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FOREWORD

This report was prepared in the Materials
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ABSTRACT

A formula is derived for relating effective and
photopic units of luminance, making use of Weaver's
interpolated data for the mesopic luminosity functions.
This formula is applied to the spectra of four typical
Air Force luminescent phosphors and the calculated re-~
sults are compared with experimental data obtained at
Wright Air Development Center, It is concluded that
Weaver's data may tentatively be accepted for conver=
sion between effective and photopic units in luminance
measurements of luminescent materials.
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This report has been reviewed and 1s approved.
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Colonel, USAF
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INTRODUCTION

It is perhaps surprising that a concept as useful as that of luminence (1)+
has not been defined in an entirely unambiguous menner. This is probably due
to the fact that the measurement of the luminance of an area, unlike the measure-
ment of most physical quantities, involves a subjective judgment. The term
luminance, as overationally defined, implies the projection onto a humen retina
of two adjacent images. One image is that of the surface whose luminance is
to be measured. The adjacent image is that of a surface which has by inter-
national agreement been assigned a certain value of luminance. (2,3) The observ-
er is then requested to vary the "brightness" of one or the other images until
he feels the two are equally bright. The factor by which the energy which strikes
unit area of the retina in each image has been veried may be measured in & pre-
cise manner. (h) The luminance of the unknown surface may be computed from
these factors and the luminence of the standard surface.

It is kmown that the individuel making the photometric match will find it
easy if the two adjacent images are the same color. He merely varies one or
the other until the dividing line between them disappears. But suppose the
two are of different colors (heterochromatic). Clearly a large element of
subjectivity is involved in deciding whether a red image is "brighter" or "less
bright” than a white one. This difficulty with the definition of luminance
suggests the question which must always be asked about an operational definition;
nemely, what faotors, which have not been specified in the definition, will af-
feot the results of the measurement? Such factors might be the variation exist-
ing in normal eyes, the shape of the retinal images, their size or position on
the retina, the condition of adaptation of the eye, or metamerie images, i. e.
images having the same color but different spectral composition.

This last factor of metameric images contains the clue to the others. If
the two images have identical speotral composition, then the other variables
will have little or no effect on the result., In this case the eye 1s operat-
ing as & null instrument, i.e. determining the equality of two signals of exaot-
ly the same quality. If the two images are different in spectral compositionm,
and particularly if they are differently colored, all the other variables sug-
gested in the above questions and one other of utmost importance at low levels
~of illumination will affect the results to some measurable degree. This last
variable, which may not at first be apparent, is the level of illumination of
the retinal images themselves. Suppose a photometric matoh is made between
two differently colored areas of low luminance. Then suppose the energy coming
from both areas is reduced by half, but no other spectral change. Will the areas
still appear to be equally bright? The answer in general is "No". The color
nearer the blue end of the spectrum will be brighter when the illumination is
reduced. This shifting of spectral sensitivity of the eys, known as the Purkinje
effect, has been investigated by many observers. What 1s involved physiologioally
is a change from one type of receptor in the retina, the cones, to another, the
rods, as the illumination level is reduced. During this prooess the peak of the
spectral sensitivity curve of the eye shifts from 555 millimicrons toward shorter

(bluer)wave lengths, approaching a limit of approximately 500 millimiorons at

# All psychophysical terms not defined in this report have the meanings given
in reference (1) 4
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the lowest visible levels.(1,5) The shape of this sensitivity curve at
luminances above about one foot lambert (the photopic region) has been the
subject of an international egreement based on the averaged observations of

a great many normal observers. (6) As the luminence falls below one foot
lambert the shadows progressively deepen. What few measurements have been
made in this (mesopic) region do not agree very well{5,7) At the very lowest
levels of luminance {the scotopic region) there appears to be considerable
disagreement between the results of various observers with evidence that the
conditions of observation, such as the size of the field, affect the results
quite pronouncedly (5, 8, 12, 16)

The practical importance of luminance measurements in the mesopic region
shows up in ocases where it is necessary to illuminate instrument dials in
such a way as to make them legible but mot so bright as to affect the observers'
ability to see in the dark.

