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In 1934, Gibson, Walker, and Brown developed sets of four colored glass filters to ser ve 
as working standards of spectral transmittance for checking t he reliability of spectrophotom­
eters. Several set s of these glasses were measured carefully and r eserved and designated 
as fu t ure r eference standards . Duplicate standards evaluated by com parison with the 
reference standards are available by p urchase to the publi c. The current set of r eference 
standards was establish ed in the years 1945 to 1947, and one of these reference standards 
(selenium-red) was recalibrated in 1952. This paper reports a recalibration, made in 1961 
a nd 1962, of a ll four glasses (selenium-red , carbon-yellow, copper-green, cobalt-blue) on three 
s pectrophotometers (Cary 14, Beckman DU, Ko nig-Mar te ns) . Except for the cobalt-blu e 
standard, t he values of spectral trans mittance fo und differ from those prcviously assigned 
by amounts differi ng a t some wavelengths by as much as or slightly more t han t he uncer­
taint ies C€t imated for the present values, though not by a mounts exceeding the combined 
un certain ties of the present and previous determinations. T he indicated changes for these 
t hree standards a re fairl y regul a r, however, and support t he vie lV that the selen ium-red and 
carbon-yellow standards are chang ing chie fly by format ion of a re fl ectance-reducin g film on 
the surfaces . The ind icated rate of upwa.rd drift is slow, and suggests t hat it takes about 10 
years for t he drift to exceed t he ass igned un cer tainity. 

1. Introduction T A B LI'; 1. r dentification of the glasses used as reference 
standaTds 

In 1934, Gibson, Walker, and Brown [1]2 de­
scribed a et of four colored glass filters which they 
had developed to serve as standards of spectral 
transmittance to check the reliabili ty of spectro­
photometers. Several sets of these glasses were 
carefully measured at a number of wavelengths by 
using mercury, helium and incandescent sources 
and were reserved and designated as future reference 
standards. Duplicate standards evaluated by com­
parison with the reference standards were made 
available to the public by purchase. Although 
nearly nonselective filters are best suited to the 
detection of errors in t he photometric scale, the 
filters chosen have spectral transmittances t hat vary 
markedly with wavelength and thus permit detec­
tion of sli t-width errors and stray-energy errors as 
well as photometric-scale errors; thus a single selec­
tive filter may afford checks of t he photometric 
scale over a large fraction or the whole scale [2, 3] . 
Table 1 identifLes the glasses that have served as 
reference standards, and figure 1 shows the approxi­
mate spectral t ransmittances of t hese filters. The 
reports issued with t he sets of duplicate standards 
gave t he assigned values of transmittance at abo ut 
20 wavelengtbs between 390 and 750 nm 3 together 
with the estimated uncertainties and the temperature 
coefficien ts. 

I An abridged version of this paper will appear in the J. Opt. Soc. Am. 5<1 
J anuar y 19M. 

2 Figures in brackets indicate the literature references a t the end of t his paper. 
3 Nanometers, lO-g met.ers, former ly called millimicrons. 
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FIGURE 1. Typical spectral tl·ansmiUance CUl·ves of glass 
duplicate standaTds issued by the NBS faT checking the 
Teliability of speciTophotometeTs. 

The fo ur t ypes are : l. Selen ium·red, 2. Carbon'yeilow, 3. Copper-green, and 
4. Cobalt·hlue. 
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TABLE 2. E stimated uncertainty in the value of absorbance, Ua, and the change d, in absorbance for temperature change of 15 °e, 
for the selected wavelengths f or incandescent (Inc.) and line eH g and H e) sources used for the f01lr reference standards 

Wavelcngth Source Sc]cniWll-f Ccl Carbon· yellow Coppcr·grccn Cobalt·blue 

A in nm Va d Va d V a d Va d 
390 Inc... . ... . .. . ....... .. . ... . .. . ±0.052 -0.0005 ±0.002 0.000 ±0.002 0.000 

404.7 
420 
435.8 
471. 3 
491. 6 

501. 6 
520 
530 
540 
546. 1 
560 
570 
578 
587.6 

600 
620 
640 
660 
667.8 
680 
690 

706.5 
710 
720 
750 

Rg........ . . ....•... ......... . .069 -.0025 .002 .000 .002 .000 
Inc.... . ... .......... .......... .046 -. 0025 ......... . .... . ... . ............... . .... . 
Rg........ .......... .......... . 014 -.0015 .001 . 000 .002 .000 
Rc........ ........ . . ......... . .011 +. 001 .00 1 .000 .004 .000 
Rg........ ........•. . ......... .......... ....... ... ..... ..... ... ....... . 005 +.0005 

R c........ .......... .......... .006 +. 0035 .002 .000 .007 +.001 
Inc........ .......... .......... .004 +.0035 .......... ...... . ... .0lD +.0005 
Inc........ .......... .......... . 003 +.003 .002 .000 ................... . 
Inc........ .......... ..... ....• .. . . . ..... .......... .......... . . ........ .008 -.003 
R g........ .... ...... .......... .003 +.0025 .003 .000 .008 -.004 
I nc........ .. . ....... .......... .002 +.002 .003 . 000 . 007 - . 003 
Inc........ 0.000 ..................................................................... . 
Rg........ ±.06 +0. 17 .003 +.0015 .004 -.0005 .008 -.004 
R e........ .04 +.11 .003 +.0015 ....... . ............................... . 

