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Changes Caused in the Refractivity and Density of 
Glass by Annealing 

By Arthur Q. Tool, Leroy W. Tilton, and James B. Saunders 

T h e changes in t he refractivity of several glasses caused by a nnealing at different tem­

peratu res a re presented . T he result s are given in t he form of eq uilibrium temperature 

coefficients, as t he glas es were a nn ealed at eac h annealing temper ature until t here was no 

further change in t he refractivity or density. The measurements on refracth 'ity a nd den sity 

were made at standard atmospheri c temperat ures ince the changes in t hese propert ies at 

such temperatures have a greater practical s igni ficance t han t he corresponding changes at 

tempe['atures within t he anneali ng range. 

I. Introduction 

Investigation h as shown that the physical 
properties of a glass depr nd not only on its actual 
temperaturc, but also on the annealing or heat 
treatment to which it has been subj ected [1, 2, 3].1 
It has also been shown that annealing ordinarily 
causes a glass to approach a condi tion of equilib­
rium at the temperature of the annealing treat­
ment. :Moreover, the effect of any ann ealing 
treatmen t on the propertie of a glass is a fun ction 
of the change that the treatmen t has caused in 
the equilibriwn tem perature [3, 4, 5]. 

To determine the change cau ed in any proper ty 
by a, given change in the equilibrium temperature, 
it is fil'st necessary to es tablish equilibrium condi­
tions at a number of annealing tempera. tures. 
Also, it is necessary in each case, after equilibrium 
has been establish ed, to cool the glass to some 
standard tempera tlll'e for measurement of the 
coefficient represen t ing the proper ty under inves­
tigation., 

Unless the measuremen ts are made at a stand­
ard temperature rather than at the temperature of 
trea,tment, the results ob tained represen t effects 
produced, no t onl y by a change in equilibrium 

1 Figures in brackets ind icate tbe literature rererences at tbe end or tbis 
paper. 
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temperature [5], bu t also by the change in actual 
temperature. :NIoreover , the results, even when 
determined at a standard temperature, will de­
pend on the temperature chosen . This follow 
because the temperature coefficients of most prop­
erties also vary with the equilibrium temperature. 
For example, it h as been shown [6, 7] that bo th the 
thermal expansivity and volume of glass increase 
with the eq lilibrium ternperatm e. Consequently , 
the change in volume for a given change in equilib­
rium temperature is greater when mea ured at a 
standard temper ature within the annealing range 
than when measured at atmospheric temperatures. 

Hefractivity is one of the properties that is 
changed appreciably, even if the equilibrium tem­
perature is changed by no more than 1 deg C. 
Any such change in this proper ty of optical glass 
has considerable practical significance. This is 
true no t only because a difference in the annealing 
treatmen ts of differen t por tions of glass fI;om the 
same mel t causes the refractivity to vary from 
portion to portion, but also because unsatisfactory 
annealing may cause appreciable equilibrium tem­
perature gradients within individual blanks [8 , 9]. 
In other words, these temperature gradients can 
cause appreciable op tical inhomogeneity. 

From a practical standpoint, in terest cen ters 
mainly on the variations that annealing treat-
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ments cause in the refractivity at atmospheric 
temperatures, since optical glass is generally used 
at such temperatures. Lebedeff and Stozarov 
[10, 11] determined the change in refractivity for 
several glasses as their equilibrium temperature 
was changed. However, their measurements of 
the refractivity were made at the temperatures of 
treatment. To determine the corresponding in­
dices under atmospheric conditions from such 
measurements, the average tempera ture coeffici­
ents for the ranges from the treating temperatures 
to normal atmospheric temperature must be 
determined for each condition of equilibrium. 
As these determinations add greatly to the work 
involved, the measurements at the treating tem­
peratures were not undertaken in procuring the 
results presented in this or in previous reports 
[2, 12]. That is, all refractivity and density 
determinations were made at standard atmo­
spheric temperatures. Recently, Ma,cMaster [13] 
has reported the results of a similar investigation 
in which the measurements of the indices were also 
made only at a standard atmospheric tempera­
ture. 