In the light of the above mentioned ambiguities in the definition of
luminance and of the pronounced consequences of the Purkinje phenomenon with
spectra of high purity, it was believed important to measure this effect on
luminence measurements of phosphors such as are used in marking aireraft
instruments.
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SECTION I

PURPOSE

The purpose of this report is to present factors of conversion between
effective and photople units of luminance for verious spectral compositions
and luminances. A method for computing such factors will be demonstrated.
The method is applied to cértain Air Force phosphors where spectra have
been measured and the results are compared with experimentel measurements
on the same phosphors.

SECTION II

. UNITS

Essentially two methods may be used to define a scale of luminances
which extends below photopic levels,i.e. less then 1 foot lambert. In one
instance a light source of specified quality may be adopted to be compared
with all unknown luminances regardless of color. Once this has been done,
the scale may be calibrated at one point in the photopic region by comparison
with the international standard, and at all other values of luminance by re-
ducing the radiance#* of the viewed field in a known manner. (1) The results
of measuring with such a scale are in units of "effective luminance such
as the "effective miorolambert™ (9, 10).

In another instance, one may adopt a different luminance scale for each
different quality of radiation. Then, a photometric comparison field is .
produced emitting light of the seme spectral distribution or quality as that
from the aree whose luminance is to be measured. The comparison field is
calibrated against the international stendard at some point in the photopiec
region, By reducing the radience of the comparison field in a known manner
one has a scale of luminance for one particular quality of light. The same
procedure must be followed for light of each quality which is to be measured.
The unit measured in such a mannerwill be called in this report a unit of
"photopic luminance"#** inasmueh as all heterochromatic matches involved in
measuring luminance in this way are made at photopic levels. Thus, a constant
photopic sénsitivity ocurve is assumed. Such a unit is much more convenliently
measured by photoelectric methods then effective luminance since each photo-
sensitive surface has a sensitivity function independent of intensity.

There has been considerable debate overrwhat quality of light source

" shall be used to define the unit of effective luminance as well as what other

conditions of observeticn shall be specified {11, 12, 13). Without entering
this debate, it would appear that American photometrists have little choice
but to adopt the source used in calibrating their low luminance standards.

* All terms involving radiant energy used in this report have the meanings
given in reference (L)
** This quantlty has been called "equivalent brightness" in reference (9)
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The source used by the National Bureau of Standards in the calibration of
standards of luminance is an incandescent lamp with a color temperature of
2360° Kelvin. The conditions of measurement specify adaptation to the level
of luminance being measured and a field gsubtendimg an angle greater than
five degrees at the eye. The photometer used for this purpose is desoribed
in the Journal of Research of the National Bureau of Standards.(1l) The
unit of luminance resulting from the use of this photometer under the proper
oonditions (10) is called the "effeoctive microlambert". All experimental
results quoted in effective microlamberts in this report were obtained using
the same photometer described in the above references.

It is a consequence of the Purkinje effect that the two scales of lumi-
nance will not coincide except in the photopic region. The ratio of one unit
to the other will depend upon the luminance to be measured and on the spectral

composition of the light. The more this varies from that of the standard
2360° K. souroce, the greater will be the difference between the two units. This
difference is so great for light of some qualities as to make the specification
of luminances in mierolamberts highly misleading. Thus, if a red and blue
area are both measured at one photopic micrdlambert, the blue will appear much
brighter than the red and may be as much as ten times brighter when mesasured

in effective miocrolamberts., Clearly the effective unit of luminance is more

a measure of the visual effect of an area sending light to the eye. Consequent-
ly, this unit has been gaining populerity in the specification of low luminance
values.

SECTION III
THEORY

Let us suppose curves are available on the spectral sensitivity or lumi-
nosity function of the eye at wvarious luminances, i. e. plots of the inverse
of the energy of monochromatic radiation required to produce the specified
effective luminance. Call these data y(B!A) where B' is the specified luminance
measured in effective units of luminance and A is the wavelength of the radia-
tion. Let us also suppose, as is usually the case, that such data are known
only in relative units, i. e. the shapes of the curves for various luminances
known but not their relative heights. For simnlicity, let each curve of y(B}A)
have a peek value of unity. Call o(B').the unmeasured quantity giving the
maximum height of the curve specified by B. Thus, the absolute luminosity
function of the eye is given by o(B')y(B'A.