Inc........ . 008 +. 022 .002 +.001 .006 - .0005 . 024 -.005 
I nc... . .... .003 +.002 .002 +.0005 . 005 -.001 .Oli -.003 
Inc........ .002 .000 .003 +.0005 .007 - . 001 .023 -.005 
Inc........ .002 .000 .003 .000 .. . ................ . ................... . 
R c........ .......... .......... . ......... .......... . 007 -. 001 .027 +. 004 
Inc... ..... .. . ....... .......... .......... .......... .......... ...... . . . . .033 +.006 
Inc........ . 002 . 000 . 003 .000 .......... ........ .. .026 +.004 

R e...... . . .. . ....... .......... .......... ......... . .... . ..... .. . . ...... .004 +. 002 
I nc ..... ·... .......... . . ........ .......... .......... . 012 -.001 ......... . . . ....... . 
In"-- ...... . 002 .000 . 003 -.0005 ... . ...... .......... .003 +. 0005 
Inc...... . . .002 . 000 .003 -.0005 .015 -.0005 002 .000 

T ABLE 3. P reviously adopted value of transmittance, T , and estimated uncer·tainty in the values of transmittance, U, at the respective 
wavelengths f or' the four reference standards 

\ Vave· 
lcngt h 

Selenium·red 
(1952)' 

Car bOil-yellow 
( 1946) ' 

Copper.green 
(1946)' 

Cobalt·bl uc 
(1946) ' 

------------.------I-----~------I------.------I-----~-----

T U T U Xin'l1m 
390 O. 025 ± 0.003 

T 
0. 862 

U 
±0.003 

T 
0.895 

U 
±O. 004 

404.7 
420 
435.8 
471. 3 
491. 6 

. 020 

.019 

.0240 

.081 

.003 

.002 

.0007 

. 002 

.877 

.893 

.894 

.003 

.004 

.004 

.884 

.806 

.612 

.344 

.005 

.003 

.006 

.004 

501. 6 
520 
530 
540 
546. 1 
560 
570 
578 
587.6 

.......... .......... . 208 . 003 .859 . 005 .245 .004 

.......... .......... .316 . 003 .......... .......... .091 . 002 

.......... .......... .379 .003 760 .004 ................... . 

.......... .......... .......... .......... .......... .......... .0308 .0006 

.......... .......... .479 .003 .671 . 004 .0335 .0006 

.......... .......... .557 .003 .585 .004 . 064 .001 

600 
620 
640 
660 
667.8 
680 
690 

0.000 
.0042 
. 118 

.550 

.852 

.904 

.914 

919 

±0.0005 
. 01 

.02 

.007 

. 005 

. 005 

. 005 

.636 

.668 

.699 

. 731 

. 747 

.754 

. 755 

.003 .473 .004 

. 003 .------_.- ----------

.003 .350 .003 

.004 .256 . 003 

.005 . 187 .003 

. 005 ---------- ----------
. 122 . 002 

.005 ................... . 

.0273 
----------

.0074 

. 01 00 

.0074 
------.---

.034 

.14 

.34 

.0005 
----------

.0002 

.0002 

.0002 
---- -- --- -

. 002 

.01 

.02 

706.5 .......... ....... . .. .......... .......... .......... .......... .713 . 007 
710 .......... .......... .......... .......... .074 .002 ................... . 
no .918 .005 . 748 .005 .......... .......... .845 .005 
750 . 917 . 005 . 730 .005 .057 .002 .901 .005 

' Date of adoption of values. 

Table 2 gives for each wavelength the light source 
used and the estimated un cer tainties and a multiple 
of the temperature coefficien ts of th e r eference 
st andards expressed on the absorbance scale. Ab­
sorbance is defined as the logari thm of the r eciprocal 
of the internal transmi ttance T i • Since in ternal 
transmittance for these glasses is closely equal to 
transmittance T multiplied by a constant (about 
1/0.9) to correct for r eflection losses [8], differ en ces 
in absorbance are closely equal to differ ences in the 
logarithm of the r eciprocal of transmi t tance T un-

corrected for reflection losses. Accordingly the 
uncertainties Ua in absorbance enter ed in table 2 
are computed from th e uncertain ties U in trans­
mi t tancc as: 

