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‘tensity in a given ditection has been determined at a given voltage.

.candles. When a colored light is being tested, a filter {s placed be- i

bl

. CALIBRATIQN OF THE PHOTOMETRIC SYSTEM
: «1l. lIntroduction

; !
L 1
tandards f'lumipous Intensity are used f{or calibrating the

photomdtr tegting‘ quipment; a|separate calibration is made before each
test, [4nd fa record iF kept of thi photometer sensitivity in order to de-
tect gny Yrregularitfes. |The iljumination on the photosensor produced

by the| stdndard lamp]{i aﬁjusted‘to some typical value of the illumination
produckdiby the test/|1ight, usually in the range of 75% to 1002 of the
peak Wllpdination prqduced by the test light. This procedure minimizes
etrd ulting frong nonlinearity of the response of thz photoseuisor,
The |44} ment of thd illumination of the standard lamp on the photosensor

is adfofplished by vdrying the distance of the standard lamp from the
photocell and by using optical attenuators., The phutometer is usually
calibrated so that it| is direct reading in luminous intensity.
' ol

| ‘ 3.2, Standard Lamps

i The standard lamps used are "working standards" whose luminous i~
Standard lamps are available ranging in intensity from about 8 to 900

tween the standard ladp and the photosensor, which results in a standard
lamp-filter combinatian having approximately fhe same spectral character-
istics as those of the light to be tested. This procedure minimizes
errors resulting from iinadequate spectral correction of the photosensor,
In this procedure, a starndard lamp of known color temperature as well as
of known 1uminous31ntersity is needed.

E 3.3. Attenuators

Sector disks are almost always used for light attenuation, although
neutral filters are also available., A sector disk is usually placed be-
tween the standard lamp and the photosensor to calibrate the photometer
for the proper range of {llumination. However, when the intensity of the
light being photometrically measured is unusually high, the sector disk
may be used to attenuate the illumination from the test light. The
range of sector disks available is from 17 to 80% transmittance.

AY
~

When a sector disk is used, it 1s placed within a few inches of the .
photocell in order to reduce error from stray light. The disk is rotated .
at a few hundred revolutions per minute, which is fast enough to minimize
error from apparent flicker, When a high illumination is attenuated by
a sector disk of low transmittance, there is an error which results from
only one part of the photocell being illuminatad at a time; this error
is successfully eliminated by placing a condenser of about 4 mfd. across
the output of the photocell, (In utilizing this technique, one must be
careful to obtain a capacitor which does not itself generate an emf.)
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3.4. Calibration Procedure

The calibration involves illuminating the photosensor with light
from a standard lamp placed at a given distance from the photosensor,
and then adjusting the sensitivity of the photometric system to some de-
sired value. \

\

If 1 is the photosensor curreh{,
1 is the intensity of the light illuminating the photosensor,
and D is the distance from the test unit to the photosensor,

then, since the photosensor produces a current proportional to the {llumi-~
nance on its face, 2
1 = kI/D (1)

where k is the sensitivity of the photosensor.

It is usually convéiient to calibrate the photometer to be direct
reading, so that
I =N§ (2)

where § is the reading of the potentiometer of the measuring eircuit,
and where N is an integral power of 10 or the product of an integer,
usually 2 or 5, and an integral power of 10.

The photometer is then calibrated by using a standard lamp of known
horizontal luminous intensity. 1If

1 4is the luminous {ntensity of the standard lamp,
is the distance of the standard lamp from the photosensor,
is the potentiometer reading and L' is the photosensor

e |

current when the photosensor is f{lluminated by light from the standard
lamp placed at the distance 2‘ from the photosensor, then

1, =k I'ID'Z (3
and since the potentiometer reading is proportional to the photosensor
f“trent, 1./6' - 1/6 (4)

Combining (1), (2), (3), and (4),

§ =1 D%/ND 2
] 8 [

(5)

Calibration {s accogpliahed by the following procedure: I and D
are chosen so that I /D “ will be approximately equal to I/Dzj’wherc-'
1 1is some typical value®of the intensity of the light to be tested. A
suitable value of N is thén selected, Calibration to make the photom—
eter direct reading is completed by one of the three following procedures,
depending on the photometer circuit used,

a. External Shunt Circuit
A diagram of this circuit is shown-in figure 9. In this circuit
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P st (6)
: . 8

/
’ RS

where S, is the sensitivity of the photometer circuit and is the re-
sistance of the shuqt.

Calibration, therefore, requires that, with the photocell flluminated
by light from the standard lamp, the external shunt resistance is set so
that the potentiometer indicates the value § given in equatfon (5). The
other parameters of the calibration are usdzily chosen so that the shunt
resistance will be of the order of a few ohms, This order of resistance
is used as it is large enough to be set accurately, and small enough so
that the voltage developed across the photocell will not cause the ph.to-
cell to respond nonlinearly. The practice is to maintain the sensitivity
of the recorder at a fixed value of 5 millivolts for full-scale deflection,
The sensitivity of the preamplifier is therefore set so that this recorder
sensitivity and desired range of resistance may be used.

b. Phototube with Electrometer Amplifier Circuit

The procedure for calibration is the same as that for procedure a.
(See figure 12,) The load resistor on the phototube and the controls of
the amplifier are adjusted for the optimum performance range of the am—-
plifier., Also, the output of the amplifier should not exceed 5 milli-
amperes. Hence, other parameters are adjusted so that RL is greater than
1 ohm and {s less than 5 ohms.

cs Zero-Resistance Circuit

A diagram of this circuit is shown in figure 13. In this circuit,
if the photometer is balanced so that no current flows through the gal-
vanometer, then

1= 1.a/rx (7)»
where 1 is the photocell current,
i,i’ the current through the slidewire between O and A(figure 13),
a 1is the resistance of the slidewire between O and A (figure 13),
and 5,1' the resistance of the resistor, L

Assuning the slidewire is graduated from 0 to 100, the reading of
the indicator of the slidewire 1is

§ = alao (8)

T -

*This equation is an approximation which depends on 1‘ being much greater
than 1. In practice, i‘ is kept at about 10 millismperes, and the range
of 1 is from 1 to 20 microamperes. If i1 is 20 microamperes, the error
resulting from the use of this approximation will be 0.326 For larger
values of 1, a correction i{n the calibration can be made.
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where a, is the total resistance of the'slidewire (the resistance between
0 and B in figure 13).

; ! |
Then, combining (1), (7), and (8), i
i r k1 i

X .

§ = L (9)
/41 anp? :
a

In the calibration of the zero-resistance circuit, iﬁ i8 usually kept
constant and Sx is varied.

