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_J'I:& set of five specially selucted eolored-glass filters to identify variables of malfunction
of photoelestric recording amctruphotometers equipped with tristimoulue integrators have
keen standardized on & number of spectruphotometera corrected for all known erzors (wave-
length, zero, 100 perzent, slit-width, inertia, back-reflectance, and stray-energy}. To these
standardized spectrophotometrio data definite arnounts of these errore were deli ;
lotroduced end eonverted to tristimwlze values and chromaticity eoordinates of the Inter-
nationsl Commisaion of Illrmination syatem of oolorimetry for Sourees A, B, and C.  8imilar
reductlons show the effecte of alit widthe of 1, §, 10, and 15 millitniereng (g} oo computed
taztlts hoth by the selected-ordinate method of i!}, a0, and 100 ordinates, and by the
wolghted-prdinate methods of 1, 5=, 0=, and 1%mu intervale. Duplicate seta of these
glrssen hava bean evaluated by visual comparigon with this set of magter standards, and are
available az part of the Standard Materiala Program of the Naetional Buresn of Standards.
By compating the certified values of luminous trenemittance and chromaticity coordlnates

eter-Integrator Systems of Color Measurement

for a set of these glasees with the values obtalned on & particuler integrator-?entmphut:}mﬂt&r
combination, the type and extent of instrumental errors may be evaluated.

1. Introducticn

In 1936, Dr. Nathaniel H. Pulling, Instrument
Department, General Electric Co., West Lymn,
Maass., proposed that tha National Burean of Stand-
ards develop a set of four or five non-light-scattering
glasses to serve as standards of tristimulus values to
eheck performance of colorimetera, particularly the
sutomatic spectrophotometer anlmPPEd with inte-
grator. At that time it was believed thut such a
set of filters might consist of n selenium red, o
seleniom yellow, a dense cobalt, and a nearly non-
salective glass of 15 to 20 percent transmittance.
Although the certified trigstimulus values would be
intended to be those corresponding to an extrapola-
tion to “zerp slit width™ (the band pass of n apec-
trophotometer so small that further reduction will
not afect the photometric valuc), the glasses might
serve also to check the ndjustment of an integrator
attachad to a spectrophotometer with }-mp slits by
giving in the paper deseribing the development of the
stondards the tristimulus walues of the maater
standards not only for zero slit width, but also thosa
found for 4-mu and 10-me slits.

Bacause thers were no aecepbed means in indusiry
for checking the performance of apectrophotometer-
integrator systems, two meetings were held at the
National Burean of Standards with representatives
of manufacturers of spectrophotometoers, %luss manu-
facturers, and industrisl users of spectrophotometers
with ristimulus integrators. At the meeting held
on September 11, 1957, fifteen representatives of
industry attended and confirmed the need for glass
stundards to check spectrophotometer-integrator
systemna. A second meeting on May 14, 1958
reviewed a sclaction of five types of filters and
aﬂpruved of their standardization. Typical speciro-
photometric curves of the five glasses selected for
study are shown in figure 1.
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Materints, Two hundred 2% 2-in. polished sguares
af sach of five types of glass, mgogmup of 200
squares being from the same melt, were purchased
from Corning Glass Works. Qur designalions for
the five types of glass, the Cerning designation, and
thickness are as follows:

2101, Selenium oronge red, Corning 3480, 2.8 mm.

2102, Sigral yellpw, Corning 32307, 2.6 mm.

2103, Sertont green, Corning 4010, 4.4 mm.

2104, Cobalf blue, éuming 6651, 2.6 mm.

2105, Selective neutral, special glass developed by

Corning for this project, Corning 5045, 2.9 min.

Three sets of these five glasses were arbitrarily
selected und designated Master No. 1, Maater No. 2,
and Master No. 3, Later two sets of limit glasses
for each of the five glasses were selected ns described

in 2.3 below.
2. Method

2.1. Specirophotometry of Master Stondards

Measurements of spectral transmittance were
made on each of the three mmaster standards and the
two limit standards on the Cary Modal 14 and the
Geperal Electric [1, 2]t recording spectrophotom-
eters, with checl meagurements on R‘Iastar No. 3
set on the Beckman DU indicating spectrophotometer
and on the Konig-Martens visusl spectrophotometer,

The methods of using three of these speclropho-
tomaters have becn previously described [3, 4, 5).
The methods of using the Cary spectrophotometer
are deseribed In detsil in seetion 2.1.a.

Additional corrections made on the GE =spectro-
photometer data are explained in section 2.1.h.

Details of the measurements on the Beckman DT
and the E-M spectrophotometers are explained in
sectinn 2.1.0,

a. Cary Recording Spechmphobmmedar

Messurements.  Bpeciral-transmittance mceasure-
ments were madc on each of fiftcen glass filters com-
rising three sets of five master filtera designated

aster No. 1, No. 2, and No. 3, on & Cary Modsl
14M (SBerial No. 173) recording spectrophotometer
ut the National Bureau of Standards for the following
conditions:

{1) Temperature control. DMeasuremente wers
made mder conditiong of eontrolled temparature on
both the laboratory (25 *C) and in the sample com-
pariment of the gpectrophotometer (22 °(?. The
BAITE te:mpemtur&mntmﬁed water which cooled the
sample compartment wes circulaled around the
monachromator to asgist In maintaining the wave-
length etability of the instrument.

{2} Scanning rate and chart speed. The monoo-
chromator acan was driven at & specd of 0.25 mu/sec
and the chart specd of the recorder was 5 in/min.
This comlination of scanning rate and chart speed
resulied in recordings having a wavelength scale of
1 mufehart division. The slow acanning rate was
chozen to reduce the inertia affect in the recordin
machanism during the recording of stecp portions o
the transmitiance enrves.

1 Flyures i brackets Ml (B e releneees st G ond of this papar,

(13} Wavelenpth  calibration. The wavalength
geale of the spectrophotometer, as it is recorded on
the chart at the above acan rate and chart spead, was
calibrated hy means of the emission lines of & mer-
enry source. It was found that by applying a cor-
rection of +0.2 me over the range 330 to 770 mg in
reading the spectral-iransmittance dats of the filters
from the recordings the wavelength-seale errors were
satisfactorily taken into account.

{4) Slide wire. The recorder of the spectropho-
tomcter was equipped with a density (—logT) slide
wire. The recorder covers the density range of 0 to 2
using two pens, one recording Lhe density range 0 to 1
{1009, T to 1057, T} ; the other, the rangs I to 2 (106, T
to 145 7). The tranafer from the firat pen to the
second pen ia automatic. For some of the flters,
such as the 2101 erange-red, the density of the filter
exceeds density 2. Tn these cases, photoetched nickel
screens were introduced inte the comparison besm of
the apecirophotometer to extend the range. Two
such screens were used, each having a density slightly
greater than density 1, which thus allowed the
measurcinenis to be made to approximately density
4. Mensurcments were made of the spectral trane-
mittance of the screeng over tho entire wavelangth
range.

(5) Zero corve, The zero-density eurve (1009 T)
on the Cary can be adjusted by means of potentiom-
eters 5o as to vead approximately zoro at all wave-
lengihs regardless of the source-detector combina-
fion used. Bince it is not possible o meke the
adjustment ngree perfecily at all wavelengths, a
zgero-{Jensity curve was run for the entire wavelength
renge being nsed, hefore and after a series of meas-
urements on the flters,

(6) Slit width. The physical slit width of the
monochromator during the measurcment of tha
filters was 0.1 mm or less for densities lesg than 2.
From the dispersion curve of the monochromator
supplied by the manufacturer, it was determined
that the band pass of the monochromator for these
alit widths varied from approzimately 0.3 to 0.4 mu
for the wavelength range covered. As the sereens
are introdueed into the comparison besm, the slit
width of the monochromator inereases. [t is esti-
mated that the band pass was approximately 1 me
or less for the density range 0 to 3.