Ua = [loglo (T + U) -- loglo (T -- U) l/2 

Similarly, the temperature coefficien ts 0 of ab­
sorbance are computed from the relation: 

578 

" I 



, . 

wher e e is Lhe temperatme of the gla in degrees 0, 
b is Lhe Lhickness of the glass in mill, and - loglO T25 

is Lhe absorbance meas urem ent mf),de n,t 25 °0 . 
Th e tempern, t ure coeffi cicnt 0 is thus the change in 
- loo' JO T (closely aqual to the change in - logJ0 1';) 
[or a temper atme change of 1. DC, and a thickncss of 
1 m m. These glass r eference standard ar c measured 
at 25 00 and are used over a t emperature range of 
± ] 5 00. For convenience, b ecn,use the temperature 
coefficien t is r elatively small compar ed wi th Lhe value 
or absorbance, a quantity cl equal to 15 Limes the 
temperature coefficient is used to designate t he 
ch n,nge in absorbance for a temperature change of 
15 °0 , as follows: 

This relationship is considered valid for vn,lues of 
e between 0 and 50 °0. 

The current set of reference standards was meas­
ured in the years 1945 to 1947. A detailed analys is 
of the data obtained for one of the reference standards 
(cobalt-blue, Oorning G 55A (39) was published by 
Gibson and Balcom [4] in 1947. The uncertainties, 

J U, were estimated as the huge errol' (4.9 times the 
probable error) of the mean values of transmittance. 
In 1950, Gibson and Belknap [5] published a study 
of the pm'manence of samples of t he carbon-yellow, 
t he copper-green, and the cobalt-blue glasses exposed 
under clear glass to south skylight a nd sunlight for 
periods up to three years. Expressed in terms of 
transmittance change tJ.T, these samples were 
found to chan ge but sligh tly, excepting only t he 

~ 
copper-gr een glass below 500 nm, where there appears 
to be a defini te solarization effect. 

No such study was made 1'0 1' ordinary use of these 
glasses in the laboratory. It was assum.ed that if the 
glasses would change only slowly with extensive 
exposure to sunlight under glass, they would not 
change significan tly in many years of ordinary use. 

I 
I' 

I 
. A redetermination of the spectral transmittance of 

t he cmrent reference standard for selenium-red 
~ , glass was carried out in 1952 and resulted in sligh t 
1 changes in the assigned values, but it could not be 

determined with certainty that the transmit tance 
had changed. The 1946 and 1952 data are given in 

I table 3. 
. , .Meanwhile, interest in the duplicate standards was 
I increasing. Table 4 shows the number of duplicate 

r standards of each type of glass issued in the years 
1933- 1942, 1943- 1946, and 1947- 1962. 

f,... 
I 

, ' 

L , 

TABLE 4. N u mbeTS of du plicate standards issued 

Calibrat ion of d uplicate Sele-
Yea rs standards in charge of: nilllTI-

Car- Copper- Cobalt-
hon· grcr ll blue T'otnt 

red ye llow 
-------1--------------

1933- 19'12 

19-13- J9·16 

194/- 1962 

M a bel F.. BrO\\~l and 
Gera ldi ne II' . 1 raupL 

M a rga ret M . Ba lcom 
and Lois A . Petersou_ 

M arion A. Helknap __ _ _ 

Totals . ___ • __ ______ _ .. 

o 
20 

27 

20 

II 
16l 

192 

10 

7 
113 

130 

15 

16 
99 

52 

34 
393 

130 479 

A se t of these glass standards, issued in 1958 
to the Frankford Ar enal, was submitted in October 
1961 for l'ecalibl'ation_ A routine comparison of 
them wit h the sarn e reference standards used in 
the origi nal calibrat ion showed that the trans­
mittances for each of the four glasse bore a signif­
icantly different relati~n to the corresponding 
reference standard than 111 1958. It was pre U1Hed 
that this changed relation r efelTed primarily to the 
duplicate standards, whose uses and possible expos ure 
to r adiant energy at the Frankford AI' enal were 
unspecified, rather than to the reference standards 
known to be irradiated only by incandescent-lamp 
light for short periods of time at infrequen t intervals; 
and this presumption was subsequently proved to 
be correct. Nevertheless, check data obtained in 
1952, 1953, 1959, and 1960 for the reference standards 
were r eviewed_ Although no single set of datn, 
proved that any of the reference standards had 
certainly changed, all foUT sets of data considered 
together showed some evidence of a slow continuing 
drif t in pectral transmittance of the selenium-red , 
the cfLrbon-yellow and the copper-green reference 
standards_ The cobalt-blue glass alone showed no 
change in spectr al t ransmit tance. An extensive 
recalibratioll of all foUl' reference standards was 
then undertaken. Tt is the purpose of the present 
paper to describe this recalibration, and to discuss 
its res ults_ 

2_ Method of Spectrophotometry 

Th e r ecalibration oJ Lhe [our r efer ence standards 
of spectr n,l transmittance was carried out by means 
of the Cary 14 r ecording spectropho tometer, th e 
Beclanan D U manual spectrophotometer [6], and 
the Konig-M ar tens visual spectropho tometer [7]. 
T able 5 lists the speetropho tometers used in the 
sever al calibrations of r eference stan dards of spectral 
transmittance. The procedUTal details of the present 
recalibration are given below. 