When the photocell i3 {lluminated by light from the standard lamp,
r 1is adjusted to obtain a zero reading of the galvanometer when the
‘sfidewire is set at the value & of equation (5) for a given test dis~
tance, D, With the phocometei-ghus calibrated, the intensity of the test
1ight 1is given by equation (2), N

d. Special Procedures

While photometric data are usually presented for a test light op-
erating under the design condition, photometry of the test light under
operating conditions other than the design condition is often desirable.
Equation (5) can be generalized, taking into account this condition as
well as the transmittance of any filters or sector disks used in caii-
brating, so that

DZ
6‘ =Y. Y FI‘ -3 (5a)
ND'
where is the transmiqtance of the color tilter at the color temperature
of the standard lamp, is the transmittance of the sector disk, and F

is thg ratio of the output of the light under test when it is operated
under. the design conditions to the output of gHe light when it is operated
under ‘test conditions. This ratio may be, for example, the ratio of the
rated lumen output of the test lamp to the output of the lamp at the test
voltage, It also may be the ratio of the intensity in a given direction
at the operating voltage to the intensity {n this direction at the test

voltage.

In the case of lights which are flashed in service but on which
. photometric measurements are made with the light burning steadily at a
. selected voltage, the factor I is the ratio of the effective intensity
"of the flash in a given direction to the steady intensity at the selected
voltage in this direction of view,

4, TESTING PROCEDURE
The photometer is calibrated as described under "Calibration Proce-

dure” (Section 3.4) to an {lluminance range determined by the intensity
of ghe light being tested, the test distance, and the information desired.
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\ |

he test unit is hounted on the goniometer and is aligned., The angular
gettings of the goniometer are adjusted so that the origin of the goniom-
eter settings w1§1 correspond to the desired axis, This axis usually

18 chosen with regpect to either the seating plane of the unit or some
characteristic of the beam such as its peak. ‘

The baffling kor stray light is put into place, The eye is placed
in the position normally occupied by the photosensor, Examfnation can
then be made to insure that the baffling is properly placed so that no
obstructions exist between the light and the photosensor and so that
rc“lections from the walls, floor, and ceiling of the range are inter-
cepted before they reach the photosensor, When the 279-meter range is
used, the baffling,tube is periodically checked to insure that it is not
being obstructed by birds,

If a sealed-rdflector lamp is being photometrically measured, the
lamp is usually operated at either rated voltage or rated current, Other
lamps, such as those used in combination with an optical system, are
usually operated at' or corrected to rated lumen output., Power for the
test and standard lamps i{s usually obtained from storage batteries, which
are periodically recharged, Voltage and current are measured on a poten-
tiometer, and photometric measurements are not made until the lamp has
reached stability,

If the goniometer is to be motor driven, the gear ratios are chosen
so that the traverse will be slow enough to insure the accurate recording
of the characteristics of the light,
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Review of Elementary Theory
Of the Photometry of Projection Apparatus

N

. By C. A. Douglas

Equations based upon simple geometric relations are developed for the illuminance”
produced by a projector such as a searchlight, beacon, or floodlight at a distance from
the projector. When the beam is rotationally symmetrical but not collimated and the
image, virtual or real, subtends a smaller angle at the point of observation than does
the objective of the prujector, illuminance varies inversely as the square of the dis-
lance to the image. If the angle subtended by the imaye is larger than that subtended
by the objective, the illuminance varies inversely as the square of the distance to the
objective. The distance at which the two angles are eqnal is defined as the critical
distance. Equations relating critical distance to the radius of the source, the radius
of the objective, and the magnification of the system are developed. Approximations
Jor use when the beam of the projector is asymmetric are developed. Very good
agreement was found heticeen the computed variation of illuminance with distance
and the measured variation of illuminance with distance [or a projector forming a
virtual image 150 feet behind the objective, :

1. Introducstion product Ed* increases and approach& a ‘tmiting

value. The relation

HE luminous intensity, /, of a ‘projector is ob-
tained by measuring the illuminance, E, on a sur-
face at a distance, d, from the projector and comput-

ing I from the relation
I=Ed? (1)

The use of this relation without qualification im-
plies that the value of ] is independent of the distance
at which the illuminance, E, is measured.

If measurements could be made at increasing dis-
tances, in a perfectly transmitting atmosphere (or in
any atmosphere if corrections are made for atmos.
pheric losses), of the illuminance produced by a pro-
jector emitting a collimated beam, the value of the

A parer preeented at the Nationsl Technles] Conference of the
INuminating Enginering Mociety, August 21 to 26, 1966, Min-
neapnlis, Mina. Aurmon’ National Bureau of Standards, Wash-
ingtun, D. C,

I=lmEd (2)
d—> 0
may be considered as the definition of /.

In practice it is usually found for these projectors
that beyond a certain distance, the critical distance.
there is no measurable change in the intensity com-
puted by means of Equation (1).**

The concept of the intensity of a projector produc-
ing a collimated beam is valid, and useful, only when
this critical distance is exceeded, for then and only
then can illuminance at one distance be computed
from measurements of illuminance at another distance.

*Thumination.

**Such terms as ‘‘minimum Inverse-square distance” and “limigng” \\
fre.

distance for the application of the inverse-square law”
quently used for this distance. The term “eritical distanee” is
used throughout thia report as (¢ {s & brief, convenient torm.

617-246
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In the photometry ot projectors, the photometric
distance iy made greater than this critical distance
whenever it is feasible to do s». Hence, determinativn
of the critical distance is important. The relation be-
tween critical distance for a collimaied-beam projec-
tor and the dimensions of the projector and the source
has been extensively treated.'® For a parabolic re-
flector with a spherical source at the focus, the critical
distance along the axis of the reflector is

d. = [RF/r]} (1 + (R/2F)?] (3a)

. and for a disk source

d. = [RF/r] [1 - (R/2F)*1/1Y — (R/2F)*] (3l
where

d, is the critical distance,

R is the distance {rom the axis to the edge of

the reflertor,

r is the radius of the source, and

F i the focal length of the reflector.

Similar equations may be written for a spherical
Jens.t
- The relation given in the IES Lighting Handbook,
Third Edition,® may be written as K

d. = Rd,/r (3c)

where d. and R are as before, and d, is the distance
from the focal point to the edge of the reflector.