{7) Source-detector. o source-detector com-
binations were used for these measurements of
spectral trensmittance. For the wavelength range
360 to G600 mp, the “visible' tungsten source and
1P28 multiplier phototube were used, The “infra-
red” tung=ten source sod lead sulfide cell were uaed
for the wavelengih range 550 to 790 mp.

Diata reduction. The recordings of spectral trans-
mittance of the filterg and the screens were rend at
each 1-my infarval from 360 to 790 g The
wavelength correction of 0.2 mp waa applied at
each wavelength read. The zerv-density curves run
hafors and after the particular messarement of a
filter or screem were read and averaged, nnd sub-
tracted from the reading of ihe flter or scrocen.
Where screens were used to increase the photometrie
range of the spectrophotometer, the density of the

204

-
-



screen at that wavelength was added to that recorded
for the filter. In the wavelengih region 550 te 600
mg, where data were teken both with the multiplier
phototube and with the lead sulfide cell, an average
of tho two sets of data was tentatively used. Afier
the correctiona for the zero-density curve and the
perecns hied been made, the data wera coded for
introduction into the IBM 704 high-speed digital
computer for conversion from s logarthmic to a
linear scala.

It was found thet the data taken with the lead
sulfide cell differed slightly but systematically from
the data taken with the multiplier phototube i the
wavelength region 550 to 600 mp where the two
sets of data overlapped. Although the average
dats in this wavelengih region were used for soma
of the preliminary computations, ecorrected dats
from the lead sulfide ecll were used for the finajly
adopted data, The correction to the lead sulfide
cell data was made by taking the density difference
between the multiplier phototube and the lead
enlfide coll data at 600 mu end applying this dif-
farence to the density data from the lead sulfide
cell for the wavelength range 610 to 770 mg. The
mu]t.i[plieraphutotubn data were used for the wave-
length range 350 to 600 mu. The correcied data
for the lead sulfide esll were converted from a loga-
rithmie to a linear acale and eombined with the
multiplier phototube data to form the adopted
data ?or the Cary.

b. Geperal Electrie Spectrephotometer

Comparisen of the spectral transmittances of the
five glasses of master sei No. 3 obtained on tha
GE-IT? recording spectrephotometer, after routine
gerg, 100 percent, and wavelength-acale eorrections
had been applied, with the aversge epectral trans-
mittances obtained for the sama plassea on the
Cary—-14, the Beckman DU, and the Konig-Martens
spectrophotometers showed small but regular dis-
crepancies. Examination of these discrepancies sug-
geated that they are ascribable to the combimed
eficets of error spurces already identified, but hith-
erto often regarded imii'l.&'it:lmiylrl},T as vielding errors
in general either nearly or completely negligible.
These sources of error are of three kinds and will
ba hereafter identified as slit-width errors, ineriia
errors, snd hack-reflectance errors.

Slit-width errors. The slit function of the GE-TI
spactrophotometer i3 approximated closaly by an
isosccles teiangle whose apex iz at the wavelength,
a, and whose extends from xA—10 mu to kT 10
mp, piving a width at half height equal 4o 10 mg 16].
By s%ilt-widt-h came this width is maintained nearly
conatant indapendent of wavelength [7]. A sunple
formuls for correation of slit-widlh errore may be
derived by sssuming ihe correction to be propor-
tional {0 the seeond derivative of the espaciral-
teansmittance (T function of the filter, and by
approximating this gecond derivative by the differ-
ence between twice the reading, I, at wavelenglh
% and the sumn of the veadings By _y and B, . n, pre-

. + "R EAI" [odleates tha second WBE=-GE spectropholometer, G E Serlal MNa.

ceding and following this wavelength by 10 mg.
The formula:

T}.=Ri+ (ER;.—R;« - R;:.+m}|"'iﬂ
=1 .2.&1 -1 Ri_.. - {]. IR;;.;_“,

is equivalent to the first terms of the expansion form
quoted by Gibson |8] from Forsythe [7] with K
token as 10 instead of 12. The terms, B}, & _y, and
By v, refer to values obtained from the GE-IT spec-
trophotometer with all corrections npplied except
that for slit-width error.

Since the 5 glassen of master set No, 3 had been
measurad at each millimicron throughout the visible
spectrmn by means of the Carv—14 apectrophotom-
eter with =lit widihs not exceeding 1 mu for trane-
mittances ter than ! percent, 1t was poasible to
compute the values of spectral transmitience that
would have been read by an instrument having slit
widths of any value greater than 1 mu. Such com-
putations were made for a trian slit function
with a width of 10 mg ot half height, and the differ-
ences between Lhe resulting valnes and those for the
narrow slits of the Cary spectrophotometer were
applied to the GEII readings as slit-width correc-
tiena. It was noted, however (see columns 3 and 4
of table 1), that approximately the same vorrections
were obtainable from formuls (1); so this formuls
ia a convenient short way to state the sizes of tha
sht-width corrections applied, and 13 also o satis-
factory simple statement of slit-width corrections to
be applied to other specimens measured on the GE-1T
spectrophotometer.

Irertta errors.  The recording mechanism of the
automutiec (FE-IL spectrophetometer i& controlled
by poszitive and negative impulses operating on the
pen assembly (driving motor, gears, and pen holder}
which has appreciable interia and friction. This
mechanism gives a dynamic evaluation of the trans-
mittance et wavelength X ;that is, the trapsmittance-
ndicating position of the pen at the tima, ¢, when the
specimen 12 being illuminated by light of wavelengih,
M, is based on signals received at a time, #-¢,
somewhat before wavelength, &, is reached. The pen
position &t time, ¢, is thus found by extrapolation
over the time interval, e. This extrapolation process
depends on the strength and frequency of ir:» im-
pulses relative to the mettia and friction of the pen
sazembly. On s rising eurve the pen assembly may
coast past the correct value because of inertia, or it
may lag behind becausa of {riction. 'The discrepancy
hetween the true valoue of the speciral trensmittance
and the value recorded Ly extrapolation may be
called the ipertia error, Tet us assume that if
A8 is the correct reading at time, # the actual
reading E(#), will, because of inertia ertor, be a
function not only of E.(f}, but also of the velocity
of the pen assombly at time, #-¢, just previous to
tume, §, of the following simple form:

Rt =Bt} T k(dRId) s

where ¢ and k arc constants to be cvaluated from a
consideralion of B—R, for known specimens,

{1}
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I 'The correction, Ky— &, to be added to K io obtain
the true value, By may be csiimated with some
reliabality by taking —Ek(f—Ri_z) from the re-
corded surve.  This shift from the tine seale to the
wavelength seale ie justified because ihe instrument
scang the spectrum in the direction of incressing
wavelength with a constant speed. The assuroption
that the inertis. of the pen assembly has a signiigcant
ragular influence en tha reading Eif} doss not involve
4 dlecision bebween a tendency of the assembly to
lag behind the corregt reading or jump shead of it
This decision has to be made in the course of evaliat-
ing the constant, k, from & consideration of R— R, for
known specimens. If k is found to be greater than
Zero the inertia correction refers to a correction for
l“EE if los=s than gero, to s correction for lead.

he empirical evaluation was based partly on data
taken several vears ago by Keegan [8] (1956) and
partly on the present data for the Fve plasses of
master set No. 3. The beat fit to the 1950 data was
found by setting ¢=5 my, snd & either at —0.05 ar
—0.07. The best it to the present data was found
for e=5mp, k=—0.07. Note that both sets of dats
indicate k leas than zero, The inertia correction for
tha GE-II apectrophotomeler is thus alead correction,
1f R, and f? -1¢ are the uncorrected readings of the
Eﬁgctmphﬂtc}met.ric curve plotted by the instrument,
tha formaila for speciral transmictance, 75, with this
evaluation of constants begoines

