in optical glass than striee
is the gradual change from point to point in its refringence. This
may be present in optical glass in which no striee are visible. It can
only be detected by careful measurement of the relative refringence
at different points in a glass plate; this measurement is commonly
made by means of an interferometer or a precision refractometer. A
gradual change in refractivity in a lens or prism gives rise to an
unequal warping of the transmitted wave surfaces and spoils the
definition in the image.

Bubbles (seeds, air bells, vacuum bubbles, boil ) 3—At all stages in the
melting and fining process of optical glass manufacture, volatile matter
escapes from the melt; in case any of this volatile matter fails to
reach the surface before the molten glass cools down, it remains
entrapped in the melt as a bubble. (Fig. 8a.) Bubbles vary greatly
in size from minute specks hardly discernible to the unaided eye to
large bubbles several millimeters and even centimeters in diameter.
Illuminated from the side by a strong source of light the bubbles in a
piece of glass appear as brightly shining points or stars within the
glass mass. Bubbles are not desirable in optical glass; but the effect
of a bubble depends largely on its position within the optical system.
A bubble is not tolerated in the image plane of a telescope system
because it may disturb details in the field of view; but bubbles situ-
ated In lenses and prisms distant from the image plane are not in
general serious, as they tend chiefly to cut out a negligible percentage
of the transmitted light. Bubbles in a telescope objective are imaged
in or near the exit pupil of the instrument; if they are large the
effect on the observer’s eye is the same as though a fine speck of
opaque substance were actually placed directly in front of his eye;
this holds true for strize to a much greater degree. In most cases
the bubbles are so small that this effect is negligible. In some
instances a small bubble marks the position of a former particle of

3 ¢‘Seeds” are small bubbles; “boil” are large hubbles developed toward the end of the fining period or
as a result of “blocking”; ‘“‘vacuum bubbles”’ are commonly of fair size and develop during the cooling
down of the melt; “air bells” are of irregular shape and are formed generally during the pressing or moid-
ing operations.
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F16. 8.—(a) Bubbles in a plate of glass; stone with strize streamer near center of plate. (b) Pressing de-
fects or “feathers” or “laps” in a lens. (c) ““Stones” in optical glass; radial spherulites of cristobalite.
(d) Part of specimen c in polarized light; shows strain-aureole around each stone. -
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sand or clay which, on solution, set free included gases, thus forming
a small bubble. In this case the bubble is apt to mark the end of
the short streak or stria in the glass which, if appreciably developed,
is a sufficient cause for rejection of the glass. Optical glass should
be free from bubbles of this nature.

Bubbles are hot always easy to avoid entirely; and in some types
- of optical glass it is practically impossible to produce glass free from
small seeds.

Stones.—Stones are included fragments of undissolved material in
the glass mass. They may represent coarse particles of the original
batch materials (batch stones, such as clusters of sand grains) which
failed to be entirely dissolved during the glass-melting operation;
more commonly they are pieces of the pot walls (pot stones) which,
loosened from the sides or bottom of the pot, find their way into the
melt. (Fig. 9¢.) They may be fragments of the crown of the fur-
nace (crown drops) which have fallen into the melt. Inclusions of
any kind afe unwelcome guests. The glass adjacent to them is
usually in. a state of great strain as a result of the difference in rate
of contraction between glass and inclusion on cooling; characteristic
cone-shaped fracture surfaces may develop in the glass adjacent to
such inclusions.

Stones and included folds (feathers, pressing defects) of dusty
‘material in lenses and prisms may be introduced during the pressing
process after the glass has been taken into work. (Fig. 95.) -In
preparing the glass fragments for pressing into desired shapes it is
common practice for the workman to heat them up in a muffle fur-
nace on a slab of refractory material. In order to prevent the softened
glass from sticking to the plate during this operation, powdered clay,
mica, talcum, graphite, or a mixture of these or other materials is
spread over the plate. This powder clings to the undersurface of
the softened glass fragments. In preparing each glass fragment for
his press, the workman paddles it up into a suitable shape. If this
operation is done carelessly, he plasters the sides of the fragments
with the powder; in the pressing operation these dusty surfaces may
be enfolded into the lens or prism blank (fig. 8b), thereby spoiling it
for use in an optical system. Carelessness in this operation may
result in large rejections of the finished blanks. Trouble from this
source can be greatly reduced by the use of proper refractory base
plates and by avoiding the use of excess powder. It is also possible
to modify the procedure so that no powder is used and pressing
defects are largely eliminated. :

The presence of stones in optical glass is adequate cause for its
rejection, because not only are they not tolerated in optical systems,
but, as a result of solution, they commonly leave a trail of strie in
their passage to and fro in the melt, thus spoiling a much larger
percentage of glass than their presence at isolated points within the
glass mass might indicate.
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/

F1G. 9.—(a) “Stones” (spherulites of wollastonite) in glass; note also joint™ cracks developed on rapid
cooling of the plate of glass. (b) Crystallization bodies in optical glass. (¢) Spherulites of cristobalite
on surface of barium crown melt. (d) Crystals of barium disilicate in barium crown glass.
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Crystallization bodies. (radial spherulites, crystallites, devitrifica-
tion stones).—On cooling down from a high temperature optical glass
behaves like any other solution with falling temperature; the solu-
tion becomes supersaturated with respect to certain components
and these begin to crystallize out if given time to do so. (Fig.9a to d.)
The homogeneity ‘of the glass melt is thus destroyed; strains of
appreciable magnitude are set up in the cooling glass mass adjacent
to the crystallites and render it useless for optical purposes. (Fig. 8d.)
The presence, in a lens or prism, of an inclusion, however small, is
sufficient cause for its rejection. ,

Cloudiness—Under certain conditions of manufacture cloudy or
milky glass results. Turbidity or opalescence of this kind in optical
glass is a very serious defect and renders it useless for optical purposes.
The turbidity is easily detected and the glass is rejected before it
passes beyond the first melting stage or at worst the lens- and prism-
pressing stage of the manufacturing processes.

b. UNIFORMITY IN PHYSICAL STATE.

Freedom from strain.—Although a piece of glass may be homoge-
neous in a chemical sense, yet as a result of improper heat treatment
it may be in a state of internal strain. This is to be avoided in opti-
cal glass chiefly for one reason. Glass under strain is not in eqiulib-
rium; and even at room temperature the internal stresses seek re-
lief by slow movement within the glass block. In a highly strained
piece of glass the internal movement may reach some mechanically
weak spot in the glass mass, such as a stria or an inclusion that is
not able to maintain the stress; the result is then a rapid shearing
and consequent fracture. The glass plate or lens cracks without
warning. The movement of the strain over portions of a piece of
glass is readily followed by examination in polarized light. In
optical systems lenses and prisms of definite shapes and sizes are
used. A slight departure from the prescribed surfaces gives rise to
defects in the image which are readily detected and impair its quality.
Strain in optical glass causes the surfaces to warp during the polishing
and figuring processes. This tendency toward deformation contin-
ues after the several elements of an optical system have been mounted
and is a constant source of trouble to the extent of causing an element
to crack and thus to render the whole optical system useless.

A piece of glass under strain is analogous, in its behavior toward
transmitted light waves, to a birefracting crystal. This was discov-
ered in 1813 by Sir David Brewster® who found that a glass plate
under load (compressional stress) behaves as a uniaxial negative
crystal, the optic axis being the direction of application of the load.

4 The identification of stones in optical glass is discussed by N. L. Bowen in J. Amer. Ceramic Soc., I,
5394603, 1918.
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G ' B
F16. 10.—(a) Well-annealed piece of optical glass. (b) Annealing fair. (¢) Annealing poor; note press
ing defect in lower half of plate. (d) Annealing very poor. (e) Annealing poor in piece of optical glass;-
note that bubbles (black spots) show no evidence of local strain, whereas the stone to the right of the
center of the piece exhibits pronounced local strain. (f) Heavy striee cduse strain in a well annealed
block of glass. (g) Poorly annealed block of glass.
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Brewster discovered that the degree of birefringence, as measured by
the path difference of the two plane-polarized light waves formed
on traversing the strained block at right angles to the direction of
the applied load, is proportional to the load itself; in other words the
path-difference per unit length of path or the birefringence may
serve as a direct measure of the strain.

It may be inferred that because two rays of different refractlve
indices are formed as a result of the strain these may seriously affect
the quality of the image. In order to test out this inference the
degrees of strain in a number of plates of different types of optical
glass made by Schott & Genossen, by Parra-Mantois, and by glass-
makers in this country were measured. On each plate the actual
maximal path difference between the transmitted light waves was
determined and this in turn was reduced to path difference per cen-
timeter length of glass path traversed. (Fig. 10.) In the best
annealed samples the maximal observed path difference for sodium
light at the margin of the glass plate was less than 5 millimicrons
(millionths of a millimeter) per centimeter glass path. In optical
glass of fair quality the path difference reached a value of 20 milli-
microns per centimeter; in samples of poor quality a path difference
of 40 to 50 mllhmlcrons per centimeter was reached. But even a
path difference of 50 millimicrons per centimeter is equivalent to
a difference of only 0.000005 between the refractive indices of the
two transmitted waves; this difference is negligible even in the best
optical systems. Experience has shown that a difference five times
this value is within the tolerance limits of the most exacting optical
systems.

There is still a possibility to consider, namely, the change in
" refractive index of the material under hydrostatic pressure and the
change in actual refractive indices for rays vibrating parallel and
normal to the direction of an applied load. Measurements by Kerr,®
Pockels,” and computations by Adams and Williamson ® have shown
that the index of refraction of glass is increased by compressional
load and decreased by tensional load. Kerr found from measure-
ments with a Jamin interference refractor that in the case of com-
pression both waves are retarded, while in the case of tension both
waves are accelerated; that the wave whose vibrations take place in
the plane normal to the direction of the applied load is retarded most,
its retardation being practically twice that of the-wave vibrating
along the axis of pressure.

S. Czapski ® measured the relative and absolute changes in refrac-
tive index in poorly annealed glass rods and plates by a dioptric

5 Philosophical Transactions, 1814, 1815, 1816.

¢ J. D. Kerr, Phil. Mag. (5), 26, p. 321, 1888.

7 F. Pockels, Ann. d. Phys. (4), 7, p. 745, 1902.

8 L. H. Adams and E. D, Williamson, Jour. Wash. Acad. Sci., 9, pp. 609623, 1919.
* 8. Czapski, Ann. d. Phys. u. Chem., 42, p. 319, 1891.
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method based on Brewster’s and Exner’s observation that a cylin-
drical glass rod behaves optically as a meniscus lens. Czapski found
that the index of refraction for both waves increases from the center
of the glass rod or plate; for crown glass, so strained that the resultmg
path difference is about 400 millimicrons per centimeter, the increase
in refractive index of the wave vibrating parallel Wlth the axis of
pressure is 0.0000914 and for the second wave 0.0000468; for a sec-
ond plate, so strained that the resulting path difference is about 150
millimicrons per centimeter, the increases in refractive indices are
0.0000303 and 0.0000155, respectively; for a flint block so strained
that the path difference is about 325 millimicrons per centimeter, the
increases in refractive indices were 0.0001465 and 0.0001166, re-
spectively.

Adams and Williamson ascertained by computation that the index
of refraction of a light flint glass of refractive index np,=1.57, is
increased 0.00118 by hydrostatic pressure of 1,000 kilograms per
square centimeter; that in the case of a load of 1,000 kilograms per
square centimeter (undirectional pressure) the increases in refractive
indices of the two waves vibrating normal and parallel with the axis
of pressure are, respectively, 0.00049 and 0.00020. Their experimental
results show, moreover, that the birefringence resulting from the
application of a load of 1 kilogram per square centimeter to a block
of glass ranges from 2.5 X 10~7 to 3.2 X 10~ for the ordinary types of
glass. The observation by Brewster that the optical effect produced
is directly proportional to the amount of the stress was also found by
them to be valid. For extra dense flints and dense barium crowns
these birefringence values decrease perceptibly, so that for a very
dense flint containing about 74.0 per cent PbO the birefringence is
zero irrespective of the state of annealing. This conclusion is in
accord with that first reached by Pockels from measurements with a
Jamin differential refractor.

The foregoing results by Adams and Williamson are larger than, but
of the same order of magnitude as those obtained by Czapski. They
show that a strain birefringence of 10X 10-* (path difference of 10
millimicrons per centimeter), which is about the limit permissible in
good quality optical glass, is produced by a load of 40 kilograms per
square centimeter and that for this load the change in refractive
index of the light flint for the wave vibrating normal to the axis of
pressure is 0.000016 or at most 2 in the fifth decimal place, a negligible
amount in its optical effect on the quality of the image. In the
case of a large telescope objective improperly supported so that its
weight is held at a few isolated points, the pressure at these points
may greatly exceed 40 kilograms per square centimeter and a serious
amount of strain be thereby introduced.
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Direct measurements of the change in refractive index of strained
glass as compared with that of the same piece after annealing were
first made_by ‘Schott® and later by Czapski" who found differences
in refractive index up to 0.003, the refractive index of the well-
annealed glass being invariably higher than that of the heavily
strained glass. Similar series of measurements made at the Bausch
& Lomb plant at Rochester with an Abbe-Pulfrich total refractometer
led to the same results; the refractive index of a ‘“‘proof”” taken from
a pot of molten glass was invariably lower, from 0.001 to 0.004 lower
than that finally obtained on the well-annealed plates of glass from
the same pot. The same order of magnitude for the effect of strain
was obtained at the plant of the Pittsburgh Plate Glass Co. at Char-
leroi, Pa., on “dips” or “proofs.” For the measurements refractive
liquids of known refractive index were employed; the “dip” of
glass was immersed in a tank of refractive liquid and its refringence
was compared directly with that of the liquid and a standard glass
sample.

The foregoing measurements demonstrate clearly that the chief
effect of strain in optical glass is to deform and warp the optical
surfaces. Strained glass is not in a state of equilibrium; relief
from the internal stresses is sought by internal differential move-
ments. Experience has proved that even at room temperatures
prisms and lenses made of strained glass do not retain their shape
satisfactorily; with the oscillations of room temperature, the accur-
ately wrought surfaces of the prisms and lenses undergo constant
warping and change; these changes are very slight, but in high pre-
cision instruments they are sufficient to render such an optical
element useless. If the maximum path difference resulting from
strain exceeds 20 millimicrons per centimeter glass path there is
danger of surface warping and consequent introduction of astig-
matism and other defects in the image. If the strain is uniformly
distributed, this defect can be overcome to some extent; but if the
strain distribution is irregular, there is no method for counteracting
its damaging effect on the quality of the image. Hence the im-
portance of proper annealing of optical glass. No glass is entirely
free from strain, but if the greatest strain in a plate of optical glass
is below a certain limit (resulting maximum path difference less
than 5 millimicrons per centimeter glass path) the tendency toward
warping of polished glass surfaces is practically nil.

REFRACTIVITY.

The funetion of the lenses and prisms in an optical instrument is to
change the directions of propagation of incident light waves so that
when they reach the eye of the observer and produce an image on

10 Zeitschrift Instrumentenkunde, 10, 41, 1890.
11 Ann. d. Phys. (4) 7, 330, 1902.
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the retina, this image has the desired qualities. This change in the
paths of light waves is made possible by the fact that on traversing
different substances light waves encounter different degrees of
resistance depending not only on the substance, but also on the color
of the light itself (wave length). A measure for the relative rate of
travel of a light wave of given color through a substance is the recip-
rocal of the refractive index. The refractive index of a substance
is in fact the ratio between the velocity of light in free space (vacuum)
to that in the substance. Light waves of different color travel at
different speeds through a substance (fig. 11a); as a result, a beam of
white light is resolved into its colored components by a prism, the
blue rays being deflected the most, the red rays the least (fig. 115);
the emerging rays are deflected or dispersed in a definite order
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Fi6. 11.—(a) Refraction of plane-parallel light at a plane surface. (b) Dispersion of white light in a prism.
(¢) Achromatic prism pair.

(spectrum). The amount of this deflection, both actual and rela-
tive, depends on the refracting substance. Different optical glasses
behave differently in this respect; the refractivity of an optical glass
is ordinarily specified by its refractive indices for certain definite
colors or lines of the spectrum. The spectral lines commonly chosen
are A’, C, D, F, @' of the solar spectrum and have respectively the
wave lengths 0.7682, 0.6563, 0.5893, 0.4862, and 0.4341 microns
(thousandths of a millimeter).

In lists of optical glass it is customary for the manufacturer to
state the refractive index for the mean of the two D lines only,
and to give the differences in refractive indices between the I and
C lines, between F' and D, between @’ and F, between D and A’,
and between F and C. These differences are measures for the dis-
persion of the glass in the different parts of the spectrum and suffice
to characterize its type.
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the refractive indices for any two spectral lines, as for example,
ne and np, and the difference, nr—nc, in refractive indices for the
two spectral lines F and C, is called a partial dispersion ratio. The
partial dispersion ratios are a measure of the relative lengths of the
partial spectra in the different glasses. The differences between the
partial dispersion ratios of two glasses express the degree of similarity
of their spectra. A second derived value, introduced by Abbe, is
in general use and is commonly designated by the Greek letter ».
It has been called the optical constringence, and is the ratio of the
refractive index for the D line (sodium light) minus one (effective
or excess refractivity) to the difference between the refractive indices
for the F and C lines (mean dispersion); its reciprocal is a measure
of the dispersive power of the glass. In other words the quantity

Tp — 1

Ny — Nc
of the mean dispersion; its reciprocal expresses the mean dispersion
in terms of the effective refractivity.

To correct for color dispersion and yet to obtain the desired deflec-
tion of the light rays the lens designer combines an optical glass of
weak dispersion with one of high dispersion; thus in a single prism
(fig. 11b) the -rays on emerging from the prism are dispersed at dif-
ferent angles and a beam of white light is thereby resolved into its
colored components such that a spectrum is formed; in an achro-
matic prism combination, however (fig 11¢), the dispersion of the
first prism is neutralized by that of the second with the result that
the incident pencil of light is deflected but emerges as a beam of white
light. The spectra produced by the two prisms are superimposed in
reversed order so that the dispersing effect of the first glass is neu-
tralized by that of the second. In order that this superposition of
spectra be effective, it is obviously necessary that the relative dis-
persions in the two glasses be the same. If in the first prism the
red end of the spectrum is drawn out relatively to the blue, while in
the second the blue end extends over a greater relative range than in
the first, the superimposed spectra can not be made to fit, and a
considerable amount of residual color will be left in the emergent
beam. !

In lenses the designer brings together to the same focus rays of
one or more colors; he folds the spectrum over, as it were; this pro-
cedure is successful to the degree that the relative dispersions in
the two glasses of the achromatic objective are similar; to the extent
that they are dissimilar there is residual color (secondary spectrum)
in the image which can not be eliminated. It is evident that two
glasses produce a combination the better adapted for achromatizing,

A derived value, namely, the ratio

v= expresses the effective refractivity as measured in terms
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the less their partial dispersion ratios differ and the more the glasses
differ in effective refractivity as expressed in terms of the mean
dispersion (v value). It can be proved that the differences in focal
length of a telescope objective lens for the different colors in the
spectrum ‘decrease with decrease in difference between the partial
dispersion ratios and increase with decrease in difference between
the v values of the two glasses. In other words, two glasses are the
better fitted for achromatizing the more nearly equal are their partial
dispersion ratios and the greater the difference in their » values.
It can also be shown that the sum of the curvatures of each lens
decreases with increase in difference between the » values.

By combining lens elements of optical glasses of different refractive
indices and dispersions it is possible for the designer to obtain
much more perfect images and optical performance than with
single lenses. In the older types of optical glass, ordinary crowns
and ordinary flints, the lead in the flint glasses dominates the optical
behavior of the glass with respect both to refractive index and to
dispersions, so that in the series of flint glasses the ratio between
refractive index and dispersions is practically linear, the dispersion
increasing in direct proportion with the refractive index for any
given spectral line. This relation between refractive index and
dispersion was used to advantage by lens designers to produce
images of fair quality; but it also set a limit to the possibilities of
results that could be obtained, and experience showed that under
such conditions it was impossible to attain the degree of correction
required for more exacting lens systems. If these were to be realized
it was necessary that new glasses of different relations between
refractivity and dispersion be produced.

The task of obtaining glasses of the desired refractivities and
dispersion ratios involves the study of the effects which changes in
chemical composition produce on the optical constants of the finished
optical glass. The oxides which were used half a century ago in
glass manufacture were few and included chiefly the oxides of silica,
sodium, potassium, calcium, lead, and aluminium. The first
attempts to introduce other elements into glass for the purpose of
modifying the optical properties were made by Harcourt,'? in England,
between 1834 and 1860 in collaboration with Stokes; he discovered
the effects exerted by boron and barium on the optical constants of
glass; his experiments were on a small scale only and did not lead
to the commercial production of such glasses.

In 1880 and the following years detailed studies were made by
Schott and Abbe, in Jena, Germany, where, with the financial aid
of the Government, a number of new types of optical glass were
produced commercially for the first time. Schott introduced ele-

12 Report of the British Association for the Advancement of Science, 1871, 1874.
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ments, such as boron (as oxide and borates), phosphorus (as phos-
phates), barium (as carbonate or oxide), fluorine (as a fluoride), and
felt assured of a certain degree of success in obtaining glasses of the
desired optical qualities because these elements occur in nature in
crystallized compounds, which are characterized optically by extremes
in refractivity and dispersion. These extremes have never been
attained by optical glasses; there is, moreover, no prospect of pro-
ducing glasses of these properties chiefly because of the crystallizing
tendencies of melts of such abnormal compositions. These melts
can not be chilled with sufficient rapidity on a commercial scale to
prevent their crystallization. Glasses of other abnormal composi-
tions may not exhibit this tendency to crystallize, but the final
product may be chemically unstable, so that the glassis readily
attacked by the atmosphere and even by the materials used in the
grinding and polishing processes; or the finished glass may be so soft
as to be of little service in optical instruments. Glasses of these
abnormal compositions showing extremes in refractivity or in dis-
persion are always difficult to manufacture; they tend not only
to crystallize or to be chemically unstable, but they are prone to
attack the glass pot and to develop other troubles, such as bubbles,
which are difficult to overcome on a large scale in the factory.

The studies undertaken by Schott and-Abbe for the purpose of
obtaining new types of optical glass extended over a period of years.
These investigators developed a number of new types of optical
glass in which the dispersion ratios of certain pairs were more nearly
in accord than were those of the older glasses. With the new types
of optical glass much better color correction can be obtained in
optical lens systems. Their new types of glass include the series of
borosilicate crowns, of barium crowns, of barium flints, borate flints,
the borate and phosphate glasses. In these glasses the character of
the dispersion varies from type to type.

We shall now consider in some detail and by means chiefly of
graphical plots the dispersion relations in optical glasses in order to
gain deeper insight into the significance of dispersion in optical glasses
and its change with change in chemical composition.

A fundamental requirement of optical glass is transparency and free-
dom from color; this means the absence of an absorption band in the
visible spectrum; and this in turn sets a definite limitation to the pos-
sible variations in refractivity and greatly restricts the general char-
acter of the dispersion relations. With change in color (wave length
of light) the refractive indices of optical glass change in the manner
illustrated in figures 12a and 12b, in which the refractive indices of
different kinds of optical glass !* are plotted for different wave lengths

13 Measured by H. Rubens and H. T. Simon on a series of Schott glasses. Ann.d. Phys. u. Chem.N. F,,
53, 553, 1894. +
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of light extending from the ultra-violet through the visible spectrum
into the infra-red. In figure 12a the refractive indices (ordinates)
are plotted against the wave lengths, \, directly (abscissae); in figure
12b the refractive indices are plotted against the squares of the recip-
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F16. 13.—In this figure the mean dispersions, ng—nc, of a series of different types of silicate optical glasses
are plotted against the refractive indices, np. The points of projection for the ordinary crowns and the
ordinary flints fall on a practically straight line, as indicated in the diagram.

Is of the wave lengths (1/\?, frequency squared). The glasses
represented in figures 12¢ and b include the old types of ordinary
crowns and flints and also barium crowns, flints, and borate glass; thus
5204 is a borate glass (np=1.51007, »=>58.8); O 1092, a light barium
crown (np=1.57698, »=62.0); O 1151, a crown of high dispersion
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(np=1.52002, »=>51.8); S 179, a phosphate crown (n,=1.56207,
»=67.2); O 561, a light flint (np=1.57524, »=41.2); O 1143, a
barlum crown (np=1.57422, »=57.1); O 469, a dense flint (np=
1.64985, »=33.7); O 500, an extradense flint (n,=1.75130, »=27.6);
S 163 densest flint (np=1.88995, »= 22.3).
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F1G6. 14.—In this diagram the dispersive powers of a series of optical glasses are plotted against their re-
fractive indices, np.

It may be noted that the dispersion curves of figure 12b show an
inflection point in the visible spectrum; as a result, the run of disper-
sions throughout the visible spectrum is represented by approxi-
mately straight lines in the different glasses. These relations have an



OPTICAL DISPERSION. 49

important bearing on the development of certain dispersion formulas
and will be discussed in a later paragraph.

In the old types of glasses (ordinary crowns and ordinary flints)
the dispersion increases with the refractive index (figs. 13 and 14) ; but
the dispersion in the blue end of the spectrum increases more rapidly
than that in the red and the spectra of different glasses are so dis-
similar (irrationality of dispersions) that only a fair correction for
achromatism can be attained. The introduction of new types of
glasses by Abbe and Schott enabled the lens designer to produce much
better lens systems than was formerly possible.

It has long been known that if the mean dispersions of ordinary
crown glasses and of flint glasses be plotted against refractive index
the points fall approximately on a straight line (fiz. 13). In other
words, in these older types of glass the mean dispersion increases di-
rectly with the refractive index. It was to overcome this limitation
that Harcourt, and later Abbe and Schott, investigated the changes
produced in optical glasses by radical changes in the chemical com-
position. They found that boron and barium are especially valuable
in this connection; in figure 13 the relations between refractive index
and mean dispersion in the new Schott and Parra-Mantois glasses are
also given and show how far some of these depart from the straight
line of the old flints and crowns. p

If the dispersive powers (1/» as defined above) of the Schott glasses
are plotted against the refractive index (fig. 14), the old-type glasses
fall on a slightly curved line; the fields of the new types of glasses are
clearly differentiated on the diagram. This is also true when the
v-values of the glasses are plotted against refractive index, although
in that diagram the curve of the old-type glasses is much more curved.

In figure 15 the ratios of the partial dispersions in the red (np,—n.")
and blue (ns’—ny) ends of the spectrum (relative length of the red
to that of the blue) are plotted against the refractive index, np.
This diagram illustrates probably better than the others the refractiv-
ity-dispersion relations; in it the fields of the different glass types are
well marked. Thus in the fluor-crown glasses the length of the red
end of the spectrum exceeds that of the blue end relatively more
than in any other glass type; the borosilicate crowns follow next in
order; then the ordinary crowns, the barium crowns, the barium
flints, and finally the flints in which the relative dispersion of the
blue (ne’ —nr) exceeds that of the red (np—n,’).