Consider an area emitting light with a spectral composition of radiance
B(A)s Then its effective luminance is:

B'=c(B')jy(B:f\) E(A) dA (1)

(All integrals are carried over all visible wave lengths.) Equation (1) assumes
that if the monochromatic luminances o(B') y(B'A) E(A) be superimposed, the re-
sulting luminance will be their sum, providing the luminosity function y{(B!A)
has been measured at the resultant field luminance. This is known as the "addi-
tivity law at constant field luminance" and has been shown experimentally to

be exaot,.(15, 19)

In equation (1) if y(B!d) is in units of lumens per watt, and E(A) in watts
* WADC TR 52-282 2
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per square centimeter per unit solid angle, then B' is in units of effective
lamberts. The luminance of the same area in units of photopic lamberts,
designated B, is by definition:

B=c¢(Bo) | y(Bo,A) E(R) dA (2)

Here B, is any photopic luminance and hence y(BqA) is the sensitivity curve
adopted by the International Commission on Illumination. ¢(B,) is generally
taken numerically as 625 making the peak luminosity of the photopic curve

625 lumens per watt. In effect this quantifies the lumen.

In order to derive an equation for B'/B from (1) and (2) it is necessary
to evaluate the constant o(B'). This may be done by considering the standard
scale of luminance, an area emitting light of the quality of an incandescent
lamp at a color temverature of 2360° K. For this area, the luminance is the

same in both systems of units since both are defined in the same way (see Part II).

That is, for any point on the standard scale:
B'=B  (at 2360° K) (3)

Calling Eo(Q) the spestral composition of radiance from the standard, (3) may
be written out explioitly inm terms of (1) and (2),

o(B') f y(B'A) Eo(:\) dA = 625fy(Bo)\) Eo(A) dA ()

whence,

625f y(Bo,A) Eo() 4 (5)
JrBLd) Eo(d) aa

Inserting c(B') in (1) the effective luminance is given by:
625 fy(B' A) E(Q) dA fy(Bo,\) Eo(Q) dd (6)
Y(B')A) EO(A) dA

_c(B') =

B! a

In terms of the absolute luminosity function:
K(B'A) = o(B') y(BIA ¢))

B! may be written

B' -jK(B',A)' B(A) dA (8)

WADC TR 52282 3




Finally the ratio of effective luminance to photopic luminance is given by,

Bt fx( BLA) B(A) dA
B ° 625 [y(Bo,A) B(A) a & (9)

B 3B BQ) dA %(BoA) Ee(d) ad
B 'jy(B'.A) EolA) dA y(Bo,A) E(A) dA (10)

It is seen that to calculate B'/B, only the relative luminosities y(B!A )

et various luminances need be known. What is more, Eo(A) and E(A) need be
‘known only in relative energy units since any factor multiplying Eo(A) or

E(Q) would appear in both the numerator and denominator of (10).

The expression (9) for B'/B may be seen to have a further significance.
If both numerator and denominator of (9) are divided by the total energy of
the source, E(A) dA, are respectively the luminosity or luminous efficiency
of the source at level B' and its luminosity at level Bo, photopic luminosity.
The ratio of these two quantities will still be equal to B'/B and may be called
the relative luminosity or relativwe eff icienoy of the source E(A) as a function
of luminance level. This quantity depends, of course, on the quality of the
source adopted as standard.

SECTION IV

COMPUTATIONS

The data on y(B' A ) which have been used in caloulating B'/B are those
of K. S. Weaver (15) which were obtained by interpolation between the photopic
and scotoplc luminosity functions. The consensus of Americen opinion would
appear to favor the acceptance of these data provisionally for mesopic and
scotopic luminances. (11). Table I of Weaver's paper gives y(B'A) as de-
fined previously in Section IV of this report. The first column of Table I
is y(Bo,A), the I. C. I. adopted function. Table III of Weaver's paper gives
K(B%A) as defiped by equation (7). Using these data and the values of E( A )
measured as described below, B'/B was calculsted from equation (9). Follow-
ing the terminology of this report the horizontal variable in Weaver's tables
would be called "Log efféctive luminance", rather than "Log luminance".