N=R—007(R— B o)

(2}
=003 B+ 0.0T _ 1

on the assumption that all other scorrections arc
negligible. Optimally this inertia sorraction should
be mada first, followed by the zero correction, the
100 percent eonrrection, the wavelengthscale correc-
tien, the slit-width correeiion, aad finally the back-
reflectance correction, but in practice these correc-
tions are sufficiently small that no significant addi-

tional error i3 introduced by changes in the order of
applying them, )

ack-reflectance errgrs.  Threugh Lhe specimen
compartment of the GFE-IT spectrophotometer, two
divergent beatns pass from the decentered lenses to
the entrance ports of the integrating sphera [2].
The axiz of each beam makes an angle of about 6°
with the optical axis of the instrument, one to the
right, the other to theleft, The specimen filler whose
spectral transmittance is to be measured is inserted
in one of these beams {the specimen beam) 3o that the
axie of the heam is parpendicular to the facez of the
Glter. Al of the flux refiacted from the front faee
of the filter and & fraction of the flux reflected from
the back face contributez to o reflected heam
directed back toward the decenlered lens. Since
this reflectod beatn is ul2o diverging, part of it may,
ghd gz g matter of luct does, reach the decentered
lens trapamitting the reference beam, as was pointed
cut by Middleton [9], and enters the sphere through
the entrance port of the reference heam. This added
flux, some of which has never passed through the
specimen, contributes to the illuminance of the
sphere during the specimen phase of the cycle and
causes a spurtously high indication of the spectral
tranemitiance of t.f;e specimen.  This error ia what
is meant by back-reflectance error. It could be
climinsted by insertion of an ineonvenient vertical
partition between the specimen compartment and
the decentered lenses; but since the error for non-
metallized glass filters is of the order of one or two
tenths of one perecnt of the full seale, it hae hereto-
fore been considered negligible,

By obtaining the reading of the speciral transmit-
tance of a clear plate first mserted perpendiculnr to
the specimen beam, and second tilted until no part
of the reflected beatn crosses over to the other side
of the imstruwment, it was found that the mazimum
error from thia source for a glass of refractive index
equal to 1.5 is 00028, By taking into aecount the
fact that ae the transmittance decressea from 0.923




to zern, the reflectance of the specimen flter declines
from 9.079 to 0.040, and that the photometer sesle
iz adjusted to be correct at 0.10, the following expres-
sion for the reflection correction accurate to 0.0001
was derived:

Back-reflectancs eorrection——0.0031 B?,

where /7, is defined in formula (2},

This corcection was applied 1o all of the data on
the glusses of master set No, 3 obtained on the
GE-1] epectrophotometer,

To indicate the degree to which the three ofien
neglected corrections (slit-width, ioertis, back-
reflectanee) succeaded in accounting for the regular
deviations of the results by the GE-IL =spectro-
photometer from the mean of those by three other
spretrophotometers (Cary-14, Beckman DU, Konig-
Martens), table T hog been prepared for the selenium
orange-red glass (2101) of master set No. 3 for the
wavelengih range 560 to 640 wmu. It may he seen
from eoluomnes 10 and 11 that, by wpplying these
three, coften neglected corrections, bol;ﬁ the maxi-
mwnm difference and the average difference between
the GE-IT resvltz and the mesn of resulta by three
ollier apectrophotometers have been reduced by
more than a factor of 2. The GE-II reads higher
on glass filter 2101 than the other spectropho-
tometers, even after theso negative corrections have
been applisd. The causes of these residual devia-
tions {eolurnn 100 are not known.  The GE-IT with
all known corrections applied agrees notably betper
with the other spectrophotometers in its measure-
ment of the cther four glasses of mastar set No. 3.

e, Backman DY and Kenigp-Martens Spectrophotometarcs

Check measurements of spectral transmittance of
the five master standards of set No. 3 were made at
certain wavelengths on the Beckman DT and the
E-M spectrophotoineters as follows:

Oin Baclgnan DT spectrophotometer

(17 Glass 2101 on “shaclute basis™ 580 to 750 mp
] 10 mg.

{2y Glass 2102 relative to apectrophotometric
standard Corning HT vellow [5, 6] at wavelengihs
ut which the standard 15 specifiad,

{3} (lass 2103 on “absolute basia,” 450 to 610 mpe
al v 10 e,

{4y (dlass 2104 relative to spectrophotometric
standard eobalt blue [5, 6] at wavelengths at which
standard is spacified.

(5} Glass 21035 on “absolute basig ™ 4040 to 750 me
at every 10 mu.

On K-M spectrophotometer

{1) Glass 2101 at the wavelengtlis 560, 578 (Hg
linel, and 620 mu.

{2) Glass 2102 at wavelengths 438 (Hg line} and
G2 mp.

{3) Glass 2103 at wavelengtha 460, 520, 6, 614,
and 620 me.

(4) (Glase 2104 st wavelengths 5035 and 645 mg.

{5) Glass 2105 at wavelengths 470, 530, 595, 620,
and 640 mg.

{3)

Stray-enargy fillers used for the Beckman DU
spectrophotometer were Cerning 9363 for 320 to
400 mu, Corming 2424 with blue-sensitive cell from
800 to 6606 mu and Corning 3965 with red-sensitive
coll. Similarly appropriate stray-anergy filters wara
uzed on the K-M.

2.2. Evaluation of Errors

In order to evaluate errors in the computation of
tristimulus values and chromaticity coordinates due
to (1} neglect of slit-width corrections, (2) the use
of summation-intervals of various sizes in the
weighted-ordinate method, snd (3] the use of
varions numbers of ordinates in the selected-ordinate
method, a computer program was prepared for the
IBEM 704 hizh-speed digital computer.

This program converts data of spectral trans-
mittunce into colorimetric terms for slit-widths of
1 (nenr-zero), 5, 10, hod 15 mu by (8} the weighted-
ordinate method far 1-, 5-, 10-, and 15-rox suminaticn
intervals, and (b) the selected-ordinate method for
10, 30, and 100 ordinates. The eonversions can be
made for sny Planckian source from approximately
1000 °K te 10,000 K iocluding (‘E}E standard
source, A, and for CFE sources B, and {!. Published
valuea of the tristimulus funetions {a4,2) for each
1-my interval from 380 to 770 mu and the wavelength
of the sclected ordinates for 10, 30, and 100 ordinates
src used in the program [10].

The mpuot data for this program ace values of
apectral tranemittance for each l-my interval from
360 to 7U0 mp messured on an inestrument with a
band pass so small that further reduoetion will not
affect the photometric value. The data must be
eorrected for wavelength, zero curve, and 100
pergent eurve insterumental errors before mtroduostion
into the propram.

a Meglect of Slit-Width Correctons

The effect of the change in slit width on the 1-mu
{near zerod slit-width, spectral-transmittance, input
data were computed by nzing a triangular slit-width
weighting funetion of the type:

T?n:(:zn Hﬂ'—'f}TL-I""L“—QTHE]_“TN -"Iﬂir {4}

where I is the apectral transmittancee at wavclength
a, 7 13 the nominal glit width, und ¢ i= 2 wavelength
diference less than or equal to n. The spectraj-
tranamittence date were computed for each I-rmp
interval from 380 to 770 mu for w=4, 10, and 15.
The colorimetric coordinates X, Y225 were com-
puted for the spectral teansmittance data for 1
§-, 10-, und 15-myu slit widths using the weighted-
ovdinate method for a l-mg summation interval.
The colorimetric coordinates indicate the effeet
to be expected when the glass filters are measured
on spectrophotometers baving =lit widths larger
than 1 mg.

n7




b. Use of Summabon [ntervals of Vadous Sizas in the Weighied-
Ordinats Method

From the spectral-trarnsmittance input data for
1-mp slit width and the spectral-transmitiance data
computed from them for 5, 10-, and 15mp slit
widths, the colorimetroc coordinetes X ¥ Zzgy
were computed by the weiphted-ordinate method
from every 5th, 10th, and 15th wvalue of spectral
transmittance, tristimulus function, and epectral
irradiance of the source. The resulting colorimetric
coordinates indicated the change which would he
expected by using summation intervals of 5, 10, and
15 mu with the weighted-ordinate method.