To differentiate between the equilibrium and 
. actual temperatures, these temperatures will be 
designated as T and T, respectively. Oonse­
quently, the coefficients determined in this inves­
tigation are designated as ~nD/~T and (~nF­

~nC) /~T, in which np, nD, and nc are the indices 
for the F, D, and C spectral lines respectively. 
In some cases, the corresponding coefficient, 
~D/~T for the change in density, D, was also 
determined. 

II. Glasses Investigated 

Most of the glasses tested in this investigation 
were from melts of optical glass produced by the 
Glass Section of the National Bureau of Standards, 
and they represent practically all the types made 
in quantity by the Glass Section prior to 1930. 
The six samples from which prisms were made for 
measurements on both refractivity and density 
were mostly from glasses 2 produced after 1920, 

• The composition of melt 494 was determined by analysis. The percentage 
compositions as given for the other five of these glasses are estimates based on 
the batch compositions. 

Melt 494, SiO, 50.55, PbO 40.14, AJ,O, 0.65, K,O 5.93, Na, O 2.69, Fe,O, 
0.02; melt 467, SiO, 39.0, PbO 54.0, K,O 6. 5, Na,O 0.5; melt 573, SiO, 67.5, 
BaO 2.5, ZnO 1.0, K,O 10.8, Na,O 7.2, B, O, 11.0; melt 529, SiD, 74.5, OaO 
13.5, Na,O 12.0; melt 572, SiO, 48.0, OaO 2.0, BaO 27.0, ZnO 8.0 D,O, 5.5, 
K, O 7.5, Na, O 2.0; melt 480, SiO, 34 .5, BaO 40.7, ZnO 7.7, B,O, 10.6, AhO, 
6.5. 
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and the prisms were cut from large selected pieces 
that, in all cases, were large fragments that re­
sulted when the pots of glass were broken open. 

The six selected pieces, before being heat 
treated, were investigated carefully to determine 
the magnitude of the refractivity gradien ts in 
them. It was found [14] that these gradients 
ranged from 0.6 X IO- 6 to 4.9 X 10- 6/cm, and it is 
believed that they were chiefly the result of 
gradients in the equilibrium temperature rather 
than of variations caused by chemical inhomo­
geneities or residual elastic strains. Strain wa 
an improbable source of the gradients because the 
double refraction effects in the large pieces were 
no greater than they often are in pieces of equal 
size that have supposedly received adequate an­
nealing, and the effects in the small test samples, 
that were cut from the large pieces, were pre­
sumably negligible. Variations in chemical com­
position are a possible cause of such gradients 
as variations of that kind are often the cause of 
serious optical inhomogeneity; but there is reason 
to believe that the effect of variations in the 
chemical composition of the best selected optical 
glass is very small [15]. Variations in the equi­
librium temperature, on the other hand, seem to 
be a very likely cause of the observed refractivity 
gradients because T-gradients, like residual elastic 
strains, cannot be completely eliminated and also 
because the refractivity is comparatively very 
sensitive to differences in T . In fact, it seems 
probable that the effects of T-gradients will usually 
mask any refractivity gradients arising from varia­
tions in the composition of good pieces of optical 
glass. 

Besides the 6 glasses already discussed, 15 addi­
tional glasses were subjected to the heat treat­
ments and refractivity measurements required to 
establish their equilibrium curves. Of these, 14 
were also from melts [16] made by the Bureau's 
Glass Section, and several of them are among 
those listed in the table of refractive indices that 
appears in the Smithsonian Tables [17]. One 
glass, a heavy flint, was of German make and was 
cut from a Pulfrich refractometer block . 