In Figures 6,7, 8, and 9, B'/B is plotted versus B' in effective micro-
lemberts for each of the four phosphors measured. (1 effeetiwe lambert =
1.076 effective foot-lamberts.) Figure 10 shows the variation of B'/B versus
B! for all four of the phosphors measured.
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SECTION ¥

EXPERIMENTAL PROCEDURE

Spectral Energy Measurements

For measuring the spectral energy distribution of the four phosphors,
Figures 2, 3, L, and 5, a spectroradiometer was assembled using a Zeiss
Constant Deviation Monochromator with a Type 1P22 photomultiplier photo-
tube mounted at the exit slit. While this tube is less sensitive at its
peak value than some types, it wes chosen for its relatively high red sensi-
tivity and its spectral sensitivity characteristic being less strongly peaked,
thereby reducing the error introduced by changes in the width of the mono-
chromator band pass. The output of the photomultiplier wes measured with a
Photovolt Photometer, Model 512. Due to the considerable variations in photo-
mltiplier tubes and the unknown transmission charecteristics of the monochrom-
ator, it was considered necessary to obtain a senditivity ourve for the com-
bination rather than use the curve published for the 1P22 photomultiplier tube
alone. This was done making use of a tungsten standard at 28/,8° Kelvin color
temperature. In this procedure, the filament of the standard lamp was imaged
on the entrance slit of the monochromator by a condensing lens which was made
large enough that the entrant beam completely filled the collimating lens of
the monochromator (17). In order to maintein a resolutionwhich did not vary
widely with wave length, the band pass of the monochromator was kept approxi-
mately constant by adjusting the width of the exit slit to be inversely pro-
portional to the dispersion of the monochromator at each wave length measured.
The entrance slit was kept constant but narrower than the exit slit so that
its contribution to the band pass was smaller. The resulting resolution
varies from about 5.0 millimicrons at 400 millimiocrons to 5.3 milli miorons
at 700 millimicrons. The sensitivity curve of the spectrorandiometer was com=-
puted as the ratio of the photomultiplier output at a particular wavelength
setting of the monochromator to the spectral intensity of black body rediation
at 2848° K, No attempt was.made to correct for the slight variation in the
emigsivity of tungsten over the visible range. The resulting sensitivity
curve is presented in Figure 1.

The phosphors selected for measurement were representative s amples of
fluorescent luminescent materials whieh have conformed to Specifications
AN-L-1a, Color 65, (Pale Yellow ) and Air Force Specification 14157 end Amend-
ment 1, Colors 63 (Vivid 6reen), 66 (Red), and 68 (Blue). Areas uniformly
paeinted with these phosphors were placed so thet the luminescence radiation
would fill the collimating lens of the monochromator. The phosphor surfaces
were illuminated by an ultraviolet lamp, model BL-2, manufacturedby Black Light
Products. This lamp consists of a General Electric FLY Projector Flood mercury
arc lamp with a filter transmitting only the ultraviolet ccmponent of the lamp
output. The lamp was run from a constent voltage transformer and was pemtted
to warm up for one half hour before being used.
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In measuring the spectra of the four phosphors, the exit slit was maine
tained at the same values for which the radiometer was calibrated in order
not to introduce any error of the slit miorometer. Due to the relatively
low brightness of the phosphors, the entrance slit was opened to .0 milli-
meters in order to obtain measurable output of the phototube. Under these
conditions the band pass of the monochromator varies from about 7 to about
20 millimiorons as the wavelength varies from OO to 700 millimicrons. The
resulting spectra of the four phosphors are given in Figures 2, 3, L, and 5.
The ordinates are in relative units of energy per unit wavelength with a
peak value adjusted to be 100.

Photometric Measurements

The apparatus used for determining the ratio B'/h experimentally is
shown in Figure 11. The panel (A), uniformly coated with the phosphor tobe
studied, was illuminated by the ultraviolet lamp(B). This lamp was the same
one used for making the spectral energy measurements. It has been moved closer
to the panel in Figure 11 than was actually the case when used. Part of the
phosphor area was illuminated directly by the lamp. The other part, for which
B'/B wes to be determined was illuminated through the filters held in the
holder (C). These filters were chosen so that appropriate combinations would
reduce the brightness of the unknown areas in convenient steps. Stacks of 2 by
3 inch mioroscope slides and neutral Wratten filters were used. This area was
observed as the comparison field in the MBS Wide Angle Photometer (D) described
in reference (1l;). The seme area was also observed as one half of the field .
of the Pulfrich aperture photometer (E). A desoription of this instrument
may be found in reference (18). The other half of the Pulfrich Photoneter
field was illuminated by/the directly irradiated area of the phosphor which
serves as a reference lyminance.