. Use of Various Humbms of Crdimates in the Selwsted:- Ordinate
Mathod

The colorimetric coordinates were then computed
for the apectral tranemittance data for the four slit
widths by means of the selected-ordinate method for
10, 30, and 100 ordinates. The correct values of
spectral transmitiance at the wavelength indicated
by the selected-ordinates used were computed by
third-difference oseulatory interpolation [11], The
resulting colorimetric coordinates indicated the
change which could he expected by using the selected-
ordinate methed for 10, 30, and 100 crdinates.

2.3. Colorimetry of Duplicates

From the 200 squares of each type of glass, 100
were chosen by wvisusl inspection for issuance as
duplicate standurds. The criterin were freadom from
seecls, bubbles, strine, sceratches, chips, and other
visually detectable defects.

Although the 100 glass aquares of each type of
glasa 80 chosen were taken from the same melt,
vizual inspection by diffused light from daylight
fluorescent lamps revealed small color differences
among them. By means of these differences it was
pnﬂsilﬁe. to arrange the 100 glasses in an essentinlly
one-dimensional sequence, and from this sequence
the termninal glasses {callad limit filters) were chosen
to indicate the oolor range of the group as follows:

Orange red__weak limit {WL) and atrong limit {SL).
Yellow. ... weak hmit {WL) and strong limit (SL}).
ellow Jimit (YL) and bloe hmat {BL).
Blue________ ight limit (LL) and derk limit (DL},
Neutral . ____ yellow limit (YL) and blue limit (BLj.

The limit filters so selected were messured on the
General Electrie, and Cary spectrophotometers, and
on the Barnea, Gardner, Hunter, Colormaster, and
Judd CDC (chromaticity difference colorimeter)
colorhneters. An analysis of the data 80 obtained
showed that emaller uncertainties would bo obtained
if no photoelectric eolorimeter waz used for the
duplicote  standards. Accordingly, measurements
were made on the 100 glasses in esnch of the red,
yellow, and bl sets by means of the CDC visual
colorimeter.

The chromaticity-difference (Ar, Ay) data so
obtained showed that the color differences amon
the vellow and blue glasses were aseribable to sma

variations in the thicknesses of the glasses. The
measgured thicknesses of the plasses were used to
find adopied values of X, ¥, Z, x, p.  Aa expected
from the dependence of the coler of selenium glasses
on aonealing temperature, the orangered glasses
showed no correlation of chromaticity with thiclkness.
The wvalues of luminous transmittance were, how-
ever, inferred from the measured chromaticity co-
ordinates, on the assumption that all orange-red
glasses contained the same absorhing material though
produced in varying amounts because of differences
i ammewling tempersture. This assumption was
checked by mensurerment of the luminoys trunsmit-
tance of five of the Juplicate orangered glusses on
the Martens photometer.

3. Regults
3.1. Speciral Transmittances of Master Set No. 3

Tables 2 through 6 show for every 10 mu the rezults
of mepauring the apectral transmittances of the five
glaspes of maater cet No. 3 and applying the rontine
corrections. Tabla 7 shows the values of spectral
transmittance obtained at the wavelengths of the
emission lines of mercury and helium,

Tarre 2. Spectral iraremitignce 3}' ploas filler 2101, masier
aet No. 8, ar measured on the indicated apectrophalometers
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3.2, Correctionz Developed From Present Study
a. Lead Sulfide Cell Correctioms for Cary Data

The results of the messurements, given above, for
the Cary indicate the date obtained by the lead sul-
hde cell without corrections. The values corrected
for discrepancies between tha data taken with the
multiplier phototube and the lead sulfide cell are
higher by the factor 1.003 from G00 to 770 mg.

b. Slit Widih, Inertia, and Bock-Reflectance on GE Data

The data listed in tables 2 to 8 show for the (Genaral
Elactric recording specteophotometer the results of
the measurements taking into ¢onsideration only
the routine eorrections for 100 percent, zero, and
wavelength zcale. In table 8 are listed the results
from the GE corrected for the ahove routine errors
plus the corrections for inertia, slit width, and back
reflectance.

3.3, Derivation of ted Values of
Transmittance of Master Set No. 3

The finally adopted data of speciral transmittance
for the five filiers of muster set No. 3 were derived
a3 & weighted mean of three sets of measurements:

Taprr 3. Speefrol fronsmilfence of gloxy filler 210¥, moasler
sel Na. 8, as messured on the frdicaled specirophoiometers

{1) the Cary data with lead sulfide cell corraction,
FE} the GE with routine corrections and corrections
or inertia, slit width, and back reflectance, and (3)
the Backman DU, Whers imessnred data were
lacking, 8s in the case witb the Beckman DU, values
of spectral transmittance were iuterpula,te(i. The
w&nﬁﬁ' ta used for the data waera 4 {Cary}, 3 (GE), and
3 (Beckman DU) for the filters designated 2101,
2102, 2103, and 2105, In tho ease of the filter
designated 2104, however, little data were talen by
the Beckman DTJ and the assignad weirhts ware 4
fCary), 4 (GE), and 2 (Beckman %U}. Tha
adopted weightecf mean data of spectral transmit-
tanmbfﬂr the five filtars of master set No. 3 aro lizted
in table &,

3.4. Dorivation of Adopted Trisimulue Values and
Chromaticity Coordinates

The spectral transmittance data listed in table @
ware procested by meana of an IBM 704 hich-speed
digitnR computer which converts spectral-transmit-
tanca data into colorimetric terms for 10-mpe sum-
mation intervels by means of the tristimulus fone-
tions, T,¥,2, adopted by the OIE in 1931, What s
degired sve tristimulus valuee and chromaticity
coordinates beaed on tha COIE tristimulus funetions

TapLe 4. Speciral branamiltance of pless filler 2103, mosler
w2l Na. 3, ar measured on the tndicaled speciropholomefers
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TasLk 5. Spectral trannmitiance af gloge filler 2104 mdsfer
e No, 3, a5 megsured on the indicaled specirophofamelery

Tanue 4. Spectrol fronsmiliance of gloss filter 3105, moster
el No, 8, ae mecaured on fhe indiceled specirophoiometers
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TABLE 7. Supplemenfary spectral fransmiliaace measpremends of wosler sel No. 3 on the indicated fitters and apecirophotomefers

Filter 2101 | Fiter 2102
W ave-

Filtar 214

Filter 2105

Letght Ekerseink
Gnrﬁ‘ Beckman | Kinlg- Cary*
Maodel 14 oy Muartena | daodel 14 nrr

Heltum. || e i [RRR

Krulg- Cary*

‘Beckman | Ktoig- Cayy=
fili] Martens | Model 14

Beckman | Homkg-
LEYi]