For each of these conditions, d. is given apyproxi-
mately by

d, = RF/r. (4)

The error in computing d. from this relation is in.
significant in most practical applicatious, particuiarly
when r is small in comparison to R, and F is two or
more times R. Although many projectors are intend.
ed for use as collimatea-beam projectors, - th the
source at the focus, there are many types ‘ece
tors where this is not the case. For example, in the
lens cells of the Fresnel.lens optical landing system,
the source is between the focus and the lens so that
the lens forms a virtual image of the source 150 feet
behind the lens. Spread lenses used in conjunction .
with collimated heams form either real images in
front of the spread lens or virtual images behind the
spread lens. The lens cells of the Fresnel-lens optical
landing aystgm—krclﬁ'dc a 50-degree horizontal spread
lens, ..~

The purpose of this paper is to present an analysis
of the factors affecting critical distances and_the
relstion between illuminance and distance of non»\

as errors in the shape of the optics and by the varia.
tions in illuminance across the surface of the snurce.
Such factors vary from unit to unit and cannot be
readily treated in a theoretical analysis. Quantitative
analvees of projector systems can, and should, be
made by direct measurement on a photometric range.

2, Case 1. Projectors Having the Source
Between the Focus and tha Objective

~

2.1 Hluminance Produced by a Positive Lens

Consider the optical syste.r: shown in Fig, 1. The
system is symmetric about the line XX’ and consists
of a positive lens of focal l'ngth F and radius R.
(Throughout this analysis F is assumed to be large
in comparison to R.)

A source S of radius 7 and of uniform lumninance
L is piaced at a distance u, less than F, from the lens.

SYMBOLS

1. Luminance of source §
d  Distance between the projector and the point
of vbservation or mecsurement

d,  Critical cistance
_E Tluminance at the point of observation or
Mmeasurement .
F Focal length of the optic of the projecter
1 Intensity of the projector
1. Intensity of the source S
I, Intensity of the image S’ of the source
m  Magnification of optical system
R Radius of the objective (lens or reflector)

when the objective is the field stop of the
projector

r  Radius of the source S

~#.  Radius of image S’ of source S

S \?uthource (assumed to he of uniform lu.
minance

S’ Source image fo the projector

r  Transmittance of the optizel-aystem, if lens
type; reflectance of the optic, if reRactor type

u  Distance between the source and the objecs

collimrated beam projectors. Throughout this paper \ Alve < .
rigor and detailed accurscy of analysis have been v ~Distancé between the image and the objec-
suburdinated in order to obtain simple, easily inter. “"’Kmn
preted relations free from the complicating and often y /Kadma of flas e on the objective
confusing effects of correction terms. The relations 6 The beam spread produce&by a spread lens
developed rre therefore approximations only. They '$#  Dimension of asymmetric source in x.y plane
sre, however, sufficiently accurate to be used in a P Dimension of ssymmetric optic in 2.y plane
qualitative analysis of the performance of a projector 3 Dimension of asvmmetric source in 1.2 plane
svstem. The performance of the usual tvpes of pro. 7 Dimendion of asymmetric optic in x-2 plane
jrrtor ayetems is significantly affected hy such factors

618247

e

C M s e ———



r

xd

Figure 1. Optical system with the

source between the focus and a
positive obiective‘ {lens). (Not to
scale.)

The syztem will form a virtual image S’ of the source
at a distance v from the lens. Assume the observer's
eye, or the photometer, is at the point P, a distance
d from the lens. With a lossless optical system the
luminance of the virtual image, L', would be equal to
the luminance of the source, L. With a real optical
system the luminance

L'=1Ls . (5)
where r is defined as the transmittance'of the optical
system. The intensity of the source is d\(n by

1, = »r2L, \ 6)

and the intensity of the image ‘\
I‘ = '(")’L? ~ (7)
or 1y = I,m? (8}

When the virtual image, $’, is viewed through the
lens from the point P and d is less than a critical dis-
tance, d., to be determined later, the entire virtual
image will be seen. The jlluminance at P will then be

E=Il/(v+4 )2 (d=d.) 9

Since Equation (9) is of the form

Illuminance = Constant/Distance?,
I can be considered to be, by definition, the intensity
of the projector applicable to this condition of view
- with distance to be mrasured from the position of the
virtual image, not from the lens.

From Fig. 1 it is evident that from the point P a
zone on the lens of radius y will be flashed, that is,
appear to be the source of light, and that the illumi.
nance at P is also given by

E = w2Ly/d?. (d =d,) (10)
§f the radius of the virtual image, 7, is less than the
radius of the lens, the flashed zone will never fill the
fens however large d is made. For this condition,
Equations (9) and (10) are valid for all distances.
However, if 7 is greater than R and the distance, d,
is equal to or greater than a critical distance, d., the
entire lens will be hiled and the illuminance at & point
on the axis will then be given by

E = =R3L+/d? (d=>d,) (11)
or E=1l/d (d>d,) (12)
where 1 = »R?L+. (13)

1 is a constant and hence is by definition the intensity

of the projector, applicable to all distances equal to or
greater than the critical distance.

Note that when d is equal to d,, Equations (8) and
(11) are both valid. Hence at this distance

I = ld2/(v + d,)3.
This leads to the somewhat surprising conclusion that
at one distance it is sometimes possible for a prejec-
tor to have two intensities depending upon whether
the source is considered to be located at the objective
or at the virtual image position.

Note that in practice it is seldom feasible to deter-
mine /i or | to the desired degree of accuracy by
Equations (6), (7), (8) or (13). Instead, the illu.
minance is measured at a known distance from the
projector and Equation (9) or Equation (12) is used
as applicable.

2.2 Determination of the Critical Distance

Note from Equation (11) that for distances greater
than the critical distance the axial illuminance varies
inversely as the square of the distance to the lens and
is independent of the position of the source with re-
spect to the focus. However, the critical distance, d,,
is not independent of the position of the source with
respect to the focus. It may be determined as follows,

if there is a critical distance, at this distance

Y= R. (J: ‘.)

Therefore, since

y/d=7r/(s + d),
and rir=v/u=m,

R = rvd./u(v + d,)
or R=rmd./(v 4 d,).
Hence d. = Ru/(r — uR/v), (14a)
and . “dy = Rv/(rm — R). (14b)

Note that as u approaches F, v becomes infinite, and
Equation (14a) becomes the familiar relation used
for collimated-beam projectors,
lim d, = RF/r. (4)
s~ F
From Equations (14a) and (14b), note that d, be-
comes infinite when

619-248
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Figure 2. Optical system with the
focus between the source and a
positive objective (lens).

r = Ru/v = R/m, (15)
for then the radius, /, of the virtual source is just
equal to the radius of the lens, R, and the lens will
appear flashed only when viewed from an infinite dis-
tance. If 7 is less thau R/m, the value obtained for
d. is negative indicating that ' is less than R and
that the virtual source will not completely fill the lens
at any viewing distance. Hence, under this condition
Equation (9) is valid for all distances.

3. Case 2. Projectors Having the Focus
Between the Source and the Lens

3.1 Illuminance Produced by a Poditive Lens

If the distance from the source to the lens, &, is
greater than the focal length of the lens, F, the system
will form a real image of the source a distance v from
the lens, as shown in Fig. 2.