It is possible from figure 15 to select glasses differing appreciably
in absolute refringence and at the same time to state their relative
dispersions in the blue and red parts of the spectrum. Chemical
analyses of many of the glasses plotted on this diagram are listed
in Table 4 (p. 59); by combining graphically the information pre-
sented in figure 15 and Table 4 it is possible to deduce by interpola-
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tion the approximate chemical compositions of glasses intermediate
in optical properties between those which are plotted. The methods
for accomplishing this are described in a later paragraph. Figure 15
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Fi16. 15.—In this figure the ratio(np—n.’)/(ne’—ng), which expresses in effect the length of the red end
of the spectrum to that of the blue end, is plotted against the refractive index ny for a series of different
types of silicate optical glasses.

shows, moreover, the extent to which the glassmaker has succeeded
in changing the refractivities of optical glasses. The diagram includes
the borate and phosphate glasses in addition to the silicate glasses.
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If now we consider only the partial dispersions and plot, as in
figure 16, the partial dispersion ngy—n¢, ng—np and ne’—ne against
np—mny' for a series of silicate glasses, the result in each case is a
straight line; in figure 16 the partial dispersions of all the silicate
glasses listed by Schott of Jena, and by Parra-Mantois of Paris (about
289 different glasses in all) are included except those of the densest
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F16. 16.~In this figure the partialdispersions, nr—np and ne’ —nr of allsilicate optical glasses listed by
Parra-Mantoisand by Schott, are plotted as ordinates against the partialdispersion no—n.’ as abscisse.
The resultin each caseis a straight line.

flint S 386 of Schott. This is a remarkable result and states that
any partial dispersion of a glass bears a linear relatiori to any other
partial dispersion; the degree of departure from this relation does
not exceed one or two units in the fourth decimal place for the
glasses plotted. Except for the dense barium crown glasses the dis-
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tance of the points from the straight line is commonly only a few
units in the fifth decimal place.

This fact, that in a series of optical glasses the partial dispersions
are related by linear functions, proves that once a partial dispersion
is given, the entire dispersion curve is fixed irrespective of the type
of optical glass. This means that within the limits to which this
statement holds, namely, one or two units in the fourth decimal place,
if any partial dispersion is given, all other dispersions follow auto-
matically; in other words, a change in dispersion at one part of the
dispersion curve carries with it definite changes in the curve through-
out the visible spectrum. Thus a series of standard dispersion curves
can be set up independent of the absolute refractive index. This
signifies that if, for any optical glass, two refractive indices be given,
its dispersion curve can be written down directly; that in case two
optical glasses of very different indices are found to have the same
actual dispersion: for one part of the spectrum, their dispersion
curves are identical to one or two units in the fourth decimal place
throughout the visible spectrum. If, for example, the refractive
index np, and the » value of an optical glass be given, its mean
dispersion, nx—ne, can be computed from the equation ng—mne=
(np—1)/v; its partial dispersions ny—n.’, ng—np, and n¢'—ne can
then be read off directly from figure 16 with a fair degree of accuracy,
sufficient, at least, to give an adequate idea of the run of dispersion
in the glass.

From these relations it is possible to build up empirical dispersion
formulas containing two or three constants which represent the data
in the visible spectrum with a high degree of exactness.!*

The linear relations between the partial dispersions of an optical
glass are valid only for that portion of the dispersion curve which is
distant from an absorption band. With the approach to an absorp-
tion band the dispersion curve departs from its even course and is
no longer comparable with the dispersion curves of other glasses.
This is well shown in figure 17 in which the measurements of H.
Rubens in the infra-red and H. T. Simon ¥ in the visible and ultra-
violet of a series of optical glasses are plotted in terms of the partia]
dispersions. The different types of glasses are named on the diagram
and are identical with those plotted on figure 12. The similarity in
the course of the partial dispersions is well shown by two glasses
in the list, namely, a crown of high dispersion, O 1151, of refractive
index n,=1.52002, and a barium crown, O 1143, of refractive index
np=1.57422. In Table 2 the partial dispersions n,—np are listed.
In this table it is evident that the partial dispersions of the two
glasses run along fairly well together from the infra-red at 2 u to the

U F. E. Wright. Journ. Opt. Soc. America, 1V, 148-159, 1920.
15 Ann. Phys. u. Chem. N. F. 358, 555, 1894,
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violet of the visible spectrum. From here on into the ultra-violet
the crown with high dispersion, which contains 13.3 per cent of lead
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F1G6. 17.—In this figure the partial dispersions n.—np between the sodium line and the following wave
lengths in microns: 24, 2.2, 2.0, 1.8, 1.6, 1.4, 1.2, 1.0, 0.8, 0.7682, 0.6563, 0.5892, 0.5349, 0.5086, 0.4861, 0.4800,
0.4678, 0.4340, 0.3610, 0.3466, 0.3403, 0.3261, 0.3133, 0.3081, 0.2980, 0.2880, 0.2837, 0.2763, are plotted as ordi-
nates against the partial dispersions, ne’—np, for a series of optical glasses measured by H. Rubens and
H. T.Simon. The partialdispersions of the following Schott optical glasses are plotted on the diagram:
0 1092, light barium crown, (np=1.51698); S 204, borate glass, (np=1.51007); O 1143, dense barium crown,
(np=1.57422); O 1151, crown of high dispersion, (np=1.52002); O 451, light flint, (np=1.57524); O 469,
dense flint, (np=1.64985); O 500 dense flint, (np=1.75130); 8 163, extra dense flint, (np=1.88995).

oxide, appi‘oaches an absorption band and its partial dispersions rise
accordingly.
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TABLE 2.

In this table the partial dispersions, 7,—np of a crown of high dispersion, O 1151, and a barium crown,
O 1143, are given for a series of wave lengths, r, extending from the infra-red at 2 x to the ultra-violet at

0.2980 .

‘Wave length 0 1151. O 1143, Wave length O 1151. O 1143.
in . Tr—MNp. Ne—Np. in u. Nr—Np. Ny—Np.
T
—0. 02272 —0. 02272 OABEITNETE 0. 00713 0. 00704
. 02012 — .02012 0.4800....... . 00780 . 00766
— .01762 — .01772 0.4678 . . . 00901 . 00884
— .01522 — 01542 0.4340. . . 01310 .01288
— . 01312 — .01312 0.3610. . . 02664 . 02500
— .01042 — .01312 0.3466....... . 03066 . 02977
— . 00692 — . 00692 0.3403....... . 03260 03161
— . 00634 — . 00640 053261 = . 03768 03623
— .00290 — .00302 0.3133....... . 04305 04103
00000 0.3081 . . 04556 04103
00325 00324 0.2¢80....... 05091 04791
00523 00516

The different effects of lead, barium, boron, and other glass-making
oxides are more clearly shown in the infra-red and ultra-violet than
in the visible spectrum. The maximal departure from normal dis-
persion curves in the visible spectrum caused by the presence of
large amounts of barium is approximately two units in the fourth
decimal place. |

In the series of flint glasses an increase in lead oxide content
raises the refractive index and causes the absorption band in the
ultra-violet to shift toward the visible spectrum. This is clearly
shown by the flint glasses plotted in figure 12, namely O 451, O 469,
O 500, S 163. Simon was unable, because of the presence of this
absorption band, to measure the refractive indices of the light flint
O 451 beyond the wave length 0.2980 g, of the medium flint O 469
beyond 0.3261 u, of the very dense flint O 500 beyond 0.3403 u, and
of the densest flint S 163 beyond 0.4340 p.

Further evidence of the shift of the absorption band with increase
in lead-oxide content has been obtained by the direct measurement
of the transparency of the flint glasses in ultra-violet light. Data on
the transmission of plates of flint and other optical glasses in the
ultra-violet are given in the catalogue of optical glasses issued by
Chance Bros. The results of their measurements on the flint and
other glasses are reproduced in Table 3 in which the limit of trans-
parency of a glass plate 1 centimeter thick is indicated by the
wave lengths at which the percentage transmissions are 50 and 10

respectively.
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TABLE 3.—Transparency of flint and other glasses of Chance Bros. in the ultra-violet.

| ]
| | Wavelengths (u)
’ | Approxi-| for transmission.
| mate pel
ng'e { Name. Np. v centa%er |
{ 5 50 per 10 per
| cent. cent.
963 ‘ TS br AR BTIDS - 3o 0 . A e 1 s i ﬁsl;g %g gfg 2 :gé
JREREPRIILL o ol ook s s oot s i aad X 5 3
572 Dgnse flint. . T i gg?, :33,2 3 33:133; 333(;
3601 .- 40 S o = .
337 Very dense flint. . i (;443!1) gg g gf('x; gé(l)
.............. : b 7
7423 F]uor rown > 5o s, | 1.4785 70.2 301 295
646 | Borosilicate crown..... | 1.5087 64.2 [. 315 309
12% , Harg GROWNIS 2 =i 32 | i g{gg ggg 3 gi?_& g{lxl;
QRZ20 e 052 % i 5
1066 | Zinc crown 1. 5149 57.9 323 312
569 | Soft crown....... 1.5152 56.9 314 309
3463 | Light barium cro 1. 5407 59.4 309 307
9002 | Medium barium cro 1.5744 57.9 338 329
9753 Dencsle barium crown % gﬁg ?')51) (1) 3322 gg
..... DEe et KA ey a Kol
............................ 1.6126 56.7 |. 350 339
83 } nght barium flint.................. } %15 Zé'i’ L gﬁ g}g .
TR & FmdOi® Sty o e N T i = L . L1 1.
4277 Telescope {51 (P 2 SE RGeSt e . et 1.5250 | 51.7 337 328
| |

With the exception of the first member of this series, which may
contain appreciable amounts of zinc or barium oxides that may
affect the transparency in the ultra-violet, the absorption band shifts
continuously with increase in lead content toward the longer wave
lengths and the visible spectrum.

The yellow color of the very dense flints has been ascribed to the
influence of this absorption band in reducing the intensity of the violet
and blue of the visible spectrum; other factors, however, such as
the presence of small amounts of iron oxide and possibly also of lead
dioxide or other oxide of lead as impurities, may have a pronounced
influence on the color. Very dense flint glasses made of materials of
high chemical purity and under conditions of thorough oxidation are
noticeably less colored than glasses of the same composition whose
batches and heat treatment have not been scrutinized carefully.

There are other approximately straight-line dispersion relations
within the visible spectrum which may be noted because on them
certain empirical dispersion formulas are based. Thus if the refrac-
tive indices be plotted as ordinates against the squares of the fre-
quency (1/N?) as abscissae, the course of the dispersion of an optical
glass is represented by a curve which departs only slightly from a
straight line (fig. 12b); these departures are commonly less than one
unit in the third decimal place.’* A dispersion formula built up on
this relation is the two-constant formula of Cauchy, namely—

n=A+B/N\.

The formula may also be written

n—1=A4’"+B/\.

16 See Sellmeier, Ann. d. Phys. u. Chem., 143, 272, 1871; also Pulfrich, Ann. d. Phys. u. Chem., 45, 648, 3
1892; and BHovestadt, Jenaer Glas, p. 4648. Jena, 1900.
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In view of the fact that the range of refractive indices in optical
glasses over the visible spectrum is relatively limited, any approxi-
mately straight-line relation between refractive index and a function
of the wave length, such as expressed by the foregoing Cauchy
formula, becomes an hyperbola if the reciprocal be taken of the
refractive index or of the excess refractivity; but the portion of the
curve covered by the visible spectrum is so short that, even in this
case, the departure of the hyperbola from a straight line is not great
and the dispersion relations are still fairly well represented. Thus,
the new formula recently suggested by Nutting ¥’ is the Cauchy
formula, in which 1/(n— 1) is written for (n—1). Nutting’s formula
represents the dispersions in certain cases better than the Cauchy
formula, whereas in other glasses the Cauchy formula is the better. It
would lead too far to present data of computation on a series of
Gifford glasses which bear out this statement. The conclusion is,
however, directly evident from a comparison of figures 18a and 18b,
in which for all silicate glasses of Schott the squares of the frequency
wE=d
Na—1
71_;;—11, respectively, as ordinates. As a result of this method of
plotting all dispersion curves pass through the unit ordinate for the
A’-spectrum line. The dispersion curves radiate from this point as
approximately straight lines, the departures from straight lines being
greatest in the dense flints and also in the very light crowns and
borosilicate crowns.® '

Another method of expressing these relations is to plot the fre-
quency scale on the horizontal line at unit distance from the ab-
scissa axis, to draw lines radiating from the origin through the
points on the frequency scale, and to find the intercepts of these
lines with ordinates equal to the refractive indices.* The disper-
sion curves under these conditions are approximately straight
lines.

These relations suffice to prove that in any dispersion formula
(if carried only over the visible spectrum in a transparent colorless
substance, such as optical glass) which expresses the dispersion
relations in approximately linear form, the reciprocals may be taken
of the refractive index or any function of the same and the new
dispersion curve thus obtained will again be approximately a straight
line. In the ultra-violet and infra-red these relations may no longer
obtain, and they inevitably break down as an absorptiomr band is
approached.

In figure 18a the effective refractivity (n— 1) for any wave length
is expressed for each glass in terms of its effective refractivity for

17 Revisita d’Ottica e Meccanica di Precisione, I, 54-57, 1919.

13 Compare F. E. Wright, Jour. Opt. Soc. America, 1V, 195-204, 1920.

19 For a brief account of this method of plotting reciprocals see F. E. Wright, Jour. Wash. Acad. Sci.,
10, 185-188, 1920,

(1/2?) are plotted as abscisse against and its reciprocal
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the A’ wave length (ny —1). The curves of this figure demonstrate
that with rise in refractive index the dispersion also rises, and that,
in the flint series especially, the dispersion increases relatively faster
than the refractive index. This fact of increased rate of rise of
dispersion with increase in absolute refringence is also clearly shown
by a comparison of the dispersion relations in the flint series of
glasses after reduction for each glass of all its refractive indices in
the ratio n/np or n/n,. This procedure reduces the refractive
index of each glass for the D-line or A’-line to unity, and thus renders
the relations directly comparable. On plotting the ratios n/ny
against A or 1/A\* we find that, in spite of the reduction of all glasses
to a common datum level of absolute refringence (np=1), the higher
the refringence in the flint glass series the greater the slope of the
dispersion curve, thus proving the relatively greater dispersion of
the heavy flint glasses.

The foregoing relations, together with other relations, such as are

nGnF

shown by graphical plots in which: (a) —~—— is plotted against
np

ZF 25 (b) Z)’ against the wave length A, directly, (c) =,

agalnst A, (d) 0y agalnst v, demonstrate that the actual shape of a
dispersion curve in optical glasses can be changed only in a definite
manner and that the departures from any one of the set of standard
dispersion curves do not exceed two units in the fourth decimal place.
The effort of the glassmaker is therefore necessarily directed toward
the production of glasses of different refringences for the same
general run of dispersions.

In the foregoing paragraphs the dispersion relations in optical
glasses are presented on diagrams in some detail and from differ-
ent viewpoints purposely, because theyxare of fundamental impor-
tance to the study of dispersion not only in optical glasses, but also
in other colorless substances. They indicate clearly the limits which
the glassmaker has attained in his efforts to produce different types
of optical glass and demonstrate that the paths which he may follow
are narrowly prescribed.

RELATIONS BETWEEN CHEMICAL COMPOSITION AND REFRACTIVITY.

The study of the refractivity relations in optical glasses, as illus-
trated in the foregoing diagrams, indicates that certain chemical
oxides in combination with silica dominate certain fields. To
determine these relations, chemical analyses are essential. Unfor-
tunately, the available analyses are not all of equal value. Table
4 contains the best chemical analyses of optical glasses whose optical
constants are given and are at present known to the writer.? Many
of these “analyses” are synthetic compositions computed from the
batch compositions; in the table the sum in each “analysis” of this
type is either 100.0 or 99.9.

20 See also list of analyses published by Williamsand Rand, J. American Ceramic Soc., 2, 434-441, 1919.
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66 CHARACTERISTICS OF OPTICAL GLASS.

Table 4 includes 16 precision analyses of a number of types of
foreign optical glass; these analyses were made with the greatest
care by Drs. E. T. Allen, E. Zies, and E. Posnjak, of the Geophysical
Laboratory, and are interesting not only because they furnish reliable
data on the essential components of the glasses, but because they
prove that the German glasses contain almost negligible amounts of
impurities; in short, that the excellence of these glasses is the result
of the use of raw materials of high chemical purity and of crucibles of
resistant qualities. The analysis of optical glasses is not an easy
task and special methods for such work were developed and per-
fected by Allen and Zies. Table 4 contains also a number of
selected analyses (largely synthetic and deduced evidently from the
batch compositions) from a list published by E. Zschimmer in
C. Doelter’s Handbuch der Mineralchemie, I, pages 869-888, 1912.
Many of the analyses in the Zschimmer list were published first by
Winkelmann and others and are given in the book on Jena glass by
H. Hovestadt (translation by J. D. and A. Everett, London, 1902)
on pages 146-147. The Winkelmann-Hovestadt numbers are in-
cluded in Table 4. A number of these synthetic analyses have been
checked by chemical analyses of the glasses; the results have been
in general in fair accord. Analyses computed from the batches of
certain other glasses are also included.” In Table 4 the refractive
index np, the »-value, and the density of each glass are listed; also
the dispersions of the standard type glasses cited in the optical glass
lists of Schott and of Chance. In each case these dispersions are
sufficiently near the actual dispersions of the glass whose analysis
is given to be substituted for them.

The simplest series of optical glasses is evidently the flint series,
and for this reason this series was studied first and certain composi-
tion-refractivity relations were deduced from it. The chemical
relations (weight percentages) were plotted on a triaxial diagram,
such as is commonly used in representing the relations in a three-
component chemical system.

The fact that, for the members of the flint series, the refractivity
relations are expressed by means of smooth continuous curves in
the foregoing diagrams 13, 14, and 15, indicates that this series is
analogous in its behavior, so far as the flint glasses are concerned,
to a two-component system. If so, the chemical composition of
these glasses, when plotted in the triaxial diagram, should be found
to fall on a straight line. In figure 19 the weight-percentage com-
positions are plotted direetly; the three components are silica (Si0,),
lead oxide (PbO), and the alkali oxides (Na,O, K,0). The points
on the diagram include all available compositions of flint glasses.
The potash flints are distinguished in the diagram from the soda-

2 Jour. Am. Ceram Soc., I, 739-786, 1918.
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potash flints and from the soda flints. The compositions of all the
glasses plotted fall on a practically straight line between the composi-
tions: Lead metasilicate (PbO.Si0,) and the potassium silicate glass
of the composition (K,0.6Si0,), or the sodium silicate glass of the
approximate composition Na,0.4Si0,. The optical constants of a
synthetic potassium silicate glass of this composition were found to
be n,=1.4836, v=161.0.

The entire flint series is analogous chemically to a two-component
mixture; and, as such, any one of its physical constants such as
refractive index, »-value, or density varies continuously with change
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F1a. 19.—Triaxial diagram showing the weight-percentage compositions of the potash flint, soda-potash
flint, and soda-flint glasses.

in composition. This variation is illustrated in figure 20 in which the
variation in the chemical composition is represented along the
abscissa axis as weight percentages of lead oxide. The ordinates
give then the values of the refractive index for sodium light, the
v-value, and the density for the glasses of the several compositions.
Smooth curves passing through these points enable the observer to
read off the percentage of lead oxide required in a glass having any
desired constant represented on these curves. Infigure 21 the changes
in other optical constants (partial dispersions, »-value) as well as in
lead-oxide content, with change in refractive index ny, are represented
for all Schott and Chance flint and ordinary crown glasses. These
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changes are represented in the flint series by smooth continuous
curves. The diagram shows that the flint glasses are characterized
by higher dispersions and a relatively more rapid rise in dispersion with
rise in refractive index than is the case in the ordinary crown glasses.
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F1G. 20.—In this diagram there are shown the changes in the density and the optical constants (refractive
index, np, and ») with changes in lead oxide (PbO) in the flint series of glasses.

The foregoing three figures represent the sum total of empirical
efforts on the part of glassmakers to produce a series of flint glasses
which have certain optical properties. It is of interest to inquire,
in passing, why the glassmakers, who did not know what figure 19
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clearly demonstrates, should have chosen the particular compositions
along the single straight line in the concentration field. The reason
is not far to seek. Melts whose compositions lie above the line ap-
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F16.21.—Inthisdiagram the changes in the partial dispersions, ne—nc; np—n.’; np—np; Bc—nr, in the
»—values and in the lead oxide (PhO) content with changes in refractive index, np, are shown for the
flint series of glasses. The ranges of partial dispersions in the ordinary crown glasses with changes in
the refractive index, np, are also illustrated.

proach pure silica in composition and are extremely viscous and melt
at such high temperatures that they can not be produced in furnaces
of the ordinary type. Glasses whose compositions are given by
points below the line approach either the alkalies or lead oxide in
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composition. Glasses high in alkali melt easily, but are soft and
extremely hygroscopic and therefore unsuitable for optical purposes.
Glasses high in lead melt readily, but tend to crystallize with great
ease and hence are unsuitable from the glassmaker’s standpoint.
The glassmaker is thus forced to adopt those compositions which
melt readily, which are not hygroscopic, and which do not erystal-
lize too readily on cooling from high temperatures. An extended
series of experiments by Mr. Olaf Andersen of the Geophysical Lab-
oratory, carried out on a small scale in the laboratory in platinum
crucibles, corroborated the above conclusions in detail. The results
of his studies are to be published later.
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F16. 22.—Triaxial diagram showing the weight-percentage compositions of the ordinary crowns, borosili-
cate crowns, barium crowns, flints, barium flints, and borosilicate flints of Table 4.

In figure 22 a composite diagram of the relations in both the
crown and flint silicate glasses of Table 4 is presented. The range
of compositions in this diagram, as in figure 19, is restricted to a
fairly definite band; the reasons for this narrow belt of compositions
are given in the foregoing paragraph. Although there is more lee-
way here for the glassmaker in the matter of compositions, there
are certain definite limits beyond which he may not pass without
inviting trouble and loss.

At the time we entered the war, a certain few of the optical glass
types had become standard and sufficed for the optical instruments
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required by the Army and Navy; ourtask consisted essentiallyin repro-
ducing these types. The first problem was to devise and to develop
manufacturing processes competent to meet the situation. The impor-
tance was realized of producing optical glass of uniformly high quality
in which the departures from the standard types are negligible.
The léns manufacturer can not afford to change his grinding and
polishing tools with each pot of glass received in order to cope with
large changes in optical properties which may occur from melt to
melt. Tt is the task of the manufacturer of optical glass so to control
his manufacturing processes that large departures from the standard
type do not occur and the variations in optical constants from melt
to melt of the same type are small and negligible; like other tasks
of high precision these conditions are not always easy to meet.

The glassmaker must hold his glass to type within narrow limits.
This is obtained from melt to melt by use of raw materials of high
chemical purity, by controlling accurately the furnace temperatures,
by using chemically and thermally resistant pots in which to melt
the glass, by proper stirring methods to insure thorough mixing,
also by adding to the molten batch ingredients which change the
optical properties (as measured on proofs taken of the glass melt)
in the direction required to have the finished product conform to
the standard type.

In Figure 23 are plotted the variations in refractive index =, for
series of melts of optical glasses of different types. These glasses
were furnished before the war by Schott und Genossen and by
Parra-Mantois to an American manufacturer and indicate how
closely in these specially favorable examples the melts were held
to type. Ilach point on a curve of refractive indices represents
a different melting. In other glasses the melts do not run so closely
to type. In general, the glasses manufactured in this country showed
at first somewhat greater departures from type than the European;
but during the later months of the war after batch materials, quality,
and treatment of melting pots and furnace conditions had been
improved and placed on a basis of better factory routine the varia-
tions were no greater than in the European glasses.

An interesting series of measurements of the variations in refrac-
tive indices of optical glass fragments broken from different parts
of the same melt was made by J. W. Gifford,?? who found differences
of 0.00033 in the case of a dense barium crown; as a rule the differ-
ences were restricted to the fifth decimal place.

In general, the refractive index of a glass type may vary from
pot to pot by several units in the third decimal place; with certain
glasses, such as borosilicate crown, the departure from type is less
and restricted practically to +0.001; the v»-value may vary several

2 Proc. Roy. Soc., 87, 189, 1912.
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units in the first decimal place. First-quality glass selected from
any one pot should be constant in refractive index within several
units in the fourth decimal place; in some pots the difference be-
tween. extreme limits may be 0.0008, but commonly they are less
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F16. 23.—Curves illustrating the varlations in refractive index, np, from pot to pot of melts of the same
type as furnished by -Parra-Mantois and by Schott and Genossen. These particular types show the
smallest variations of a number of different types from which the selections were made. In each
case all the melts of each typeselected are plotted on the diagram. Each point on a curve represents
a different melt. The types represented by the curves are: (I) Medium flint, np=1.6168, Parra-Mantois;
(IT) light flint, np=1.5587, Parra Mantois; (I1T) barium light flint, np=1.5825, Type O 578, Schott and
Gen,; (1V) dense flint, np=1.6489, Type O 102, Schott and Gen.; (V), barium silicate ecrown, no=1.5726,
Type O 211, Schott and Gen.; (VI) borosilicate crown, np=1.5100, Type O 144, Schott and Gen.; (VII)
borosilicate crown, np=1.5163, Type O. 3832, Schott and Gen. )

1.518

than this. The refractive index of a distinetly striated portion
of the glass may and commonly does differ from that of the sur-
rounding glass only in the fourth decimal place. The refractive index
of a stria is commonly lower than that of the adjacent glass.
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The optical constants of the principal types of glass produced
at the several plants in the United States during the war are listed
in Table 5. In this table only the more important types are included.
The list could be increased manyfold if the variations or departures
from type were included. This factor had to be taken into account
in the specifications for optical glass furnished to the Army and Navy
because in the early months of the war great difficulty was expe-
rienced in obtaining satisfactory melting pots which were thermally
and chemically resistant. The difficulty arising from a wide range
in refractivities of glass types was overcome to some extent by
dividing the glasses of each general type into lots so that the range
of refractivities in each lot was relatively small; the variations within
the lot were then within the tolerance limits set by the manufacturer
of the particular optical instrument for which the glass was intended.
Under the stress of war activities this procedure was not always
observed, and manufacturers received glass which necessitated
changes of tools and consequent retardation of production. In war
time the importance of competent personnel to handle such details
can not be overemphasized; the lack of appreciation of the signifi-
cance of technical details of this nature causes loss of time and money
and may become serious in a crisis.

TABLE 5.—List of optical constants of principal glass types manufactured in quantity in
the United States during 1918.

BOROSILICATE CROWN.

|
Manufacturer. ‘ Tp. v. NE-Nc. ’ Nc. TF.

Batisch & Lomb' Optical'Co. . 5. o2 S i, | cadadr. 1. 5164 64.9 ‘ 0. 00795 ‘ 1. 51423 1. 52218
64.6 | .00%03 | 1.51659 1. 52462
64.3 .00804 | 1.51470 1.52274
63.5 | .00803 | 1.50801 1. 51604

Bilregu'of Standards. . I 000 L es DI I BT 64.0 . 0082 1. 5219 1. 5301
Keuffel & Esser.......... 63.8 .00799 | 1.50734 1.51533
63.2 .00807 | 1.50717 1. 51524
Pittsburgh Plate Glass Co 63.8 . 00807 | 1.51345 1. 52152
63. 6 .00812 | 1.51358 1.52170
| L 62.3 | .00323 | 1.51056 | 1.51879
SpenceriLensBor.. .. . s1L ... N I T T 1.51123 63.4 . 00806 1.50884 1. 51690
1. 51905 60.7 .00854 | 1,51646 1. 52500
1. 51358 62.5 00822 | 1.51107 1. 51929
1. 51587 64.0 00806 | 1.51340 1. 52146

ORDINARY CROWN.
[

Bausch & Lomb OpticalCo. ...l ’ 1. 5116 61.0 1 0.00839 [ 1.50923 1. 51762
1 1. 5143 60.7 . 00847 | 1.51191 1. 52038
Bureau of Standards i, 1.51979 60.9 . 00850 | 1.51530 1.52380
Keuffel & Esser........ .| 1.51593 60. 8 .00849 | 1.51530 | 1. 52194
Pittsburgh Plate Glass | 1.52495 59.1 . 00887 | 1.52170 1. 53057
| 1.52400 58.8 00890 | 1.52135 1. 53026
Speficer LensCo-......ccooo.iaaih ...| 1.51635 60, 6 . 00851 [ 1.51388 1. 52239
| 1.52389 59.5 . 00880 | 1.52114 1. 52994
Bausch & Lomb OpticalCo............c.ooiaiio. 1. 5699 57.0 .01000 | 1.56699 1. 57699
| 1.5721 56. 8 . 01006 | 1.56920 1. 57926
1. 5710 56.5 .01010 | 1.56805 1. 57815

Butehuiof Standards. ... oo rio s lal L, s NS SRR 1.5728 57.7 . 0099 1. 5699 1.5798
LT 2T A R e S 1. 57485 57.4 .01002 | 1.57198 1. 58200
y 1. 57167 56.9 . 01003 | 1.56880 1. 57883
Pittsburgh Plate G1assCo.........ccocieeeananan. . 1.57718 56.1 .01040 | 1.57405 1. 58445
1. 56100 57.7 . 00968 | 1.55816 1. 56784
| 1.59300 54.5 .01088 | 1.58979 1. 59300
SpencarbensIGa AN NI T LU L LA S 1.57222 57.5 .00994 | 1.56925 1.57919
J 1. 56822 57.1 .00992 | 1.56529 1.57521

|
|
{
[
r
|
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TaBLE 5.—List of optical constants of principal glass types manufactured in quantity in
the United States during 1918—Continued.