Martena ] Mimbel 14

-

HH. 7 | Mercury. Q.4qLe LU0 1 - I S, a8
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"The vaAluwes glwen for the Cary ars for comnparson only.  ‘They are data taken for the nllowing wavebengiba: 4050, 4380, 4714, S8000, S0, SHE0, 6750, GRS, RGO,

G0, G, and 080 mu.
" depsuned with the continumn of the Eimgslen Jirme,

for 1 mu sammation intervals. These data were
derived in the following manner. Tristimulus values
and chromaticity coordinates were avnilable from
measurementa of apectral transmittance made with
the Cary for both 1- and 10-ma summaiion intervals
bt for the Hardy values of the tristimulue functions.
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The following derivation will serve as an example:

Xi~Xiy=aX
;fm + ﬂ.X: ;{5

where X| and A, are the X tristimulus values com-



Tasis 8.  Corvecfed speciral fransmiliance of master sl No, 3
Measurements made oo tha Jdeneral Electrio speotoonino tometer
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puted from data taken on the Cary for the sub-
seripted summation intervals, based on the tristim-
uluz furetion of Hardy: X, i= the X tristirmulus
value computed from spectral transmittance dats
of the adopted weighted mean for 10 mu summation
int.urva.]s,o%nsed on the CIE tristimulus function;
and X, is the derived X tostimulus valae for the
adopted weighted mean for 1 my suwmmation interval
hased on tﬁe ClE tristimulus {unetion. Similar
derivations were made for the ¥ and & tristimuolus
values and the chromaticity coordinates x,y,.z were
coinputed in the nermal manner. Thoe adopted
teistimulus values and chromaticity eoordinatss wre
listed in table 10 for the filters of master st No. 3.

3.5, Estimates of Uncerlainty Boih for Master Sat
No, 3 and for the Duplicatss

a, Maglar Set No, 3

The uncertainties of the tristimulue velues of the
fiva filters of master set No. 3 were estimated hy
eomputing the tristimulus values for each set of
adopted values {one for cach of the Cary, GE, and
Beckman spectrophotometers) and taking the range
of these computed values as the estimate. Table 11
shows these ranges, not only for the tristimulus
valuoes (X, T, Z), but also for the chromaticity
coordinates (z, »). These ranges correepond ronghly
to eatimatea of three times the standard devigtions
of the adopted vwalues. [12].

RE03G6—02——2
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Tagre 10. Adopfed trietimuiue vafuss X, Y, Z end chro-
maficily coosrdinaler x, ¥, & for masler sel No. 3
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Tasue 11. Range (aX, &Y, aZ) for the irésfimulus reluee of the indicaled filiers of mosler sof No. 8, also ranges (ax, ¥, 4Z) for
ihe ohromatioily coordinales
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b, Dyplicates corresponding values for the corresponding standard

The ranges found for the chromaticity coordinates
of the duplicates by measurement of the limit Alters
were emallar than the unecertainties of the chro-
maticity eoordinates of the master standard No. 3
for the green filters (2103) and the selective neniral
filters (2105). Since the uncertainties of the certified
vaJues of these filters would not be significendly
reduced by individual measirements of these daph-
cates, they have been ceriified as having precisely
tha zame values as their respective master standards
from set No. 3.

The ranges found for the chromaticity coordinates
of the duplicates of the yellow (2102) and hlne (2104)
filters, howewer, were notably larger than the un-
certainties of the master standards, and that of the
orange-red {2101) duplicates was comparable to
the uncertainty of the orenge-red master standard.
On this account, the chromaticity coordinates of
these duplicatca were measured relative to the
maester standard by the CDC visual eolorimeter [13]
enher for souree A or £ (A for 2101 and 2104, £ for
2102) whichever made the chromaticity differences
moet readily percepiible. The cerified valuss of
luminous tranemitiance for all three sources, and
those of the chromaticity coordinates for the sources
not used in the CDMZ measurements were inferred
by interpolation from computations for T4, T, and
77 for the corresponding master standard.

The uncertainties of the certified walves of the
duplicates are, of course, larper than those of the

TaBLE 12, Eplimated yncerfainiies in dhe iristimulus values X,
Y, Z ond chromabicidly coordinales x, ¥ certified for the
dupligates

‘Tristimulns ralnes Chronnatieity
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from master set No. 3 (see rangea given in table 11},
The estimated uncertainties for the duplicates are
given in table 12, They wore estimatcd us the sguare
root of the sum of the aquares of the uncertainties for
the mnaster standsrd and of the additional un-
certalnties infroduced by relating the duplicstes to
tha master standards.

4, Use of the Set of Color Standards

The purchaser of a duplicatc ack of five plass fllers
for checking the performance of spectrophotometer-
integrator aystems of color measurement will receive
a report giving the tristimulus values, X, Y%, and
chromaticity coordinates, <y, [or each filter for each
of CIE zources A, B, and . 11 is presumed that he
bought. them because he has at his disposal & spectro-
photometer-imiegraior system nnd wished to check
ita performance, to identify any sources of error, and
to correct them, or ecrrect for them, if passible,

4.1, Caleulation of Par Yalues (X, Y., &, X, o) for
a Given Spechophotometer-Inteqrator System in
Perlect Adjusbuent

It should be noted that values certified for each
duplicate set refer to slit widtha so mnall that further
reduction would not changea the values, and that the
integrations have been carried out by summation
over wavelength intervale 8o emall that further redue-
tion of the interval would not change the values,
The spectrophotometer-inlegrator systemn at the dis-
pozal of the purchaszer, howewar, iz characterized by
alit widths wﬁich the purchaser will have avaluated,
and the integrator is uﬁ.&rﬂ.ctrerizad k¥ & system which
the purcheser will know; that is, it will be by con-
tinuonsintegration cquivalent to aswmmadion interval
approaching zero, or by u weighted ordinute summa-
tion of known wavelength interval, or by & selectad-
ordinate summation of a known number of ordinates,
or some other known system. If this speciropho-
tometer-integrator systeam is n]mmct.erizef either by
slit widths significantly differcnt from zero, or by an
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Lr

integrator-summation intarval significantly different
from zero, or has other permancnt defecta (such as
back reflectance) arising from its design, the system
cannot be expected to wield the certified values
(X, ¥, Z.2,4) for the standard glass filters even if it is
int perfect adjustment.
e first atep, therefors, is t0 compute tha chan

in the certified values for the filters expected to be
introduced by use of slit widths or summation
intervals sigmficantly greater than zero, and the
changes expected to be introduced by other per-
manent defects (such ae hack reflectance) arising
from the design of the spectrophotometer-integrator
gystem. To nasist the purchaser to caleulate from
the eertified valne (X, ¥, Z 2, ) the values, X, ¥,
Za, %y, Yo, Tor the five standard f;ﬁt.em that are par {or
this system, the influence of making the alit width
and summation intervals greater than zerc have
boen computed. Teable 13 shows the nfluence of
subztituting for slits approaching zero widib, §- 10-,
and 15-my slits with triangulﬂrngjt functions. Note

that the influence is for from linear with slit widths,
but vares wpproximately ss its square. Tahla 14
shows the influence of subatituting 5-, 10-, and
15-mp summation intervals for intervals approaching
zern, and table 15 showsa the influenee of substitut;
100, 30, and 10 selected ordinates for weighted-
ordinate summution over intervale of 1 mu. Note
again that these influences are not linewr with the
dependent vwariables: so the influences have to ba
found from tables 14 and 15 by graphical inter-
polation.  Finally, table 16 shows the changes intro-
duced by back-reflectance errors computed (rom
formuls 3. These changes for a spectrophotometer-
inteprator system based on the GE spectrophotom-
eter may be found by evaluating the maximum error,
E, in transmittance so introduced and by multiplying
the changes in table 16 by the ratio, E/0.026.