Consider first the case in which the radius of the
image, 7, is less than the radius of the lens. It is evi.
dent from Fig. 2, on which the limiting rays from the
edge of the lens are shown, that the entire lens will
appear to be flashed only between the points P, and
P;. The illuminance at a point on the axis is, as for
the flashed lens of Case 1,

E = rR’Lr/d‘. (d,) édéda) (ll)
The inverse square law holds with distance measured
from the lens to the point of observation, or measure-

de2

ment, and as before
1 = =R?L:. (du=d=d,) (13)
When the lens is observed from P, (see Fig. 3)
where d is equal to or greater than d, the entire
image will be visible and the illuminance at P, is
given by
E=lyd—19)3 (d=xda) (16)
If the lens is viewed from a point P, on the axis be-
tween the point P, and the lens, the entire lens wil
not be flashed, for rays from the outer part of the
lens to the image cross the axis at or beyond the point
P;. Instead, » zone of radius y will appesr flashed, as
is evident from the limiting rays shown in Fig. 4. The
illuminance at Py will be

E=wyLle/ds. (d=d,) (17

Since y =rd/{v — d), (18)
E=x(V)sr/(v = d)? (d==d,) (19)

or E=1/(d~ )% (d=sd,) (20)

Note that (v — d) and (d — v) are both the distance
between the point of observation and the image
formed by the lens.

3.2 Determination of the Critical Distances
For Lenses Forming Real Images

If 7/ is less than R, the critical distances, d,, snd
dcs, may be found by noting that for observations
from P; (Fig. 4),

Figure 3. Flashed zone of an op-
tical system forming a real image
with the image between the poins
of observation and the objective.

620-249

SRS B S0




Figure 4. Flashed zone of an op-
tical system forming a real image
with the point of observation be-
tween the objective and the

image,

y=rmd/(+ — d) =rd/u (1 — d/9) (21)
and substituting R for y, and d, for d obtaining

dy == Rv/(R + mr) (22a)
or dy = Ruv/(Rw + rv). (22b)
Similarly, for observations from P, (Fig. 3)
ds = Rv/(R — mr) (23a)
o dea = Ruv/(Rs — rv). (23b)
Since r =mr,

when r is equal to or greatcr than R, d.2 becomes in-
finite, and the lens is flashed for all distances greater
than d.;. For this condition, Equation (11) is ap-
plicable for all distances greater than d.).

When the source is placed st the focus,

s=F,
m and v become infinite, and Equation (22) reduces
to Equation (4). That is,
dey = RF/r, (4

and d.» becomes infinite.

3.3 Measurement of Beam Angles

When the optical system forms an image, virtual
or real, of the source instead of producing a colli-
mated beam, and the point of observation or measure-
ment is at a distance such that the objective of the
system is not completely flashed, angles of observa-
tion as well as the illuminance are determined, using
the distance between the image and the point of ob-
servation as a base, not the distance beiween the ob-

s‘
Figure 5. Correction of anglas of

jective and the point of observation. That is, the
vertex of the angle between the line of cight and the
axis of the light is located at the image of the sourve,
not at the objective of the projector. However, when
a light is mounted on a goniometer, it is usually more
convenient to measure angles whose vertices are at
the projector. The re.ation between the two angles is
easily found by the use of Fig. 5.

Since
tan y = o/d
and
tan ¢ = o/(d + ),
for small angles
¢ = o/d,
and
¢=a/(d+9),

where a is the distance from the point of observation
to the axis XX’

Hence,
¢ = [d/(d + )y, (24a)
¢ == [d/(d 4 mu)]y. (24b)
3.4 Asymmetric Beams
Throughout the preceding discussion ft has been as-
sumed that the optical system is rotationally sym-

metric about the optical axis of the system. Thus, a
disk or spherical source and an optical system com.

or

POINT OF

LENS OBSERVQT 1ON

an optical system forming & vir- X

tual image.

6214250

ol Ao -
ST A e 0 L e 3 e i




-~
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posed of spherical elements have been assumed. In
such systems the beam pattern ia the same in every
plane containing the axis of the optical systein.
However, lights having unequal vertical and hori-
zontal beam spreads are often required. These un-
equal beam spreads may be obtained by using sources
in which the width (the dimension in the z direction!
and the height (the dimension in the y direction) are
not equal and/or by adding cylindrical elements, with
the axis of the cylinders parallel to the y or s axis.
When cylindrical elements are used, the image of the
source formed by a narrow section in the y direction
through the center of the lens will not be the same
distance from the lens as the image formed by a par.
row section in the z direction. That is, the projection
of the image of the source on the x-y plane will not
be in the same position as the projection of the image
on the x-z plane. Under these conditions the equa-
tions of the type given below will give approximate
values. The applicable equations of Section 2.2 are
applied to determine if the viewing, or test, distance
exceeds the critical distance using the dimensions of
the projection on the x-y and the x-z planes, in turn,

10 determine d,, and d,, respectively.
Thus, from Equations (14a) and (14b), if the pro-
jection system forms a virtual image,
doy = Puy/(§7 — w,P/0,), (254)
or
doy = Pv, (jm, — P) (25b)
where

P is the dimension of the lens in the -y plane,
7 is the dimension of the source in this plane,
and the subscript y refers to quantities measured
in the x-y plane. _
Similar equations can be written for d,, where Z, 3,
and the subscript z replace P, 7, and the subscript .
3f the observation distance is less than the critical
distance in both the 5.y and the x-z planes, that is,
d=d,
and
d<d,,
Equation (8) may be written as
" = ’l".’nl'v (26)
and Equation (9) may be written as
L=E (v, 4 d) (vo+d). (27
Equation (27) may be considered as the definition of
intensity under these conditions.

Similarly, if
d=d,
and d=>d,,
then L=E (v, 4+ d) (d). (28)
Similar equations can, of course, be written inter-
changing the 5’s and the 2's.

Similar expressions can, of course, be developed
for aystems whick form real images in either or both
planes by using the terms (v — d) or (d — v) in
place of (v 4 d), as applicable.

3.5 Experimental Confirmation

The principles developed in Section 3.4 were ap-
plied to a cell of the Fresnellens optical landing
system. The cell has a lens with vertical eylindrical
elements forming a real image of the source ahead of
the unit to produce s wide horizontal spread, with
the following dimensions (approximate) :

Z =016 inch (27 is the width of one cylin-

drical element)

2 =038 inch

v, =05 inch (computed from design beam
spread of 40 degrem)

u, =24 inches.