DENSE BARIUM CROWN.,

Manufacturer. ) Np. v. Ne—Nc. Nc. Np.
Burean of Standasde ' =w 2, o il i a2l 1.62149 53.6 | 0.01159 | 1.61809 1. 62968
Spencer Lens Co i 57.2 . 01040 | 1.59182 1. 60222
Pittsburgh Plate Gl1ass Co........ccveeevncecncnnan.. | 1.61100 56.7 . 01077 i 1. 60796 1.61873
LIGHT FLINT
Bausch & Lomb Optical Co......oovuiiieriennn.n. 1. 5619 44.8 | 0.01253 | 1.55829 E 1. 57082
. 1. 5725 42,7 . 01342 | 1.56864 l 58206
1. 5664 42.6 . 01331 1. 56258 ‘ 1. 57589
1. 5802 41.4 . 01413 1. 57615 1. 59028
Buregof. Sandards. . . . c.oioiecgacccteaphrennaiass 1, 58484 40.5 .01439 | 1.5%070 | 1,59509
Pittsburgh Plate GIassCo. ......ooiveiviiineinan.s 1. 57220 42.1 . 01365 | 1.56817 1. 58182
1. 56900 42,5 L01337 | 1.56508 1.57845
1, 57900 41.1 | ..01408 | 1.57499 1. 58907
SPERCerALeIECOL S . i ore e SN e o i e g 1. 58069 41.1 .01414 | 1.57668 1. 59082
Uomlivdle'dy 1200 -t FaPraie: L e’ A = SR 31 S
MEDIUM FLINT.
' |

Bausch & Lomb Optical Co.....covuieiiiniannnnnn.. 1. 6150 36.8 | 0.01779 | 1.60998 | 1.62667
1. 6180 36.5 .01692 | 1.61331 | 1. 63023
1. 6218 36.4 L 01806 | 1.61695 1. 63401

Bureau of Standards. . 1.6274 36.4 0172 1. 6225 1. 6397
Keuffel & Esser. .. 1. 61252 .37.9 01615 | 1.60799 ‘ 1. 62414
1. 61573 37.6 .0i634 | 1.61101 1.62735
1. 61660 37.5 . 01646 | 1.61209 1. 62855
Pittsburgh Plate'GlassCo.. ...... 0L L olobo. naciil] 1. 61800 36.6 L01686 | 1.61321 | 1.63007
1.61100 37.3 L 01640 | 1.60638 1. 62278
1. 62700 35.6 01760 | 1.62192 1. 63952
Spencer LensiCo- .- ..c.ceeeiiesosnsnan e R A 1. 60536 37.9 L01596 | 1.60079 1. 61675
L 1.61008 37.0 . 01650 | 1.60630 1. 62280
1. 62037 36. 4 .01704 | 1.61545 1.63259
1.63317 35.1 .01808 | 1,62797 1. 64605

|
DENSE FLINT.
Bausch & Lomb Optical Co...........o...ooco..e. 1. 6465 33.9 | 0.01904 | 1.64095 1. 65999
1. 6495 33.7 . 01928 | 1.64428 1. 66356
1. 6545 33.3 . 01963 1. 64906 1. 66869
Bureau of Standards: ... i.c.cooeiiiia il .. 1. 65555 34.4 . 01903 | 1.65019 1. 66922
Keuffel & Esser......... 3 1.65174 33.8 L01925 | 1.64628 1. 66553
Pittsburgh Plate Gl1ass Co......ccooveuniiuiannannnn 1. 63500 34.9 . 01818 | 1.62982 1. 64800
1. 64500 34.1 . 01883 | 1.63961 1. 65854
1. 66100 32.9 . 02013 1, 65527 1, 67539
Spender LenSIBo 1.k . i L. s uer oot Dt 1. 64015 34.6 L01853 | 1.63489 1. 65342
BARI U\I I‘LI\IT
Buréau’of Standards. . .f.0e . oo siini el bt shea s 1. 55000 52.6 | 0.01040 | 1.54700 1. 55740
Pittsburgh Plate GlassCo. ... ...c.o.ooiiiieinna. . 1. 60300 44.0 .01370 | 1.59910 1.61280
1. 60900 43.4 .01405 | 1.60495 1. 61900
BERRoer Lobs 00.. ... ovviiioinuiviiondeadionianias 1. 62210 38.2 .01628 | 1.61744 1. 63372
E\TRA DENSE FLINT.

Spencer Lens Co 1. 75614 27.2 | 0.02778 | 1.74839 1. 77617

ItI. FREEDOM FROM COLOR.

Color in optical glass is caused by the presence of certain coloring
agents, which are generally difficult to eliminate from the raw
materials, especially from the sand that goes into the glass batch.
Iron in appreciable quantities may also be introduced as a result of
Copper, nickel, cobalt, chromic

solution of the walls of the pot.
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oxide, vanadium, or manganese may also be responsible for some of
the coloration. A very small amount of certain of these oxides
suffice to produce relatively intense coloration. Iron oxide is the
chief source of trouble in this respect. In the ferrous-ferric state it
produces intense green coloration, in the pure ferric state the result-
ing color is pale yellow.

Chemical analyses show that the best European glasses contain
less than 0.02 per cent Fe, O,; if the iron oxide content exceeds 0.05
per cent the glass is colored noticeably green or yellow green. The
exact hue produced by a given amount of iron oxide is different for
different glasses; in the barium crowns the color is green to bluish
green; in the flints yellow to greenish yellow; in borosilicates a
relatively large amount of iron is required to produce decided colora-
tion, which is then gray green or gray blue. The amount of iron
contributed by the pot is a serious matter and may equal or exceed
that contained in the raw materials. Analyses show that the clay
used in the German pots contains less than 1 per cent; in the clays
used in this country it is commonly over 2 per cent. It is probable
that in some of the glasses slight traces of a coloring agent, such as
cobalt, may be present and affect appreciably the color-and espe-
cially the transmission of the glass; the definite percentage effects
on transmission of alumina and of the colorless oxides, such as the
alkalies, alkaline earths, boron oxide, and silica on the light-trans-
mission is unknown.

Experience with glass containing small quantities of iron oxide has
proved that the resultant color of the glass is largely dependent on the
state of oxidation of the iron; thus a decidedly green colored glass,
if melted in a platinum crucible heated in an electric resistance
furnace, becomes practically colorless under these conditions of high
oxidation. In case manganese be present, the color may even shift
to a decided purple. The effect of different degrees of oxidation
may occasionally be observed in glass broken from a large melting
pot, especially near the top margin of the glass mass. In this periph-
cral portion the color of the glass may change rapidly from decidedly
green to colorless to purple. The following analyses of two samples
taken from a large pot of flint (calculated synthetic composition:
Si0, 46.4, PbO 45.8, K,0 2.7, Na,O 4.7, B,0, 0.33, MnO 0.075) in
which these color differences appeared, prove that the amount of
manganese oxide present is the same throughout the mass; the man-
ganese is calculated in both samples as MnO; the state of oxidation
was not ascertained.

e L TR S e Sy MnO 0. 065
DEodis s L RV IUUNSRRall o g & Tl ey 00 TR SR MnO .063

1. A small piece of glass from the top surface of the melt ranging m color from nearly

colorless to decidedly purple. E. T. Allen, analyst.

2. Sample taken 5 centimeters from the top surface of the melt; decidedly green in
color . T. Allen, analyst.
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The chief objection to a slight amount of color is the fact that it
indicates a glass of relatively low transmission. Glass intended for
prisms, in which the optical glass path is necessarily long, should be
relatively less colored than glass intended for thin lens elements.
The quality of optical glass with respect to color is best ascertained
as it is broken from the melting pot and can be observed in pieces a
foot or more thick. Under these conditions all glass is appreciably
colored. The same phenomenon can be seen on window or plate
glass which appears through the plate to be colorless, but, when
viewed through the edges, it is relatively dark green or yellow or
blue green. 1

IV. HIGH DEGREE OF TRANSPARENCY.

This implies freedom from coloring agents which tend to absorb an.
appreciable portion of the incident light. In the best European
glasses the light-absorption ranges from 0.3 to 0.6 per cent per
centimeter thickness of glass path. High transmission is attained
primarily by the use of raw materials of high chemical purity and
by melting the glass in chemically resistant pots under conditions of
high oxidation. The use of decoloring agents is not to be recom-
mended, because they commonly function by contributing to the
glass a color complementary to the color which would otherwise be
obtained, the resultant effect being neutral gray. By this method
relative freedom from color can be had, but only at the expense of
the light transmission.

High transparency in optical glass for military instruments is
important because on it the brightness of the visual image depends
and with it the ability of the eye to detect details of distant objects.
The better the Army and Navy can see the more effective are they
in the presence of the enemy.

The treatment of polished glass surfaces to reduce the emount of light
reflected—Two factors contribute toward loss of light in a given
optical system for a given intensity of illumination of object. These
are: (1) Absorption of light by the glass itself; (2) reflection of light
from the surfaces of the lens and prism elements. Theoretically the
second factor has a definite limiting value which is fixed by the
refractive index of the reflecting glass. For vertically incident light

e 2
this value is expressed by the Fresnel equation { %i } , in which n
is the refractive index of the glass.
In 1892 H. D. Taylor # discovered that old photographic lenses
which had become slightly tarnished were faster than new lenses of
the same aperture. Evidently the exposed surface was modified in

some way such that it reflected less light than before. Taylor

28 The Adjustmcnt and Testmg of Telescopc Objectives, pubhshed in 1896 by T, (cok, of York, England.
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experimented with the problem and found that by the use of certain
chemicals he was able to decrease the amount of light reflccted by a
given glass surface. He did not, however, reveal the actual chemiecals
which were used except to state that hydrogen sulphide and alkaline
sulphides reduced the reflecting power appreciably. Recently F.
Kollmorgen 24 has been able, by treatment of glass surfaces, to decrease
the amount of light lost in an ordinary flint or barium crown lens
from 8 to 10 per cent to 3 or 4 per cent. KExperiments of similar
nature were also made by Dr. H. Kellner ?* and similar results were
obtained.

In view of the importance of this matter for range finders, peri-
scopes, and other military optical instruments a series of experiments
was begun by Dr. J. B. Ferguson and the writer during the early
months of the war. Unfortunately other matters prevented the
completion of this task, but the results thus far attained are of
interest. ;

Polished specimens of light flint glass of refractive index n,=1.570
were immersed in solutions of different concentrations and held ordi-
narily for 18 hours at 80° €. The experiments proved that with a
given concentration of solution the surface change is a gradual proc-
ess, and that, for the best results, time-temperature-concentration
‘relations are required for each solution with each type of glass.
With the light flint specimens the greatest reduction in reflecting
power was obtained with a 1 per cent solution of acid sodium phosphate
(NaH,PO,) acting for 18 hours at 80° €. Solutions containing }, 2,
and 20 per cent of the salt were tried, but these reduced the reflecting
power less. Other solutions nearly equal in effectiveness are: Phos-
phorie acid (H,PO,), 1 per cent; copper sulphate (CuSO,), 2 per cent;
nickel sulphate (NiSO,), 2 per cent; ferric sulphate (Fe,(SO,),), 2 per
cent with a little free H,SO,; potassium dichromate (K,Cr,0,), 2 per
cent; less effective are solutions of potassium arsenate, sodium arse-
nate, copper ehloride, zinc chloride, nickel chloride, cobalt chloride,
potassium iodide, copper nitrate, acetic acid, potassium chromate;
little, if any, effect was obtained with solutions of ferric nitrate,
magnesium sulphate, zinc sulphate, copper chlorate, potassium
chlorate, potassium sulphocyanide, potassium fluoride. Solutions of
alkali salts, such as sodium carbonate, sodium bicarbonate, potassium
carbonate, ammonium carbonate, etch the surfaces but do not
decrease the reflecting power to any extent. In solutions of sodium
sulphide and potassium sulphide a sulphide film is formed on the
polished surface.

It is an interesting fact that the light reflected from a treated
surface is in most cases appreeiably colored; this color is commonly

¢ Trans. Soc. Illuminating Engineers, 2, 220-234, 1916,
% Private communication.

39220—21——6
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a faint blue or blue violet, but in the case of samples treated in solu-
tions of potassium bichromate, copper nitrate, borax, potassium
arsenate, the color of the reflected light is noticeably yellow.

Specimens of borosilicate crown glass were treated in similar man-
ner and showed similar decreases in reflecting power. Good results
were obtained with solutions of ferric sulphate, 1 and 2 per cent;
copper sulphate, 2 per cent; potassium bichromate, 4 per cent; less
satisfactory are solutions of copper nitrate, acetic acid, borax, potas-
sium binoxalate, nickel sulphate, acid sodium phosphate. The time
of exposure in all these experiments was 18 hours at 80° C.

Samples of light barium crown glass were found to be readily
attacked. Weak solutions of nickel sulphate, acid sodium phosphate,
copper sulphate, ferrous sulphate, phosphoric acid, acetic acid, cop-
per chloride were tried; in all cases a decided decrease in reflecting
power was observed, but the surfaces were noticeably etched, indi-
cating too long exposure. ;

To account for this phenomenon of decreased reflection below the
theoretical limits three tentative hypotheses are suggested:

1. A thin surface film of very low refractive index is deposited on
the reflecting surface (adsorbed film).

2. There is selective solution at the surface such that the refractive
index of the exposed residual surface is greatly lowered.

3. In the process of etching by the attacking solution the surface
becomes covered with minute pits which are small compared with
the wave length of light. Light waves impinging on the reflecting
face encounter a plateau surface consisting of the remnants of the
original polished surface with the intervening air pockets above the
etch pits.  As aresult the etched surface behaves opticallyin its reflect-
ing power as a material whose reflectivity is equal to the sum of the
reflecting powers respectively of the exposed plateau elements of the
glass, and of the intervening air spaces which are so small that they
do not cause appreciable diffraction of the light waves.

The changes in the intensity of normally incident light on reflec-
tion with change in refractive index of the reflecting medium as
computed by means of the Fresnel equation are listed in Table 6.

TABLE 6.—Percentage of optically incident light reflected from a single polished surface.

~ ;
' Refractive index of glass

| surface. Per cent,

S © 00D L 30D

-
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These computations indicate that a glass surface reflecting only 2
per cent of vertically incident light must have a refractive index
1.329, which is less than that of water.

The fact of the lowering of reflecting power by treatment in solu-
tions is established beyond question. The change produced is
so permanent that it does not disappear on ordinary rubbing or
cleaning the surface or after several years’ exposure to the air. Such
surfaces show a tendency to appear faintly colored (blue or violet)
in reflected light depending on the solution employed and also on
treatment (polishing) just before immersion in the solution. If
the refractive indices of original and treated samples are measured by
total reflection methods no difference in refractivity between them
can be detected.

The three hypotheses cited above are not of equal probability.
The fact that the reflecting power can be lowered by immersing the
glass surface in solutions of widely different character, and that the
surface can not be rubbed off is difficult to explain by the first
hypothesis. The refractive index required theoretically to give such
low reflecting power, and the fact that the index of silica glass is
about 1.460 is an argument against the second hypothesis. In favor
of the third hypothesis is the observed change in refractive index
of the zeolites and some other water-bearing compounds, namely,
that on loss of water, the refractive index of the mineral is lowered
and not raised as one might possibly expect.

During the war this process of treating polished surfaces to reduce
the reflecting power was not developed to the point where it could be
adopted as a routine factory operation; before this can be done more
experimental data are required. The possibilities, from both a
theoretical and a manufacturing viewpoint, are, however, great, and
warrant further detailed investigation of this subject.

V. HIGH DEGREE OF STABILITY, BOTH CHEMICAL AND PHYSICAL.

The glass should be of such composition that it is weather resistant,
does not tarnish readily, and retains an optical polish well. For
most types of glasses this condition obtains; but in a few types,
such as certain dense barium crowns and the borate and phosphate
glasses, the lack of stability may cause trouble if the lens elements
are not adequately protected from attack. Glasses high in alkalies
are much less stable than glasses low in alkalies. Hardness and
toughness are also a function of the chemical composition and of
the state of annealing of the glass. The glass should be hard and
tough, so that under ordinary field conditions the exposed surfaces
are not easily scratched and damaged.

Experience with glasses in the Tropics has shown that the hlgh
temperature and humidity existing there are potent factors in
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attacking exposed surfaces of optical glass in instruments. In
optical instruments used in the Tropics a brown-colored film or
coating may form which gradually dims the image and finally renders
the instrument useless. Investigation of this coating has proved
that in certain crown glasses crystals of sodium carbonate are formed
on the polished lens surfaces; in other glasses an organic mold or
growth or film scum appears, especially on instruments which have
been sealed and made water-tight. This film may consist of many
small liquid drops and occurs especially on the reticules of field
glasses and fire-control instruments; in most cases it appears to
avoid the area immediately adjacent to the etched lines of the
reticule; or it may be much finer and spread uniformly over the
polished surface. Experiments have shown that film of this nature
is for the most part not an inherent defect of the glass itself, but
is organic matter which has evaporated from lacquer and grease and
dirt left in the instrument during the assembling process. The
remedy for such film is meticulous care and cleanliness in the assembly
of optical instruments. In certain cases the glass surfaces are badly
attacked and the glass itself is then of faulty composition.

The stability of optical glasses is a difficult property to define
satisfactorily. In all cases a glass is desired which shall remain
unchanged on exposure to all kinds and conditions of weather. To
test the stability of the glass under actual conditions is obviously
a time-consuming process. The attack on the glass is, however,
accelerated by elevating the temperature and the pressure. As a
measure of the stability the behavior has been taken of the glass
under arbitrarily fixed but reproducible conditions of high tempera-
ture and high pressure in acid, neutral, and alkaline solutions of
known composition. There is danger, however, that the character
of the reactions which take place at higher temperatures and pressures
may be, and probably is, different from that of the reactions at
room temperature and atmospheric pressure, with the result that
the conclusions drawn from the behavior of the glass at high tem-
peratures, high pressures, and concentrated solutions may be much
in error when applied as crit>ria of the weathering stability of glass.
For this reason it has been deemed better to devise tests of extreme
sensitiveness which may be used at ordinary temperatures and
atmospheric pressure. These and other tests will be described in
Chapter IV on the inspection of optical glass.



Chapter III.
THE MANUFACTURE OF OPTICAL GLASS.

THE ORGANIZATION OF AN OPTICAL GLASS PLANT.

Optical glass has been shown to be a product which must meet the
strictest demands of extremely high precision and throughout all
stages of its manufacture this fact must be recognized. One of the
chief difficulties encountered in the rapid development of optical
glass manufacture in this country for war purposes was the lack of
appreciation on the part of manufacturers, of superintendents, of
foremen, and of workmen of this fundamental fact; to educate them to
a proper realization of their several responsibilities required time and
this necessarily retarded production during the first months of the
war. High precision means careful control over all steps of the
manufacturing processes and a personnel competent to establish such
control; the problem is essentially one of physical and chemical
engineering, and the manufacture of optical glass to be successful
must be directed by men thoroughly trained along these lines. Tech-
nical control of this kind soon pays for itself in the quality and the
quantity of the product obtained. 3

An optical glass plant should be so organized that effective con-
trol is exercised over each step of manufacture from the raw materials
to the finished product. The raw materials should be of uniformly
high chemical purity. They should be ordered from manufacturers
under definite specifications and with provision for adequate chemical
control at the factory to insure the ne-essary quality. The melting
pots require close attention. If the size of the glass plant warrants
it, each plant should have its own pot house; this obviates the inevi-
table jolts and jars and rapid changes in temperature and in humidity
incident upon transportation and makes it possible to develop pots
which are best suited to special types of optical glass. The melting
and annealing furnace temperatures must be held to schedule. The
batches must be properly mixed and filled into the pots. The crucible
after removal from the furnace must be so cooled that properly fissured
glass results. The inspection of the raw glass must be carefully
supervised, otherwise much good glass is butchered and wasted, and
much poor glass is taken into work which later has to be discarded.
The molding and pressing of the glass into blocks must be properly
directed, otherwise serious losses are incurred.

81
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In the present chapter the several sections of the glassmaking
process will be considered briefly and somewhat in the order of actual
manufacture. In the analysis of these steps we shall find that there
are many factors involved, and that only with proper regard to their
several effects can optical glass of uniformly high quality be produced.
In other words, the making of modern optical glasses does not con-
sist solely in the mixing together of a seeret bateh, handed down
from father to son, in melting this down in a furnace, and in allowing
the melt to cool properly. In many branches of the glass industry
there is still much that harks back to the days of the alchemist;
many glassworkers are highly skilled artisans trained to their tasks
from childhood ; but in the making of optical glass there is little room
for the deftness and whim of the artist. The problem is essentially
one of precision and factory control; and although the glassmaker’s
experience is not to be disregarded, optical glass of high quality can
not be produced by it alone. The training and the viewpoint of the
chemist and physicist are required in addition to attain and to main-
tain the high quality of product essential for use in optical instru-
ments for military purposes. A physicist or chemist is in a better
position to undertake the manufacture of optical glass than is the
plate or window glass maker of many years’ experience who has fixed
ideas on the subject of all glassmaking and can not realize that optical
glass is different from the product which he has been accustomed to
make.

In the management of an optical glass plant, asin all other indus-
trial organizations, it is highly essential that each man and woman
connected with the plant realize the importance of his or her work,
and that the service rendered is contributing directly to the success
of the plant and to the welfare of each individual in it. In time of
war the spirit of active and wholehearted cooperation should domi-
nate the entire plant and is easy to attain by proper appeal to patri-
otic motives and to the feeling that each worker is contributing his
share toward the weal of the country in the emergency. In order
that the organization function properly it is essential that the duties
of every position be adequately preseribed, together with the respon-
sibility and authority pertaining to the.position. Workers should
be selected and assigned with reference to their several capacities;
those who show special aptitude and ability should be given oppor-
tunity to advance and to realize that their efforts are appreciated.
Tact is required at all times to keep the organization running smoothly
and effectively. During war time there is liable to be more or less
continuous increase in personnel and equipment to meet the demands
for more rapid production; also frequent changes in details of fac-
tory practice and routine to improve the manufacturing processes; it
is necessary therefore to keep the organization of the plant so flexible
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that, without fundamental changes in its structure, it can take care
of the changing demands made upon it. This means, among other
tasks, the training of some of the workers for more than one par-
ticular task.

There are many factors which enter into the problems confrontlng
the management of an organization of diverse human elements and
which have to be considered if the desired end is to be attained,
namely, high-speed production, together with a satisfied and effec-
tively cooperating and loyal group of workers. It would lead too far
in this report to consider further this most important of all factors,
namely, the human factor, without which nothing can be done in
spite of the best and most improved processes of manufacture. Suf-
fice it to state that in an emergency, such as war, nearly everyone is
eager to do his part, or may be compelled to do so, and to that extent
the problems are simplified.

RAW MATERIALS.

In the foregoing pages reference is made to the many factors which
enter into the manufacture of optical glass; of these not the least is
purity of raw materials. Except for certain gases, such as carbon
dioxide, nitrogen oxide, oxygen, water vapor, etc., which are liber-
ated during the fusion process, and for the small amounts of certain
somewhat volatile oxides, such as lead oxide, which escape during
the melting and fining stages, whatever is put into the batch appears
in the final product and can not later be eliminated; this fact makes
it imperative for the glassmaker to use batch ingredients of high and
definitely known purity. Optical glass is unfortunately sensitive
both in color and in refractivity to slight changes in chemical com-
position. If the glassmaker neglects to insure proper quality and
uniformity of raw batch materials, not only is the glass produced
variable and unsatisfactory, but the furnace schedule may be seri-
ously affected and production all along the line to the ﬁnlshed optical
instrument is impeded and rendered uncertain.

The best procedure to reduce to a minimum.the variations in com-
position and quality of the raw materials is to establish direct con-
tract relations with the producer of the raw materials (not with the
jobbers), each contract to-state explicitly the kinds and amounts of
impurities which may be tolerated. Each shipment of raw material
should be analyzed at the plant with reference to impurities and to
water content. The batches are then computed on the basis of this
analysis; if this procedure is not followed, an element of uncertainty
is introduced which, in certain types of glass, may cause a departure
from the desired optical constants sufficiently large to render the
glass useless for the purpose for which it was intended.
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Much time and effort was spent by the Geophysical Laboratory in
canvassing the raw material situation throughout the country, in
developing rapid routine methods for the testing of such materials,
and in educating manufacturers to a realization of what high chem-
ical purity in large lots means. To obtain raw materials of adequate
purity, it was necessary for the Geophysical Laboratory to make
many tests and analyses of samples submitted, to send men to dif-
ferent places to examine the methods of production, to suggest
changes in method in order to insure proper quality, and to encourage
manufacturers to install special apparatus to meet the demands for
high chemical purity. The standards required for optical glass are
extremely high, and it means very accurate and direct analytical
control at the plant to obtain a product of proper quality. In par-
ticular, the sand situation and the potassium carbonate situation
required close attention.

Sand.—The requirements of sand for optical glass are high chem-
ical purity and uniform, small size of grain. High chemical purity
is essential because silica constitutes the major part of most optical
glasses. The iron content of the sand should be less than 0.02 per
cent iron oxide. The water content of each sand shipment should
be determined. Other coloring agents such as chromium, manganese,
vanadium, copper, cobalt, ete., should not be present. Most of the
sands in this country contain more than 0.02 per cent iron oxide;
but with careful selection of the sand at the quarry it is possible in
several of the localities to obtain sand of a degree of purity better
than 0.02 per cent iron oxide. Experience has shown that sands
suitable for optical glass are located at Rockwood, Mich., Hancock,
Md., and Ottawa, Ill. These deposits are all of friable sandstone
deposited under wind-blown, desert conditions during early geologic
times (Lower Paleozoic). Of these three deposits, the Rockwood
sand is the purest; the best grade contains on an average about
0.015 per cent iron oxide. The sand is pure white and remarkably
uniform in size of grain. Optical glass of good quality can be made
from the sand of any one of these three localities.