The entries in tables 13, 14, 15, and 16, and the
values found from them, are the boilt-in errors AX,
AF, AZ, Az, Ay; the par values X, F,, Z,, 15, #, ot
found as X,= +:}.}§? ; dp=a—+4Ar, and 80 on.
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TabLk 15.  Iafuence of substitafing 100, 80, and I selected ordinates for weiphted-ordinale summatzon over indervale of 1 mu
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TasLe 18, Chonges infroduced by buck-reflectance errere | tion of daviations of the values resd, X.. Y, 2,z ¥,
eanpuled from farmule 3 from the corresponding par values, Xy, ¥y, Zo.% ¥,
the pattern of influencs of several sorts of malfunction
Fiiter o a¥ A | Ar | &F on the readings for the five glasses of the set has besn
coroputed. These patterns include the influence of
Souaree A uniform displacement of the wavelength acale, of the
zero and 100 percent ptints on the photometric scale
2101 0. 190 0093 0000 | H0.00003 | —0 00w W i '
2102 grg B o ]trmm? = DI of stray energy, of inertia error, and back-reflectance
2103 +. 01 . O +. 01 —. THWXH -+ OO ITOT
2104 +.0112 o+ o 1-002 i —mL [ — arTor.
216 +-. UbT +-. 1 .HE —. AN =_DHKL a. Wuwlnn.g’tll Scale
Svurce B Table 17 shows the changes in tristimulus values,
XY Z, and chrometicity eoordinates, 2, %, that would
il 0022 | faom 0. 000 ‘ 000007 | =i 00N ba introduced by a uniform displacement of the wave-
0 . . i . T R .
i T | Tos | Toaof Foma | Fowm langth ecalo by £ 1 mp and 42 my. It will ba notad
no e | IE | LE [ Towel | -3 phag standard filters 2101 and 2103 {orangored and
- green) provide sensitive indications of displacement
Brarce © of wavelength scale. Since tha slope of the trans-
mittance curve with wavelength is appreciable for
2m HLUE | 406 0000 $0.0MGE | =0 G002 filter 2101 only betwean 570 and 590 my {see table 2}
0 466 [ 0B .0 . — 00002 : ; '
i 1.6 Tots | T | Toew | oo this filter responds to wavelength scale displucement
Firt Tl oIk | It | ogen | chem | only in this spectral region. Filter 2103, however,
. responds to wavelength scale displacements in two

4.2. Influence of Various Maladjustments

The apectmphotumet.er-integmtor aystom of the
urchaser iz subject to a variety of maliunctions,
me of them are the result of maladjustmenta, anech
ag failure of the zero and 100 peronnt points of the
photometric scale to be get correctly, or crrors in the
adjustment of the wavelength seale: others arc the
result of wesr or the secumulstion of dust on the
surfaces of optical pariz which can introduce stra
energy; and atill others will be of obscure origin, sue
as temporary misalinement of optical parts duc to
development of unforeseen thermal gradients, or
faulty linkage between spectrophotometer and nte-
giatar. By introduction of the five standard glass
ters et regular intervals into the schedule of runs,
it should be possible to detect the appearance of any
significant malfunction and in some cases to identify
its cause. To assist tho purchaser in his interpreta-

regioms: 470 to 520 my and 530 t0 590 mg.  For both
filters the changes in tristimulus values and chroma-
ticity eoordinates are substantially linsar with wave-
length arvor.

b, Zoro of Photematrie Scale

If the instrument by maladjustment wrongly resds
gero when the specimen transmitiance 15 really
greater than zero, this maladjustinent may be callad
positive displacement of the nstrunent zere. I the
Inatrument indicates a transmitianee of greater than
zere when the specimen transmittance i actually
zero, this maladjustment may he called negative dia-
placement of the instrument zero. Table 15 shows
the changes that would be introduced by » uniform
dizsplacement of ihe insirument zero of ithe photo-
metric scale by £ 1.0 and £0.5 ]'Jercent. independent
of wavalength. In computing ihe influence of posi-

tive displacemanta of the instrument zero, negative
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Tance 18. Changes thaf wonld be infroduced by & unijorm di;iﬂacemmi of the zeroe of the phofomeiric acolo by 4 1.0 and L 0.5
percent independent of wa wh
Sorrs: A l Bourme B ! Salres 7
Fllitar
ax | ay Az az ap AK | a¥ AZ ar ay axr | av Y- AT Ay
20H

—+1. —0.2M |0 202 | 0000 SH DO0SE | —0ODME =i 202 (=i D84 | b OGO |0, (OGS [ =O0 DO0ED | =0, 189 | =0 ATE | 0h D00 [0 000 | = 006
+. —NB | —. 1| Loon | 4.popes | —onoes [ — 302 | —0es | 000 | - OMCEL | —.00CTL | —. D65 | — D00 | 000 | 400033 | —. Coa3
- = W | Al | A LT | R L 00MR | - M| AT | AN | — D0A2E | — 00008 | 4+, 285 | 4 3TE | - RRR | — Qe | — G0
-1 4411 | .87 | 4. 362 | =, DD LDOLEE | AT | 751 | o B | = 01000 | = 00007 | o 037 | o4 T (L 10 | = (HadT | =, 00l26

b [

-H.gg — 00 ; = 482 | = 804 | 4, 00000 I D (= | = 4 | = 818 | L | TR | 472 | — 1R [ I-I'IIHI 4+ (M4R
+. —. 198 ; — 225 | — 188 | - N00OF | . DOBM | — 218 | = 4 | — 400 | 4. 4. 0MM | = 56 | =268 | =560 [ of OE7 [ -+, 00k
—.3& 40P b4 | e | —o00eT | —pot23 | 4+ 23 | 248 | 4402 | — 00108 | —0m31 | 4232 | 4356 | 4 580 [ — oaose | — ool
=L o BT | b P 3| = O | — 0G4 S | 4 R0 | — 00 | — iR | o482 ) - BE LTI | — QSN | — D2

210

+L. - 03| -8 — 18— | —Ea| —moe | —qon | —n2a | ooomas | —mw | —mE | — oz | —oeTe (2556
+. 5 =AM | = | = DR = OO0 | e DAL | = | = 385 | = S | = 85 | 3R | - BT — T — 30| — o |+, ol
— . 530 | A 45% | 4170 | 4. VTR | —OZIBH | 34T | 34 | JALE | 00006 | — 005 | o 470 | 4HD | 4BTR | 4008 | - T
-1. + 1.0 | - D01 | 4 3R | 4 RS | — fo0ed | - fd | - RR4 | - R2T | . DeNRR | — (WSS | +.B3E | - 8TE (L 143 | - 01850 | —. D60

21H

+1 — 93 [ —.01p | — 123 | —QLTEO | —.0I7EF | — 828 | — B05 | —_ 250 | —. 00850 | —. 00008 | = 778 | —.BO5 | =, 50 | - 00028 | - 0067
-+ = 88| =423 | G | —DBE [ —, —.43 | —.d483 | — 128 | — O | — (NEEG | — 408 | — d57 | — 171 | — DO2H | — 00D
—. G018 | oHE | e 0 | e 0DSET | e 00RI0 | o, 48T | o dBE [ e 0 o R Im I ELI N N RN S R oo | e -h e B o =
- 107 | +.0a2 | o120 | 401850 | 401580 | 4 BS54 | 4. BLL | 4. 255 | 4. 00545 | - DORR B | 4000 | 4208 | 400030 | o, DOSET