2.1 _ Cary Recording Spectrophotometer 

Two sets of measurements of each of th e four 
r efer ence s tandards of spectrn,l transmittance were 
made on the Oary recording pho toelectric spectro­
photometer (Model 14M, Serin1 No. 173) by means 
of the absorbance ( - logT ) scale. At the sam e time 
measurements were made of a clear borosilicate 
crown glass, 1.0 mm thick, of known index of re­
fraction and Abbe value (nD = 1.517, v= 64_5 )_4 
This index and Abbe value arc the same as those 
found for the borosilicate crown glass , 1.0 1nm thick, 
whose spectral transmittances were known from a 
previous study [8]. These known spectral tr ans­
mittances were used as a pho tometric-scale correc­
tion for transmittances of the reference standards 
gr eater than 40 percent. For each wn,vclength the 
ratio HI>. of the r eference-standard transmittance to 

• We arc inrlebted to Irving M alitson for these measurements of index of re­
fraction and Abbe value 
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TABLE 5. Spec rophotometel's used in the seveml calibrations 
of refel'ence standards of spectral tmnsmittance 

Spectrophotometer 

K onig-Martens visuaL_ ... __ ........ __ 
Gibson photoelectric and thermoelec-

tric. 

Hilger photographic sector-photometer. 
Beckman DU photoelectr ic ("B Q-1")_ 
Beckman DU photoelectric (" BQ -2") _ 

Cary 14M recording photoelectric _____ _ 

1930- 1940 

1930-1940 

1930· 1940 

Date of calibration 

1940-1950 1950- 1960 1960-

1940- 1950 

1950-1960 1960-

1940-1950 

1960· 

-
that of the borosilicate crown glass was computed 
from the absorbance r eadings. The value TA of the 
t ransmittance of the reference standard was com­
puted as: 

TA = RAToA, 
where T al. IS the known spectral transmittance of 
the borosilicate crown glass [8]. For TA less than 
40 percent the value corresponding to the reading 
of the absorbance scale was accepted without COITec­
t ion . The wavelength calibration of the instrument 
was carried out as described by Keeo'an Schleter 
and Judd [9]. All measurements refel~ to' the speci~ 
men at 25 °C. 

2 .2. Beckman DU Spectrophotometer 

The spectral transmittances of the reference 
standards were measured on the Beckman DU 
("BQ- 1") spectrophotometer with incandescent source 
after calibration of wa yelength scale at emission lines 
of mercury, helium, hydrogen, neon, and cesium. 
Frequent checks of the wavelength calibration were 
made by means of the mercury line at 546 .1 nm. 
Each standard was measured in two positions in the 
sample holder for each set of readino·s . The holder 
w~s P?sitioned so as to place the st:ndard near the 
eXIt slIt and away from the phototube. As recom­
mended by Gibson and Balcom [4] the measurements 
were made with no lens oyer the exit slit. The 
spectral transmittance of each standard was meas­
ured at selected wavelengths by ratio to a blank 
beam se.t to 100 percent transmittance as a reference. 
The shIft from the blue-sensitive to red-sensitive 
phototube was made at 620 nm. The selector switch 
was shifted to 0.1 for transmittance readino's below 
10 percent to give " times-10" readino's at ~aITower 
slit widths. A purple stray-energy filter was used 
for all measurements taken at 390 nm. The sample 
compartment was surrounded by a water jacket 
maintained at 25 °C by a constant-temperature 
water bat h. The numbers of sets of readino's made 
on the reference standards are as follows: '" 

Selenium-red Carbon- Copper- Cobalt-
yellow green blue 

B elow Above Full Full Full 
600nlll 600nm spcctra spectra spectr a 

2 3 7 3 2 

The extra set of readings above 600 nm for the sele-
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nium-red standard was obtained by ra tio of readings 
for the standard to those for a clear glass (Corning 
9700). 