An extended series of experiments was carried out by the Geo-
physical Laboratory with a view to extracting the iron from the sands
and chiefly from the glass melting pots by chemical means. For
this purpose the sands and pots were submitted at high temperatures
to an atmosphere of chlorine gas; under these conditions the chlorine
attacks the iron oxide and forms iron chloride, which is volatile.
This reaction takes place much more rapidly and completely if, in
place of chlorine, phosgene gas (carbonyl chloride) is used. The final
outcome, however, of these experiments, which were intensely

1 See Notes on American high-grade glass sands, by P. G. H. Boswell, Trans. Soc. Glass Technology I,
147-152, 1917.
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interesting from a laboratory viewpoint and extended over many
months, has been that it is not worth the while in war times to attempt
the purification of sands on a large scale by such methods. The
expense of the chlorination process is, moreover, relatively high, and
sufficiently pure sand is available in the open market. Methods
for the determination of iron in glass sand are described by J. B. Fer-
guson, jr

Potassium carbonate.—Before the war the better grades of potas-
sium carbonate were imported from Germany. It was not a difficult
task at that time to obtain potassium carbonate of the desired degree
of purity. This souree of supply, however, was shut off, and it was
necessary for manufacturers to develop new sources and to arrange
for the purification of potassium carbonate on a large scale. At the
earnest solicitation of the Geophysical Laboratory, the Armour
Fertilizer Works, of Chicago, I1l., patriotically undertook to produce
the quantities of potassium carbonate of the required purity for
optical glass. This they were able to do after some months of
experimentation, and the supply of potassium earbonate after that
time was assured. During the early months of the war it was neces-
sary to obtain the potassium carbonate in small, odd lots from
jobbers and to analyze each cask. Much of this potassium carbonate
contained appreciable quantities, up to 5 per cent, of potassium and
'sodium chloride and sulphate. The presenee of these salts was most
unwelcome in the light {lint-glass batches, and at first a number of
melts were lost because of the fact that the glass turned milky on
cooling, thus rendering it useless for optical purposes. It was found
necessary in each lot of potassium carbonate to determine the
amounts of water, of sulphates, of chlorides, and of iron present in
addition to potassium and sodium econtent. Methods of analysis
were developed which enabled these determinations to be made
rapidly and accurately. The potassium carbonate furnished by the
Armour Co. was in erystallized form (K,CO,, 2H,0) and contained
about 18 per cent water of erystallization. The SO, content averaged
between 0.2 and 0.4 per cent, the chlorine content between 0.1 and
1 per cent, that of iron oxide from 0.01 to 0.02 per cent.

In view of the scareity and high cost of pure potassium carbonate,
efforts were made to reduce its quantity in the batches and to sub-
stitute for it sodium earbonate and to use a larger quantity of
potassium nitrate which was readily obtainable in a relatively pure
state. These efforts were entirely successful and it was found that,
if in the batches, sodium oxide (as sodium carbonate) is substituted
in amounts equal in weight percentage to that of the potassium
oxide, the optical constants (refractive index, ny, and ») of the glass
are changed but little; the refractive index is raised slightly and the

2J. Ind. and Eng. Chem., 9, 941, 1917,



86 MANUFACTURE OF OPTICAL GLASS.

v is lowered slightly. The glass, however, tends to be somewhat
duller in appearance and at high temperatures is slightly less viscous
than the original potassium melt; for this reason greater care is
required in the annealing of soda-rich glasses. This substitution
of sodium carbonate for potassium carbonate and the use of relatively
larger amounts of potassium nitrate materially reduces the cost of
the batches.

Sodium carbonate.—Experience has shown that sodium carbonate
sufficiently pure for all purposes can be obtained in the open market.
It should contain less than 0.01 per cent Fe,0,, 0.03 per cent SO,,
and 0.4 per cent H,O.

Calcium carbonate.—Precipitated calcium carbonate appears to
be the best and purest source of calcium oxide. Certain marbles,
such as that from Rutland, Vt., are also satisfactory. The Fe,O,
content should not exceed 0.05 per cent and preferably be less than
0.01 per cent.

Barium carbonate.—Precipitated barium carbonate of high purity
and with an iron content less than 0.01 per cent is produced by several
firms in this country. The presence of sulphur compounds in this |
material is not desirable as they tend to color the glass. Some
chlorine may be present, but it should be less than 0.05 per cent in
amount.

Lead oxide.—Lead oxide in the form of red lead (Pb,0,) or of
litharge (Pb O) containing less than 0.02 per cent iron oxide was
obtained only with difficulty. Sublimed litharge was found to
contain the least amount of iron oxide. In flint glasses there is
some danger of reduction of the lead oxide to metallic lead; the
furnace conditions must accordingly be oxidizing and abundant
nitrate should be present in the batch.

Boric acid.—Boric acid and borax are obtainable without difficulty
and in a sufficiently pure state; also zinc oxide, alumina, and
arsenious oxide. :

Specifications for the degree of purity of the raw material for
optical glass are based on the observations that for glasses of high
transparency the amount of iron oxide Fe,O, present should not exceed
0.02 per cent; chlorine, 0.6 per cent, and SO,, 0.1 per cent; nickel oxide
should not be present. Part of the iron oxide in the glass is derived
from the batch materials and part from the solution of the walls of the
melting pot. A series of analyses, by J. B. Ferguson, of the iron oxide
in the raw batches for different types of optical glass and the finished
glasses made from these batches proved that in pots of good quality
from 15 to 30 per cent of the total iron oxide present in the glass is
contributed by the pot; in pots of inferior quality the percentage
oontributed by them is of course higher. The batch should there-
fore contain less than 0.015 per cent iron oxide and perferably less
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than 0.01 per cent. For.many of the batch materials, such as KNO,,
K,CO,, NaNO,, Na,CO,, B(OH);, ZnO, a specification of 0.01 per cent
Fe,0, in the oxide itself is easy to meet but in others this is not the
case and for these materials reasonable limits should be set which
the manufacturers can meet without difficulty. In no case, however,
should the percentage of Fe,0, exceed 0.05, otherwise the total per-
centage of Fe,0, in the glass may exceed 0.02 and the resulting trans-
parency be unsatisfactory. To determine the percentage of Fe,O,,
allowable in a salt, such as sodium carbonate Na,CO,, in order that
the Fe,O; in the oxide Na,0O shall not exceed 0.01 per cent the ratios
in Table 7, page 106, are convenient; thus for Na,CO; the Fe,O, content
should not exceed 0.0058 per cent. ;

One of the chief results flowing from this need for high chemical
purity of raw materials was the realization by certain manufacturers
of what must be done in order to obtain the desired chemical purity,
and the establishment in their works of methods of high precision.
Our experience along these lines proved clearly in many instances
that the need for such factory control had not been realized by manu-
facturers. To meet the situation, these manufacturers adopted
scientific methods of procedure and their products were then equal
in every respect to the best European products.

MELTING POTS.

The art of pot making, like that of glassmaking, has been until
recently in the hands of a chosen few, who learned their trade in
childhood from their fathers and who have guarded most jealously
their acquired knowledge. In recent years, however, the character-
istics of the different clays and other materials which enter into the
composition of pots have been studied in ceramic laboratories and
there is now available a considerable amount of information regarding
the clays of this country and their thermal and chemical behavior.
At the time when we entered the war great difficulty was experienced
in obtaining pots of proper quality and a number of melts were lost
because the molten glass dissolved its way through the pot. The
clays, which were then used, contained on an average about 2 per
cent of iron oxide with the result that, no matter how pure the batch
materials were, the solution of a thin film of the inner walls of the
pot 1 millimeter thick increased the percentage of iron in the melt
from 0.02 to 0.04 per cent, and the finished glass had a decidedly
green or yellow color. Through the efforts of several pot makers,
especially the Laclede-Christy Co., the Buckeye Clay Pot Co., the
Gill Clay Pot Co., the Willetts Clay Pot Co., and, in particular, Dr.
A. V. Bleininger, of the Bureau of Standards,® with the cooperation
of the United States Geological Survey, clays and kaolins relatively

3 Jour. Am. Ceram. Soc., I, 1-23, 1918.
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free from iron and highly resistant have been located in this
country and pot mixtures have been developed which approach pure
kaolin in composition. They contain little if any free quartz and
are satisfactory in nearly every respect.

The qualities desired in a glass melting pot are resistance to
chemical corrosion by the molten glass, freedom from iron oxide, and
ability to withstand exposure for a day at least to temperatures of
1,450° to 1,500° € without deformation even when filled with heavy
molten glass. A clay pot is necessarily heavy and weighs from 500
pounds to a ton or more; its walls range from 2 to 6 inches in thickness,
depending on its size and material. Extreme care is taken during
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F16. 2+.—Clay pots in the making by the hand “building-up” process. (Photograph by J. Ilarper Snapp
at the plant of the Bausch & Lomb Optical Co.)

the drying-out process to avoid the development of small shrinkage
cracks because these weaken its strength and furnish entrance
channels for the molten glass batch to attack its walls, thereby invit-
ing disaster. The same degree of care is exercised on heating a pot
to a high temperature; this operation requires ordinarily three to
five days. At all stages of this process the glassmaker seeks to
attain uniform heating of the entire pot and to avoid direct contact
of the heating flame at any one point which then would become
superheated and eventually cause the pot to crack.

Glass melting pots can be made up either by the old building-up
process (fig. 24) or they can be cast or poured into molds. The cast
pots have an advantage over the ordinary type of pot in that they
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are more dense and dry out more quickly. The ordinary type of pot
requires from three to six months to season, whereas the cast pot of
the porcelain-kaolin, type is ready for use within two months or less.
It is outside the domain of the present report to enter into a detailed
discussion regarding the manufacture of these pots. They can now
be had commercially from several different firms and there is no
reason to fear that in the future such pots will not be available. In
war time it is, of course, essential that the output be regulated
properly and that standard types of pots only be used.

The pots commonly employed for optical glassmaking during the
war period were open pots and measured 36 inches outside diameter
by 32 inches high (27 inches inside diameter and 27 inches deep).
Still smaller pots, 30 inches outside diameter and 23 inches high,
were used at first as a makeshift; still larger pots, 49 inches outside
diameter and identical in size and shape with the standard ton
plate-glass casting pot were successfully employed, especially by the
Pittsburgh Plate Glass Co.

A method for casting pots of the porecelain-kaolin type was devel-
oped during the war by A. V. Bleininger ? at the Burcau of Standards
in Pittsburgh. In these pots broken waste bisque of white-ware
potteries, which is relatively free from iron, served as “grog” and the
composition of the pot as a whole approached kaolin with only a
small amount of iron oxide present; in them dense barium crown
glass was melted successfully. Unfortunately these pots were not
available in quantity during the war and were not used to any extent
in the production of optical glass for war purposes. -The advance
which this new process marks is, however, great and much credit is
due Dr. Bleininger for having placed it on a satisfactory basis.

Open versus closed pots.—Manufacturers are not in accord regarding
the use of closed pots in the manufacture of optical glass. The greater
part of the optical glass in this country is made in open pots, averaging
36 inches in diameter and holding about 1,000 pounds of ordinary
crown glass or 1,500 pounds of dense flint glass. So far as can be
ascertained from the literature, European practice favors the use of
closed pots. The reason for this is obvious. In the open pot the
glass melt is exposed to the direct gases and vapors of the furnace;
these may be reducing in action, even though the general run of the
furnace has an excess of oxygen. This is especially true on windy
days when the air supply is more or less irregular. On such days
gusts of smoky gas full of soot can be seen sweeping over the pot.
There is consequently danger in open pots of reduction phenomena
which may seriously affect the quality of the product. A still further
objection to the use of open pots is the fact that there plays across the
top of the pot an incessant current of gas; this gas consists of several

3 Jour, Am. Ceram. Soc., I, 1-23, 1918,



90 MANUFACTURE OF OPTICAL GLASS.

kinds of vapors which are more or less soluble in the glass melt;
moreover, a current of gas passing over the exposed surface of the
melt blows away the vapors of alkalies or lead oxide and this increases
their rate of volatilization; on turning off the gas to allow the pot to
cool down, the vapors over the pot are entirely changed; certain
absorbed gases may then tend to escape and thus give rise to bubbles
which are difficult to eliminate at this stage of the process. Further-
more the uncovered pot is open to a larger space of the furnace, and
vapors, absorbed or indigenous, on escaping, may tend only slowly to
reach a vapor pressure comparable to their saturation pressure for
the given temperature and compositions.

The covered pot is protected from the reducing influences of heating
gases; there is no circulation of gases over the surface of the melt
which tend to sweep the components of the melt away and to accele-
rate their rate of evaporation; there is no abrupt change in vapor
pressure and in composition of the vapors above the surface of the
melt on turning off the gas, or on removing the pot from the furnace.
The covered pot tends toward uniformity in the cooling of the melt as
well as toward keeping the melt homogeneous; the tendency of the
uncovered pot is in the opposite direction.

The uncovered pot on the other hand is heated in furnaces of the
regenerative and recuperative type, chiefly by radiation from the
crown of the furnace, and as a result heats up more rapidly and more
efficiently than the covered pot in which the heat has to penetrate
through the walls of the pot in order to reach the melt. This rapid
rate of heating is not to be underestimated, because by it the time
required to melt and to finish the glass is much less than that required
when covered pots are used. The glass-melting process even in open
pots of ton size in the plate-glass industry takes less than 24 hours.
In the manufacture of optical glass the complete melting process may
also be finished within 24 hours, thus allowing a melt to be finished
in the furnace in one day. With covered pots, such a time-schedule
of furnace operations is not possible.

During the war open pots or semicovered pots were used in this
country even for the production of extra dense flint and dense barium
crown glasses. The results prove that the open pot is satisfactory
for the melting of any of the ordinary types of optical glass, such as
are required in military optical instruments.

The bleaching of pots.—During the early months of the war the avail-
able pots were of poor quality and relatively soluble in the optical
glass melts; they contained several per cent of iron oxide; some of this
iron was dissolved by, and entered into the melt, coloring the glass
green and lowering its transparency; the absorption of the glasses
ranged from 2 to 5 per cent per centimeter as compared with 1 per cent
or less of the European glasses. It was realized that if the iron oxide
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could be removed from the walls of the clay pot in contact with
the melt, other conditions remaining the same, one source of serious
trouble would be eliminated. An extended series of experiments was
accordingly made by the Geophysical Laboratory on the action of chlo-
rine gas on the walls of an empty pot at high temperature; this
method was based on the known fact that at high temperatures iron
chloride is very volatile. Similar methods had moreover been used
before for removing iron from enamels * and also from small erucibles 3
and from other materials.

To convert the iron contained in the walls of the clay pot into vola-
tile iron chloride both chlorine and phosgene gas were tried; phosgene
gas is chemically much more active than chlorine gas, especially at
its dissociation temperature (slightly below 600° C.). The pot to be
bleached was placed in a pot arch or melting furnace and in most in-
stances was covered with a clay lid; a continuous stream of chlorine
gas was then allowed to flow into the crucible for a given period of time
(one-half hour to five hours) at temperatures ranging from 400° to
1,250°C. Muchiron (up to 80 per cent) was removed by this treatment
and the walls of the crucible were bleached to a depth of 15 millimeters;
the rate and effectiveness of the reaction increased with the tempera-
ture; crystals of iron oxide (hematite) were deposited in great num-
bers along the outer edge of the pot where the escaping iron chloride
gas entered the furnace chamber.

In spite of the marked decrease in iron content of the pot walls, a
corresponding decrease in the iron content of the glass melted in the
treated pot was not observed and, in one instance at least, the glass
was full of pot stones. The chlorine-gas treatment, by dissolving the
iron oxide which formed part of the bond of the clay pot, had evi-
dently rendered the walls of the pot more porous and less resistant
to attack. It is possible that subsequent baking of the pots after the
chlorination treatment would restore the compact structure of the
walls as a result of sintering and incipient melting. This situation
and the rapid improvement in the quality of the pots at this time
stopped further experimentation along these lines. It is better to use
pots having a low initial iron content, to bake them thoroughly
at very high temperatures, and to shorten the melting period than to
attempt to purify the clay in the finished pots and thus to run the risk
of spoiling an entire melt because of stones derived from the loosened
pot wall texture.®

4 Bole and Howe, Trans. Am. Ceram. Soc. 17, 125 (1915). X

5 G, C. Stone, cited in Jour. Am. Ceram. Soc. 2, 360 (1919).

¢ A detailed description of the experiments on the use of chlorine gas for the volatilization of iron from
optical glass pots is given by Hostetter, Roberts,and Ferguson in Jour. Am. Ceram. Soc. 2, 356-372, (1919).
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FURNACES.

For the manufacture of optical glass three different types of melting
furnace are in common use; of these two are of the reverberatory type
and operate ecither on the regenerative (fig. 25) or recuperative prin-
ciple, the air in them being preheated by the hot products of gas com-
bustion escaping from the furnace chamber. The third type is a non-
regenerative, stackless furnace, heated by a blast; in it the air-gas
mixture is injected into the furnace under pressure. In the regenera-
tive and recuperative furnaces the heating of the crucible is accom-
plished chiefly by radiation from the crown of the furnace. This in-

F1G. 25.—Batch about to be filled by means of long “scoop’ into glass-nelting pot inside the furnace.
(Phiotograph by J. Harper Snapp at the Bausch & Lomb Optical Co.)

sures a more even distribution of heat than in any type of furnace in
which the combustion of the gases takes place within the furnace
itself as in the blast furnace. Experience has shown, however, that
good optical glass can be produced in any one of these types of fur-
naces, provided they are properly regulated, both with respect to tem-
perature control and to gas combustion. Whatever type of furnace
is available, two factors are fundamental to the production of good
optical glass, namely, maintenance of a definite temperature over a
long period of time, and constancy of temperature distribution within
the furnace chamber so that the melting pot is uniformly heated.
Because of the careful regulation of furnace conditions required
in optical glass making, it is common practice to use single-pot melt-
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» o furnaces of dimensions adapted to fit the size of pot used. Dur-
¢ the war pots 36 inches outside diameter were commonly used and
renerative furnaces with a chamber measuring 44 by 5 by 5 feet,
sule dimensions, were found to be satisfactory. (Fig.25.) In these

iruaces a heavy door (tuille), suspended by chains and capable of

«ing raised by a hand crank, closes the front of the furnace. The

attle in turn has a smaller opening through which the batch is intro-

- ved and later the stirring rod enters. Ordinary fire clay serves to

laster up the eracks between the tuille and the brickwork of the

vrnace. At one of the plants (Bausch & Lomb) several two-pot

‘nrnaces of the regenerative type were erected and proved to be
weessfuly  these furnaces were equipped with tuilles at each end.

operating a two-pot furnace special care must be taken to insure
miformity of furnace conditions. Batches of the same composition

«l pots of the same size must of course be used in any given run in

two-pot furnace. On the whole there is no special advantage
gained by the two-pot furnace except that it occupies less space than
the two single-pot furnaces.

It is not germane to the present report to discuss the details of
construction of optical glass making furnaces. It is assumed that
the builder of such a furnace has considered the type of furnace, the
materials for its construction, the best design and size of chamber, the
kind of fuel available (natural or artificial gas), the size of stack, and
the best arrangements for the combustion of the gas. Suffice it to
state that for ease of regulation and general efficiency the regenerative
and recuperative types of furnace are superior to the other types.
The single-pot regenerative type is considered to be the best.

It is the task of the furnace man, assigned to a furnace of given
type, so to run it that the desired temperatures are attained and main-
tained and that within the furnace chamber an oxidizing atmosphere
is always present, especially in the vicinity of the pot of molten glass.
Low, lazy, sooty flames sweeping over the surface of the molten
metal are to be avoided, as they indicate a reducing atmosphere.
On windy, gusty days such flames are almost inevitable, but the fur-
nace operator should be on the alert to reduce their occurrence to a
minimum. _

In the regenerative type of furnace the flow of gas should be
reversed at definite intervals in order to insure uniform temperatures;
if, through carelessness, the furnace gets out of balance and one side
is colder than the other, fluctuations of 50° C. with each reversal of
the flow of gas within the furnace may arise. The balance is restored
by allowing the cooler checker work of the furnace to be heated for a
longer period of time than that of the hotter side.

Measurement of furnace temperatures.—Different methods are in
use for ascertaining furnace temperatures. Formerly this was done

39229—-21——7



94 MANUFACTURE OF OPTICAL GLASS.

by the furnace operator who, from long practice and often with no
protection for his eyes, estimated with remarkable accuracy the fur-
nace temperature by direct inspection. To the untrained observer
the furnace at the melting temperatures is at ‘“white heat,” and
no details are distinguishable within it; however, with the aid of
dark glasses to reduce the intensity of the light and heat radiations,
he can readily see the details, but can not estimate the temperatures
satisfactorily. The human eye is not infallible and even the expert
furnace man may make costly mistakes which would not have
occurred had better methods for temperature measurement been used.

In the ceramic industry Seger cones are employed, while in the
glassmaking industry thermoelements are in general use and are
placed in the rear wall of the furnace where they indicate continu-
ously the temperature of the hot junction of the thermocouple; the
cold junction of the thermocouple is kept at constant temperature
either by burying it from 6 to 10 feet in the ground at some distance
from the furnace or by immersing it in a pail of water attached to
the rear wall of the furnace where it is held at the constant tempera-
ture of boiling water. The thermoelement in this position does not
indicate the actual furnace temperature, but the temperature of the
point within the furnace wall to which it extends. As a result, there
is an appreciable lag in its readings of the fluctuations of tempera-
ture within the furnace. The exposure, moreover, to the furnace
gases which penetrate into the retaining tube causes the thermo-
element to deteriorate and to give readings which are too low and
inclined to be somewhat erratic. More satisfactory are pyrometers,
optical and electrical, which enable the observer to ascertain the
actual temperature of any point within the furnace.

A portable standard thermoelement of platinum and platinum
rhodium with compensating leads can be used if properly shielded
from the furnace gases. A device of this sort for purposes of inves-
tigation was devised by the writer (Report No. 4 for week ending
May 26, 1917) and was constructed by leading the thermoelement
wires through a water-cooled iron pipe 10 feet in length to a porce-
lain tube 18 inches long, closed at one end, and attached to the end
of the pipe; the porcelain tube is made of highly refractory material,
and is about 1 centimeter in outside diameter. (Fig. 26.)7 The
cold junction of the thermoelement is held in ice and the electro-
motive force of the couple is read off on a direct-reading millivolt-
meter. By means of this water-cooled thermoelement rod, tempera-
tures at different points within the melting furnace and pot arches
were ascertained and compared with the temperatures measured at
the same time and on the same points by the Morse optical pyrometer

7 Reproduced from article on optical pyrometers by C. N. Fennerin Bull. Am. Inst. Min.and Met, Eng.,
1006, 1919.
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(Leeds and Northrup type) and the Féry radiation pyrometer (Taylor
Instrument Co., type). To illustrate the distribution of temperature
in one of the single-pot furnaces, the following readings were taken
along the line extending from a small opening in the furnace tuille
(door) to the rear wall of the furnace and over the crucible about 5
inches above the surface of the metal.
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F1a. 26.—Sectional view of end of water-cooled temperature-measuring device. A is thehot junction of
platinum-rhodium thermoelement; B, a refractory porcelain tube; C,inneriron pipe; D, asbestos packing:
Eand F,iron pipes of water-cooling system; @, specially turned iron terminus of water-cooling system.

Dlsstiadx;cgffgggr?ut Temperature.
Feet. 22 Lo
0.5.. 1,22 2,232
1.0 1,27 2,323
1.5 1 2,349
2.0 1, 36. 2,489
2E5LE 1 2,503
3.0 2,527
8580 2,545
4.0.. 2,557
4.5 2,557
5.0.. 2, 557
5.5 2,548
1 6.0 2,543

These readings show that the temperature distribution above the
pot itself is fairly uniform; near the furnace door there is of course an
appreciable drop in temperature.® (Fig. 27.)

The thermoelement rod is satisfactory for exploratory purposes,
but the porcelain tube at the end is too fragile for factory adaptation.

The optical pyrometer, on the other hand, is a satisfactory works
instrument. It is essentially a low-power telescope, in the image
plane of which a heated metal filament (small electric lamp) is viewed,
together with the object whose temperature is to be ascertained.
(Fig. 28.) Both image and filament are viewed through a red-
colored glass, and’ the intensity of illumination of the lamp filament

8 These measurements were taken by Dr. C. N. Fenner and the writer and are cited in the article on
‘“The use of optical pyrometers for control of optical glass furnaces, by C. N. Fenner, Bull. Am. Inst.
Min. and Met. Eng., 1006, 1919.
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is changed until it practically disappears against the illuminated field.
Since the intensity of luminous radiation varies with the fourth power
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F16. 27.—Cross section of melting furnace, showinz points at which temperature measurements were
made with the water-cooled rod of fig. 26. Below is the corresponding distance-temperature curve.

of the temperature (Stefan’s law), a slight change in temperature
suffices to produce a great change in the brightness of the furnace.
The instrument is remarkably sensitive, and with it concordant
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results are easily obtained by different observers, provided certain
precautions are taken.

The instrument should be calibrated at stated intervals, because
with use the characteristics of its electric lamp change and with them
the temperature-indicating scale of the instrument. The calibration
is readily accomplished by means of a standard thermoelement to read *
the temperature of the stoppered end of a porcelain or clay tube
heated to definite temperatures either in the glass-melting furnace or
in a laboratory electric-resistance furnace; a tube of this sort approxi-

Laindi o=

F1G. 28.—Photograph of operator measuring the temperature of optical glass-melting furnace with
an optical pyrometer. The operator is regulating the resistance in order to match the intensities
of lamp filament and furnace illumination. (Photograph by J. Harper Snapp at the Hamburg
plant of the Spencer Lens Co.)

mates a ““black body’’ in its characteristics and serves the purpose
well.  The heated inside of this tube is imaged by the telescope and
the current reading of the lamp for this temperature is ascertained.
A series of such readings for different temperatures suffices for the
calibration.

Experience with the optical pyrometer has proved that it is well
adapted for furnace work. At temperatures above 1,350° C. (2,450°
F.) its readings, after proper calibration, are commonly in error less
than 5° C. At temperatures from 950° to 1,050° C. (1,750° to
1,900° F.) there is a great difference in temperature between the
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arch of the furnace, which is in direct contact with the burning gases,
and the furnace walls which are heated by radiation; at these tem-
peratures the readings of the optical pyrometer are invariably too
high and average about 35° C. above the correct value. The walls
reflect the light from the hotter crown of the furnace and conse-
quently appear brighter and hotter than they actually are; the tem-
perature of the rear wall of the furnace as determined by the optical
pyrometer is moreover not so high by 10° or 20° C. as the side walls
which have a better chance to refleet the light. These differences in
apparent temperature between the rear and side walls of the furnace
at 1,000° C. are readily detected by the unaided eye; on looking into
the corner of such a furnace near the end of the stirring period of
the glass the observer notices a distinct difference in the brightness
of the side and rear walls at their junction. At these temperatures
care must be taken by the observer to sight upon the same spot in
the furnace each time in order to attain uniformity in the readings
from melt to melt. Experience has shown that the most satisfactory
results are attained at this stage of the glassmaking process, which
immediately precedes the removal of the pot from the furnace, by
sighting on the molten glass adjacent to the moving stirring rod.
The glass at this point is hottest, and its surface is uneven and
reflects light from all parts of the furnace.

In the radiation pyrometer the focal length of the gold-plated
reflecting mirror is so short that at the focus not only is the object
sighted upon imaged, but in the near vicinity (fraction of a millimeter)
points several feet away are also imaged with the result that the
radiation pyrometer tends to integrate the temperatures of points
along the line of sight at some distance in front of and behind the
actual point sighted upon. If the furnace approaches a black body
in its temperature distribution, this is not a disadvantage; but where
this is not the case difficulties arise which are apparently less easy to
allow for than in the optical pyrometer.

It is convenient in all cases to use thermoelement pyrometers in
conjunction with the optical pyrometer because they aid the furnace
operator in following his schedule and serve as a check on the readings
of the optical pyrometer.? ,

Furnace men after a certain amount of practice learn to estimate
with some precision the temperatures within the furnace; but in all
cases a careful record should be kept from hour to hour of the meas-
ured temperatures within each melting furnace in order that large
fluctuations do not occur and seriously affect the quality of the
glass.

9A detailed discussion of the methods found useful during the war for the measurement of the tempera«
tures of optical-glass furnaces is given by C. N. Fenner, in Bulletin Am. Inst. Min. & Met. Eng., No. 151,
Pp. 1001-1011 (1919).
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THE BATCHES.