210y

+L0& — G667 | —. 487 | — PEF | =, DO00 ; - 0MME | = 4B | = 480 [ = 320 [ = 00085 | — 0Q0E | — A0 | — M0 | — 38 | — DME | — 00007
+.5 —.or | —loap | —mE | —poaoe | 4+ 00002 | — 342 | — 225 | — 154 | — O0OCE | —.000GE | = . 23 | =2 =217 | = 0008 | —.0000E
- g& .00 | LR | 08 | 00 | — GO0 | - 23R [ - 2R (4 154 | - 002 | 00T | 331 | + 818 ) + 314 | 000 | 4 00009

~1. - T A | e 1| e 000 | = 00 | AT | e 4D | 00 [ 00T | 0T | A0 | i | 426 0T | - T

values of computed spectral-transmittance readings
were counted as cqual to zeto on the assumption that
no specirophotometer-integrator system will be de-
signed actually to subtract substantial smounts from
the tristimulus sumas toe correapond to such negative
values. Nota that standard filters 2102 (yellow)
and 2104 (blue) both are sensitive to this type of
maladjustment. This corresponds to the fuet that

for hoth filters the spectral transmittance approaches
but does not become less than 1 percent.  Note alao
that filiers 2101 (orangered) and 2103 {green) though

sensitive to negative displacements of tbo instrument

zere are less so for positive displacements. Filter
2101, in particular, shows almoat no ch in chro-
maticity eoordinates, 2y, for positive displacements,
Pogitive displacemants only serve to move the ap-
parent cutug of the curve of speciral transmittance
slightly t¢ward longer wavclength, bub nogative dis-

lacements cause the system to rea]i::-nd wa if the

ter frgnsmitted 0.5 or 1 pereent throughout the
whola short-wave and middle-wave part of the visible
apestrum (330 to 580 my) where the tranamittanee
is netually slmost precisely zero. The errors intro-

duced by negasive displacements are in fact equiva-
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TARLE 19, Changea thet wonld be indroduced by a uniform displacement of the 1005 of the photowelrie seale by £ 1.0 gnd £ 0.5
pereend tndependent of warelength
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lent to admixture of the corresponding amounts of
the source color, and positive displacements are
a?uiva.lent. to subtraction of corresponding amounts
of the source color, unless {as in filiera 2101 snd 2103)
thers are substantial spectral regions within which
the filiers huve zero transmittance, Except for this
difference between positive and negative displace-
ments caused by counting pegative values of irans-
mittance arbitrarily as zero, the changes are sub-
stantially linear with dieplacement of the zero.

o, 100 Prrcunt Foint of Photomeiric Scale

Table 19 shows the changes eotresponding to a
displacement of the 100 percent point of the photo-
metric scale by +0.6 and +1.0 percent independent
of wavelength. As is obvious, such displacements
hove no influence on chromaticity coordinates what-
soever, The changes produced in the tristimulps val-
ues, except for rejection errors, are precisely linear
with the displacement. Standard filter 2105 (selec-
tive neutral), since it bas the higheat average trans-
mittance, i3 the most sensitive of the five to this
maladjustment,

d. Siray-Energy Errors

The hasic idea of & spaetrophotemeter is to irradi-
ate the specimen with ux c¢onfined to o narrow
gpectral band and to compare the flux leaving the
gpecimen to that incident on if. MNo speetropho-
tometer succeads perfectly in confining the fux inci-
dent on the sperimen to the narrow spectral band
intended; the zpecimen is always irradinted by en-
ergy outside this band, called stray energy (cosmic
raye, radiant flux from the room leaking into the
instrument, radiant flux from the instrument source
reaching the specimen by multiple reflection wichin

the instrument without passing through the dispers-
ing elements, radiant fux reaching the epecimen
passing through the dispersing elements after hav-
ing been scattered by wreguleritica of the optical
surfaces, or after having been scattered by dusi
particles on them, and so on).

Spectrophotometers, like the GE or Cary-14,
having two disparsing systems are likely toe show
negligible stray-energy errors; those, like the Beck-
man DU or ﬁﬁnigﬁaurtens, having but & single
prism or grating are likely to show important stray-
eneryy errors, particularly il the integr&ting attnch-
ment prevents the employment of atray-en
filtars. For such metrmnents it i3 particularly
important to have a means of checking for the
amount of stray-energy errors, because the aecci-
dental displscement of & baffle within the instru-
ment, or aceumnlation of dust on the optiecal sur-
foces, may introduce large errors lollowing continued
uge of a svatern mitially free of significant stray-
BNETEY eIror.

The most frequent kind of stray-energy error
atises Trom the incidence of radiant tlux having the
spectral distribution of the instrument source. So
ad to agsist purchasers of a set of standard filters
to use them for the detection of stray-encrgy errors
of thie most frequeni sort, calculations have been
mude on the assumption that the stray energy and
the dispersed energy alike have the spectral dis-
tribution of CIE spurce A {color temperature
2,854 °K), and that the specimen receives & con-
stant small atray irradiance of this sort regardless
of nominal wavelength.

If H, i= the irradiance of the detector from dis-
persed flux from seurce A, and if the spectral sensi-
livity of the detector is &, then, in the absence of

atray energy the re?anse of the detector for the
blank beam will be FHLS4%, where A i the spec-
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tral band width, snd & is the constant of propor-
tionality. Similerly, the response of the detector
with B specimen of spectral trabsmittance, T,
ingerted into the beam will be FHLS. AN, The
reading, &, of the spectrophotometer will be the
ratio: REALS, Tan/kiES.ak, and this ratio is seen
to be equal to N so Fa=T,, us intended.

If now there is stray energy of spectral irradiance,
fH,, whare f is a small fraction choszen arbitrerily
to ba within the range of usual siray enerzy, then
the reading, F.., of fhe spectrophotometer may bo
axpressed as:

B H 3. TAn +EH}.SJ. ThAMN
P T SANHEH S

The swmmations correspond to the fact that the
skray energy i3 undispersed, and must be evaluated
over the eniire range for which the product, H.5
is significantly different from zero, It will be notice

from eq 5 that if the fracticen, f, of the stray energy
is sufficiently smull, then the spectrophotometer
will read spectral transmittance correctly (Ba=17);
but for all spectral regions in which H,.8.4M is small
compared to fZHS.AA, the reading, K., will ap-
proach the transmitiance of the filter for the aspect

(5)

TapLym 3. Spesiral senesfiviies Jor fwo fypes of detecior:
phofemultipiier fype and lead sulfide type
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of source A responded to by the detector, To, o

R,aﬁ‘" Lo

The summaiions have been coraputed for the five
standard filters over the spectral range 0.3 10 3.3 &
for two spectral-sensitivity functions given in table
20, one intended t¢ be represeninkive of detectors of
the photomultiplier type; the other, of the lead aulfide
HDL Table 21 l})giws the values of T_; for tha five

tera evalugted by these two types of detectors, and
ficures 2 to & show the adopied values of spectral
transmittance for the filters of master set No. 3
compared to values of X, for f=0.01. It will he
noted that the curves of K, approach the valus of
T.. in the spectral repions where the detector re-
aponse js relatively low.