Preliminary tests were conducted to observe if any color difference
appeared between the two halves of the field owing perhaps to the difference
in level or quality of ultraviolet excitation. No color difference was ob=-
served in any of the phosphors over the entire renge measured. It was possible
that some color difference may have existed at the lowest levels measured with-
out being detedted, owing to the reduced ability of the eye to distinguish
colors at these levels.

By determining the ratio of apertures of thé two beams of the photometer
necessary to equalize the luminances of the two halves of the field, the lumi-
nance of the unknown area referred to the reference area may be determined.
Since the match is homochromatic the result is proportional to the luminance
of the unknown area in photopic units of luminance. This procedure was followed
for all four phosphors, meking use of combinations 6f filters to produce ap-
proximately equel steps in luminance over the range to be measured. Ten read-
ings were taken by one observer for each phosphor at each luminance level. The
average value of the ten readings was taken as proportional to B.

WADC TR 52-282 6
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Using the s2me conditions of excitation, the effective luminance of
the unknown area was then measured. The proper current to yield radiation
of color temperature 2360° K. from the photometer lamp was determined making
use of the spectroradiometer described previously. It was found thet the non=-
neutral charecteristios of the two pieces of opal diffusing glass used in the
photometer could be corrected by a Wratten filter No. 78C, the combination
having a substantially flat transmission curve. The instrument was then cali-
brated at this current ageinst a standard of approximetely the same color temp-
erature which had been calibrated by the National Bureau of Standards. The
effective luminence of the test area was then measured. Each observer was
dark adapted for at least 4O minutes before meking reedings and then, sterting
at the lowest luminence, made five readings at each luminance to be measured.
In this way the eye was adapted to the level of luminance it was measuring.
Fixation wes natural (13). The ratio of the measurements described above 1s
a quantity proportional to B'/B. The factor of proportionality for each phos-
phor could be determined from any point on the ealculated curves for that phos-
phor (Figures 6, 7, &, and 9) for which an observation had been made. The
point chosen. in each case was such to yield the best fit between the experi-
mental points and the curves. The individual points of each observer are plot-
ted in Figures 6, 7, 8, and 9. Three observers made measurements on the blue
and green phosphors where the match was highly heterochromatic. Only one ob-
server made measurements on the yellow and r ed phosphors where the match was
more nearly homochromatic. Figure 10 shows the averaged results of all observers.,

SECTION VI
CONCLUSIONS

As expected, the individual determinations of B'/B reveal a considerable
dispersion arocund their mean value, the effect being more pronounced as the
match becomes more heterochromatic. However, the averaged results of differ-
ent observers yleld rather good agreement with curves of B'/B calculated from
Weaver's interpolation between photopic and scotopic luminosity date (15).

It is concluded that these data may be accepted tentatively as satisfactory for
conversion between photopic and effective units of luminance of Air Force lumi-
nescent materials,

The only departure from the caloulated curve which is considered greater
than the errors of the measurements appears in the green phosphor, Color 63,
below about eight effective microlamberts. It is not possible to determine,
without further experimental work, whether this deviation represents a defi-
cienoy in Weaver's method of interpolation or is en experimental error. If
experimental, a deviation in this direction could be explained/if/the spsctrum
of the green phosphor were so pure that its width approached the band pass of
the spect?oradiometer. (The green phosphor has the purest spectrum of those
measured.) In this case a spectrum of less than the actual purity would have
been indicated and the calculated values of B'/B would be misleadingly low.
Another possible explanmation for this deviation would be a shift of the spectrum
toward the blue as the level of excitation of the phosphor is reduced.
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Figure 10 shows clearly the effect of color on the consequences of
the Purkinje effect. Thus, as ¢xpected, the colors furthest removed
from that of the standard 2360° K. source, such as the blue and red phos-
phors, show the most pronounced change in B!'/B as the luminance is de-
oreased. Interpreted in terms of luminosity, the blue phosphor produces
more than four times as much visual response (modulus 2360° K.) per unit
energy at the lowest luminances than at luminances above a foot-lambert,
while the red phosphor produces only about one-fifth as much.