From these dimensions it is apperent that the first
critical distance in the x-3 (horisontal) plane, dy, Is
very small. (This is usually the case in the plane in
which there is an appreciable spread.)
From Equation (22b),
dpey = 048 inch
The second critical distance in the horisontal plane is
slso very small. From Equation (23b),
dus = 0.52 inch
In the x-y (vertical) plane, the optical system forms
a virtual image of the source 150 feet behind the lens.
Pertinent dimensions are as follows:
P == 0.4 foot approximately
§ = 0.003 foot spproximately
vy =150 feet
u, =2 %eet
my, =15
ry =m4 = 02 foot

Since ', is less than Y, the lens will never be com-

pletely flashed in the y direction,
The relation between illuminance produced by the
system and the luminous “intensity” is
I1=E(v+d) (d—v,) (29)
or
1 =E (150 4 d) (d — 0.04)
where d is in feet.
Or, since v, is very small compared to typical
values of d,
1=E (150 4 d) () (30)
Measurements were made at three distances of the
illuminance produced by a Fresnel-lens optical land-
ing system cell and the luminous intensity was com-
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puted by Equation (27). Results are given in Table
§. The consistency of the values of I is surprisingly

good.

3.6 Practical Considerations
3.6 Simplified Equations

Although the equations which have been developed
describe the performance of a projecior, ey are in
forms which often are too complex to be used to best
advantage by the photometrist, who, given the task of
determining the intensity distribution of a projector,
desires only sufficient information to permit him to
choose a photometric distance greater than the criti-
cal distance. Often he is given very little information
concerning the design parameters of the projector.
The relations given below contain only parameters
which are easily measured.

Consider first a projector which forms a virtual
image of the source. From Equation (14a) it is evi-
dent that

d, = Ru/r (31)
Hence, if the photometric or observation distance is
less than Ru/7, that is, if

d < Rn/r (32)
the entire lens is not flashed and illuminance varies
inversely as the square of the distance to the image.

The objective of a projector forming a real image
of the source will appear flashed at all distances equal
1o or greater than the image distance if (and only if)
the radius of the image is equal to or greater than the
radius of the objective. Hence,

r=rvo/um R
or
v =2 Ru/r. (39)
{The distance v can usually be determined readily
from direct observation of the position of the image.)

Hence, when a real image is formed at s distance
equal to or greater than Ru/r, illuminance varies in-
versely as the square of the distance from the objec-
tive for all distances grester than the image distance,
v. It is apparent from simple geometric relstions
(vee Fig. 2) that, if the condition of relation (33) is
met, the objective will be flashed for distances in the

3.6.2 Application t> Spread Lenses

Projectors often contain lens elements to increase
the beam spread of the light from the projector.
These lens elements fonn images, real or virtual,
which are too small 1o flash the element. Hence, dis-
tance should be measured from the position of the
image. (Note these elements usually are asymmetric
and the image distances in the y and z planes are dif-
ferent, For simplicity, only one plane is treated here.)
The geometric relations of these spread elements are
illustrated in Fig. 6.

The angle 6, in degrees, is commonly called the
beam spread of the lens. The relation between image
distance and beam spread is

o= (b/2) ctn 672, (34)
where b is the width of the spreader elements. The
following approximation is sufficiently accurate for

most purposes.
® ~ 60b/6 (85)
when 4 is in degrees.

Note that when a spread lens is used, each spreader
element acts as a separate projector, and that usually
these elements will not be completely flashed at prac-
tical observation distances. Under these conditions,
distance should properly be measured from the im-
sges produced by these spreader elements. With the
usual projectors, ¢ is 50 small in comparison to d that
no significant error results when the term (v + d) s
replaced by d. For example, consider a five-degres
spread lens with cylindrical elements one inch wide.
From Equation (35), » is found to be 12 inches. As»
*his is a rather extreme example, v will usually be
«onsiderably less than this. The criteria determining
the photometric distance are then:

1. The photometric distance, d, should be large in
comparison to the image distance v.

2. The angular subtense of the light unit from the
point of measurement should be small in comparison
to the beam spread of the light.

3.6.3 Incandescens Lamps as Sources
The filament of an incandoscent lamp is not a
source of uniform luminance. Hence, the overall di-

mensions of the filament should not be considered as
the sise of source in determining the critical distance.

- Figure 6. Geometric relations of

n spreader element.

range v/2 to v inclusive also.
RAYS FROM
PRIMARY OPTICS
- £0
> yTY >

SPREADER ELEMENTS
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Instead, the size of the .mallest separable element of
the filament should be used.® The smallest separable
element will usually be the filament wire itself but at
times it will be the helix. The dimensions of both the
filament wire and the helix must be considered, as
the separate turns of the filament wire may be dis-
cernible from the central part of a reflector while
only the helix may be discernible from the outer part
of the reflector.®

3.6.4 Application to Objectives
Of Small f-Number

The development of the equations of this report is
based on the assumption that the radins of the ob-
jective is small compuared to its focal length. In prac.
tice, the radius of the objective is often as large as or
larger than the focal length. Frequently, when ap-
plied to projection systems of the latter type, these
equations yield results sufficiently sccurate for engi.
neering purpoees if u and v are measured to the most
distant part of the objective instead of along the axis
of the projection system.® ¢

Cenclusion

A review of the elementary theory of the photom-
etry of projectors has been made. Use was made of

simple geometric relations to develop equations re-
lating distance with the illuminance produced by pro-
jectors. Particular sttention has been given tn projec-
tors producing noncollimated beams and to the effect
of spreader elements in the optical system. Equations
have been developed relating critical distance to the
radius of the source, the radius of the objective and
the magnification of the system. Equations applica-
ble to asymmetric beams have been stated. The agree-
ment between values computed from these relations
and direct measurements is very good.
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Photometer for Measurement of Effective
Intensity of Condenser-Discharge Lights

1. Introduction

In the past, meas:rements of the effective inten-
sity of eondenser-discharge lights have geueially
been made by two methods: (1) coupling the output
of a phototube to a cathode-ray oscilloscope, photo-
graphing the trace of the instantuneous intensity
against time, integrating the area under the curve
and computing the effective intensity; and (2)
charging a capacitor by the photoelectric current
generated by one or more flashes and measuring the
voltage developed with a vacuum-tube voltmeter.
Both of these methods are time consuming when
intensity distribution measurements of a projector
with a flashing source ar- being made. In addition,
when the source is a condenser-discharge lamp,
there has often been uncertainty about the accuracy
of the correction of the spectral response of the
photometric system to the CTE standard observer
luminosity function; the sensitivity may be so low
that short photometric distances are required; al-
though the average photoelectric current is low,
peak currents are high, and, unless suitable precau.
tions are taken, the phototube may be saturated
during part of the flash, destroying the linearity of
the system. A method that will allow measurements
of the effective intensity distribution of condenser-
discharge units producing repetitive flashes to be
made and recorded automatically is very desirable.
The development of such a method, designed to
avoid difficulties of the types described above and
making use of commercially available equipment,
wherever possible, is described below,