The glassmaking industry has been one of slow development through
the centuries from the time of the Egyptians and. Pheenicians to
the present day. It has been cultivated in certain restricted areas
and has been handed down as an art from father to son, with the
result that even at present it is enveloped in an air of mystery and
secrecy. The formulas for making the different types of glass are
held highly confidential and may not be divulged except to a chosen
few. As a result the glassmaking industry is conducted with few
exceptions by rule-of-thumb methods and the manufacturing proc-
esses are controlled by men of special experience who occupy unique
positions in the factory. In Europe the optical-glass industry is no
exception to this rule; all details of actual manufacture are closely
guarded; but little has been published on the subject, and it is
difficult to obtain reliable information of any kind. The batches for
the several types of optical glass required by optical-glass manufac-
turers are not available, except for a few of the older types of optical
glass.

In undertaking the manufacture of optical glass in thls country it
was necessary therefore to gather together such chemical informa-
tion as could be found and to have analyses made of the more
urgently needed types of optical glass which happened to be in stock.
A statistical study of the available analyses was first made. This
study, the results of which are given in Chapter II, was supplemented
by experiments on the changes, during the melting process, in the
relative quantities of the several chemical elements in the batch as a
result of volatilization and of solution of the pot. Certain relations,
particularly in the series of ordinary flint glasses and of the barium
crowns and flints, were discovered which enabled us, by interpolation,
to write down at once the batch for any member of their series such
that the finished glass should have approximately the desired refrac-
tive indices and v-values. Experimental batches were first made up
in small quantities and melted down in pots containing 10 to 50
pounds. In this way we soon arrived at definite control over the
entire series of desired optical glasses and were in a position to repro-
duce any one of the silicate glasses which was needed.

As a result of this statistical study, carried on under definite sci-
entific principles, we became independent of all secret batches and
were able to proceed to a scientific study of the relations between
chemical comp031t10n and optical constants of the resulting glass and
to determine in a general way the effect of any individual chemical
element on the optical constants. This proved to be of great value,
as it allowed us to devote our entire attention to the other factors on
which the quality of optical glass depends.
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Computation of batches from chemical analyses of glasses.—In pre-
paring a batch to reproduce a glass of given optical constants it is
necessary for the operator to take into consideration the losses
incurred by selective volatilization of the batch components. The
amounts lost during the melting and fining processes depend on the
size and character of the batch, the character and temperatures of
the furnace, the method of filling in the batch, the type of the melting
pot, whether open, semiclosed, or closed, the duration of the opera-
tions, and the character of the stirring, so that it is not possible to
give more than rough percentage estimates of these factors. A few
experiments suffice, however, to determine the relations for a given
set of operating conditions; once these have been ascertained the
glassmaker endeavors to adhere to them strictly and thus to insure
uniformity in the final product. In the computation of the batch
mixtures the following allowances are made for losses by selective
volatilization: PbO or Pb,0,, 0.5 to 5 per cent and even higher;
boric oxide, 1 to 5 per cent, in case boric acid rather than borax
is used in the batch; the alkalies, K,0 and Na,0, up to 5 per
cent. - Little definite information is available on the losses incurred
by selective volatilization and in a given case much depends on
the factors already mentioned. At the present time it is a matter
largely of experience and of actual trial to make proper allow-
ance for these factors. As a result of this volatilization the batch
becomes relatively richer in silica and the refractive index of the
finished glass is lowered. In the case of extra dense flint or dense
barium crown melts volatilization becomes serious when melts are
made in open pots. In this case the greatest care must be taken
to keep the furnace conditions similar from melt to melt, other-
wise large fluctuations in refractive index occur from pot to pot
and these work a hardship on the manufacturer of lenses for
which these glasses are used. If there is an appreciable solution. of .
the walls of the pot, the alumina and silica thus dissolved tend to
lower the refractivity of the glass. An effort should be made in all
cases to reduce this uncertainty by employing melting pots which
are both thermally and chemically resistant.

From the relations presented in foregoing paragraphs it is possible
to prepare a plot from which the batch composition for any member of
the flint series can be read off directly. (Fig.29.) This plotis con-
structed on the basis of sand 100 units of weight (pounds or kilo-
grams). Thus from the diagram the batch composition in kilograms
for the flint glass of refractive index np=1.640 we read: Sand, 100;
lead oxide (PbO), 119, or (Pb,0,), 122; anhydrous potassium car-
bonate (K,CO,), 20.6; potassium nitrate (KNO,), 7. Sodium oxide

10 See O. Andersen, The volatization of lead oxide from lead silicate melts. Jour. Am. Ceram. Soc.,
2, 784, 1919.



+
Sih 1

Pl

v o SELE, W e

Pl

L 101

BATCH COMPOSITIONS.  ~ *
in the form of sodium carbonate or sodium nitrate may be substi-
tuted for potassium oxide provided the amount of Na,O (weight
percentage) equals in weight the amount of K,O which it replaces;
substitution of Na,O for K,O raises the refractive index slightly,
decreases the v slightly and changes the viscosity relations noticeably.
Flint glasses high in soda exhibit a tendency to be duller, less trans-
parent, and more noticeably colored than the corresponding pure
potash flints. The density and » of any glass of given PbO or Pb,0,
content are indicated on the plot (fig. 29) by the intersections of the
PbO or Pb,0O, ordinate with the curves for density and » respectively;
thus in the foregoing example the density of the flint glass n,=1.640
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F16. 29.—Batch-composition diagram for the series of ordinary flint glasses. The diagram is prepared on
the basis of sand 100. From the diagram the approximate batch composition for any flint glass of given
refractiveindex, np, or »-value, or specific gravity, d, can beread off directly.

isd=3.78 and its v=34.5. The batch composition for a flint glass of
v=46.0 is, in kilograms: Sand, 100; PbO, 44.5, or Pb,0,, 45.5;
K,CO,, 7.6; KNO,, 2.2. Its density is 2.93 and its np=1.549.
The compositions of glasses of other types can be ascertained by
means of the compositions given in Table 4 (p. 59) together with the data
plotted especially on figures 15 and 22, Chapter II. It would lead
too far to consider these systems in detail; in some of them the infor-
mation at hand is meager and hardly sufficient for satisfactory inter-
polation; but in most instances the glassmaker, with the aid of these
methods and the data now available, is able to write down batches
which approach very closely the batch desired, so that with a few
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experimental melts in small crucibles he can determine the correct
batch composition within very narrow limits.

The foregoing diagrams indicate clearly the ficlds which are domi-
nated by the different oxides; in view of these relations it is, there-
fore, fitting to name the silicate glasses as had been done: Fluor
crowns, borosilicate crowns, ordinary crowns, and barium crowns;
flints, barium flints, and borosilicate flints. Zinc-bearing glasses
do not require separate designation, because zinc oxide in optical
glasses does not impart special optical properties to the glass; it
serves chiefly to change the concentration and viscosity relations
in optical glass melts, especially to render the melt easier to work
and to decrease the tendency to crystallize on cooling. In the flint
series the light, medium, and dense flints are distinguished. The
barium flints are flints in which part of the lead is replaced by barium.
In all types of silicate glasses the amount of silica present is rela-
tively large and the optical characteristics of each glass are in effect
a blend of characteristics between those of silica and some other end
member or members with silica commonly dominating.

A study of the above diagrams, especially figure 15, page 50,
proves that in the silicate optical glasses, lead and barium oxides
on the one hand, silica and boron oxide on the other, exert the most
profound influence on the optical constants of the glass. Thus the
highly refracting glasses contain abundant lead oxide or barium
oxide; the low refracting glasses contain abundant silica or boron
oxide. Of all the glassmaking elements, lead has the most pro-
nounced effect on both the refractive index and the dispersion; it
increases especially the blue end of the spectrum relatively to the
red. -

If in a flint glass of given refractivity, a high v-value (lower dis-
persive power) is desired, part of the lead oxide is replaced by barium
oxide (introduced in the batch as barium carbonate). Compared
with lead oxide, barium oxide produces less high refractive index and
very much weaker dispersion (high »-value); glasses high in BaO
and PbO are called barium flints or baryta flints. Zinc oxide is
intermediate in its action between calcium oxide and lead oxide
on the one hand, and barium oxide on the other; like calcium oxide
it tends to raise the refractive index and the dispersion slightly.
In the series of flint glasses the relative dispersion increases with
increase in refractive index; in other words, if, for the sake of com-
parison, the refractive indices n,’, nc, ny, ne’, for each member
of the series are divided by the refractive index np, then the ratios
increase with rise in refractive index ny; the characteristic feature
of the dispersion of lead glasses is the rapid rise in refractivity toward
the blue and violet end of the spectrum. The same relations are
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clearly shown in a diagram in which the ratios
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are plotted as abscissae against the refractive indices as ordinates.

Increase in silica, boron oxide, or fluorine tends, on the other
hand, to lower the refractive index, to increase relatively the dis-
persion of the red end of the spectrum and at the same time to de-
crease the total dispersion. This lengthening of the red end -of the
spectrum is especially true of boron oxide and apparently also of
fluorine!! in the fluor crown glasses. The addition or substitution
of small amounts of boron oxide raises the refractive index of certain
glasses slightly. This behavior is remarkable because by itself
the refractive index of boric oxide glass is only np,=1.463 and
v=>59.4; that of silica glass is np=1.4585 and »=67.9. Evidently
borates are formed which impart different properties to the glass
from those which might be inferred from the characteristics of the
individual components.”? Similarly alumina (Al,O,) which, in the
crystallized state has a very high refractive index (1.76), produces
with silica a glass of unexpectedly low refractivity. Alumina and
magnesia raise the viscosity of most glass melts and tend thereby
to prevent crystallization.

Phosphorus, although formerly used in appreciable amounts,
especially in the series of phosphate glasses, has now been discarded
because of the poor weather-resistant qualities of the phosphate
glasses. Figure 15 shows that these glasses differ only slightly
from the borosilicates and the barium crowns; this difference does
not outweigh the practical disadvantage of weathering instability.

The essential differences between the ordinary flints and ordinary
crowns are the higher refractivity and the greater dispersion, both
actual and relative, especially in the blue end of the spectrum, in
the flint glasses. With these two types of glasses it is not possible
therefore to compensate exactly the dispersive effects of a positive
crown element by a negative flint element and secondary spectrum
results. By the use of glasses in which the relative dispersions are
more nearly similar than between the crowns and flints, it is possible
to correct more perfectly for achromatism; the presence of the two
chemical elements, barium and boron, in optical glass shifts the
relative dispersions in the crowns and flints so that they are more
nearly in accord. By the use of these elements in the flint glasses the
extreme dispersions of the blue end of the spectrum in the normal
flint glasses are reduced relatlvely and the course of the dispersion
throughout the visible spectrum is rendered more nearly like that of a
crown glass.

1 The statement made by Hovestadt, Jenaer Glas, p. 11, 1900, that boron oxide tends to lengthen the
red end of the spectrum, whereas fluorine has the opposite effect and tends to decrease the red end relatively
to the blue is apparently not borne out by the fluor crown glasses, which, however, contain abundant
boric oxide and this may veil the effect of the fluorine.

13 See also Zschimmer, Zeitschr. Elektrochemie, 11, 632, 1905.
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In writing down the batch composition for a glass of specified
refractive index and dispersion the glassmaker has a number of
factors to consider, such as chemical composition and the changes
in composition resulting from selective volatilization and from pot
solution. In the series of ordinary crowns and flints, silica (sand),
alkalies (potassium and sodium oxides), lime (calcium oxide), and
lead oxide are the essential constituents; in these the proportions of
the different elements may not exceed certain limits. If the per-
centage of silica is above 75 per cent the melt is so viscous that it
can not be properly melted in the furnace; the percentage of alkalies
may not exceed 20 per cent, otherwise the resultant glass is hygro-
scopic and chemically unstable; over 13 per cent of lime may not
be used because of the tendency of melts high in lime to crystallize,
and because of the difficulty of fusing such melts properly; lead
oxide may be used up to 70 per cent or more, but in glasses containing
a large percentage of lead the danger from crystallization and from
attack on the melting pot is serious. In the new series of glasses,
boron, barium, zinc, and aluminium oxides are the most important
additional constituents which are employed; up to 50 per cent barium
oxide may be used, but then ordinarily together with boron and
alumina; melts high in barium attack the crucible seriously, espe-
cially if any free silica is present in the clay. The dense barium
glass melts require, moreover, special furnace treatment to produce a
glass free from bubbles and other defects such as crystallization
nuclei.’® Boron oxide may be used up to 20 per cent or more; it
replaces in a measure silica. In general the use of small quantities
of boric acid in lead glasses is not to be recommended, because
experience has shown that its presence favors the development of
opalescence in the glass on cooling. Zinc in quantities above 12 per
cent. is likely to cause crystallization of the glass. More than 5
per cent of alumina tends to render most glass melts exceedingly
viscous and practically unworkable at the melting temperatures;
in most glasses the presence of alumina decreases the danger from
crystallization and renders the glass tough and resistant. In the
densest barium crown glasses up to 10 per cent Al,O, may be used;
it aids not only in preventing crystallization of barium disilicate, but
it also improves the working qualities of the melt and glass. The
presence of chlorine or sulphur in the batch materials is to be avoided
because of the danger of opalescence in the finished glass. In
case these elements are present, it is advisable to run the melt at a
very high temperature.!*

13 Compare N. L. Bowen. Jour. Wash. Acad. Sci., 8, 265-268, 1918; J our. Am Ceram See., 2, 261-281,
1919.

14 See J. D. Cauwood and W. E. 8. Turner. Jour. Soc. Glass Techn., 1, 187, 1917; C. N. Fenner and J. B.
Ferguson, Jour. Am. Ceram. Soc., 1, 468, 1918; C. N. Fenner, Jour. Am, Ceram. Soc., 2, 106, 1919,
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The presence of arsenic in most glasses is favored by many glass-
makers because it tends to increase the transparency and brllhancy
of the glasses; certain experiments indicate that the presence of
arsenic in the melt probably sets up an oxidizing action at high
temperatures ** and thus reduces the effect of iron as a coloring
agent. Although some arsenic is volatilized in the melt yet an
appreciable amount remains in the solution. Careful analytical
work by Allen and Zies ** of the Geophysical Laboratory has demon-
strated the presence in optical glasses of arsenic in both states of
oxidation, as arsenic trioxide and arsenic pentoxide. They consider
that the chief function of arsenic may be to cause a “boil”” and thus
to sweep out small entrapped bubbles which otherwise rise with
extreme slowness to the top; they found that in green plate glass
in which no nitrate is used much more arsenic escapes from the melt
than from a melt such as spectacle crown glass containing niter.
R. L. Frink ¥ observed crystals of arsenious oxide in bubbles in
glass, thus proving that at the high temperatures this oxide is vol-
atrilized from the melt. Allen and Zies conclude ‘that arsenic
trioxide is oxidized at low temperature and the product formed
is stable enough to remain until a high temperature is reached and
the glass becomes fluid, when it slowly dissociates into oxygen and
arsenic trioxide, both of which aid in the fining.”

Fenner ® adds the suggestion that the large bubbles of arsenic
vapors may in addition collect potential bubbles by functioning as
vacuum chambers into which volatile substances may evaporate at a
rapid rate. Be the effect what it may the general practice is to add a
little arsenic to the batch and the results attained by its use warrant
its continuance as a component of optical glass batches.

In the preparation of batches the nitrates and carbonates of the
alkalies are used in proportions ranging from 1:5 to 1:2, depending on
the type of glass; nitrates alone produce too active a melt, while car-
bonates alone do not furnish the desired oxidizing agents. Melts high
in alkalies and made from batches containing alkali carbonates, but
no nitrates, are difficult to fine properly. The chief function of alka-
_ lies in optical glass is to produce melts which are easily workable; they
influence the viscosity of the melt; the viscosity of a potassium flint
glass melt changes very slowly with the temperature; that of a so-
dium flint glass changes fairly abruptly at a temperature somewhat
above the softening point. Increase in the total alkali content of a
glass commonly raises its refractive index slightly; thus in the me-
dium flint glasses an increase in alkalies with corresponding decrease

15 See Doelter, Handbuch der Mineralchemie (Leipzig), 1, 861, 1912; also E. T. Allen and E. G. Zies,
Jour. Am. Ceram. Soc., 1, 787, 191S.

16 Jour. Am. Ceram. Soc., 1, 767-794, 1918.

1 Trans. Am. Ceramic Soc., 17,798, 1915

18 Jour. Am. Ceramic Soc., 2, 123-124, 1919.
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in silica, the percentage of lead oxide remaining the same, raises the
refractive index. Both alumina and magnesia may exert a pro-
found effect on the viscosity of the melt. In the computation of
batches from chemical analysis the data of Table 7 are useful.

TABLE 7.—Table of molecular weights and ratios between molecular weights for use in the
computation of glass batches from chemical analyses.

MOLECULAR WEIGHTS.

Sbg0s. ..
SnOs...
TiOs.
U;03.
V203,
ZnO
CO,.
N20;
CLO;
DA L om0 £7 - sha S
II. Re- II. Re-
Ratio of oxide to salt L cip}'(ical Ratio of oxide to salt. L | ciprfocul
of I. o
B3;03t0 2B (OH);............ 0.564 1.77 || MgO toMgCO3z.............. 0.478 2.09
Na;B40710H40........ .366 2.73 || MnO toMnOy....cuennnnn... .816 1.23
NazB4O;7............. .713 1.40 || NagO to Na,COs.. ot .585 1.71
BaO to BaCOs............... 777 1.29 Na,SO. . 437 2.29
BaB0g i, fath .657 1.52 .365 2.74
CaO to CaCOs.... . 560 1.78 . 162 6.11
CaFj..... 718 1.39 .307 3.26
K30 to K4COs......... 682 1.47 || PbO (o Pb3Oy........ 977 1.02
KiCO32H,0 .541 1.85 TIPS S .933 1.07
K3S80;......... .541 1.85
2KNOs;........ . 466 2.15
2KCl10; .384 2.61

PRACTICAL APPLICATIONS.

As an illustration of the use of the foregoing diagrams the batches
for several different types of optical glasses will now be deduced.

(a) Ascertain the batch for an optical glass of refractive index, ny =
1.649 and v=33.7.

By definition »= (np—1)/(ng—ne); accordingly the mean dis;er-
sion of this glass is 0.649/33.7=0.01925. From figure 13 we find
that a glass of these properties is a member of the flint series;
we may therefore turn directly to figures 19 to 22 and 26 for the
desired information; the batch may be read off directly from figure 26
or obtained less directly from figures 19 and 20. The refractive
index curve of figure 20 shows that the percentage of lead oxide,
PbO, contained in a glass of refractive index n,=1.649 is 52; from
figure 19 in turn we find that the approximate composition of a
flint glass containing 52 per cent PbO is SiO,, 41; PbO, 52; and the
alkalies (K,O, or Na,O, or m K,O plus n Na,0), 7. By means of the
conversion factors listed in Table 7 we now convert the K,O into a
mixture of K,CO; and KNO, such that the total amount of K,CO, is
three times that of KNO,. A simple algebraic computation shows
that this will be the case if 0.814, or, roughly, four-fifths of the total
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amount of K,O, is assigned to K,CO, and the rest to KNO,; the
corresponding factor for Na,0 is 0.827. The batch then without
allowance for volatilization is: Sand, 100 kiligrams or pounds;
litharge (PbO), 126.8; potassium carbonate (anhydrous K,CO;), 20.4;
potassium nitrate, 6.8. To correct for volatilization the lead oxide
should be increased a little; as a first approximation subject to test
and slight modification after a trial melt we may write: Sand, 100;
litharge, 127; (or red lead Pb,0,, 130); potassium carbonate, 20.5;
potassium nitrate, 6.8; and arsenious oxide (As,O,), 0.6.

The batch may also be read off directly from figure 29: Sand, 100;
litharge, 127; K,CO,, 20; KNO,, 7. In the batch diagram, as given,
arsenious ox1de is not 1nc1uded it is, however, common practice
among glassmakers to add from 0.2 to 1 kilogram As,O, per 100
sand. Too much arsenious oxide especially in the flint glasses may
cause the glass to turn milky on cooling; but a little is considered
to aid in producing a colorless glass of high, brilliant luster.

In case the analysis of the raw materials shows the presence of an
appreciable amount of water in any one of the substances, such as
sand or potassium carbonate, proper correction for this should be
made in computing the actual batch to be used.

It should be understood that these batch figures are of the correct
order of magnitude only; that the nice adjustment of the batch
depends on a number of factors which are best ascertained by actual
trial; these factors include size and type of melting pot and of melting
furnace, resistance of the pot to attack by the glass melt, furnace
schedule, and treatment of the glass batch and melt. A departure
of one or even two units in the third decimal place in the refractive
index and of one or two tenths in the »-value may be found on actual
trial. A slight modification of the relative quantities of the batch
substances suffices commonly to produce the desired results.

(b) State the batch compositions of a glass of refractive index np=
1.517 and v=64.3; ny—nc=0.0080/.

The v-value of this glass is so high that it is evidently a borosilicate
crown. Reference to Table 4 of analyses indicates that the optical
constants of glass No. 17 are closely similar to those desired. In
general it may be stated that for a borosilicate glass of such high
v-value, the refringence is unusually high, whereas for a crown glass
of this refractive index, the »-value is too high. The presence of
boron oxide in the glass raises its »-value; but, if added in quantity,
it lowers the refractive index; barium oxide, on the other hand,
tends to raise both the refractive index and the v-value. It is
evident, therefore, that in order to attain the higher refractive index
together with high v-value, barium oxide should be substituted for
the lime of the crown glasses and boron oxide should be present in
appreciable quantities in order to approach the type of glass desired.
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The v-value of glass No. 17 is too low; in order to raise it slightly the
relative amount of boron oxide should be increased somewhat. A
batch computed on the basis of analysis 17 and modified in the manner
indicated is the following: Sand, 100; B(OH),, 31; K,CO,, 31;
Na,CO,, 21; KNO,, 5.2; BaCO,, 6; As,0O,, 0.3.

In case a slightly lower »-value, as 64.1 or 64.0, isdesired, the amount
of B(OH), should be reduced to 30 or even 29. The interplay of
boron oxide and barium oxide in optical glasses, as affecting their
dispersion and refringence, is & most important factor for the glass—
maker to realize.

(c) State batch composition of a borosilicate. crown of refractive
ndex np=1.511, v=63.5.

In “this glass the refractive index is low and the »-value high;
there is no necessity, therefore, of substituting BaO for CaO. Analyses
9, 10, and 11 may serve as a basis from which to deduce a batch
composition for this glass; thus an appropriate batch would be:
Sand, 100; B(OH),, 12; Na,CO,, 22.6; K,CO,, 15; KNO,, 9; CaCO,,
4.5; Aszo3, 0.4. 3

(d) Select two glasses which in combination will produce a telescope
objective nearly free from secondary spectrum.

Secondary spectrum in a well-constructed telescope objective
consisting of two glasses in combination results from the dissimilarity
of dispersion in the two glasses. It can be readily proved that,
other conditions being the same, the amount of secondary spectrum,
for any spectrum interval, present in a doublet depends directly on
the partial-dispersion ratios of the two glasses and inversely on the
difference between the »-values.

The dispersion relations referred to in the foregoing pages enable
us to select glasses which meet these requirements. They may in
fact be selected directly by inspection of figure 15. As an illustration
let it be required to select a suitable glass which may be used in
combination with the zinc crown glass No. 26, of Table 4 of glass
analyses. The optical constants -of this glass are: n,=1.5128;
»=57.3; Me—no=0.00894; np—na,=0.00575; ne—np=0.00630;
ne,—ny=0.00508. The ratio (np—mna,)/(e,—nr)=1.132. From
figure 15 we find that glass No. 45, a dense barium crown, has approxi-
mately the same ratio between the two partial dispersions, namely,
(np—na,) [(n,—ng) =1.127. Its optical constants are: np=1.6098;
v=>58.8; nMp—nc=0.01037; np—n,=0.00665; ny—np=0.00730;
ng,—np=0.00590. The partial dispersion ratios for the two
glasses are:

N Np—Na’ Re—Np NG '—MNr
o Nr—Nc r—Nc Nr—"Nc
20035 L 0. 641 0.704 0. 569

45,500 . . 642 ] .704 . 569
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From the analyses of these two glasses it is not a difficult matter
to write down appropriate batches. Thus the batch for the zinc
silicate crown, No. 26, is approximately: Sand, 100; zinc oxide, 17;
sodium carbonate (Na,COy), 34; and sodium nitrate (NaNO,), 11.3,
arsenious oxide (As,0;) 0.3. A suitable first trial batch for the glass
No. 46 is sand, 100; boric acid (B(OH),), 69.5; alumina (ALQy), 25.7;
barium carbonate (BaCQ,), 199.5; arsenious oxide, 0.3. The function
of the alumina in this batch is to lessen the tendency of the barium
oxide to form crystallization nuclei of barium disilicate and also
to improve the working qualities of the melt itself.*?

From diagram 15 we note that a third glass, namely, the barium
crown No. 27, has almost the same dispersion relations; its ratio
(np—mn4s")/(ne’ —ny) is/1.132. Tts partial dispersion ratios are 0.640,
0.703, and 0.565 for the intervals D to A’, F to D, and G’ to I
compared with the mean dispersion for the interval F' to (. From
analysis 27 a first trial batch composition may be computed by the
methods outlined and found to be: Sand, 100; boric acid B (OH),, 9;
zinc oxide, 8.4; barium carbonate, 41.7; sodium carbonate, 9;
potassium carbonate, 18.5; potassium nitrate, 9.5; arsenious oxide,
0.5. The addition of more barium carbonate to this batch would
raise the refractive index. As the amount of BaO is raised, that of
the alkalies is lowered in order partly to reduce the corrosive action
of the melt on the pot.

These examples suffice to indicate that the problem of batch com-
positions of optical glasses at the present time, until more data have
been made available, is one of interpolation together with a certain
amount of experience which enables the glassmaker to determine
what the behavior of the melt will be under the conditions at his
plant. In all cases it is advisable to prepare small melts,5 to 50 kilo-
grams in weight, to stir these properly, and to ascertain the optical
constants of the finished glass. Good quality glass can not be pro-
duced by this procedure, and the conditions are distinctly different
from those in the melt of a large charge of 500 to 1,000 kilograms;
but the order of magnitude of the optical constants obtained is correct.
It is also advisable to hold the small charge melt for a relatively
long period of time at temperatures somewhat below the final stirring
temperatures in order to ascertain the tendency of the melt to crystal-
lize or to become milky and opalescent; the batch can then be modi-
fied accordingly.

It may be of interest to note that this part of the general problem
of optical glass manufacture proved, during the war, to be one of

1 The fact that the » values of these two glasses are so nearly alike is unfavorable from a practical stand-
point because under these conditions the power of the resulting combination is weak and steep curves are
required to attain even a low power. Two glasses, for which the difference in » values is less than 15.0,
are not generally considared acceptable for achromatic doublets.

39229—21——S8
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the least of our troubles and indicated the futility and uselessness
of secrecy in this particular phase of optical glass manufacture.
As a research problem, the general problem of optical glass manu-
facture in war time differs from ordinary research problems because
the properties of the final product are definitely known and the task
is to reproduce glasses of known characteristics rather than to develop
new types of glasses. In the above paragraphs no consideration is
given to the more fundamental problem of computing the optical
constants of a glass from its chemical composition. The information
at hand was not adequate for this purpose and our war-time interest
was not concerned with this problem, which still awaits satisfactory
solution.?

Among the batches for different types of optical glass which
originated with the Geophysical Laboratory,?. those listed in Table
8 are typical:

TaBLE 8.—Batch compositions of optical glasses.