III. Measurement of Refractivity and 
Density 

Of the six glasses on which both refractivity and 
density were determined, the test prisms were 
about 40 mm in length, their faces 12 to 16 mm 
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in width, and their refractin G' angles approximated 
60 degrees. Such slender prisms were used to iJ1-
crease the volume for density measurements with­
out making it necessary to reduce the rate of safe 
cooling after the hea t trea tments. The average 
prism of the 14 other Bureau glasses also pos­
sessed a r efracting angle of about 60 degrees, but 
its faces were approxima tely 15 mm square. The 
prisms of the German glass were mu ch smaller . 

A spectromet er was used in measuring the in­
dices of refraction by the minimum deviation 
method, and the necessary precautions [1 81 were 
taken to obtain high precision. N ever less than 
the usual three spectral lines (0, D, and F ) were 
used and , when the dispersion was sufficient, the 
DJ line of the sodium doublet was chosen . R e­
peated measurements on freshly surfaeed prisms 
indicated that. variations in the r esults on any 
given prism in nIl unchanged equilibrium con­
dition were small in the sixth deeimal place. 
However, the laeIe of precision was considerably 
greater in the intermediate determination s, which 
were often made without resurfacing the prisms 
and merely for observing whether equilibrium was 
almost reached. Tllis lack of precision in the 
intermediate observations was caused by surface 
warping and was particularly troublesome after 
t.reatments at th e higher temperatures, and also 
after treatments at the lower annealing temper­
atures if these treatments immediately followed 
high-temperature treatments. 

The density measurements were made by the 
Bureau's Capacity and D ensity Section. The 
usual displacemen t method of determining volumes 
was employed, and the submersing liquid was a 
suitable Icerosine held at 20° C. Precautions were 
taken to minimize the errors caused by th e action 
of surface tension on the suspension wire. Several 
repetitions of the measurements on the samples 
after each treatment indicated that the maximum 
variation in the results on any prism of unchanged 
equilibrium approximated :±: 0.0004 under the 
worst conditions (comparatively high densities and 
small volumes) . 

IV. Heat Treatments 

Small tubular electric furnaces (tubes about 
50 cm in length and 4 em in diameter with stop­
pered ends) were used to treat the glass prisms. 
To make the tempera ture distribu tion within the 
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central third of a furnace more nearly uuiform, a 
heavy-walled metal tube about 15 cm in length 
was fitted loosely within the refractory tube of th e 
furnace and midway between its ends. The ends 
of the metal tube were blocked by diaphragms. 
The junction of a p . Pt-Rh thermocouple was 
placed near the top and midway between the 
ends of this enclosed space, and the wires of the 
couple were led through the rear diaphragm and 
stopper to the cold-junction box. A thin-walled 
metal capsule containing the glass to be trea ted 
was placed just beneath the hot junction. The 
glass prism within this capsule rested on a thin 
sheet of burned asbestos to prevent contact wi th 
the metal. This arrangement made rapid cooling 
and heating without breakage possible. 

The furnace was brought to a cho en treating 
temperature before the glass was introduced. 
Consequently, the glass was heated to thi 
temperature very quicJdy. After a treatment of 
the desired duration was completed at any 
temperature, the glass, still within the capsule, was 
removed from the furnace and cooled rapidly in 
air. Except at the highest treating temperature 
employed, this procedure allowed very I i tHe 
ehange in equilibrium temperature duru1g the 
heatu1g and eoolulg. 

Samples of the same glass were always treated 
in the same furnace beca.use it was found that the 
equilibrium temperatures reached in the various 
furnaces differed by a few degrees, although the 
treating temperatures as determined by ther­
mocouples were practically identical. This experi­
ence indicated errors in the temperature determi­
nations and, presumably, these errors r esulted 
from peculiarities in the furnaces and thermo­
couples . Generally, the difference between the 
equilibrium temperatures attained in two furnaces 
that were supposedly a.t the same treating tem­
perature did not change ma.terially even when treat­
ments were made at several well-separated tem­
peratures in the annealing range. Thus, it appear 
that the error in the interval between any two 
treating temperatures of a glass was always 
relatively small because the same furnace was 
used in both cases. It is estimated tha t the error 
i.n such interval determulations were between ± 2 
degrees, whereas the maxuuum errors in the treat­
ing temperatures may have been t wo or three 
times as great. 