2. Effective Intensity Photometer

The effective-intensity photometric system is
shown schematically in Fig. 1. The test and stand-
ard distances, the intensity of the standard lamp,
and the transmittance of the sector dise are chosen
50 that the average illumination on the photocell
during calibration is of the same order as the illu-

This paper was prepared ae 8 part of ha work in the development
of avistion ground lighting romducted at the Natlons! Buresu of
Standards uader the spomsership of the Visual Landlng Mdg Bn]eh
of the Bureas of Arronautics and the Aer

f.aborstory, Wright Alr Developmest Conter. Av'rlos lhnonl
Buresw of Standards, Washisgton, D. C,

By CHARLES A. DOUCLAS

mination from the projectors under test. The sec-
tor dise was used to obtain flashes during calibra-
tion which had roughly the same intensity-time
relation as the flashes from the lights under test.
(As will be shown below, this latter condition is not
necessary.) With this system it is possible to obtain
in approximately three minutes an intensity distri-
bution curve of a projector using a condenser-dis-

_charge lamp which produces repetitive flashes.

Light from either the test unit or the standard
lamp fa'ls on a diffusing glass so that the distribu-
tion of illumination on the photosensitive surface of
the phototube is independent of the distance of the
light source. A small aperture in front of this glass
is used to control the illumination on the phototube.
The light then passes through the luminosity filter
to the phototube. This filter is so designed® that the
spectral response of the phototube-filter-diffusing
glass combination is essentially that of the lumi-
nosity function of the CIE standard observer.!

A type PJ-14B phototube is used because it is
stable, it bas a 1ow dark current, and its relatively
flat spectral response simplifies the design of the
luminosity filter. The correction for the spectral
sensitivity of the phototube by the luminosity filter
is sufficiently accurate for the photometry of any
non-chromatic (“white”) light using an incandes-
cent lamp or a conventional flashtube., The lumi-
nnus sensitivity of the phototube-fllter combination
is sufficiently high so that the photometric distance
may be made as large as necessary.

The output current of the photntube is smootbed
by the resistance.capacitance network so that the
phototube will not be saturated and the d-c elec-
trometer-amplifier will not be overloaded during
the flashes and so that output current will be suffi-
ciently stable to produce a smooth curve on the re.
cording potentiometer. The cutput of the system
ir, of course, proportional to the average photo-
electric current and hence to the average illumina-
tion at the phototube,

The General Radio Type 1230A d-¢ amplifier and
electrometer is operated with its “Ground” switch

“The luminosity fiiter was designed by My. 1. Nimerefl of the Natiens)
Buress of Standards. .
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Figure 1. Block diagram of effective-intensity photometrie system. Components with dotted lines are in place oaly
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de box adjustsble by 0.01-chm steps to 99.99 ohms.

during ealibeation. R,, cslibration-adjusting resi

in the “1” position. With this arrangement, use of
a single capacitor across the input of the instrument
is unsatisfactory because the feedback in the instru-
ment produces low-frequency oscillations (of the
order of 0.1 to 0.5 cps) in the output. A network
of the type shown eliminates these oscillations.
With the “Ground” switch in the “E” position, a
single capacitor across the input may be used. The
time constant of the circuit is then a function of the
capacitance across the input and the input resist-
ance selected by means of the “Input Resistance”
switch of the electrometer-amplifier. The arrange-
ment shown is considered preferable unless very
long time constanta are required, for the time con-
stant is relatively independent of the input resist-
ance selected and may be readily sdjusted by
changing the values of B, and R;. Ordinary carbon
resistors are satisfactory, but capacitors with very
high leakage-resistance are required to obtain sta.
bility of eslibration.

The electrometer-amplifier is designed to operate
an external five-milliampere full-scale meter or re-
corder. However, the recording potentiometer avail-
able had a five-millivolt full-scale range. Load re-
nistor R, is use? to obtain a suitable input signal
for the recording potentiometer from the output
eurrent of the electrometer-amplifier. It also pro-
vides a convenient means of making small adjust-

ments of the over-all sensitivity of the photometric
system. The minimum value used for R, is one ohm
in order that a full-scale reading of the potentiome-
ter may be obtained before the electrometer is over-
loaded.

3. Theory of Operation

The method of obtaining the effective intensity of
s condenser-discharge light flashed at a known rate
from measurements of the average intensity is de-
veloped below.

3.1 Definitions of Terms and Symbols.
The terms and symbols used in this paper are
defined as follows: -
I the instantaneous intensity of the test Jight
during & cycle )
the average intensity of the test light during
& complete flash eycle
I, the effective intensity of the test light
1. the intensity of the standard lamp
T the transmittance of the sector dise
D the distance between the test light and the
diffusing glass of the photometer

d the distance between the standard lamp and
the diffusing glass of the photometer

r the time in seconds required for a complete
flash cycle

~]
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R the recorder reading for the test source
R, the recorder reading during calibration with
the standard lamp and rotating sector disec.

3.2 Basic Relations.

The effective intensity is defined as

&y
/ 1dt
4

02+t~

where ¢, is the time in seconds of the beginning of
the flash and {; is the time of the end of the flash.
An equation of this form was first suggested by
Blondel and Rey but has rarely been used.?

The times #; and ¢; are chosen so that I, is equal
to 7 at these times.* However, if the effective inten-
sity is sufficiently small in comparison to the in-
stantaneous intensity over most of the flash then

1. (1)

1 r
/ Idt may be replaced by / Idt without intro-
¢ )

ducing significant errors. In addition, the flash of
a condenser-discharge light is so short (generally
lesr than 0.001 second) that ?;— ¢, is negligibly
small in comparison to 0.2.

Therefore equation (1) may be rewritten as

1,=5 /o,ldt. (@)
?r
/ldt
_ Je
Bat = 3 3)
b4
Therefore I,=51+. (4)

Note that r, the period of the flash cycle, must be
known, and must be stable, to the same degrez of
accuracy as is desired for the effective intensity.
The tirue constant of the input circuit is suffi-
ciently long so that the recorder indication is nearly
steady and proportional to the average current of
the phototube. During a flash the photoelectrie cur-

Combining equations (4) and (3).
I, 5+D?

R k

For ease in interpretation of the recorder charts,
the ratio I,/R is made the product of either an
interer, or the reciprocal of an integer, and an
appropriate power of ten by adjusting the parame-
ters of the circuit to obtain the proper value of k.
The recorder chart can then be graduated in a con-
venient number of effective candles per chart divi-
sion.