(B) (©) (D) (E) (F)

A
Light Boro-sili- | Boro-cili- | Boro-sili- Barium Barium
crown. cate crown.| cate crown.| cate crown. crown. crown.

Np=1.516 | np=1.511 | Mp=1.511 | np=1.517 | Np=1.570 | mp=1.571
»=60.0 r=064.1 v=063.4 v=084.3 v=>57.0 v=56.7

» The first five papers of a series of articles on ‘‘The development of various types of glasses’” have re-
cently been published by C. J. Peddle in the Jour. Soc. Glass Technology’f 4, 3-107, 1920; see also ‘‘The

optical properties of some lime-soda glasses,” by J. R. Clark and W. E. S. Turner, Jour. Soc. Glass Tech-
nology, 4, 111-115, 1920.

2 Batches b, ¢, ¢, i, k, L are taken from the article by C. N. Fenner, Jour. Am. Ceram. Soc., 2, 143, 1919.
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TABLE 8.—Batch compositions of optical glasses—Continued.
PERCENTAGE EQUIVALENTS.

(A) (B) © (D) (E) (F)
Light Boro-sili- | ‘Boro-sili- | Boro-sili- | Barium Barium
crown. |cate crown.|cate crown.icate crown.| crown. crown.
Np=1.516 | np=1.511 | mp=1.511 | np=1.517 | np=1.570 | np=1.571
»=60.0 l v=064.1 »=63.4 v=64.3 v=57.0 v=56.7

MAGNETIC SEPARATOR.

A number of experiments were made with a view to eliminate so
far as possible the iron-bearing compounds which might be present
in the raw batch materials, particularly the sand. For this purpose
a magnetic separator of the Dings type proved to be the most effi-
cient. By means of this separator the magnetic particles from the
sand and from the cullet were extracted. It was found, however,
that in the long run the amount of magnetic material obtained by
this method was hardly sufficient to warrant the expense and trouble
involved in the operation. In case, however, the raw materials are
not of the highest quality a magnetic separator should render
valuable service.

MIXING OF THE BATCH.

The raw materials which enter into the composition of the batch
mixture must be thoroughly mixed before they are filled into the
pot, in order that the composition before melting is practically uni-
form throughout. In smaller plants the mixing of the batch is done
by hand after the manner of quartering in assay plants. The mate-
rials are weighed out accurately and passed through a sieve of four
or six meshes per inch into a long, open wood box, large enough to
hold the entire batch. (Fig.30.) The batch is then thoroughly
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worked over, back and forth, by shoveling the materials from one
end of the box to the other; in this operation the effort is made to
mix the materials by turning and spreading each shovelful. The
workmen soon become skilled at this task, and analyses show that a
highly uniform composition throughout the mass can be obtained by
this method. It has, however, certain disadvantages. The shifting
about of the powdered materials raises an appreciable amount of
dust, which is breathed in by the workmen. The workmen are sup-
posed to wear aspirators, but they are lax and may fail to regard
this precaution; they inhale the dust of lead oxide, arsenic, and
strong alkalies, and this in time seriously affects their health. This
situation is somewhat improved by the use of strong ventilators

F16. 30.—Mixing and sifting the materials for theraw batch by hand. (Photograph
by J. Harper Snapp at the plant of the Spencer Lens Co.)

placed about the mixing boxes; such ventilators remove the fine
dust from the room fairly well, but if the suction is too violent the
lighter portions of the batch are apt to be carried away.

Mechanical mixers are in general use at large plants. (Fig. 31.)
Experience has shown that these are efficient, the chief objection to
them being that, if any metal parts, such as iron, are exposed these
are abraded, and iron is thereby introduced into the batch. In
the case of optical glass this may seriously affect the color of the
glass. Of the mechanical devices the cube mixers lined with wood
and equipped with paddles have proved satisfactory; also a conical
mixer equipped with paddles. (Fig. 31.) Mixing by mechanical
means is of course more rapid than by hand, but in the case of an
optical glass plant the capacity is never so large that, were it not for
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the danger to the men’s health, mechanical mixers would probably
not be used. .
Cullet.—The quality of glass required for optical purposes is so
high that the percentage of good glass finally obtained from each pot
rarely exceeds 25 per cent. Part of this wastage results from the
several operations through which the glass has to pass from the pot
stage to that of final acceptance; but a considerable portion of the
pot glass is rejected on first inspection because of striae, bubbles,
shape and small size of fragments, and other defects. Rejects of pot
glass are called “cullet,” and are commonly remelted together with

Fia. 31.—Mechanical batch-mixer. (Photograph by J. Harper Snapp at the plant of the Bausch &
Lomb Optieal Co.)

fresh batch. Two purposes are thereby served—valuable material
is saved and the melting pot is protected in a measure from the active
corrosive action set up on the melting down of the raw batch mate-
rials.

The amount of cullet which may be used is more or less indeter-
minate. Experience has shown that good results can be obtained
from melts free from cullet; also from melts containing 50 per cent
of cullet. Good practice is to use up the available cullet and not to
allow it to accumulate. Cullet intended for a batch is broken up
with a hammer or in a jaw crusher into pieces measuring not over 2
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inches in diameter. In this form it is easy to mix with the batch
materials and also to handle in a shovel or scoop. Iron may be in-
troduced during this operation, and the cullet fragments should be
passed over an électromagnet before mixing with the batch materials.
In the handling of cullet the most scrupulous care must be taken to
keep the cullet from a particular pot of glass separate from all others.
The object in all cases is to obtain optical glass of predetermined
optical constants, and the admixture of any cullet of abnormal optical
constants has a pronounced effect on the optical constants of the final
product. Furthermore, cullet, after having been once through the
melting process, is commonly richer in iron and other impurities
than the raw batch materials. Cullet which is strongly colored
should therefore be used only in limited quantities. In case the
optical constants of available collet are slightly different from those
of the glass desired it is the task of the manager so to adjust his raw
batch composition that the resultant glass will have the correct val-
ues. If large quantities of cullet are used, it is considered to be
good practice to increase relatively the amount of nitrates in the
batch in order to produce an actively oxidizing melt. In no case
should cullet containing stones or fragments of pot wall be used.

FURNACE OPERATIONS.

We come now to the most spectacular and to the novice the most
interesting period of the glassmaking process. The batch is moved
from the batch room to the furnace hall, where it is to pass through a
fiery furnace and there to be transformed into glass. The glass-
making process consists not of a single operation, but of a series of
operations which are carried out one after the other and for which a
definite schedule is commonly arranged. These operations include:
(a) Preheating, in a pot arch, of the pot in which glass is to be melted;
(b) transference of the pot from the pot arch to the melting furnace
and setting of pot on even keel in the furnace; (¢) baking or burning
the pot at a very high temperature; (d) glazing of the pot; (¢) filling
in the batch; (f) melting and fining; (d) skimming and stirring; (h)
cooling of melt in furnace; () removal of pot from furnace; (4)
cooling of pot to room temperature. These steps will be considered
in the order named.

Preheating of the pot in the pot arch.—To be effective the furnace
hall of the optical glass plant requires not only melting furnaces in
which to melt the batch but also a number of pot arches in which to
preheat the melting pots. The pots, as they are received from the
pot-maker, are thoroughly well dried and free from cracks. Al-
though massive in appearance and several inches thick, they are in
fact very fragile and must be handled with the utmost care as they
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are in reality built-up clay masses which, if jarred severely, may crack
and fall apart.

The clay of the crucible contains even in the dry state a large
amount of water in chemical combination as well as adsorbed water;
this must escape during the heating of the crucible. It is the task of
the glass maker to heat his crucible so slowly and so uniformly that
during the operation it does not crack. The heating is commonly
done in a simple type of gas-heated furnace, equipped with a short
stack, in which gas flames mount over the breast wall, pass along
the arch or crown and are drawn out through openings in the floor
of the furnace. A pot arch of this type is not difficult to regulate,
but it requires constant care to keep it properly regulated. If the
gas flames play directly on the green pot a crack is certain to develop
along the path of the flame.

Fi6. 32.—Preheated pot in process of transfer from pot arch fo melting furnace. Furnace
door is raised and furnace siege (floor) has been madeready toreceive pot. Pot is trans-
ferred by a “pot wagon.” (Photograph by J. Harper Snapp at the plant of the Bausch &
Lomb Optical Co.)

The melting pot is placed on three firebrick supports 6 or 8 inches
off the ground in the pot arch; the arch is sealed and the heat turned
on slowly. The period of slow preheating depends on the size and
kind of crucible; but ordinarily three to five days is about right; by
this time a temperature of 800° to 1,050° C. (1,475° to 1,900° F.) has
been reached and the hot pot may be transferred to the melting fur-
nace which is heated to about the same temperature. The pots are
transferred by means of a pot wagon, which may be described as a
huge pair of tongs (mounted on wheels and with adjustable counter-
weights) which grasp the pot beneath the outer flange of the pot.
(Fig. 32.) Half a dozen men can handle without difficulty a 36-inch
pot even when filled with glass and weighing 1,500 pounds.

Setting of the pot.—During the period of intense heat developed in
the melting furnace its floor or “siege’” becomes somewhat soft, the
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pot of molten glass sticks to it and on removal has to be pried up
and loosened from it. This operation leaves the siege uneven. Be-
fore introducing the preheated, empty pot the glassmaker accordingly
uses long iron rods and pushers to level the siege. He scrapes off
protruding high spots as well as possible and then fills in the cavities
with fresh sand and spreads a final thin layer of sand over the pot
area in order that the pot may rest on a firm, level foundation and
not be subjected to unneeessary strains. Care should be taken not
use too mueh fresh sand in this operation, otherwise the siege be-
comes too high in the course of time.

The pot is set on the level siege, the furnace door (tuille) is lowered
and sealed, and the fire is turned on.

Baking of the pot—In the course of several hours a furnace tem-
perature of 1,400° to 1,500° C. is attained; the empty pot is baked
at a temperature of 1,425° to 1,450° C., depending on the kind of pot,
generally for an hour or more to allow the clays to sinter together
and even locally to show incipient melting, so that the texture of
the pot walls becomes dense and is then not readily attacked by
the molten glass. The pot is purposely superheated above the fining
temperature of the glass, in order to render its inner walls dense and
chemically resistant. The duration of the burning differs with the
kind of pot employed, but it should always be sufliciently long to
insure proper quality of walls. The burning may be done in a pot
arch providing a sufficiently high temperature can be reached in the
arch; in this case the pot, after burning, is transferred to the melting
furnace, thus shortening the glass-melting period.

Glazing of the pot—After thorough baking of the pot the furnace
temperature may be lowered to the fining temperature of the glass
or even slightly lower, to 1,325° C. (2,300° to 2,400 F.). Charges of
40 to 50 pounds of cullet are now filled into the pot at intervals of
half an hour by means of a long-handled scoop or ladle; more cullet
may be used if desired. In filling in the cullet from his scoop, the
glassmaker endeavors to spread the material around the inside upper
walls of the pot, whence it flows to the bottom, which it should cover
to a depth of at least an inch. The function of the cullet glaze is to
protect the walls of the pot from the batch. If .the glazing is done
at a very high temperature there seems to be a tendency for the thin
molten glass to enter into the pot walls and leave them dry and
unprotected. The glazing period may extend over one to three hours,
depending on the amount of cullet used and on the furnace time-
schedule. The furnace has now been held for several hours at a high
temperature; during this period its walls and regenerative chambers
have been heated thoroughly and a reserve amount of heat has been
stored up to aid in the rapid melting down of the cold batch and
thus to obtain a satisfactory fining period



MELTING AND FINING. 117

Filling in the batch—After the glazing of the pot, the batch is
filled in at intervals. This operation should proceed in such a man-
ner that the batch is introduced in quantities sufliciently small that
they do not seriously cool down the melt in the pot and yet large
enough to insure an economical use of fuel and of time. (Fig. 24.)
With each fill of the batch and consequent opening of the furnace
port, there is a perceptible cooling down of the furnace; with the
introduction of each ladle of the batch there is furthermore an appre-
ciable amount of the batch lost, which rises as a cloud of dust, enters
into the furnace chamber, and is carried away by the gases; the
dust settles in part on the walls and arch of the furnace and shortens
its life appreciably. During the filling-in period the temperature. of
the furnace should be kept fairly high. If the temperature is held
too low, the reactions within the melt proceed slowly and uneco-
nomically; if too high, the reactions proceed too violently and the
pot may boil over and be seriously attacked by the chemicals. Each
successive fill of batch-mixture is made before the preceding fill has
been completely dissolved and while undissolved grains of sand are
still present in the melt. Ixperience has shown that the filling may
be done at high temperatures without serious attack of the body
walls. Tt is the task of the furnace operator to hold the temperature
of the furnace sufficiently high that the melting down proceeds fairly
rapidly without serious danger of boiling over and without serious
attack on the walls of the crucible. In short, the filling-in should
not be done in such large quantities that the pot is appreciably
cooled; nor at too frequent intervals, nor in too small quantities;
otherwise there is serious loss by volatilization and escape of dust. As
the filling-in proceeds, the temperature of the furnace should be raised
to the fining temperature which ranges from 1,375° to 1,425° C. for
the ordinary kinds of optical glass. The pot is filled finally with
metal to within an inch of the top. '

Melting and fining.—There are certain features of the glass-melting
process which have not yet been definitely established and which can
only be approximately determined because of the number of varia-
bles involved. Raw materials of high purity are essential; freedom
from iron is necessary because it is the chief coloring agent. The
danger of iron coloration from pot solution can be reduced by using
pots of high chemical resistance and low iron content, by a thorough
baking of the crucible at a temperature considerably above the fining
temperature of the glass, and by shortening the glass-melting period
as much as possible. Experience has shown also that the iron in the
ferrous-ferric state produces a maximum amount of coloration with
a given percentage of iron; that iron in the ferric state produces
relatively much less coloration. It is essential, therefore, that care
be taken to run the furnace with an appreciable excess of hot air;
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if the furnace construction is good the atmosphere above the batch
is oxidizing and long lazy reducing flames do not sweep across the
top of the pot and tend to reduce the ferric state of the iron. In the
regenerative type of furnace a reducing atmosphere is avoided by
first shutting off the gas on one side of the furnace, opening the
butterfly, and then waiting for half a minute before turning on the
gas on the opposite side of the furnace. This plan enables the fur-
nace to get into proper balance and draft, and eliminates the pres-
ence of black sooty flames every time the direction of gas flow is
reversed (10 or 20 minute intervals). Experience with furnaces indi-
cates that the regulation of the temperature of the glass-melting
furnaces is one of the most important factors in the manufacture
of optical glass; this applies not only to preheating and baking of
the empty pots, but also to the filling-in and the glass-melting
temperatures.

The filling in of the batch and the complete melting and solution
of the batch components is accompanied by an evolution of the vola-
tile components of the batch; the final product is a solution of silicates
free from bubbles. Experience has shown that agitation or vigorous
stirring of the melt during, and especially toward the end of the filling-
in period accelerates the solution and melting down of the batch and
tends furthermore to reduce the differences in concentration in dif-
ferent parts of the melt. In particular it prevents the heavy lead
oxide components of the batch from sinking to the bottom and thus
forming a heavy layer which later is difficult to eliminate. Moreover,
the stirring of the melt during the period of intense chemical reaction
tends to favor the escape of any bubbles which may be formed.
The stirring should not be so violent that the foam which forms on
on the surface of the glass melt is stirred into the glass mass. Stirring
at this period decreases the time of melting and shields the pot from
attack by the solutions and cuts down the amount of gas used. Asa
result of the intensive study of these factors Dr. G. W. Morey,? of
the Geophysical Laboratory, was able to shorten the melting period
from 36 hours to 24 hours.

At the end of the filling-in period, the glass is fairly well melted,
but the chemical reactions, which take place and which mean the
replacement of carbonates and nitrates by silicates and borates (if
boron be present) and the driving off of the volatile gases, require
some hours for completion; during most of this period the molten
glass is filled with small bubbles and the escaping gases and chemical
reactions tend to keep the temperature of the melt down. Toward
the end of the process, the volatile gases have for the most part es-
caped. The temperature of the melt may now rise. The evolution of

2 (3, W. Morey, An improved method of optical glass manufacture, Jour. Am. Ceram. Soc., 2, 145-150,
1919. 2
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gas becomes more pronounced, the melt enters the stage of the “open
boil,” and then passes into the “fine or plane” stage at which it is
relatively free from bubbles and seeds.

In the glassmaking industry the fining of the glass melt is a most
important factor. The fining is evidently a stage attained by the
melt in which the saturation limit for the gases (CO,and N,O;) is
relatively low and presumably becomes progressively lower as the
carbonates and nitrates are eliminated from the melt. There is some
evidence that the batch containing only nitrates and no carbonates
fines at a lower temperature than the nitrate-carbonate batch; there
is also evidence that at high temperatures arsenic pentoxide dissociates
into oxygen and arsenic trioxide and causes an evolution of gas which
tends to sweep the glass metal clear of small seeds toward the end of
the fining period. Because of its importance to the whole glass manu-
facturing industry a careful study of the gas evolution-time-tempera-
ture relations in different glass batch types should be undertaken;
preliminary investigations along these linés have been undertaken
by Dr. E. G. Zies, of the.Geophysical Laboratory. The data obtained
by these studies should give a clearer insight into the glass-melting
process than has heretofore been possible and will enable glass-
makers to establish scientific control over their melts. The problem
is fundamental in character. The study of the chemical reactions
at high temperatures which take place on the conversion of the
carbonate-nitrate solutions into a solution of silicates is essentially
that of the glassmaking process, and the more we know of these
reactions and their rates, the better can they be controlled.

The optimum temperatures for fining the glass are different for
different glass types. In general the crown glasses (light crown,
borosilicate crown) fine well at 1,400° C. or a little higher. Medium
flint melts, on the other hand, are less viscous and fine well at 1,370°
C. In case there is danger of milkiness, because of the presence of
small amounts of chlorides or sulphates, or too much arsenic or other
opalescence-producing compound, the melt should be fined at a
higher temperature, 1,425° C. or still higher, if the pot will stand it.
At high temperatures the pot may become fairly soft and be attacked
by the metal, and stones or leakage may result; furthermore, because
of increased volatilization, the optical constants of the melt change
rapidly.

The ease with which molten glass rids itself of bubbles depends
somewhat on the type of glass. The flint glasses are relatively liquid
and commonly fine readily. The crown glasses are in general more
viscous and may cause trouble during the fining stage. To facilitate
and to expedite the fining of the glass, “blocking’”” of the melt is
frequently resorted to; this process consists in introducing into the
melt a small amount of some volatile substance, such as water, which
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on escaping forms large bubbles and sets the melt in violent agitation.
The details of this process are described below in the section on
stirring.

At different periods during the melting and fining stages of the
glass, proofs or dips are taken to ascertain the condition of the metal.
For this purpose an iron rod flattened at the end, with a shédllow cup

~attached to the bent end of the rod, is inserted into the metal and
a sample of molten glass is ladled out; or a small quantity of glass
is gathered on the end of a small iron pipe and blown into a spherical
flask. The operation is done as quickly as possible; the rod with
its dip of attached glass is withdrawn and examined during cooling.
In the case of proofs the base of the cup is cooled in a pail of water;
the hemispherical proof is then removed and placed on top of the
melting furnace, where it cools down slowly.

Skimming—Toward the end of the fining period bubbles of fair
size escape freely and the stage of ‘“open boil’’ begins; with the close
of this period the melt is reasonably free from seeds and bubbles and
is said to be ‘“fine”” or “plane.” During the fining process scum,
stones, and other materials which are specifically lichter than the
metal rise to the top and can be seen floating on the surface; these
are removed by “skimming.” A long iron rod with a cross plate
attached to the end is passed over the surface of the metal and the
froth is skimmed off. Care is taken in this operation not to submerge
any of the floating islands of scum because they reappear only slowly;
also not to remove any more of the good glass than is necessary
because of the changes in optical constants of the glass which may
result therefrom. :

Stirring.—Ordinary types of glass consist chiefly of silicates in
solution; geological and experimental evidence proves that silicates,
such as are found in glass and in igneous rocks, are miscible in all
proportions. From the layers which are sometimes observed in
optical glass melts, especially in the heavy flints, one might infer that
limited miscibility between certain phases exists; but it is easy to
prove that the layers are the result of gravitative differentiation,
the heavy, lower-melting lead oxide and other components of the
batch settling to the bottom, the light sand particles rising to thé
surface. Such stratification in layers of different density is not a*
uncommon thing in glass melts and is overcome by stirring and by
blocking. Once the melt has been rendered thoroughly homogeneous
slight differences in composition may still be introduced as a result
of volatilization from the surface of the melt and solution of the pot
walls along the sides and bottom. The chief purpose of stirring is
to render the melt homogeneous.

Stirring was first introduced by P. L. Guinand, a Swiss maker of
glass, who used a clay stirring rod operated by hand. Guinand pro-
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duced glass of good quality, some of which was used by Fraunhofer
in astronomical telescopes. Iand stirring (fig. 33) is still employed
at many factories during the early part of the melting period for thes
purpose of thoroughly mixing the melt so that great differences in
composition do not exist; the stirring begins while the melt is still
active and undissolved sand grains are still present. Stirring at this
stage of the process accelerates the chemical reactions within the
melt and aids greatly in the attainment of homogeneity. Iand
stirring of this kind is best done intermittently in order not to cool
down the molten glass appreciably and also to allow bubbles to
escape.

F1G. 33.—Stirring an optical glass melt by hand. (Photograph by J. Harper Snapp at theplant
of the Bausch & Lomb Optical Co.)

Following Guinand’s practice, the clay stirring tube or thimble is
first carefully heated to a bright red in a small gas furnace and then
placed on the breast wall of the melting furnace where it attains a
white heat; from here it is conveyed to the edge of the melting pot,
nserted slowly into the melt and then withdrawn and allowed to
semain for another hour on the edge of the crucible with its closed
end floating on the molten glass. This treatment allows the glass to
penetrate into the clay mixture and to drive out gases which would
otherwise escape into the melt and be difficult to eliminate. The
clay tube is now attached to the end of the water-cooled rod, and
stirring by hand or by machine may begin. The clay stirring tubes
should be at least 3 inches thick at the bottom and 4% inches at the
top with a collar 1 inch thick to give strength to the end of the tube
into which the elbow end of the water-cooled stirring rod passes; also



122 MANUFACTURE OF OPTICAL GLASS.

to furnish a flange with which to support the tube when the stirring
rod is removed. The tube should be about as long as the pot is deep.
The tubes are commonly made at the plant from the material of raw,
broken pots. (Fig. 34.) The end of the water-cooled, iron-pipe
stirring rod is preferably a square block of iron about 4 inches long and
1 inch thick, set at right angles to the rod; it fits fairly snugly into
the square hole at the top of the fire-clay stirring tube and holds it
in position during the stirring operation.

If hand stirring is used, the water-cooled stirring rod passes over
a small grooved iron wheel, mounted on a pivot directly in front of
the small opening in the furnace door. (Fig. 33.) To relieve the
workman of supporting the heavy rod during the stirring operation,
it is counterbalanced by weights suspended from pulleys which con-

FIa. 34.—Clay stirring-rod attached to water-cooled stirring rod mounted on a stirring
machine. (Photograpl‘i by J. Harper Snapp at the plant of the Spencer Lens Co.)

nect to its cold end; at this end a crossbar, preferably of wood, is
attached and with it the rod is held and guided by the workman.
Skill and practice are required to stir well by hand. There is danger
at first of scraping the sides and bottom of the pot and of disengaging
the clay tube, but with practice the motions become routine and
workmen find no difficulty in stirring continuously during a 20-minute
shift. During actual stirring the eyes of the workman are shielded
by proper glasses to cut down the intensity of the light and heat
radiated from the furnace.

Hand stirring is satisfactory for the early stirring operations, but
the mechanical stirrer is superior for the long-continued stirring
which follows. The mechanical stirrer is an electrically driven device
mounted on a heavy framework which runs on wheels and can be
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moved from one furnace to another. (Fig. 34.) Different mechan-
ical means are employed to impart to the stirring tube the desired
motions. A rotating metal plate can be used, to which the cold end
of the stirrer is attached; and by an automatic screw feed this end
can be made to describe circles of continuously varying radii if
desired; the middle of the tube is pivoted on a metal pin which slides
in a groove that can be inclined at different angles, thus imparting
the desired degree of up-and-down movement to the stirring tube.
A maximum up-and-down stroke of the stirring tube of 4 to 6 inches
is about right. With this arrangement the curves described by the
stirrer are approximately circles # combined with the up-and-down
stroke. The stirring machine is adjusted to proper height of the
stirrer by means of small jackscrews permanently attached to the
framework. Similar motions of the stirrer can be accomplished by
means of systems of gearing (planetary) and have proved satisfactory
in practice. The curves described by these systems, especially if the
axis, on which the rod is pivoted, is fixed, may depart in shape con-
siderably from a circle. The requirements to be met by the mechan-
ical stirrer are: Ability to impart to the stirrer approximately circular
motions of different diameters; at the same time an up-and-down
movement if possible; variable speeds varying from 30 down to 4 or
5 revolutions per minute (speed preferably continuously variable cr
if by steps, by at least four steps); stirring rod easily and quickly
removable; ease and certainty of manipulation. In all mechanical
stirring the stirring tube should never approach nearer than 2 inches
to the sides or bottom of the pot.

The significance of the stirring process is best realized by analogy.
In the case of sugar dissolving in hot water or tea the obvious method
to expedite the rate of solution and to render the solution homogeneous
is to stir it vigorously with a spoon. Similarly, fine or heavy striz
can be absorbed and the glass rendered homogeneous by effective
stirring; but this stirring must be done in such a way that the
different parts of the melt are thoroughly mixed and at sufficiently
high temperatures that the rate at which diffusion acts to eliminate
differences in concentration is sufficiently rapid to enable the glass
to become homogeneous within a reasonable period of time. The
higher the temperature the thinner the metal and the more rapidly
are the differences of composition eliminated by diffusion. The need
for an up-and-down and an in-and-out motion with a stirring rod of
sufficient size to be effective is evident. A homogeneous solution of
silicates can only be obtained by proper stirring methods applied at
proper temperatures. The solutions are not individual units, such as
crystal compounds of definite compositions, but they are solutions of
silicates mutually soluble which dissolve the one in the other and finally

2 Williamson and Adams, Jour. Am, Ceram, Soc., 3, 671-677, 1920.
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merge completely to produce a homogeneous mixture. These ppis .
ciples are stated somewhat in detail because they are fundamentsii
to the attainment of good optical glass. This treatment of optie!
glass is different from that of any other kind of glass, such as plat«
glass, and may therefore not appear to be important to the skille.
maker of plate or window glass whose interest centers chieﬁy ol
seeds and heavy striz, but not in fine strie which are almost imper: !
ceptible to the unalded eye.

An instructive experiment to illustrate the formation of striz and
the effect of proper stirring on the elimination of striz is to mix,
in a beaker glass, glycerin and water, or glycerin and alcohol, org
syrup, honey, or molasses and water; stirring rods of different shapes_
and sizes may be used to ascertain the effects of the different possible ;i
methods of stirring. During the first part of the mixing process the »
more viscous liquid (glycerin or syrup) forms a series of veins,
strings, ribbons, which disturb the even course of the light rays
through the solution and render it semitransparent As the stirring 1
continues the heavy cords and threads decrease in distinctness and *
sharpness and the solution appears to be filled with fine lines. After
further stirring the solution becomes clearer and finally attains a
state of complete mixing; it is practically homogeneous. These
experiments aid the observer in visualizing the stirring process and
impress him not only with the significance of striee and their elimi-
nation, but also with the relatively long period of time required to
render even a relatively thin' solution, such as glycerin and water,
homogeneous; he realizes at once the importance of the thorough
and long-continued stirring of optical glass at high temperatures in
order to attain homogeneity.