2 .3. Konig-Martens Spectrophotometer 

The spectral transmittances of the four reference 
standards were measured on the Konig-Martens 
\-isual spectrophotometer [7] by u sing emission lines 
of a mercury source and a helium source and, at 
some wavelengths, by using an incandescent source . 
As explained on pages 464-465 of reference [5], it 
was early found advisable, because of the low lumi­
nosities of the Hg and He sources at 471.3, 491.6, 
667.8, and 706.5 nm, to use the incandescent source 
at these wavelength settings, and this has been done 
in all later work on the Konig-Martens visual 
spectrophotometer. However, for the present stand­
ardization of the NBS reference standards, measure­
ments were made with both incandescent and line 
sources at these four wavelengths. The wavelength 
scale was checked by settings on certain of the mer­
cury and helium lines each time the instrument was 
used and each time the width of the ocular slit was 
changed. The widths of the collimator and ocular 
slits were 0.2 mm for the readings taken by means of 
the incandescent source, and were varied from 0.2 to 
0.4, or 0.5 mm for the line sources. Accurately 
calibrated sector disks (transmittances approximate­
ly 1, 10, 50, and 60 percent ) were used for measure­
ment of low transmittances or for transmittances 
near to those of the sectors to increase the accuracy 
of the readings. Stray-energy filters were used at 
wavelengths near the two ends of the visible spectrum 
and at wavelengths of low transmittance. Each set 
of readings consisted of 20 readings of angle on the 
Martens photometer ; first , 10 for the standard in­
serted in one beam, and second, 10 for it in the other 
beam. The transmittance was computed as the 
cotangent of the first angle multiplied by the tangent 
of the second. At least two sets of readings were 
taken for each standard at each selected wavelength 
between 404.7 and 660 nm and a few additional 
readings between 660 and 706.5 nm because of the 
added uncertainty of the settings in this region of 
low luminosity. All readings were made with the 
standards in a holder maintained at 25 0 C by 
means of a constant-temperature water bath. 

3. Reduction of Data and Estimates of 
Uncertainty 

The spectral transmittances assigned to the refer­
ence standards are weighted means of the trans­
mittances found individually by the three 
spe~tro'pl.lOtome ters used. The weights assigned to 
the mdlvldual values of transmittance for a particular 
standard at a particular wavelength were based on 
the known relati\T6 capabilities of the three instru­
ments. For example, the values obtained by means 
of the Konig-Martens visual spectrophotometer in 
spec:tral regions yielding observing fields of low 
lummance (such as near the extremes of the visible 
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specLl'um ) weJ'egi\'en less weight because of the 
resulting unrelia bility of t he visual settings. On 
the other hand values or spect ral transmittance 
ob tn,i ned by means of an emission line in a spectral 
region of rapid varia tion of transmittance with 
wn,velength were given more weight . 

In tn,bles 6, 7, 8, and 9, are given for each of the 
four reference standards and for each of the three 
instruments at the respecti ve wavelengths, the 
average value of the transmittance so measured , the 
assi(Y ned weight, the range in t ransmittance, the 
adopted weighted mean, and the es timated uncer­
ta inty in t he value of transmittance. 

The year or years of measurem ent on the indicated 
spectrophotometers are shown in t,he parenthesis 
under t he name of the instrument. The uncer tainty 

of the assigned ,-alue of t ransmi ttance at a particular 
wavelength was made the same as t hat assigned 
previously (see t~t ble 3); with exceptional cases 
where it was agreed that n, change was necessary. 
In these cases t he un cer ta in ty was estimated from 
t he range of the indi\·jdu I11 values obtained on the 
three instruments averaged over a spectral region 
varia ble in extent from 0 to 50 nm and cenLered on 
tha t wavelength . Some smoothing of Lhese values 
was resorted to whene\rer no reaso n was apparen t 
for a rapid change in uncer tainty wit h wavelen~th . 
In no case was the uncertainty allowed to be less 
than one-half t he range of the spectrophotometric 
data . These ranges correspond roughly to estimates 
of three t imes the standard deviation of the adopted 
value [10]. 

T ABL!') 6. Spectral transmittance, T, of selenium-red reference standm'd J ena OG 3- 21, 1.7 m1?l , as measw'ed on indicated spectro­
photometers; assigned weight, V.i , range, R, adopted weighted mean, and estimated uncel·taint y of value of transmittance, U 

Adopted Esti-
W ave- 1(on ig- yl artcns Beckm an D U Cary ,\[odel 14 Range \\Tcightcd m aLed 
lengLh (1962)' (1961-1962)' (1 962)' mea n ull cer-

La i Jl L ~1 

---------
Xi,l1l11n 7' lI' T ]V 7' I\f R T C' 

390 } La 0.000 ----- -- - 0. 000 -------- 0. 000 ----- --- 0.000 0.000 ----------
570 

578 .0041 4 . 0033 2 .0034 4 . 0008 . 0037 ± 0. 0005 
587. 6 . 11 5 4 . 102 3 . 110 :l . 013 . I tO . 01 

600 .564 3 .556 " .561 3 . 008 .560 .0 1 
620 .858 4 .856 " .861 2 . 005 .857 . 006 
64Q .906 " . 903 4 .909 2 . 006 .905 . 004 
660 . 913 4 .914 4 . 920 2 .007 . 91 5 . 004 
690 .9 17 3 . 918 5 .925 2 . 008 .9 19 . 00·1 

720 . 918 2 . 919 6 .926 2 . 008 .920 . 004 
750 . 919 J . 919 7 .925 2 . 006 . 920 . 004 

*Date of measurcment . 