3.3 Calibration.,

The calibration of the photometric system to ob-
tain the proper value of & is accomplished by means
6\5 a standard lamp.

(€)

‘ kI, T
Since BR,=—, (7)
. a2
R LT
then R =5+D% w0 (8)
I, &

A value of 1,/R is chosen and the parameters of
the photometric system are adjusted to obtain the
desired R,. The aperture of the photometer is kept
sufficiently small so that the phototube will not be
saturated during a flash. The electrometer-amplifier
is generally operated on the 100- or 300-millivolt
range using an input resistance of 107 or 10* ohms.
The maximum output of the instrument is kept
near, but below, the design maximum. Final ad-
justment of the calibration is obtained by adjusting
the value of the Resistor, B., across the amplifier
output until the vcltage drop across this resistor
drives the recorder to the desired reading, R,.

3.4 Performance Tesls.

The photometric system was calibrated by means
of a standard lamp one meter from the photometer
and two 2-aperture sector discs having transmit-

e

.

Py

18

. =
- '™



DFICTVE TENSTY  BLOCANOLE 'S

ML FROw  AXrS  DEGATEY

Figure 2. Typical horizontal and vertical intensity

tributi d ieally with the effective-intensity

photometer of a projector with a flash rate of two per
seecond.

the intensity distributions of 8 number of projec-
tors which use condenser-discharge lamps. The
light under test was mounted on a goniometer to
permit rotation about a fixed horizontal axis per-
pendicular to the photometric axis and about a
secondary axis perpendicular to the first and
initially vertical. These angles are referred to as
“vertical” and “horizontal” respectively. Traverses
were taken by driving the goniometer and the re-
corder-chart drives with synchronous motors, thus
recording the intensity of the light as a funetion of
the angle from the axis of the light. The speed of
the goniometer drive was 7.5 degrees per minute.
This speed was sufficiently slow so that the photo-
metric system could follow the changes in intensity
even with the long time cunsiant introduced by the
smoothing netwoe=k in the input circuit to the d-¢
amplifler.

Examples ol these measurements are shown in
Figs. 2 aud 3, As shown in Fig. 2, when the flash
rate is two per second, the time constant of the
photometric system is sufficient to smooth the
curves 50 that the effect of the individual flashes is
not shown. However, as shown by Fig. 3, when the
flash rate is one per second, the effect of the indi-
vidual flashes is visible. This effect could have
easily been reduced by lengthening the time con-
stant of the system by increasing the value of R,
and K.. However, the time constant would then
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have been so long that the scan rate of the goniome-
ter would have had to be considerably slower than
the 7.5 degrees per minute rate used when these
figures were recorded.

4. Discussion

The photoineter system described here is, of
course, not limited to the photometry of condenser-
discharge lights only, but is applicable to any light
having a flash duratior. of less than about one milli-
second (between the times when the intensity is
about 5 per cent of peak intensity). The effective
intensity distributions of lights with flash durations
somewhat longer than one millisecond (up to about
0.01 second) can often be recorded automatically
with this system if a suitable correction factor is
included in the calibration. This factor is the ratio
of the effective intensity computed by equation (1)
to that computed by equation (2).

The components used in the system described
here can, of course, be replaced with components
having similar characteristics. Those listed ig Fig.
1 were used because they were readily available.
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Effective Intensity of\Fﬁl\a‘shing Lights

Fmsm.\'n lights are in widespread use as
signals, markers and warnings because of their
distinetiveness and their superiority over steady
burning lizhts in attracting attention, Complete
evaluation.of flashing lights or lighting systems
employing flashing lights usually requires the

weighing of many factors such as configuration, -

background, information to be presented, ete., and
may involve romplex, clusive, psychological ele-
nts. In most applications of flashing lights to
a, air havigation or traffic control, one of
the fundamgntal eonsiderations is the apparent or
“effective” intdmsjty of the hghts, This has been
the subject of consitagable research for over a cen-
tury, especially since 19Thwhen the classical work
of Blondel and Rey was pubfivhed. It is the pur-
. pose of this paper to review existi \stehuphysi-
eal knowlede in the field essential 1o The design
and cevaluation of flushing light s, -

The evaluation of the offcetive intensity of a .

flashing light is relatively casy under some condi-
tions and very difficult nnder others. If the flash-
ing light is viewed under conditions such that the
illuminance at the observer's eye is at or very near
his visual threshold .then the problem is relatively
simple. For threshold viewing, Blondel and Rey
defined the effective intensity of a flashing light as
the intensity of a steady light which is seen at
thresnold under the same conditions. The exprri-
mental techniques for ascertaining the threshold
for a steady light may be used to determine the
equivalent threshold for a fleshing licht. If, how-
ever, the flarhing light is viewed under conditions
in which the illuminance at the eye is above thresh-
old, and especially if it is far above threshold, it is
difficult if not impossible to exclude from any judg-
ment as to effective intensity psychological ele-
ments which are not present at low levels. Ob-
servers find it difficult to distinguish between the
judgments “equally intense” and “equally irritat-
ing.” In spite of this difficulty, the concept of
effective intensity has heen extended to above-
threshold viewing, and has heen found useful at
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least at relatively low fevels, that is, up to about
twenty times threshold. The experimental tech-
nique for above-threshold measurements of effective
intensity involves the comparison of u flashing and
a steady-burning light, one of which is varied in
intensity until the observer reports apparentiy
equal inteasity. Such judements are difficult to
make, requiring as they do the equating of pro-
foundly dissimilar appearances. The reawits of
above-threshold measurements indicate that the
effective intensity of a flashing light variss with the
level of illuminance at the eye, and ix thus funda-
mentally different from the intensity of a steady-
burning source, which is a fixed property of a light
souree, essentially independent of the viewing con-
dition. The concept of “effective iitensity” may be
useful only at the lower levels of illuminance at the
eye where the fundamental ahility to see is of great
importanee, so that the difficulty of making inten-
sity judgments at higher levels mnay not have prac.
tieal implications. Inm suy_event any measure of
effective intensity of flashing lights st he related
tn the viewing cdnditions, and the use of the cofis
coept should Le avoided at high levels of illumi.
nance, )

Classical Work of Blondel and Rey

The experimental work reported by Blondel and
Rey in 1911! consisted of a series of dcterminations
of threshold illuminance with the ohservers viewing
a centrally fixated point sourve of incandescent.
lamp light which was flashed with a shotter at con.
trolled durations from 0.001 to 3 seconds. The
wave form of the flash was approximately square;
that is, the light appeared at full intensity at the
onset of the flash, remained at full intensity for the
duration of the flash and then fell ahruptly to zero
at the end of the flash. For each flash duration,
the intensity of the light was varied to establish
the threshold. The results of the experiments are
shown in Fiy. 1.