The period of tr eatment r equired to establish 
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eq uilibrium at low annealing temperatures often 
exceeded 2 months, while no more than a day 
was necessary at the highest temperatures used. 
In many cases, t he treatment of a sample at a 
temperature was repeated one or more times 
before subjecting the sample to treatment at some 
other temperature. This repetition of a treat­
ment is one means of determining if an equilibrium 
condition has been approximated. However, more 
dependence was placed on the results obtained 
when it appeared that practically the same equilib­
rium refractivity or density was reached by in­
creasing it in one case and by decreasing it in 
another through treatments at the same tem­
perature. The most satisfactory method of ac­
complishing this opposite approach to an equili­
brium condition is the simultaneous treatment of 
two samples at an intelmediate temperature after 
one has been treated at a higher and the other at 
a lower temperature. 

v. Experimental Results and Discussion 

Excepting the highest and lowest treating tem­
peratures employed for any glass, all others were 
generally within the portions of the annealing 
ranges that are recorded in tables 1 and 2. Usually, 
the interval between the chosen treating tem-

peratures was 10 deg C and, as previously indi­
cated, the glasses were made to approach equilib­
rium at the selected points from both undercooled 
and superheated conditions. At low-treating tem­
peratures, complete agreement between the results 
attained by these opposed approaches was difficult 
to apprm . .'lmate as redllcing the interval between 
the results for the refractivity to 1 in the fourth 
decimal place usually required treatments of 1 or 
more months' duration for each direction of 
approach. At high-treating temperatures, closure 
of the interval was approximated much more easily 
because the rates of approaching equilibrium are 
so much higher than at temperatures in the lower 
part of the annealing range. In fact, equilibrium 
is often approached so closely in a comparatively 
short time that the results show an apparent over­
lap instead of a gap if the treating temperature is 
not carefully controlled. In other words, the 
refractivity measurements after treatments of 
adequate duration can show an apparent over­
lapping of 1 in the fourth decimal place if an error 
of - 2 degrees is made in the treating temperature 
of the undercooled sample, and an equal, but 
opposite, error is made in the case of the super­
heated sample. Two samples in different initial 
conditions were often treated simul taneously m 
order to prevent such overlapping. 

TABLE I. - The eq1J,ilibrium-temperature coefficients of 1'efm ctivity and density for six glasses 

522 

Glass I n it ial condition of glass 
(glass from pot) 

tlD tlnn 'l'emperatllre 

tlT tlT 
range covered 

T ype M elt N o. Density 1 Refractiv· Approxi· by test s 
20° 0 ity 25° 0 mate T-value 

° C ° C 
Medium llinL ___________________________ 494 3. 3490 1. 59000 400 16X lO-' 24 X 10-6 360 to 450 
D ense DinL ________________ 

- ~ ~ - - ----- - -- 467 3.9320 1. 65608 405 27 36 350 to 450 
Borosili cate crown _______________________ _ 5i3 2.5305 1. 51750 520 29 50 460 t o 540 
Ordinarj." crOwll _______ ------------------ 529 2. 4960 1. 52020 525 17 30 500 to 570 
Light barium crown _________________ • ____ 572 3. 1587 1. 573588 540 33 47 490 to 570 
Dense barium crOwll ____________________ 480 3. 6997 1. 62265 605 46 60 560 to 630 

I The d ensitie. , D, were determined by E . L . P effer and E . E. Hill of the Capacity and Density Section of the National Bureau 
of Standards. 
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TABLE 2.- Equilibriurn-ternperature coefficients of refmctivity for 15 additional glasses 

Glass Initial co ndition 
~rCI11 peralu re 
ra nge cover­
ed bl' t es ts Type M elt 1'\0. noat25°C T- ya lue 

Lightcrown ________ ., ______ _ 

Do._.. . .. . ....... . ... . 