TABLE 7. Spectml tmnsmittance, '1' , of carbon-yellow reference standards Corning Il T yellow C14, 2 .0 mm, as measul'ed on indi­
cated s pectl' ophotometel's; assigned weight, \V, range, R, adopted weighted mean and estimated uncertainty of transmittance, U 

Ado ptee\ Esti-
v\'ave- Kon i g-~vl artcns Beckman DU Cary Mod el 14 Range we ig hLed mated 
length (1962)' (1961-1962)' (1962)' mea n uncer-

tainty 
------

---~~~~-l-~:- --Xin 'nm T ]V T W R T U 
390 0. 025 5 0. 025 5 0.000 0.025 ±0.003 

404.7 .019 4 .019 3 .000 .OJ9 . 003 
420 -------- -- -- - ---.- . 01 9 5 .019 5 . 000 .0 19 . 002 
435. 8 . 0244 4 .0234 2 .0248 4 .00 14 . 0244 .0008 
471. 3 .081 2 . 080 4 .082 4 . 002 .08 1 .002 

501. 6 .209 3 .206 4 .209 3 . 003 .208 . OO:! 
520 .316 3 .318 4 .320 3 .004 . 318 . 003 
530 .381 3 .380 4 .382 3 .002 .381 .003 
546. I .480 3 .480 4 .484 3 .004 . 481 . 003 
560 .558 3 .560 4 .562 3 . 004 . 560 . 003 
578 .634 3 .639 4 .642 3 .008 .638 .004 
587.6 . 671 3 .669 4 .674 3 . 005 . 671 . 004 

600 .702 4 . 702 4 .704 2 .002 . 702 . 004 
620 .736 4 . 734 4 .739 2 .005 .736 .004 
640 . 750 4 . 751 " .756 2 . 006 . 752 .005 
66a .756 4 . 758 4 . 763 2 .007 . 758 .005 
690 . 760 3 .759 4 . 764 3 .005 . 761 .005 

720 

========== 1= =:::=:: 
.752 6 . 756 4 . 004 .754 . 005 

750 . 733 6 . 736 4 . 003 . 73'1 . 005 

' Date of measure ment. 
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TABLE 8. Spectral transmittance, T, of copper-green reference standard J ena EG 14- 19, 2.0 mm, as measured on indicated spectl'o­
photometers; assigned weight, W, mnge, R, adopted weighted mean, and estimated uncertainty of transmittance, U 

\Vavc- Konig-Martens BcckmanDU 
length (1962) , (1962) , 

)"'innm T W T W 
390 - --------- -------- 0.866 6 

404.7 0. 876 2 . 878 4 
435.8 . 893 3 .891 4 
471. 3 .893 2 . 893 4 

501.6 .862 3 .861 4 
530 . 759 3 . 765 4 
546. 1 . 672 3 . 678 4 
560 .593 3 .594 4 
578 .477 3 .481 4 

600 . 348 3 . 358 4 
620 .258 3 .257 4 
640 . 187 3 . 188 4 
667.8 . 123 3 . 123 4 

710 .078 1 .075 5 
750 ----- -- --- ----- --- . 057 5 

• Date of measuremeut. 

Cary Model 14 Range 
(1962) ' 

T W R 
0.864 4 0. 002 

.878 4 . 002 

. 892 3 . 002 

. 892 4 . 001 

. 860 3 .002 

. 762 3 .006 

.677 3 .006 

. 589 3 . 005 

. 476 3 .005 

. 352 3 .010 

. 258 3 . 001 

. 187 3 .001 

. 122 3 .001 

.075 4 .003 

. 057 5 .000 

Adopted 
weighted 

mean 

---

T 
0. 865 

. 878 

.892 

. 893 

. 861 

.762 

.676 

.592 

.478 

.353 

. 258 

. 187 

.123 

. 075 

.057 

Esti-
mated 
Ullcer-
tainty 
---

U 
±0.003 

. 003 

. 003 

.003 

.003 

. 004 

. 004 

. 004 

.004 

.005 

.003 
003 
002 

.002 

. 002 
, 1 

I 
J.. ~ , 

I 
1.. \ 

TABLE 9. S pectml transmittance, T, of cobalt-blue reference standard Coming G 55 A/39, 3.0 mm, as measured on indicated 
spectrophotometers; assigned weight, VV, range, R, adopted weighted mean, and estimated uncertainty of tmnsmittance, U 

Wave- Kon ig-Martens Beckman DU 
length (1962) ' (1962) ' 

).., in nm '1' W T W 
390 ---------- -------- 0.894 6 

404.7 0.887 2 .880 4 
435.8 . 808 3 . 808 4 
471. 3 . 613 2 . 618 4 
491. 6 .344 2 .351 4 

501. 6 .248 3 .249 4 
520 . 091 4 . 092 3 
540 . 0314 4 . 0308 3 
546.1 . 0339 4 . 0334 3 
560 . 064 4 .064 3 
578 . 0200 4 .0281 3 

600 . 0073 4 .0072 3 
620 . 0100 4 .0104 3 
640 .0075 6 .0082 2 
667. 8 . 032 4 .032 4 
680 . 127 2 .132 5 
690 .310 2 . 338 5 

706.5 .708 2 .703 4 
720 -- ---- ---- ----- --- . 844 7 
750 ------ - --- --- ---- - . 902 7 

• Da te of measurement. 