In the early stages of the final melting process of optical glass
pronounced differences in composition exist in the glass melt; diffu-
sion acts to diminish these differences in concentration. The rate at
which this is accomplished depends on the concentration differences
from point to point in the melt; the more numerous and the greater
these differences are between adjacent points, the more rapid is the
transfer of material by diffusion and the sooner is homogeneity
attained. Elements of different composition are spread out and
brought into direct contact by stirring. Although at high temper-
atures the pot walls are dissolved more rapidly, yet unless the stirring
is carried on at a high temperature it is ineffective, and fine strie
are introduced which are not completely digested by the metal.

The function of the first part of the stirring process which takes
place while solution within the melt is still active is to mix the melt
thoroughly. The stirring is done rapidly and the melt is vigorously
agitated. This kind of stirring should be maintained until all ele-
ments in the batch have been completely dissolved and the volatile
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.onents have escaped. It is not necessary, however, that the
ring be carried on continuously during this period; in fact, it is
ter to stir the melt intermittently, because during this stirring
iod the temperature of the furnace necessarily falls and the melt
cooled somewhat. Thus by stirring for 15 minutes and then
sing up the furnace and allowing it to attain a high tempera-

are, the chemical reactions take place more rapidly and there
is less chance for great differences in concentration to be set up.
Such stirring is best done by hand and an effort is made to stir up-and-
down and in-and-out with a spiral motion. This part of the process
aixes the melt thoroughly and aids bubbles to escape. The stirring
should not be done so rapidly that escaping bubbles are carried down
nto the melt. Toward the end of this process the characteristic
stage of the reaction known as the “boil” of the molten glass begins
and stirring by machine may now commence.
As an aid to hand stirring, blocking may be used; this mode of treat-
nent aids also in the finishing of the melt. Blocking consists essentially
in introducing into the melt a highly volatile substance, such as water,
or arsenious oxide, or ammonium nitrate, which produces a sudden
evolution of gas; this gas, on escaping through the melt, agitates it
violently and tends not only to mix the melt, but also to sweep out
any fine bubbles which may be held in it. The method of blocking has
been used for many years in the plate and window glass industry and
derives its name from the fact that blocks of wood soaked in water and
held by a proper clamp are commonly thrust down into the melt;
the intense heat causes a violent evolution of steam from the water,
which produces the desired effect. Lumps of arsenious oxide answer
‘the same purpose; also sticks of ammonium nitrate. An iron rod is
used almost invariably in this connection and inevitably introduces
a certain amount of iron into the melt. For optical glass this would
be serious if the amount were appreciable, and care should be taken to
employ clean iron rods free from scale. The method of blocking can not
entirely replace hand stirring because the whole blocking action lasts
for an exceedingly short time; but as an aid in fining the glass and
in bringing about an open boil, blocking may be advantageous. The
blocking is most effective if introduced at the beginning of the “open
boil” stage of the melt. The injection of blocking material should
be repeated several times in rapid succession, to be followed after
an interval of 10 to 20 minutes by a second series of similar injections.
The glass is now fairly homogeneous and the task is to attain still
greater homogeneity. This is best attained by mechanical stirring at
temperatures slightly below the fining temperatures. During the
melting process the glass is in a constant state of change. Volatili-
zation of certain components of the melt proceeds at an appreciable
rate from the time the batch enters the pot until after the pot has
39229—21—9
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been removed from the furnace; the walls of the pot are moreover
attacked and solution of these walls takes place at a rate dependent
on the quality of the pot. The changes in composition which arise
from these two sources are restricted, chiefly to the margins of the
melt, namely, the bottom, the sides, and the top. In all cases these
changes tend toward an increase in the percentage of silica in the
melt. Any factor therefore which produces a movement of the
margins of the melt toward the center necessarily introduces into
the melt streaks of different composition and hence of different opti-
cal properties. The factors involved in such transfer of materials
are primarily mechanical movement and thermal convection currents
set up as a result of differences in temperature between different parts
of the metal; in the case of pot solution the lighter, more siliceous
material from the pot tends to rise, thus setting up a current and
allowing fresh melt to continue the attack on the walls. It isimpor-
tant that the temperature of the furnace be kept uniform, and that
the stirring be done in such a manner that the marginal parts of the
melt are disturbed as little as possible. In the case of pots which
are chemically resistant, the danger of trouble from the walls of the
pot is relatively slight and glass of good quality should extend to
the margin of the pot. The stirring rod during mechanical stirring
should not approach nearer than 2 inches to the sides or bottom of
the pot, the object being to insure homogeneity in the central part
of the glass mass and to shield this by leaving an undisturbed shell
of molten glass between it and the pot walls. At the beginning of
the period of steady mechanical, stirring the rate of stirring should
be fairly rapid (25 to 30 strokes per minute); there is, however, no
special reason for a pronounced up-and-down movement at this stage,
because by this time the differences in concentration between different
parts of the melt are small and the function of the stirring is simply
to eliminate these small differences and to obtain a melt uniform in
composition throughout. Machine stirring at fairly high temper-
atures is continued for some hours and a high degree of homogeneity
is attained thereby in the melt.

Were it now possible to have the molten glass acquire instan-
taneously room temperature in a well-annealed state, much of the
glassmaker’s troubles would be eliminated; but this is not the case,
and the furnace operator endeavors during the cooling-down period
to retain the bomogeneity which the metal has acquired. This
period is critical, and much glass may be lost in this operation unless
extreme care be taken. v

The gas is turned off and furnace and melt are allowed to cool
slowly. Stirring is continued, but at a decreased rate and with
shorter stroke, and the vertical motion is eliminated. The function
of the stirring from now on is defensive only and seeks to efface the
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inhomogeneities introduced by convection currents into the melt from
the walls and bottom of the pot and from the surface of the melt at
which selective volatilization is ever active. These sources of inho-
mogeneity do not produce great changes in the total composition of
the melt, but, if allowed to be carried by convection currents through
the melt, they leave a trail of very slightly different composition and
this means striz in the final product. When we consider that the
refractive index of a heavy stria or cord differs from that of the inclos-
ing glass by only one or two units in the third decimal place, we
realize how slight the differences in chemical composition actually
are and how essential it is to aid diffusion in smoothing out these
minute differences by persistent stirring.

The rate at which to stir the molten glass during the coohng—down
period is a matter to be learned by experience. It is desirable at
all times to stir it as rapidly as possible but with certain limitations.
As the melt cools the glass becomes stiffer, and the stirrer tends to
carry before it a wave of glass which becomes higher and more pro-
nounced the more viscous the glass and the faster the stirrer travels
through it. The stirring should not be so rapid that part of this
wave is at any time infolded into the wall because bubbles and the
lower refracting surface film are thereby introduced; the stroke
should, moreover, be so slow that the glass at the margin of the pot
is left undisturbed.

During this part of the process there is little chance for the bot-
tom of the pot to cool off, and it tends to function as a heating plate
and to set up convection currents within the melt. The effect could
be eliminated, if there were some easy method available for raising the
pot and setting it on fire-clay supports at this stage, but no satisfactory
method for accomplishing this is known to the writer. It is well to
keep the door (tuille) of the furnace raised slightly during this period
so that through the opening, several inches high, along the bottom,
cool air can enter and cool the base of the pot. In case of necessity
a cold air blast may be directed against the base of the pot; this
has been tried, but the results attained do not seem to warrant the
extra trouble involved.

Stirring of a cooling-glass melt can not be continued indefinitely
because the glass becomes so stiff that further movement is impossible.
It is the task of the glassworker to determine when stirring shall
cease and the pot be removed from the furnace. It is desirable to
continue the stirring as long as possible in order to reduce to a mini-
mum the danger from convection currents, which move very slowly
in an extremely viscous melt; on the other hand, if the stirring is
continued to too low a temperature, the glass becomes so stiff that
the mass adhering to the stirring tube grows in size and sweeps far
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out into the marginal shell of the metal, thus introducing strize
which the steady stirring seeks to avoid.

The temperatures at which different types of glass should be
removed from the furnace range from 1,150° C. in certain barium crown
glasses to 900° C. in dense flint glasses. Having once ascertained the
best temperature for removal of a given type of glass in a givensize
of pot, the glassmaker endeavers to remove other pots of the same
type at the same temperature. To accomplish this, he plots on a
chart the temperature readings, and by extrapolation of the time-
temperature curve determines the exact time for removal of the pot.
This question of pot removal has been closely studied by Dr. C. N.
Fenner;** the procedure which he adopted for two of his glass types
is illustrated in figure 35. A record of the several operations in
his treatment of the two glasses is also reproduced from his article.
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FiG. 35.—Time-temperature curves illustrating the procedure followed by C. N. Fenner in furnace operation

during the stirring operations of two different types of glass,namely, medium flint (Curve I) and ordinary
crown (Curve II).

EXAMPLES OF PROCEDURE IN STIRRING (AFTER C. N. FENNER).
MEDIUM FLINT (np==1.605, »=37.6).

Pot 25 inches inside diameter at bottom, 27 inches deep. 8.03 a. m., started stirring
machine at 13 revolutions per minute. Radius of stirring circle 6} inches; vertical
motion 4} inches. (NoTE.—A stirring circle of greater radius would havebeen pref-

erable.)
8.07 a. m. Changes speed to 18 revolutions per minute.
11.00 a. m. (Temperature 1,300°C.) Shut off gas and air and lowered stack damper.
11.30 a. m. (Temperature 1,250° C.) Took off vertical motion (A fig. 35).
12.30 p. m. (Temperature 1,125° C.) Reduced radius of stirring circle to 5% inches.

(Nore.—Might have been kept a little larger (B fig. 35).
1.05 p. m. (Temperature 1,080°C.) Speed reduced to 13 revolutions per minute.
(C fig. 35).

24 The technique of optical glass melting, Jour. Am. Ceram. Soc., 2, 133-138, 1919.
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1.27 p. m. Radius of stirring circle reduced to 4 inches (D fig. 35). :
1.45 p. m. (Temperature 1,030°C.) Radius of stirring circle reduced to 3} inches

(E fig. 35).

2.01 p. m. (Temperature 1,013° C.) Radius of stirring  circle reduced slightly
(F fig. 35).

2.13 p. m. (Temperature 1,003° C.) Radius of stirring circle reduced to 1} inches
(G fig. 35). g

2.35 p. m. (Temperature 975°C.) Stirring stopped.
2.40 p. m. Pot out. (NoreE.—A temperature of 950° C would have been preferable
for this type of glass.

LIGHT CROWN (np==1.516 »=60).

Pot 25 inches inside diameter at bottom, 27 inches deep.

8.03 a. m. Stirring machine started at 13 revolutions per minute. No vertica
motion. ; Radius of stirring circle 6% inches.

8.25 a. m. Changed speed to 18 revolutions per minute.

8.55 a. m. Changed speed to 13 revolutions per minute.

9.50 a. m. Reduced radius of stirring circle to about 5 inches. (NorE.—A proof
taken just before this had shown numerous bubbles; speed of travel was
reduced to avoid danger of stirring air into the metal.)

2.35 p. m. Shut off gas, air, etc.

3.02 p. m. Temperature 1,259° C. ‘

3.25 p. m. Radius of stirring circle reduced to 4 inches (A’ fig. 35).

3.35 p. m. Temperature 1,197° C.

3.45 p. m. Temperature 1,182° C.

3.53 p. m. (Temperature 1,168° C.) Radius of stirring circle 2} inches (B’ fig. 35).

4.02 p. m, Temperature, 1,156° C.
4.13 p. m, (Temperature 1,138° C.) Stirring stopped (C” fig. 35).
4.18 p. m. Pot out. '

Fenner finds that for the borosilicate crown (analysis 10, Table 4)
and for the barium flint (analysis 101, Table 4) the best temperatures
at which to remove the pot from the furnace are 1,050° C and 975° C,
respectively. In the ordinary flint series the higher the lead con-
tent of a glass, the lower the temperature at which it is advisable to
remove the pot of molten glass.

As soon as the optimum temperature for the removal of the pot
has been reached, a definite procedure is followed in order to get the
pot out of the furnace as quickly as possible; each man is given defi-
nite duties to perform and does these day after day. The stirrer is
stopped; the clay stirring tube is brought slowly by means of the
screw feed of the stirring machine to the side of the pot, where it is
grasped and held in position by a forked tool while the water-cooled
stirring rod is disengaged. The stirring rod is removed, the stirring
machine pushed out of the way, the clay-stirring tube hooked against
the side of the pot in an upright position by a heavy U-shaped iron
rod, one end of which is inserted into the tube opening while the other
end hangs down over the outer edge of the pot. An alternative
method is to withdraw the stirring tube entirely from the melt by
lifting it with the forked tool very slowly until it slips over the rim of
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the pot. The tuille is now raised about a foot; the pot is commonly
so tightly stuck to the siege that it has to be pried loose from it by
means of a heavy iron bar acting as a lever on a low iron-block ful-
crum placed on the siege in front of the pot; in this operation care is
taken not to jerk or tip the pot violently, but rather to raise it slowly.
The tuille is now raised high, the pot wagon is wheeled into place,
the pot is grasped by thé tongs or tine of the pot wagon, the counter-
weights are slid along the pot-wagon arm until the pot is practically
counterbalanced. The pot is lifted gently and without jerks and
jarring from the siege and wheeled out (fig. 36) on the floor of the
furnace hall where it is placed on a support of fire-clay blocks. (Fig.
37.)

F16. 36.—Removal of pot of molten glass from the melting furnace. Note the “whiskers”
on the bottom of the pot; these are from the siege (floor) of the furuace to which the pot
wasstuck. (Photograph by J. Harper Snapp at the plant of the Bausch & Lomb Opti-
eal Co.)

The siege of the furnace is now scraped and leveled preparatory to the
introduction of a fresh pot which is removed from a pot arch where it
has been gradually heating for several days. (Fig. 32.) The new
pot is removed from the pot arch by the, pot wagon and placed in
correct position in the melting furnace; the furnace tuille is lowered
and sealed and the gas is turned on preparatory to baking the new
pot at a very high temperature.

In the meantime the pot of molten glass has been cooling down in
the open air. (Fig. 37.) Although the molten glass has not changed
its appearance noticeably and is apparently still red hot, a hard crust
has formed on the surface which may show an incipient shrinkage
crack. It is moved either into the empty hot pot arch from which
the fresh pot was removed or it is covered with an insulating
cap which retards the rate of cooling, so that when cooled to room
temperature the glass is fissured properly and is not highly strained.
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This part of the glass-melting process, like the pouring of glass and
rolling the molten mass into long sheets in the plate-glass industry,
is the most spectacular part of the manufacturing process. The
red hot, fuming potof molten glassradiatingsuchintenseheat that the
novice is fearful to approach very near to it creates an impression
which is not soon forgotten.

SCHEDULE OF FURNACE OPERATIONS.

In the factory productibn of optical glass a definite schedule of
the operations and temperatures is followed for each type of glass;

F16. 37.—Pot of molten glass cooling down after removal from melting furnace
and before insertion into cooling arch or being covered by insulating cap.
Note the marks left by the molten glass which has spilled over the pot
during the hand-stirring operations. (Photograph by J. Harper Snapp at
the plant of the Spencer Lens Co.)

the schedules are different for different types of glass and a detailed
record is kept of the treatment accorded each melting pot and each
glass batch from the time it entered the furnace hall as raw batch
to that of its delivery as raw glass to the inspection room. The
schedule of furnace operations depends somewhat on the size of the
glass plant and the attitude of the manager. Ordinarily it is con-
venient under present-day labor conditions to arrange the schedule
so that the pots are removed from the furnaces during the afternoon of
each day; this means either a 48-hour or a 24-hour schedule. If the
plant is a large one and labor is always at hand, an intermediate
schedule of 27, 30, or 36 hours may be followed to advantage.
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In figure 38 five different schedules are presented in graphical form.
In this figure the curves are not superimposed and referred to the
same zero ordinate; but for the sake of clearness, the temperature
scale for each curve is shifted 100° C. (one scale unit) above the curve
next below it. Good glass can be, and has been, produced by each
schedule; in fact, considerable leeway is permissible in the furnace
schedule, providing certain fundamental principles are not violated.

The curves of figure 38 are self-explanatory and are taken to illus-
trate different types of practice at the different plants where different
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labor and furnace conditions prevailed. The curves represent the
schedule for a flint glass of refractive index about 1.61 and contain-
ing about 45 per cent lead oxide (PbO).

The 24-hour schedule of melting optical glass.—During the latter
months of the war, from September, 1918, a shortened glass-
melting schedule was introduced by Dr. G. W. Morey, of the Geo-
physical Laboratory, at the plant of the Spencer Lens Co. This sched-
ule is based on certain logical improvements in glass-melting practice,
and is described here in a special section in order that the principles
on which it is based may receive adequate emphasis.
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Melts in open pots are heated chiefly by radiation from the crown
of the furnace; the raw batch is melted accordingly, from the top
downward; the easily fusible materials, such as the alkalies and lead
oxide, melt first and trickle downward, leaving the sand and less
fusible materials to sinter together in the upper layers and thus im-
peding their rapid solution. The result is an accumulation of
extremely active chemicals, as alkali carbonates and nitrates, and of
heavy fluxes, as lead oxide, on the bottom and lower sides of the
pot which are thereby energetically attacked. The melting of the
highly siliceous and viscous upper layers becomes under these condi-
tions a slow and hampered process. In spite of the care taken in the
batch room to mix the batch thoroughly, inhomogeneity is thus
introduced, by differential melting, at the outset of the melting process.
These differences in composition between top and bottom of the
melt are, of course, eliminated later by stirring, but they can be
avoided to a large extent by stirring the melt during the latter half
of the pot-filling period when there is enough material in the pot to
support the stirrer in an upright position during hand stirring. The
melt should be stirred after each fill in order to insure uniform and
rapid distribution of the fresh raw batch through the melt, and thus
to expedite solution and to prevent segregation of the fluxes by
gravitative differentiation. This is the first change in procedure
adopted by Morey; it increases the rate of solution of the batch and
lessens to a marked degree the inhomogeneity arising from differen-
tial melting and gravitational settling of the readily fusible materials.
Incidentally some hours are saved by this procedure and the melting
pot is attacked less than under the old schedule.

The second improvement applies to the “fining” of the glass and
seeks to accelerate the escape of bubbles and seeds from the melt by
continuous stirring during the fining period. This is best accom-
plished by machine stirring with a combined circular or spiral and an
up-and-down movement. The bubbles result from the decomposi-
tion especially of the alkali-carbonates and nitrates. It is common
practice to hold the melt at a high temperature during the fining
period to increase its fluidity and thus to facilitate the rise of the es-
caping bubbles to the surface. In the plate-glass industry blocking
is used near the end of the fining period to aid in washing out the small
bubbles in the melt. In optical glass manufacture the usual pro-
cedure is to employ intermittent hand stirring with subsequent rest
periods during which the melt attains a high and fairly uniform tem-
perature throughout. The attainment of adequately high and uni-
form temperatures is extremely difficult with continuous stirring.

The 24-hour schedule requires for its successful application highly
efficient furnaces and gas of good heating quality; the preliminary
baking of the pot is best done in a pot arch specially constructed for
the attainment of high temperatures.
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With the shortened period of exposure of the pot to the furnace
temperatures, there is less pot solution and hence greater transpar-
ency and freedom from color of the glass and also less chance for the
presence of pot stones. The new schedule represents an appreciable
saving in time and operating costs and also a marked increase in the
rate of production per melting furnace.

The following schedule for the melting of a medium flint of np =
1.617 and »=36.5 is given by Morey 2 as an illustration. In this
schedule the time is recorded only from that of the first cullet fill.
Slightly different schedules are followed for other types of glasses.

Schedule for M F, glass.

Hours
(131 D e s T i P At s o e Add cullet (1,390° C.).
00— R A L L A N R Fill pot three-quarters full of batch.
2230 JoSFRAtEN o]0, A W e Fill pot with batch.
4100, £ FET ShaE L S N BB S, Hand stir, fill pot with batch.
D30 [« TR T R W gt S S A a Hand stir, fill pot with batch
OOL 2 LN S e N e S Ly R N S v Hand stir, fill pot with batch
TR0y - <5ttt el R T R (WS Stirring machine on
15,00, 752 siat 2 o =S WA AR (ST e Gas off.

In the practical application of the schedule for this and other types
of glass strict attention to details must be given. The schedules are
closely timed and the furnaces must be kept in the best running
condition.

EXPERIMENTS WITH STIRRED AND UNSTIRRED POTS OF OPTICAL GLASS.

The following experiments are of interest because of their bearing
on the general functions of stirring in optical glass. (Experiments
described in Report No. 4 for the week ending May 26, 1917.) Four
small open pots were filled each with a light flint batch of the following
composition in kilograms: Sand, 3.000; red lead, 1.920; potassium
carbonate, 0.783; potassium nitrate, 0.237. These pots were held
for different periods of time at about 1,400° C. The first pot was not
stirred and was removed after exposure to this temperature for 8
hours; the second pot, also not stirred, was removed after 12 hours;
the third pot was removed after 15} hours, including a stirring period
of 13 hours; the fourth was removed after 19 hours, including a 2-hour
stirring period. The glass produced by this treatment in small pots
is of course valueless optically. It abounds in bubbles, is not highly
transparent, and is only fairly white in color. Especially interesting
are the two unstirred pots. The first pot taken out after 8 hours
melting is full of small bubbles (seeds) and stones. Kach stone and
some of the bubbles are seen to have left, in their upward passage
through the glass, a tail such that in the aggregate they resemble a

2 Jour. Am. Ceram. Soc. 2, 150, 1919,
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company of tadpoles marching in parallel columns toward the upper
surface. The stones are evidently silica (sand) in process of assim-
ilation. (Fig. 39.)%

Geologically this phenomenon is interesting because it presents the
phenomenon of gravity differentiation in place, thus giving rise to a
separation into a top layer rich in silica and poor in lead (about 20
per cent lead) and a bottom layer rich in lead (about 46 per cent lead).
The distribution of the layers, as determined by refractive index
measurements, is shown in figures 40a to d. A comparison of pots 1
and 2 (fig. 40b) shows that the sharp gradations from the top surface
to the central portion and also from the bottom layer up to the center,

Fi16. 39.—Photograph of sand grains in process of solution in a small melt of optical glass.

as represented graphically in figure 40¢, are less pronounced in pot 2.
In other words, diffusion in the course of four hours additional heat-
ing has tended to reduce the sharp differences in concentration in the
melt. Convection probably aided to a certain extent; but the dis-
tribution of the material in the pot does not indicate pronounced con-
vection currents.

In the stirred pots the distribution of uniform glass is remarkable.
The stirring was poorly done; the stirrer scraped the bottom and
sides repeatedly; and yet, except for a lower refracting surface film
not over 1 millimeter thick, there is little variation in composition
from top to bottom or from side to side. The persistence of the lower
refracting surface film proves that there is appreciable volatilization

% Experiments carried out by N. L. Bowen and the writer. See N. L. Bowen. Jour. Wash. Acad.
Sci. 8, 88-93, 1918.



136 MANUFACTURE OF OPTICAL GLASS.

of lead and alkalies and that the upper layer is richer in silica. The
unstirred pot of glass is not unlike a layer cake in its refractive index
distribution. The surfaces of equal refractive index are approxi-
mately planes parallel with the upper surface. This being the case
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t1G. 40.—Diagram illustrating the changes in refractive index, np , in small pot melts of a light flint batch-
Pot 1 was heated at 1,400° C. for 8 hours, but was not stirred; pot 2 was heated at 1,400° C. for 12 hours,
also not stirred; pot 31 was heated at 1,400° C. for 15} hours, including a stirring period of 1} hours; pot 4
was heated at 1,400° C. for 19 hours, including a 2-hour stirring period. The curves I and II illustrate
the changes in refractive index, np, from top to bottom of the melts of pots 1 and 2.

it appears that an energetic up-and-down stirring during the first part
of the melting process is essential in order to render the mass homo-
geneous. The bottom of the pot should be thoroughly swept by cur-
rents of the molten glass during this period.
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An illustration (weekly report No. 6, June 9, 1917) of the degree
of uniformity attained in a large pot (No. 472) of light flint
(ny=1.579, »=41.0, PbO =36.5 per cent) after two 15-minute periods
of hand stirring during each two hours is given in figure 41. After
these periods of stirring the pot.began to leak and was removed from
the furnace and allowed to cool in the open air. Samples were taken
from the different parts of this pot of glass and were measured by the
immersion method. It is remarkable that so short a period of stirring
should result in so thorough mixing of the melt. Ixcept for the top-
film layer which is always lower in refractivity and the sides and
bottom which were contaminated with dissolved pot, the refractive
indices do not vary more than one or two in the third decimal place.
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F1G. 41.—Diagram illustrating changes in refractive index, np, at different parts of a pot of light flint glass
after two hand-stirring periods of 15 minutes each Pot No. 472, Bausch & Lomb Optical Co.

In view of the fact that fine strie are caused by only slight differences
in refractive index, these measurements indicate that the function of
long-continued stirring is chiefly to remove the slight differences in
composition which are still present and are constantly arising because
of volatilization and of pot solution, which diffusion smooths out
only slowly.

THE COOLING OF THE MELT.

If the operations up to this point have been successful, the pot of
molten glass, on removal from the furnace, is sensibly homogeneous
except for the peripheral portions where, as a result of selective
volatilization at the surface and of potsolution along the sides and
bottom, the melt contains more silica (and possibly alumina from the
pot) and is more viscous.. The temperature of the melt is, moreover,
fairly uniform except for the bottom in contact with the thick, over-
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heated base of the pot which has had little chance to cool except by
radiation through the melt. Measurements of the temperature of
the furnace floor (siege) immediately after removal of the pot show
that its temperature, and hence that of the base of the pot, is from 50°
to 100° C. higher than that of the metal in the pot. There is, of
course, a slight temperature difference between the center and margins
of the melt as a result of its continued cooling. The molten glass
has now the consistency of thick heavy syrup;and with further fall
in temperature its viscosity increases rapidly.

The problem which confronts the glassmaker at this stage is to
avoid any tendency which may cause the marginal portions to stream
into the body of the melt; also to avoid crystallization phenomena
and the formation of bubbles. A lesson learned from experience
and not adequately realized by many glassmakers is the fact that
during the time interval between the cessation of stirring and the
cooling of the melt to 600° C. (temperature fall from 1,000° to 600°
C. approximately) much glass is needlessly lost.. Were it possible to
maintain, through the temperature drop to 600° C., the degree of
homogeneity attained in the melt at the end of the stirring period
much more glass would be saved than is at present the case. An
analysis of the several factors involved will render this clear and sug-
gest the precautions to be taken.

Convection currents.—On removal of the pot from the furnace the
melt has the consistency of thick, heavy syrup. With further fall
in temperature its viscosity increases so rapidly that any appreciable
difference in temperature between different parts of the melt produces
a distinet difference in density. Convection currents are set up as a
result of the downward flow of cooler and denser portions of the melt,
and are serious because they generate heavy striz, cords, and ribbons
in the melt, thereby rendering much of it useless.. The fact, moreover,
of excess heat at the base of the pot favors an upward trend of the
bottom layers of the melt, and their stream lines may pass into the
central core of the melt and thus cause strize.