Bo ros ilicate croWII ______ _ 

Do • ........... . ......... . 
Light bari um crown _____________ _ 

D o Il
o 

__ _ ___ _ ________________ _ 

Dense barium crown It. __________ _ 

Darium flint s o _ __________ _ _______ _ 

Do ........................ . 
Light Oint. ... . ..... . .... . ...... . 

Do It. ___________________ _ __ _ 

M edium flin L ................ . 
DO ll __ _ ___________ • 

Dense flin t . . ............ .. . 
Very dense Oint b •••• • •••••••••••• 

20 
103 
123 
94 

241 

87 
116 
151 
135 
145 

33 
188 

Jl 0 
163 

76 

1. 51780 
I. 51820 
1. 51714 

1.52002 

I. 52430 
I. 57340 
I. 57406 
I. 61786 
1. 56819 

I. 55239 
1.584&1 
1.58038 
1. 62493 
I. 62491 
1. 65548 
L 9J 794 

°C 
464 
448 

510 
519 

541 
539 
579 
495 
493 
463 
455 
426 

430 
439 

385 

27X lO-' 
30 

38 
53 
42 
41 

54 
36 
31 
23 
25 

28 
27 
28 
48 

+ 0.6X JO-7 
- 1.2 

- 0.7 
- 1.6 
- 4. 6 
-4.6 
- 0.0 

. 0 

. 0 
+2.3 
+ 1.4 
+3.0 
+3.9 

+5.3 
+ 40. 0 

410 to 510 
410 to 480 

480 to 540 
480 to 540 

510 to 560 
5lO to 570 
540 to 620 
460 to 530 
460 to 530 
420 to 490 
420 to 480 

380 to 470 
390 to 460 
390 to 460 
340 to 400 

• G lasses listed in Smithsonian Tables, Ed . 7, RI). 3, p. 277 (1927). 
b A German product used on Pulfrich refra clometers. 

Figure 1, which was prepared for a progress 
report [12],3 gives a typical representation of 
preliminary data obtained by these investigations. 
Figure 2 shows both refractivity and density data 
obtained on a third glass. The caret-like ym­
boIs indicate the indices reached by treating an 
undercooled glass at various temperatures for 
periods of treatment that were not always suffi­
cient, and t·wo or more carets at the sam!:l tempera­
ture indicate that added treatments were given 
in order to bring about a closer approach to 
equilibrium. The inverted caret how the ill­

dices reached by treating uperheated gla ss at 
the temperatures indicated until equilibrium was 
approximated. The trend of the results for 
different temperatures is indicated by straight 
lines, as the equilibrium indice arc related almost 
linearly to the treating temperatures as long as 
these temperatures are confined to that portion 
of the annealing range covered by the tests . That 
is, dn/dT is approximately constant and can be 
determineu graphically as indicated by the straight 
lines, A and B , in figure 1. The data on the 
changes in density indicate that dD/dT also is 
practically constant in most case (sec fig. 2) . 

These eoefficients, so determined both for 

3 'l' he figure was shown wben a preliminary paper concerning this investi· 
gation was presented at the Corning m eeting of Lbe American OptiCl1 l Society 
in 1937, and is similar to an earlier graphical representat ion shown at the 
Ithaca meeting of tb e society in 1925 [2], whi le demonslrating how lhe reo 
fractiv ity and densi ty of another glass (1 B S melt 494) were changed as t be 
equilihrium condition was changed b y a nnealing at diJIerent temperatures. 

Refractivity and Density of Glass 

density and for refraction of the D-line of sodium, 
are presented in table 1 . It i estimated that the 
maximum error in coefficients is about ± 5 per­
cent. Prcliminary data on some of these coeffi­
cients have been presented in annual reports of 
the Director of the National Bureau of Standard 
[19]. Since then, there has been some revision, 
and data on the initial condition of the glasses is 
now included. The usual type-designations that 
are employed in both tables 1 and 2, are not 
particularly significant because sueh designations 
generally have no unique relation to composition, 
'which is a factor that often varies appreciably 
even in suece sive melts of any particular type . 
Consequently, the eoefficients of a number of 
glasses bearing the same type designation often 
vary over a considerable range. 