Table 22 shows the changes in tristimulus values
X, Y, Z, and chromaticity coordinates, &, ¥, cause
by the introduction of the amounts of stray en
corresponding to F=0.001, 0.005, and 0.010, It will
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Ry for =104 f'of photomylifplier and lead reifde rpsiems.
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Fioure B Adepled vofues of spestrol  fransmilionce for

master gel No. 3, 2100 cobell blue glosa compared f¢ vafues
of B for =001 for photomuliiplicr ond fead sulfide gyatens,

be noied that standsrd filter 2101 {orange red) is
sensitive to stray energy with a photomultiplier-
type detector by change in its X iristimulus value
atid to sivay enerey with a lead sulfide detector by
changs in its Z tristimlus value, as iz alzo filter 2102
{yellow). Filter 2103 (green) also serves for both
types of detector, the lead sulfide detector through
the x chromnaticity coordinate, and the photonulti-
plier through the ¥ coordinate. Filter 2104 (blue}
indicales by ite X tristimulue value the presence of
stray energy with the photomultiplier type of de-
tector. For the lead sulfide detector these changes
are clozaly hnear with fraction, f, of stray energy; for
the photomultiplier type of datector they vary ap-
proximately as frr

e. Inertin Errore

Takla 23 shows the corresponding changes intro-
duced by inertia errors computed from formuals 2.
All standard filters are influenced appreciably b
inertia errors; filters 2100 and 2102, in X and ¥:
filter 2103, In z; and filters 2104 and 2105 in Z.
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mei No. 8, 2I05 tefecftie neutre] glocs compared o velpes of
Ry for F=0.08 for photomultipliicr and Jead ruifide syabems.

4,3, Diagnosia of Maladjustments

Table 24 identifies which of the eertified variables
(X, ¥, Z = ¥ of which standard filters serves best
to detect one or ancther type of maladjustment or
malfunciion of the spestropbotometer-integrator
gystemn. [t thus summarizes the uses of ench filter
and indicates the degree to which the choice of filter
has been {ound justified. This table also suggests
a possible simple systematic way to diagnose the
simple ills of a spectrophotometer-integrator systam
from tha diffcrences between the actusl instrument
readings, X,, ¥,. &, #., ¥ and tho corresponding
par values X, ¥, Z x,
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Tasww 23. Changer indraduced by inertia ervers compuled
Jrom formula 2
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gﬁuﬂmuminhhﬁlrmammh

If it were known that the malfunctions of the
spectrophotometer-integrator systemn were confined
to the five listed in table 24, and if the precision of
the system were ﬁubata,ntiaﬂy perfect, it would be
possible t0 evaluate easily the extent of each of these
types of melfunction from the differences between

e actual instroment readings and the par values.
Note that for each source used in integration the
information rding malfuction of the mmstroment
obtained in this way has no less than 15 degrees
of frecdom (three tristimolus values for each of the
five filters). If the umiform displecement of the
wavelength scale wera desipnated Ay, the displace-
ment of the 100 percent point by Ay, the stray-
energy fraction, f, by A, and the inertia constant
by A, then we may write an expression for, say,
X —X, for standard filter 2101 {orange red) that
states merely that the difference belween X, snd
Xy 18 made up of coniributions from the cnly types
of malfunction that the system has, thus:

_RX . X oX aX,, axX
X,—Xu-&; E"'-"—"ru E“"ﬁm m‘i‘ﬁr E'}'ﬁ: ba;
(6)

Note that 14 other such expressions ean be written.
The five variables are thus over-determined, and
2 least-square analysis should result in precize
velues of the five unknowns even with soma lack
of precision in the instrument reading. Note that
the partial derivatives of eq & have been sufficiently
well evaluated in tables 17, 18, 19, 22, and 23.
The values of Ay, &, Awe, &, snd A, that might be
found in this way are in the same units in which
the partial derivatives, read from the tables, are
expressed. Thus, if 3x/24, ia read from table 17 as
amcount per millimicron, Ax will be in mp, and if
0X/94, is rend from teble 23, which is bagzed on
g?—ﬂ.l]?, A evaluates & of eq 2 in multiples of
a7.

Since actual apectrophotometer-integrator sys-
tems are beset with more complicated malfuncticns
than tho five simple types listed in table 24, and
gince the precision may be low enough 2o that not
all of the differences like X — X, will ba sigpificant,
it is presumed that thie leagt-square aolution for
unknowna from 15 observation equations will usually
not be worth deing.  Table 24 suggesta the following
simplified procedure:

1. Determine the displacement of the 100 percent
point on the photometric seale, Ajp, from the average
of the 8 variahlea apecified in tabla 1% as reaponsive
to this type of malfunction:

1 g e (X—X) s =Y
Aamw=g [E' N XA T2 O [0t

' LLM \
TV o Zoaem] 7
The partial derivatives arc obtained from table 19,
Theﬂli'st. two summations ave to be takan for standard
filters 2101, 2102, and 2105; the third summation,
for standard filters 2104 and 2105.

2. Tentatively (sea next paragraph) determine
wavelength-scale displacement A, as the solution of
the following two simultaneous equations:

For fillter 2103, #,—2y= A, (02/04:) - Ag{Dx/DA)
For filter 2101, g, —yo= 8 [Sufoa\) -+ g (D3DAg)

where the partial derivatives are read from tables
17 and 13, Ineidental to this solution for A, there
will also be found a solution for Ay, but this should ba
get aside.

The ides bebind this recommendation for finding
the waveclengthscale displacement is that the
z-coordinate of filter 2103 and tha y-coordinata of
filtter 2101 are the most sensitive indications of wave-
length-seale displacement. MNote also that by using
chromaticity coordinates, no account need be taken
even of vory large displacements in the 106 percent

oint found [rom cq 6, hecause such displacements
ave no influence on the chromaticity coordinates.
Thiz plan is strictly applicabls to speetrophotometer-
integrator aystems having negligible stray-energy
and inertis crrors, and should apply wery well to
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aystems nvolving double dispersion. It is believed
t¢ be worth teying for other systems as well,

3. Deiermine rt'ﬁe displacement of the zero-peint
fromm each of four equations, two of them n 2-
coordinate for standard filters 2101 and 2102, and
two in y-coordinate for standard filters 2103 snd
2104,

For filters 2101 and 2102
Ag={2—2) — Ao(Dr /DA (D2 DAL}

For filters 2103 and 2104: (9
Ag=[ (3. — yo) — Ao (DyfAAL) ]f (D DAL

where the partial derivatives are found from tables
17 amd 18, the value of Ay iz that found from eq 8.
The avarage of the four values of zero-point dis-
?hcement. s¢ found ie close to the best available
rom the actual and par values for the five standard
filters; the deviations of the individual valuea from
this average is an indication of the cxtent to which
other types of malfunction are afflicting the syatem.

4. Analogous procedures might be used for ays-
tems afflicted with stray en {pingle-dispersion
systems) in which the ]Ja.rt.ialmt‘fgrivatives would be
read from table 22, and for eystems afflicted with
ineriisl effects in which the partial derivaiives would
be read from table 23. It seems likely, however, to
be more useful to evaluate stray energy by compari-
son of the aciual curves of apectral transmittance
abtained on the spectrophotometer of the system
with the applicable curve of R, found from eq 5;
gee fpgures 2 through 6.

5. Summary

A reexamination has been made of the fundamental
measurement of spectral transmittance of nonscat-
tering transparent eclored media. A search made
to resolve errors often considered as negligible or self-
compensating showed the significanca of errors that
mey arize [rom lack of conzideration of stray crergy,
glit width, back reflectance, and recorder inertia.

The effect of type of integration of the spectro-
photometer data in the conversion to colormetric
terms showed that summaticns hy the 10 mp weighted
ordinate method or by the J0-selceted-ordinate
method are sufficient for most colorimetric work.

The effect of stray energy on both apecirophoto-
metrie and colorimeiric data is illustratad.

We acknowledge the assistance of Victor R.
Weaidner in checking most of the tabulations of data
in the tablea of this report, Mrs. Iola Smith for the
visual comparisens of the limit samples of these
glasses on the Judd chromaticity-difference colorim-
eter as well wa for the checking of the ¥ scale of the
red duplicates on the Walker-Haupt transmittance
photometer, and Miss Marion Belknap for the spee-
trophetometric mesasurements on the Backman DI
and the Kdnig-Martens spectrophetometers.
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