In table 10 the change in transmittance between the 
present value and the previously adopted value of 
spectral transmittance is given for each of the four 
reference standards at the respective wavelengths. 

Figmes 2, 3, 4, and 5 show as circles these differ­
ences in spectral transmittance assigned by the 
present recalibration and that assigned by the 

Cary Model 14 Range 
(1962) ' 

T W R 
0.892 4 0.002 

.880 4 .007 

. 805 3 . 003 

. 612 4 . 006 

.342 4 . 009 

.244 3 . 005 

.089 3 . 003 

. 0310 3 . 0006 

. 0344 3 . 0010 

.065 3 .001 

. 0274 3 . 0016 

.0073 3 . 0001 

. 0104 3 .0004 

. 0074 2 .0008 

. 034 2 . 002 

. 139 3 . 012 

.352 3 .042 

. 714 4 . 011 

. 852 3 .008 

.909 3 .007 

Adopted 
weighted 

mean 

---
'1' 

0. 893 

.881 

.807 

. 615 

. 346 

.247 

.091 

.0311 

.0339 

. 064 

. 0282 

. 0073 

.0102 

.0076 

. 032 

. 133 

.337 

.708 

. 846 

.904 

Esti-
mated 
uncer-
tainty 
---

U 
±0.004 

.005 

.003 

. 006 

.004 

.004 

.002 

.0006 

.0006 

. 001 

.0008 

.0004 

.0004 

. 0004 

. 002 

. 01 

.02 

.007 

.005 

. 005 

. 1 

,) .., 

. , 
previous calibration for the selenium-red, the carbon­
yellow, the copper-green, and the cobalt-blue stan- I 
dards. They also show as broken lines centered '-< 

about the abscissa the estimates of the uncertainties 
of the values of spectral transmittance resulting 
from the present recalibration. -( 
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T ABLE ]0. Change i n spectral tmnsmittance, Ll.T, fo r the 
foltr refe1'ence standards between the present adopted weighted 
mean and the previously adopted values 

W ave· Selenium· Carbon· Copper- Cobalt· 
length recl ye llow gree n blue 

X, in nm 6'1' 6 71 tl T 11 'F 

390 

404.7 
420 
435.8 
471. 3 
491. 6 

501. 6 
520 
530 
540 
546.1 
560 
570 
578 
587.6 

600 
620 
640 
660 
667.8 
680 
690 

(1962- ]952) (1962- 1946) (1962- 1946) (1962- 1946) 

O. 000 +0.003 -0.002 

___ _____ ___ -.001 +. 001 -. 003 

::::::::::: +: go084 -- --:::66i- ----+:06i-
__ _____ ____ .000 -. 001 +. 003 
___ ______ __ __ ___ __ ____ __ ___ ___ ___ + .002 

____ _______ .000 +. 002 +. 002 
____ _______ +. C02 ___________ . 000 
__________ _ +. 002 +. 002 _______ __ _ _ 
____ __ _____ _______ ____ __ _______ __ +. 0003 
___________ +. 002 +. 005 +. 0004 
_________ __ +. 003 +. 007 . 000 

0.000 
-.0005 
-.008 

+.010 
+. 005 
+. 001 
+.001 

+. 002 
+. 003 

+. 003 
+ 005 
+. 00.> 
+. 004 

+. 005 +. 0009 

+. 003 -. GOOI 
+. 002 +. 0002 

. 000 +. 0002 

+. 001 -.002 
-. 003 

. 000 +. 006 _____ _____ _ -.002 

706.5 _________ __ ___________ __ ____ _____ -.005 
710 ___ ______ __ ____ ___ __ __ +. 001 ____ ___ ___ _ 
720 +. 002 +. 006 ______ _____ +. 001 
750 +. 003 +.004 . 000 +. 003 

4. Discussion 

It will be noted from figure 2 that three of the 
ten newly assigned values of spectral transmittance 
for the selenium-red reference standard differ from 
the previous assigned values by amounts approach­
ing th e estimated uncertainty. Because the pre­
viously assigned values are uncertain by about the 
same amount, this recalibration by itself fails to 
prove that the selenium-red standard has changed 
since 1952. The results of the two spectrophoto­
meters (Konig-Martens and Beckman D U "BQ-l ") 
common to the 1952 determination and the present 
determination, however, both indicate that a change 
has occurred. Furthermore, comparison of the 
1947 with the 1952 determination shows similar 
changes. It seems likely that indications of in­
creases in transmittance between 620 and 750 nm 
correspond to formation of a reflectance-reducing 
film on the surfaces. Several of the duplicates of 
this reference standard show visible evidence of 
such films. The decreases in transmittance in­
dicated near the cut-off of the transmittance curve 
may not be real. (See fig. 2, wavelengths 570 and 
587.6 nm). In any case, there is no established 
cause for such a change. 