In a viscous melt the rate of transfer of material by convection
is relatively slow and decreases with fall in temperature and conse-
quent rise in viscosity. The obvious method to reduce convection
currents is to cool rapidly and uniformly from 1,000° to 600° C.
from the margins of the melt toward the center. The bottom of the
pot is, however, much hotter and thicker than the sides; it acts
somewhat as a heat reservoir and cools less slowly than the sides
or the surface of the melt. An effort should be made to expedite
the cooling of the base by allowing a free or forced circulation of air
to play around it. The surface of the melt, on the other hand, chills
more rapidly in direct contact with the air than either the sides or the
bottom; a tendency is thereby set up for its cooled, and hence denser,
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material to sink toward the bottom and thus to introduce striz.
Its rate of cooling should accordingly be retarded by some method
of heat insulation, such as covering it with a layer several inches
(commonly 4) thick of light insulating material, as diatomaceous
earth.?” 3

Fine siliceous powder of this nature shows no tendency to sink
into the melt and insulates most effectively. Much good glass has
been produced, it is true, without the use of an insulating surface
layer; but in this case the pot with melt is allowed to remain in the
open air for a short period only, 15 to 30 minutes, and is then inserted
into a previously heated pot arch from which the empty pot was taken
to replace the finished pot removed from the melting furnace. The
temperature of the heated air in the pot arch is high; hence the tend-

ency for the surface to cool with extreme rapidity is practically
annulled.

Vacuum bubbles.—There is still another reason for retarding the
rate of cooling of the surface of the melt. Glass, on cooling, shrinks,
and at low temperatures its viscosity becomes so great that it behaves
practically as an elastic solid. If the surface of the melt cools
rapidly in the open air, a hard crust forms in the course of half an
hour while the center remains nearly as hot as it was when it left the
furnace. The surface contracts on cooling, and cracks may begin
to form.” On further cooling the center tends to draw away from the
unyielding crust. If the tensional stresses are not then relieved by
cracks and fissures, both horizontal and vertical, large bubbles,
called vacuum bubbles, may form and ruin an appreciable quantity
of glass. This phenomenon is not so common in large pot melts
because in them cracks generally do develop and resemble then in all
details the jointing phenomena of lava flows. In small experimental
pot melts cracks are not so likely to form and in them vacuum
bubbles are of common occurrence. The bubbles can be avoided either
by insulating the surface of the melt with a layer of diatomaceous
earth or by breaking through the surface crust with a pointed iron
rod, thus puncturing the seal established by the crust.

Crystallization phenomena.”>—The phenomena of crystallization
in optical glasses are so important and so unwelcome to the glassmaker
that a practical understanding of the principles involved is essential
if crystallization or other precipitation is to be avoided. At high
temperatures optical glass is a mobile liquid; with rise in temperature
its fluidity increases and it behaves in all respects like an ordinary

liquid or like molten metal; with fall in temperature its viscosity

# This method wasfirst applied by the Geophysical Laboratory and is described in detail by H. S. Roberts
in ““The cooling of opticalglassmelts.” Jour. Amer. Ceram. Soc., 2, 543-563, 1919.

= These phenomena are discussed in detail by N. L. Bowen in “Devitrification of glass,” Jour. Amer.
Ceram. Soc., 2, 261-281, 1919. )
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increases so rapidly (doubling for each drop of 8° to 10° C. in tem-
perature) that at room temperatures its viscosity is nearly infinite
and it behaves practically as an elastic solid.

Glass has no definite melting temperature, but rather a temperature
range over which it softens rapidly and becomes a fluid in the ordinary
sense of the word. At all temperatures glass is a solution; at high
temperatures a mobile or fluent solution, at low temperatures an
immobile solution. As a solution glass is subject to the general laws
of solutions. A solution such as sugar and water is able at a given
temperature to dissolve a certain quantity of sugar; if now the tem-
perature be raised, the solution is found capable of dissolving still
more sugar. The saturation limit rises, in this case, with rise in
temperature; a solution of a given composition, saturated with respect
to a given substance at a high temperature, may be greatly super-
saturated with it at a lower temperature. The solution is then not
in equilibrium and seeks to attain equilibrium by the precipitation
of a certain amount of the phase which is present in excess.

Experience with silicate melts of the general type of glass melts
has shown that the silicate components are miscible in all proportions
and that, on cooling from a high temperature, the solution becomes
supersaturated, in general, first with respect to one phase, then to
two, and so on. As soon as the saturation limit of any one phase is
reached a tendency is set up for this phase to crystallize out. There
are, however, certain factors which tend to counteract this tendency.
Crystallization in each case means the orderly arrangement of atoms
or molecules in space; the rate of building up of each crystal struc-
ture depends on a number of factors, such as degree of supersatura-
tion of the phase in the solution, the viscosity of the solution (function
of composition and temperature), rate of transfer of material in the
solution, crystallizing ability of the crystal phase, etc. The molecules
in the solution must wander (diffuse) to the crystal nucleus or grow-
ing crystal and this takes time; if the viscosity of the solution at this
temperature is high, the rate of transfer of the molecules is slow;
furthermore the tendency toward crystallization is nil above the
temperature at which the saturation limit is reached; not far below
it, the crystallizing tendency increases rapidly, reaches a maximum,
and then, because of the greatly increased viscosity, grows less and
finally practically disappears when the glass becomes hyperviscous.
The power of crystallization of different substances varies greatly.
The usual measure for the power of crystallization at a given tem-
perature is the number of crystal nuclei formed in unit time in unit
volume. = A substance of high ecrystallizing power can not be cooled
much below its saturation limit before crystallization sets in; one of
low crystallizing power is readily undercooled and may only with diffi-
culty be made to crystallize even under the most favorable conditions.
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The primary object in optical glass manufacture is to obtain
homogeneous, colorless glasses of definite optical constants. In
seeking to attain these ends batch-compositions may be tried out
which are greatly supersaturated with respect to one of the phases,
and this, on the cooling of the melt, crystallizes out and ruins the
product. '

In setting up trial batches for glasses of a given composition, it is
advisable in each case to make small trial melts and to hold these at
different temperatures between 800° and 1,100° C. in order to ascer-
tain their crystallizing tendencies. In the case of the crystallization

F16. 42.—Fracture section across a pot of light flint glass. Pot No. 594, B. & L. White rim around edge
of glass consists of sillimanite. Pot shows little evidence of attack by glass melt.

of one or more phases these can be determined by petrographic

microscope methods.

Ordinarily the primary phase to appear is silica (in the form of
tridymite or ecristobalite), or calcium metasilicate (as wollastonite).
In glasses very high in lead, lead metasilicate may be precipitated;.in
glasses high in barium, barium disilicate has been observed to crys-
tallize in the form of skeleton crystals hexagonal in shape. Near
the margins of the glass melt, adjacent to the clay pot walls, a thin
white layer is not uncommon (fig. 42); it consists generally of an
interlacing aggregate of crystallized aluminium metasilicate (needles
of sillimanite).

39229—21——10
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In case crystallization (devitrification) of the glass melt occurs
within the time-temperature limits of the glassmaking schedule,
either the amount of the excess phase must be reduced in the batch
or the viscosity of the melt should be changed by the addition of a
small amount of alumina (rarely magnesia) or by the substitution
of potassium for sodium, or a smaller melting pot may be taken in
order to expedite the rate of coohng of the melt. The fact that a
melt can be successfully made in a 36-inch pot, holding half a ton
of glass, does not signify that the same batch composition will be
satisfactory in a 49-inch pot, holding a ton of glass.

The time factor has a most important bearing on the crystalliza-
tion of glass melts. Molten silicates have relatively large heat
capacities and are poor conductors of heat; large masses can not
therefore be cooled at a rapid rate even under the most favorable
conditions. This means that the larger the pot, the more care must
be taken to avoid crystallization. The experimentel melts made for
the purpose of testing out a batch composition should be held at
given temperatures for lengths of time corresponding to those actu-
ally obtaining in the glass pots used. '

The types of crystallization which develop in the melt depend not
only on the kind of substance which is precipitated, but also on the
temperature and the composition of the melt. Thus single isolated
crystals of barium-disilicate were formed * toward the end of the
stirring period (1,100° C.) as crystal skeletons in a melt of light
barium crown. These were avoided in later melts by reducing the
percentage amount of barium oxide in the batch to the extent that
the temperature at which the melt became supersaturated with re-
spect to barium disilicate was lowered below that of the final stirring
period. The amount of reduction was computed, after the melting
temperature of pure barium disilicate had been found by measure-
ment to be 1,426° C., by assuming, as a first approximation, that the
lowering of the saturation temperature was directly proportional to
the amount of barium disilicate present. As the required change of
composition was only slight and sufficient to lower the saturation
limit from 1,100° to about 1,030° C. this assumption was justified.
Thus the saturation limit was reduced from 1,426° (pure barium
disilicate) to 1,100° C. by a reduction of barium disilicate from 100 per
. cent to 57 per cent. On the assumption of a linear relation between
composition and temperature at the saturation limit, this signifies a
lowering of about 7° C. in the temperature of saturation per reduction
of 1 per cent barium disilicate. But since all saturation-temperature
curves which have been determined in silicate melts are concave
toward the origin in a temperature-concentration diagram, the
gradient of the curve is likely to be somewhat steeper than a straight

2 N. L, Bowen, Jour. Wash. Acad. Sci., 8, 265-268, 1918.
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line so far away from the pure compound with the result that a
reduction of 1 per cent in barium disilicate would probably lower this
saturation limit more than 7° and possibly as much as 15° C. Actual
test showed that a reduction of 5 per cent in the amount of barium
disilicate present in the batch eliminated the presence of its crystals
from the melt under the given conditions of melting. Similar
methods for the adjustment of batch composition are followed with
melts of different compositions in which crystallization may appear.

In ordinary types of optical glass silica is present in excess with the
result that it is first to crystallize out from the melt usually in the
form of radial spherulites of cristobalite or tridymite. Crystalliza-
tion in pots of optical glass begins ordinarily at the top surface and
sides and proceeds inwards. The surface of the melt, because of
volatilization, becomes richer in silica which is then the primary
phase to crystallize out. The surface of a cooled pot of glass, such as
borosilicate crown or barium crown, is commonly covered with fine,
exceedingly thin crystallites, visible only under a hand-lens and
resembling hexagonal snowflakes. The surface, if examined closely,
is seen to be covered with a hexagonal network of lines which are
obviously the directions of tenuous crystal growth in the thin sur-
face film.

If the cooling of the glass pot is not conducted with sufficient
rapidity the crystallites in the surface film extend inward into the
glass mass; white radial spherulites are formed. In the case of
borosilicate crown, a crust of radial spherulites of erystallized silica
1 to 2 millimeters thick, occurs almost invariably around the margins
of the surface of the melt. Crystallization of this kind is not serious
from the glassmaker’s standpoint because of the relatively small
amount of glass wasted. In the case of the molding of glass, surface
crystallization may be serious because the crystallized crust is much
harder than the glass itself and offers serious resistance to the grind-
ing wheels during the plate-grinding operations, so serious in fact that
every effort should be made to regulate the temperdture in the
molding kilns so that crystalline crusts are not formed on plates of
borosilicate or barium crowns. In the flint glasses the danger from
surface crystallization is much less.

Other substances which may crystallize out of certain melts are
calcium metasilicate (in the form of wollastonite), lead metasilicate,
and aluminum metasilicate as sillimanite. The first two occur com-
monly as radial spherulites, like rounded pellets up to 1 centimeter
in diameter throughout the melt. Because of the differences in their
rates of contraction as compared with that of the enveloping glass,
a large amount of strain is set up in the glass; conical cracks may
develop and extend for a short distance from the radial spherulite into
the glass. The presence of a crystallization body in a lens or prism
is sufficient cause for its rejection.
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Cloudiness or opalescence—Still another phenomenon, allied to
precipitation, may arise during the cooling process and ruin the entire
pot of glass. In certain types of glass, especially in the flint series,
there is a tendency for the melt to turn milky or cloudy during the
cooling-down period. Turbidity of this kind in optical glass is a very
serious defect and renders 1t useless for optical purposes. The cloud-
iness ordinarily develops at the sides and top of a crucible of glass and
proceeds inward from the margins. The factors involved in this
problem are not entirely clear, but the following facts are significant:
Proofs, taken at high temperatures, of a melt which later becomes
turbid, are perfectly clear and show no trace of milkiness; these proofs
may develop cloudiness, however, on reheating to temperatures some-
what above the softening point of the glass (800° to 1,000° C.). If
held for long periods of time (several days) at this temperature,
crystallites of a low refracting substance, possibly silica in the form
of tridymite or cristobalite, develop. The presence of these crystal-
lites does not definitely prove that the substance which causes the
milkiness is excess silica. In the milky glass the precipitated material
is held in suspension and the particles, whatever their nature may be,
whether silica, lead sulphate, lead chloride, boron silicate, or arsenic
oxide, may serve as nuclei around which the radial spherulites of
crystallized silica cluster when the glass is maintained at 900° to
1,000° C. for a long period of time. A thin plate of opalescent light flint
examined under the ultra microscope showed the presence of innu- -
merable particles suspended in the glass. The phenomenon is there-
fore one of precipitation either of colloidal particles or of submicro-
scopic crystallites. A chemical analysis of a fragment of milky glass
showed the presence of 0.146 per cent SO,; this is equivalent to 0.553
per cent lead sulphate.®

Factory experience proves that the presence of sulphates and
chlorides in the raw materials, especially in the potassium carbonate,
favors the formation of opalescence. In England?® the same trouble
with cloudiness in flint glass for tableware purposes was experienced
during the war and was ascribed to the presence of sulphates and chlor-
ides in the poorer grade of available potassium carbonate. Experience
has proved that a slight change in the composition of the batch may
greatly decrease the probability of the occurrence of milkiness; thus
light flint containing 2 per cent boron oxide is especially liable to turn
milky; it is possible that the presence of this oxide favors the develop-
ment of cloudiness in this flint. It has been found that fining at a
high temperature (increased volatilization of certain components),
thorough stirring, and rapid cooling of the melt thorough the tempera-

30 See article by Fenner and Ferguson “On the effect of certain impurities in causing milkiness in
optical glass.”” Jour. Am. Ceram. Soc., I, 468, 1918.
3t Cauwood and Turner, Jour. Soc. Glass Technology, I, 187, 1917,



OPALESCENT GLASS. 145

ture range, in which precipitation is liable to oceur, are advisable.
The addition of 1 or 2 per cent of alumina to the glass aids as a pre-
ventative; this oxide tends to increase the viscosity of many glass
melts and its presence then necessarily raises their fining temperatures.
Long-continued heating (24 hours),* at 950° C. in a platinum resist-
ance furnace, of a light flint glass containing 2 per cent alumina which
was fined at the usual fining temperature of the light flints, proved that
glass of this composition did not become milky; whereas the same
light flint without the addition of alumina did become milky under
the same treatment, thus proving that alumina tends to hinder to some
extent the milky precipitation. Observations have proved that by
reheating milky flint to a temperature of 1,100° C. it can be rendefed
clear, but that under these conditions bubbles develop and render the
glass useless.

In this problem of milky glass-we are confronted with the pre-
cipitation of some substance possibly colloidal in nature; it is
probable that the opalescent effect in the light flints may be produced
by different substances. The presence of sulphates and chlorides in
the batch favors its formation; thus, light flint glass made from
potassium carbonate containing 0.1 per cent SO, was clear and of
good quality; glass similar in composition, but made from potassium
carbonate containing 0.75 per cent SO,, turned milky on cooling;
while glass made from potassium carbonate containing 0.4 per cent
SO, became milky only at the margins of the crucible. In medium
flints the presence of a relatively large amount of arsenic oxide may-
also cause cloudiness and should be avoided. That the rate of cooling
is an important factor is proved by the fact that large pots containing
a ton of optical glass are more liable to become milky on cooling
than small pots half this size.

Whatever, the precipitate is, the solubility relations are such that
at a high temperature the solution is not supersaturated, but on
cooling it becomes saturated with respect to some substance and,
with still further lowering of the temperature, precipitation begins if
sufficient time be allowed for it during the cooling process; the tem-
perature range within which precipitation is liable to occur is 500° to
1,000° C. It is possible that the substance in the light flints is silica
or lead sulphate, or lead chloride which is only slightly soluble in
silicates. On fining the glass at high temperatures the volatiliza-
tion of the sulphates and chlorides increases; such heating may also
inhibit the formation of the colloidal particles which on cooling pro-
duce opalescence; the presence of small amounts of boron oxide seems
to favor the formation of such clusters; the presence of alumina tends
to hinder their formation.

# Experiment by C. N. Fenner.
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In other branches of glass manufacture milky glass is produced
purposely by the addition of certain substances, such as phosphates
and fluorides, which are relatively insoluble in the glass melt. When
chilled quickly, these glasses may remain clear, but on reheating and
cooling down slowly through a temperature range from 800° to 400° C.
they become cloudy. The precipitation in opalescent glasses indi-
cates the grouping of certain constituents of the melt into particles
of at least colloidal size such that they have an appreciable diffracting
effect on light waves in the visible spectrum.

Closely allied to the development of milky glass in the light flints
is the behavior of red and yellow glasses at the annealing tempera-
tures. If a glass, colored with cadmium sulphide, selenium, copper
ruby, or gold ruby, be chilled rapidly from a high temperature the
intensity of its coloration is relatively slight; but if the glass be
cooled slowly from high temperatures or be reheated after chilling,
it becomes deeply colored, the more intense colors being deep red.
This behavior indicates a shift of a strong absorption band from the
ultra-violet into the violet or blue. There is evidently a shift in
molecular grouping or aggregation within the solution such that the
grouping stable during the annealing range absorbs the blue end of
the spectrum; this regrouping takes place while the glass is still
relatively rigid.

Blue and green glasses do not show this pronounced change in
color absorption in the visible spectrum on change in heat treatment.
In all such cases involving change in color, or the development of
opalescence and milkiness, there is probably a selective grouping and
aggregation of certain of the atoms or molecules into particles which,
though still submicroscopic in size, have an effect on transmitted
light waves; the rate and character of this selective grouping is
dependent, moreover, on the temperature conditions; the grouping
can be practically suppressed by cooling down through the critical
temperature range so rapidly that sufficient time is not available
for the completion of the process.

The fact that the intensity of coloration in the yellow and red
glasses is markedly dependent on the heat treatment may have an
important bearing on the transmission in optical glasses. Ferric
iron colors glasses yellow and absorbs a large part of the ultra-violet;
with increase in ferrous iron content the color of the glass shifts to
the green and even to the blue in the barium glasses; glasses colored
with ferrous iron oxide are good infra-red absorbers. There are
indications that the intensity of coloration of glasses containing iron
in the ferric state varies with the heat treatment and that the reheat-
ing of such glasses for annealing or pressing tends to lower the
transmission.
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Little is definitely known regarding the phenomena involved in
the formation of milky and opal glasses and of red and yellow colored
glasses. In the milky glasses swarms of particles of some substance
or substances, probably excess silica either in the colloidal state or as
embryonic crystals of tridymite or of cristobalite, are precipitated
and are held in suspension in the molten glass. It has been found
that the presence of minute quantities of alkali sulphates or alkali
chlorides or both tend to favor this precipitation, acting in this respect
after the manner of “catalyzers.” Be the precipitate and the causes
therefor what they may, the factory practice to be followed to avoid
the occurrence of milkiness is to use materials of high chemical
purity, especially potassium carbonate containing less than 0.3 per
cent SO, and 2 per cent Cl, to fine at high temperatures somewhat
above 1,400° C., to stir the melt thoroughly for as long a period
as possible, and to cool rapidly through the temperature range of
precipitation.

The identification of crystallites in optical glass.—The identification
of crystallization bodies in optical glass is best accomplished by use
of the petrographic microscope. Methods have been devised for
the measurement of the optical constants of crystals in fine grained
aggregates and have been employed for many years in routine work
of this nature at the Geophysical Laboratory.®* For the determina-
tion of any given “stone’ in a glass it is broken out of the glass and
crushed, by tapping with a pestle in an agate mortar, to a fine powder.
A few particles of the powder are immersed in a small drop of liquid
of known refractive index on a microscope object glass. A small glass
cover slip is placed on the drop and the preparation is examined
under the microscope. By the use of refractive liquids of different
known refringences it is possible to ascertain with the petrographic
microscope, the principal refractive indices of the substance or
substances, in case more than one be present; also the principal
birefringences of each substance, the general shape of its optical
ellipsoid, its optical character, its optical axial angle, its pleochroism,
etc. These properties enable the observer in most instances to iden-
tify the crystals. In view of the relatively small number of crystalli-
zation bodies, ‘““stones,”” which may possibly occur in optical glass
the measurement of the refractive indices alone generally suffices to
identify the crystal. The optical properties of the several more
common crystals in glass are the following: 3

Silica (SiO,) may appear in any one of three different forms, all
of which are found in natural minerals, namely, quartz, tridymite,
and cristobalite.

5 F'. E. Wright, The methods of petrographic microscope research. Publication 158, Carnegie Institu-
tion of Washington, 1911.

* See also N. L. Bowen, “The identification of ‘stones’ in glass.” Jour. Amer. Ceram. Soc., I 534-695,
1918.
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Quartz appears rarely and only as undissolved sand grains from
the original batch. They occur as irregular rounded grains, are
optically uniaxial and positive, birefringence medium with refractive
indices, e=1.554, w=1.545.

Tridymite is similar in every respect to the natural mineral and
appears in thin hexagonal-shaped plates of weak birefringence.
Examined on edge these plates show parallel extinction and weak
negative elongation. The refractive indices are: a=1.469, y=1.473.
Interference figures are difficult to obtain because of the weak bire-
fringence.

Cristobalite is the form stable * between 1,420° C, and its melting
temperature 1,710° C. It occurs commonly in the form of skeletal
crystals resembling the octahedral growths observed in copper, gold,
and common salt. Its crystal aggregates are terminated in many in-
stances with spear-shaped, octahedral endings and are not lath-
shaped as in the case with tridymite. Its refractive indices are
a=1.484, v=1.487. The birefringence is exceedingly weak. The
higher refractive indices and different crystallographic development
suffice to distinguish cristobalite from tridymite.

Calcium metasilicate (CaSiO,) occurs commonly in the form of
radial spherulites of the mineral wollastonite. Its needlesextinguisn
parallel to the direction of elongation and show either positive or
negative elongation. The plane of the optic axes is normal to the
elongation; optic axial angle small, optical character negative.
Refractive indices are: a=1.620, v =1.633; birefringence, medium.

Sillimanite (Al,SiO,) occurs in radial spherulites and interlacing,
lath-shaped aggregates. The individual crystals show parallel ex-
tinction and positive elongation. The refractive indices are rela-
tively high, «=1.660, y=1.681; the birefringence is moderately
strong. The ecrystals frequently exhibit a lower refracting core
which may be the result of skeletal development of the laths.

Barium disilicate (Ba Si,0,). Crystals of this compound were first
identified by Bowen * as orthorhombic. They occur as thin six-
sided plates; extinguish parallel with negative elongation. Refrac-
tive indices a=1.598, y=1.617; birefringence moderately string.

THE ANNEALING PERIOD.

On cooling to a dull red heat, the pot of molten glass becomes
increasingly stiffer and with falling temperature acquires more and
more the properties of a rigid solid. The rate of cooling is, however,
not equal over different parts of the pot and the rates of contraction
are correspondingly different; as a result internal stresses and strains

® C. N. Fenner, The stability relations of the silica minerals. Jour. Wash. Acad. Sei., 2, 471, 1912; Am. J.
Sci. (4), 86, 331-384, 1913,
3 Jour. Wash. Acad. Sci., 8, 265-268, 1918.
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are set up. At higher temperatures from 700° C. down to 400° C. or
lower the internal stresses are relieved by actual flow of the glass
if it is allowed sufficient time to flow. The rate of release of the
internal stresses is a function of the magnitude of the stresses and
these in turn are caused by differences in the rates of cooling of
different parts of the pot of glass. At higher temperatures the
stresses are relieved by internal flow as rapidly as they are developed;
at these temperatures the glass behaves as a viscous liquid and is
unable to maintain shearing stresses for any length of time. Shear-
ing stresses are relieved by actual flow of the melt. With falling
temperatures the rate of release of internal stresses becomes slower
and practically ceases at low temperatures; it fails, in short, to keep
step with the temperature drop and hence the stresses persist and,
unless relieved by stresses in the opposite direction, may continue
indefinitely at room temperatures.

The factors which enter into the problem of the cooling and frac-
turing of a pot of optical glass are complex and at the present time
are not adequately known to permit of its complete solution. The
available information suffices, however, for the establishment of a
fairly satisfactory manufacturing routine. The more important
factors are:

(a) Change of viscosity of the different glasses with temperature.

(b) Rates of relief or relaxation times of internal stresses of differ-
ent magnitudes at different temperatures.

(¢) Changes in expansion coefficient with temperature.

(d) Temperature distribution within a cooling solid of the shape,
dimensions, and thermal characteristics of an optical glass mass
cooling in a clay pot.

These factors will now be considered in the order given.

(@) The most important recent investigation on the change of
viscosity of glass with temperature is that of F. Twyman ¥ whose
experimental results showed that the mobility of most glasses through
the critical range from 400° C. to 600° C. doubles for each 8° rise in
temperature. In the form of an equation this statement reads

M=K.2% 1)

or
0—6,  0—0, 0.0376- (6—6)
M=27% =eirmu=10 A

in which M is the mobility (the converse of the viscosity), 6 the tem-
perature, and K and 6,, constants dependent on the kinds of glass,
Still more recent experiments by M. So,* Tool and Valasek,* Littleton
and Roberts,* and Adams and Williamson # have corroborated the

3 The annealing of glass, Jour. Soc. Glass Technology, I, 61-73, 1917.

# Phys. Math. Soc. Japan, 2, 113-116, 1920, Math. Phys. Soc. Tokyo, Proc. 9, 425-441, 1918.
¥ Bur. Standards Bull. No. 358, 1919,

¥ Jour. Opt. Soc. America, 1V, 224-229, 1920.

4 Jour. Franklin Institute, 190, 597-632, 835-870, 1920.
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results of Twyman and found that the mobility changes differently
with different glasses and that it doubles for a rise in temperature of
7.9° C. to nearly 11° C., depending on the type of glass, the value
being commonly higher for the crown glasses than for the flint series.
These measurements of mobility were made by observing the rate of
stretching, or of bending, or of twisting of glass rods under constant
load at the different temperatures. As the temperature falls the
mobility decreases so rapidly that mechanical methods are no longer
practicable and recourse is had to optical methods.

Strain in glass signifies physical inhomogeneity and this finds
expression in the effects which strained glass exerts on transmitted
light waves that encounter different degrees of resistance according
to the direction of their transmission. This difference gives rise
to the phenomena of double refraction and these can be detected
and measured by the use of polarized light and suitable accessory
appliances Early in the last century Brewster #* discovered that
in strained glass the resultmg birefringence is proportlonal to the
load; in other words, stress in a glass can be measured in terms of
blrefrlngence Methods based on the measurements of the bire-
fringence in a piece of optical glass, have long been used and afford
simple and satisfactory means to study strain in glass from ordinary
temperatures up to the softening region of glasses. Commonly the
path-difference between the two plane-plorized licht waves is meas-
ured by means either of a graduated wedge, or of a Babinet com-
pensator, or of other device of similar nature, either in white or
monochromatic light; or the ellipticity of the emergent beam is
determined in monochromatic light and the path difference is then
computed from the ellipticity. Measurements by these methods
have recently been published by Twyman,® Tool and Valasek,®
Adams and Williamson,* and Littleton and Roberts,* and prove that
the law given for the change of viscosity with temperature is valid
for the change of rate of relief of stresses with temperature; except
that in the case of birefringence the temperature interval required
for a doubling of the rate is found to be somewhat smaller than
that necessary for a doubling of the mobility when measured by
mechanical methods. This discrepancy may, however, be due to
the fact that measurements of the mechanical deformation are
made at higher temperatures than those of the change in birefringence.
The equation expressing the change in rate of relief of stress or the

% Bur. Standards Bull., No. 358, 1919.

4 Philosophical Transactions, 1814.

4 Jour. Soc. Glass Technology, I, 61-73, 1917.

# Jour. Opt. Soc. America, IV, 213-223, 1920.

# Jour. Opt. Soc. America 1V, 224-229, 1920; Jour. Franklin Inst. 190, 597-632, 835-870, 1920.
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