From the curves of Figure 10 one can see qualitatively what the effect
would be of adopting another source as standard. If a source bluer than
2350° K. were to be adopted, all the curves would be moved downward, and
vice versa for a source redder than 2360°K., such as the proposed source
maintained at the freezing point of platimm.

In Figure 10 it is interesting to note the near coincidence of the curve
of B'/B for Color 65 with the horizontal axis for which B'/B = 1, the curve
of the standard source. This points to the interesting possibility of using
this type of phosphor in radioactively excited luminance standards. In a
photometer making use of apertures or neutral wedges £ o reduce 1ts luminance,
this type of standard would produce results very nearly equal to those ob-
tained using a standard 2360° K. source. Such a phosphor would offer a more
satisfactory oolor match with some materials. It is possible that phosphors
may be developed with B'/B departing even less from unity over an appropriate
range of luminances than the one which has been studied. .

L

WADC TR 52-282 8



(1)

(2)
(3)
(L)

(5)
(6)
(7)
(&)
()

(10)

(11)

(12)

(13)

(1)
(15)

WADC

BIBLIOGRAPHY

Committee on 0010rimotry of the Optical Soclety of Amerioa,“lhe
Psychophysics of Color", Journal of the Optical Soclety of Amerioca, -
Volume %, 9L, p 25

Journal of the Optical Soociety of America, Volume L0, 1950, p 183
Journal of the Optical Society of Ameriea, Volume 4O, 1950, p 663

Commi ttee .on Colorimstry of the Optical Society of America, Journal
of the Optical Society of America, Volume 3L, 19&&, p 183

Wbaver, K. S., Journal Optiecal Sooiety of Americe, Volume 27, 1937
p 36

Comite d'Etudes sur la Photometrie Heterochrome, Commission International
de L'Eclairage, 1931, p 5h2

Nutting, P. G., Bulletin of the Nationel Bureau of Standards, Volume 7,
1910, p 235

Sloan, Louise L., Psychological Monographs 38 (No. 1), 1928

British Standard Specification BS/ARP 18,"Fluorescent and Phosphorescent
Paint", 1940

U. S. Federal Specification TT-P-SL, "Paint, Phosphorescent, Ready Mixed"

1950

Jones, L. A., "Summary of Amerigan Opinion on BS/!RP 18, British Standard

Specification for Fluorescent and Phosphorescent Paint” reported to the
Ameriocan Standards Association, 19L

Reports of the Committee on Light and Vision (Comittee l;) of the Inter-
national Commission on Illumlnation, 1948 and 1951

Weaver, K. S., Comment on Resolutions 1 and 2 of Committee L of the Inter-
national Commission on Illuminetion, 1918, Privately circulated communioa-
tion.

National Bureau of Standards Journal, Volume 3L, 19.5, p 325, R P 1646

Weaver, K. S., Journal Optical Society of America, Volume 39, 1949, p 281

TR 52-282 9




(16) Taylor, Illuminating Engineering, Volume 38, 1943, p&9

(IT) Stockburger and Burns, Journal Optical Society of America, Val ume 25,
1933, p 379

(18) Pringsheim and Vogel, luminescence of Liquids and Solids, New York
Interscience 1943, p 50

(19) Bouma, P. J., Proceedings ~ Koninlijke Nederlandsche Akadamie von
Wetenschappen, Amsterdam, Volume 38, 1935, pp35, 148

WADC TR 52-282 10



100 APPENDIX T
80
¥
Figure 1
¥ Relative Sensitivity of Spectro-
- radiometer Using a 1P22 Photomulti-
plier Phototube as Receptor
w—
>
=
>
-
& 40—
<
i
w
20
]
4
o I I I
400 500 600 700
’ WAVELENGTH IN MILLIMICRONS
WADC TR 5H2-282 11




RELATIVE ENERGY

100

Figure 2
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Spectrum of Green Phosphor Con<
forming to Color 63 of Air Force
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