Figure 3 gives an indication of formation of a 
reflectance-reducin g film on the surfaces of the 
carbon-yellow reference standard similar to that by 
figure 2 for the selenium-red standard. Note that 
the indica ted discrepancies between the present and 
the previous assignments of spectral transmittance 
are roughly proportional to the spectral transmit-

·02 

.0 I 

N 
tfl 

~ 
I 

N 0 .00 <D 
~ 
I-
<J 

-.0 I 

-.02 

550 

SE LENI UM RED 
JENA OG 3-21 

600 

0 0 

650 
WAVELEN GTH ,nm 

0 
0-2 u 

700 

FI GURE 2. S elenium-red reference standard. 

0 

750 

Differences (shown as circles) between spectral transmitta-nces aSSigned in 
1962 and in 1952 compared to e,timates (shown as broken lines) of the uncerta inty 
of the 1962 reealibration. 

CARBON YEL LOW 
CORNI NG HT YELLOW C - 14 

.01 

-.01 

-. 0 2 LLLl...Ll....LLL..L.1...LLLLl..LJ....LLl..L.l....LLL..L.1...LLLLl..LJ....Lu.J 
400 500 600 

WAVELENGTH, n m 
700 

FIGUR E 3. Carbon-yellow refe1'ence standard. 
Differences (shown as circles) between spectral transmittances aSSigned In 

~~~~~nIU~ :';c~lf~~B~;.d to estimates (shown as broken lines) of the uncertainty 

.01 

COPPER GREEN 
JENA BG 14-19 

ill ° 
~ ° o~ 
~ 0>----------,,0- ° t ° CJ----~-~--
~ 0.00 f--'O"------"_----,,,---____ 2 U ° ° 
~ ° ° * ~------
'<i 

-.0 I 

-.02 Ll....L.1...LLLLl..LJ....LLl..L.l....LLl.l...L..LJLL.u...L.l....L.u...L.l..LLL.L.LJ 
400 500 600 

WAVELENG TH , n m 
700 

FIGURE 4. Copper-green 1'eference standm·d. 
D ifIerences (sbown as circles) hetween spectral t ransm ittances aSSigned in 1962 

and in 1946 compared to estimates (sbown as broken lines) of the uncertainty 
of tbe 1962 reea libration. 
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FIGURE 5. Cobalt-blue reference standard. 
D ifferences (shown 00 circle8) bet ween spectral t ransmittances assigned in 

1962 and in 1946 compared to est imates (sbown as broken lines) of tbe uncertainty 
of tbe 1962 recalibration . 

tances themselves, (see fig. 1), as would be expected 
from the formation of a reflectance-reducing film. 

Figure 4 indicates some increases (300, 405 , 
500- 620 nm) and some decreases (436 , 471 nm) in 
assigned values of spectral transmittance. This 
indicated pattern is not consistent with the hy­
pothesis that a reflectance-reducing fi1111. has been 
forming on the copper-green reference standard. 
If the indicated changes are real, and this has not 
been proved, they must be ascribed to a cause 
other than film formation (such as a slow chemical 
change in the glass) , or to a combination of film 
formation with other cause or causes unknown. 

Figure 5 gives no plausible suggestion that the 
cobalt-blue reference standard is changing even 
slowly. In table 10 the indicated changes are 
either small compared to the estimated uncertainty 
of the present determinations, or irregular. 

In summary, it may be stated that thrce of the 
reference standards of spectral transmittance are 
probably subject to a slight impermanence, the 
maximum changes in a 10-year period being of the 

order of magnitude of the uncertainties in their 
calibration. Owners of duplicate standards not 
subjected to unusually severe usage (exposure to 
high~energy particles, ultraviolet energy, high tem­
peratures, or chemical fumes) may find in figures 2 
to 5 a reasonably valid basis for revising the adopted 
transmittance for their duplicate standards. In the 
absence of information to the contrary, the changes 
may be assumed as a first approximation to be 
proportional with time, and the time for recently 
issued duplicates (1952 to 1961) should be counted 
from 1952 for the selenium-red standards, and from 
1946 for the carbon-yellow, the copper-green, and 
the cobalt-blue standards. 
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