Excepting the results for a very dense flin t , 
table 2 presents data obtained on earlier melts 
made at the National Bureau of Standards. The 
samples used for five of these melts were those on 
whi ch the indices appearing in the Smithsonian 
Physical Tables [17] were obtained. Of the other 
three Bureau melts for which the indices arc 
given in the Smithsonian tables, the sample used 
for the earlier index determination 'were not 
available. In one of the ceases, melL 123, there 
was also no duplicate sample, but its composition 
was about the same as that of melt 103. In the 
other two cases, melts 151 and 163, duplicate 
amples were available, but their indices differed 

523 



1. 62 00 

1.6 195 " " 
" 

1. 6190 

1.6185 

1.61 8 0 

1.6175 
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1.6 260 

" 
1.6255 

1. 625 0 

1.6245 

1.6240 380 390 4 00 4 10 420 4 30 44 0 450 460°C 

T EMPERATURE 

FIGURE I. - Examples of results obtained on l'efractivity by 
annealing at different ten}'peratw'es until equilibrium was 
reached. 

A, results obtained ou melt 151. Carets and itlverted carets indicate 
indices reached as the refractivity was being increased and decreased, respec­
tively, by bringing t be glass to equilibrium at tbe temperatures indicated . 
T wo or more carets at the same tempcraturc signify that observations were 
made bcfore equilibrium was reached. R, Similar results on melt 163. 

from those publish ed in the tables. For melt 
151, the difference (0.0003) possibly l'esul ts 
almost ent irely from differences in the annealing. 
For melt 163, the comparatively large difference 
(0.00234) suggests a possible error in sample 
numbers. 

The maximum errors in the determi na tion s of 
the t reating temperatures and the coefficients, 
t..n jt..T, are though t to be about the same for table 
2 as for table 1. The magnitude of th e errors in 
the determinations of th e added dispersion co­
efficien t, (t..nF- t..nc) jt..T , are rather uncertain and, 
in some cases, are probably large; never theless 
they are apparently insufficient to affect the gen-
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2 .510 L-__ "---__ "--__ "--__ "--__ '--_~ 

440 460 48 0 500 520 54 0 560° C 

TEMPERATU RE 

FIGU RE 2.-Results obtained on both density and refrac­
tivity of melt 573. 

eral trend of the results. As would be expected 
in view of the relatively large valu es of t..D jt..T 
as compared to the ordinary expansivities of the 
glasses, t..n j t..T is always negative, a nd the dis­
persion coefficients are either negative or almost 
zero whenever , as in crown glasses, the ultra­
violet absorp tion band is so remo te from the 
visible spectrum that a shift of this band plays 
a secondary role compared to that of the density 
change in causing changes in refractivi ty even for 
blue ligh t. However , in the flin ts in which there 
is presumably a comparatively pronounced ex­
tension or shift of the absorption band or region 
toward the visible spectrum as T incr eases as well 
as when T increases, the dispersion coefficien ts 
have positive values that are large in dense 
flin ts in which the transmission for blue ligh t is 
reduced appreciably because of the proximity of 
the absorp tion region. 

The relations of the equilibrium tempera ture 
coefficients of refractivity and dispersion to the 
coefficien t t..D jt..T and to the shift of the ultraviolet 
absorp tion band as T changes are clarified greatly 
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by it consideration of Pulfrich's results on ~he 
ordinary temperature coefficients of refractlvl ty 
and dispersion for glasses in the range from .00 to 
100 0 C. Pulfrich 's results [20] suggest that dISper­
sion coefficients, such a l,. (nF - nc)/l,.T, are always 
positive, although the coefficient l,.n /l,.T may.be 
either positive or negative, depending on the lund 
of glass and the temperature range. Obviously, 
the decreasing density of a glass as it heats would 
result in negative temperature coefficients for 
both refractivity and dispersion if there was no 
absorption band effect. Moreover, it is well known 
tha t the proximity of the ultraviolet absorption 
region to the visible spectrum considerably in­
creases th e refractivity, especially for light near 
the short wavelength end of the spectrum, and 
also that the relative increase in refractivity for 
shor ter wavelengths becomes greater as t he ab­
sorption region moves toward the visible spectrum 
because of an increasing temperature. Thus, Pul­
frich explained his result on the as umption th.at, 
as T increase, the negative effects of decreasmg 
density are opposed by the positive effects caused 
by the proximity of the ultraviolet absor~tion 
region to the visible spectrum and by the sh;ft. of 
this region toward longer wavelengths as T JIl­

ereases. 
Accordilw to this explanation, t he effects 

attributed to the ab orption region and its shift 
with temperature generally overshadow. th.ose 
caused by the change in density. Ordmanly, 
the ultraviolet region is nearer the visible spec­
trum in flints than in crowns, and it actually en­
croaches upon it in some cases. As a result, the 
temperature coefficients of di persion and re­
fractivity are positive in flin ts and generally 
larger than in crowns. Although smaller, t.hose 
of the latter o-lasses are, with orne exceptlOns, 

b • . 

such as the negative coefficients of refractIVIty 
found by Pulfl'ich, also positive. That all of the 
glasses tested in the present investig~tion have 
negative equilibrum temperature coeffiCIents, such 
as l,.nD/ilr, and that many of the crowns also 

I have negative dispersion coefficients, such as 
l,.(nF-nC )!6.r, must be ascribed to the fa~t that 
l,.D/l,. r is usually much larger than l,.D/l,.T, and 
also to the probability that changes i~ r ca~lse 
smaller shifts in the ultraviolet absorptlOn reglOn 
than arc caused by eq llal changes in T, even if 
the latter changes are confined to the range 
between 0° and 100 0 C. 
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1 _______ _ 

VI. Summary and Conclusions 

Results for the equilibrium temperature coeffi­
eients of refractive index, di persion, and density 
were determined for everal different optical 
glasses. 

The range of equilibrium temperatures covered 
was, on the average, about 70 0 C for each glass, 
and this range comprised most of the annealing 
rano-e that is usable for optical glasses. b 

Excepting at the end temperature of this 
range, the eq uilibrium temperature was ap­
proached both from above and below and, within 
the errors of measuremen t, the arne results were 
obtained in both cases. 

The time required to establish eq uilibrium 
ranged from several months at low annealing 
temperatures to only a few hours at the highest 
employed. 

To have employed higher temperatures would 
have rcquired much smaller samples because the 
cooling from uch temperatures must be very 
rapid if a downward drift of the equilibrium 
temperature is to be prevented. Such very small 
samples necessitate the use of less accurate 
methods for refractivity and density measure­
ments. 

By cooling to normal (atmospheric) standard 
temperatures, the results obtained have a more 
practical significance than those made at higher 
temperatures, because it is in the range of atmos­
pheric temperatures that optical glass is ordinar­
ily used. 

From the results ohtained, it was concluded 
that thc density and the refractivity for any wave­
length of light increase almo t linearly a the 
eq uilibrium temperature decreases; therefore, the 
equilibrium temperature coefficients of both den­
sity and refractivity are negative and practically 
constant. 

The average magnitudes of the equilibrium 
temperature coefficien ts of density, and of refrac­
tivity for the D-line, are about 28 X 10- 5 and 
37 X 10-6/deg C, respectively, and both are large 
enough to cause undesirable inhomogeneity even 
if the gradients in this temperature exceed no 
more than a tenth of a degree per centimeter in 
any glass of which exceptional homogeneity is 
required. 

From the result obtained, it appear that the 
equilibrium temperature coefficients of dispersion 
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are usually negative in crown glasses and positive 
in flint glasses. This difference in the dispersion 
coefficients doubtless is related to the location of 
the ultraviolet absorption band which, in heavy 
flints, often encroaches on the visible spectrum. 
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