The ordinatc of a point is the ratio of the energy
of a threshold test flash to the cnergy of & three.
second threshold flash, expressed as Et/3E,, where
E i« the instantaneone illuminance at the eye dnr.
ing the test flash and E, i« the instantaneous illu-
minance at the eye during the three-second flash,
A three-second flash was chosen for comparison
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Figure 1. Ratio of test flash energy requtired for thresh.

old exeitation 1o energy of a threshold flash of 3 seconds

durstion as ¢ function of test flash duration. (Blondel
and Rey).

sizea,® with observerw in «ifferent ntates of dark
adaptation,” with observations made in peripheral
arcas of the retina,®* ' and with «ifferent colors®
Resrarch work on the reintion betwern effective in-
tensity and T wiive-orm T 1o Bk extremely
short durationk; she_Jevel of illuminance at the oh-
server's eye, and flash repotition rate will be ‘dis-
cussed in detail later..In addition to the investiga-

tions-which-have beafmare.ur less dircetly con-

neeted with effective intensity, there have been a
number of studies of more complex visual problems
connected with flashing licht sienals in which offee-
tive intensity played an important part.!:1” Such
studies have yiclded results consonant with the
Blondel-Rey eqnation.

T ———————— 1 ...

Analysis of the Blondel-Rey Equation

The Blondel-Re¥~-cquation has been found to
have such widespread applicability that it might

with the test flash as representing a duration suffi- - its specialized aspects. Its simplest general expres-

ciently long that the effective intensity would be
clogely equal to the intensity of the same lamp
burning steadily. The abscissas are the durations
of the flashes. Blondel and Rey found that a
siraight line could be fitted very well to the experi.
mental points plotted on the graph, and that the
eyuation of this line could be expressed in the
form:
E, t
T L. B 214t

where F, is the threshold illuminance for a steady
source and E is the illuminance during the time ¢
of a flashing light at threshold. If it is kept in
mind that the equation applies to threshold illumi.

_nance under a gixen set of viewing conditions.then

intersity may be used interchangeably with illumi-
nance :

Fy 1. ¢

E I 214t
and one may refer to the cffective intensity as a
property of the flashing light.
The Blondel-Rey equation has been investigated
extensively since 1911 by Blondel and Rey them.-

selves,? and hy many othersd %3 (The references -.

cited above and in what follows are not intended to
be complete but are selected as illustrative, or as of
specisl importance. Work done prior to 1911 was
summarized by Blondel and Rey,! and many addi-
tiona} references will bé found in the other refer.
enres given in this paper.) The validity of the
equation has heon generally well established, not
only under the special conditions studied by Dlon.
derl and Rev, hnt also with sources of different

sion (for flashes of square wave form) is

I, t
— (1)
1 g+t

where I, is the effective intensity, T is the instan-
taneous intensity during the flash, ¢ is the duration
of the flash in seconds, and a is a constant. The
value of a found by Blondel and Rey, 0.21, has been
confirmed by subsequent work, althourh the jn-
herent imprecision of experimental work in this
ficld makes it desirable to round the eonstant to
0.2. As will be shown Jater, the constant a appears
to decrease as the level of illuminance at the eye
increases, with the value of 0.2 representing ite
maximum value at threshold illuminance.

.. For. purpnees of analysx, methods of flashing
lights may bs divided into two categories, In the
first, the light is burned steadily, and flashing is
obtained by occulting the light with a shutter or
similar device so as to conceal the light from the
observer except during the flash interval. In this
method, the light from the source is not visible dur-
ing the dark intervals and the luminous energy
emitted during the dark interval, as well as the cor.
responding cleetricai or other form of energy which
produces it, may be considered “wasted.”. In the
second ca.egory, the light source in energized only
during the “on” interval, as when flashcs are pro.
duced with an cleetrieal switch, nr by divcharging
the electrieal energy stored in a condenser into an

electronic finsh lamp. Flashes produced by these

methods do not involve “wasted” encrgy although
the efficiency of ntilization of energy may vary
with the type of light source and the method of
producing the flash. Flashes produced by oscillat.
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Ing or rotating steady burning light are considered
to belong in this second category, since the light
energy is fully utilized when, as is usually the case,
all the directions swept by the beam are of impor-
tance

Fig. 2 gives curves of the Blondel-Rey equation
for flashing lights of the first category, where a
steadv burning light of intensity I is exposed for a
time ¢, yiclding an cfcctive intensity X, The cffee.
tive intensity for extremely short flash durations
approaches gero, increases rapidly as duration in-
creases, and finally approaches the steady intensity
I asymptotically as durations bécome relatively
long. Acvording to the mathematics of the equa-
tion, it would take an infinitely long duration to
achieve {1l equality of I, and I, but for practical
purposes the two are equal when the duration is of
the order of two or more seconds, depending some-
what on illuminance level. The relation between
illuminance level, as represented by a correspond-
ing value of g, and effective intensity, is shown in
the figure. For example, for a duration of 0.2
seconds, I, is about 50 per cent of I at threshold
when a = 0.2, but about 90 per cent of I when the
illuminance is such that ¢ = 0.02. Thus, if a given
flash of light appears equal in intensity to a given
steady burning light when both appear to be at
threshold, then the flashing light will appear more
intense than the steady light when the conditions
of observation are such that they both appear to be
well above threshold. This effect may explain a
number of apparently anomalous fleld obeervations

o j S i L L b L 1

° K 4 s I 0 X A
FLASH DURATION, t, SECONOS

Figure 3. Effoctive intensity ratio, 1,/1, as a funetion of

flash durstion, according to the Blondel-Rey equatiom

(oqustion 1), for the case where s steady barning light

of intensity ] s exposed for a time, 1. Carves ave shovn

for threshold illuminance when & = 0.8, and for above-

threshold llaminances whea @ has the values 0.1, 0.05,
and 0.02,

wl T { (‘F'WN
1 L 1 L

D00 000 o F] )
FLASM DURATION, f, SECONDS

Figure 3. Effective intemsity, I, as a function of flash

duration, ¢, (or flashes of equal energy, st « = 0.2

(threshold illuminance), 0.1, and 0.05, plotted from
equation 3, with k arbitrarily chosen as equal to 5.

-

wherein comparisons between flashing and steady
lights or between flashing lights of very different
flash durations do not give the same results when
the comparisons are made close to the lights and
illuminances are high as they do at considerable
distances where the illaminances are very low.

For flashing lights of the second category, where
there it no “waste” energy, a more meaningful
presentation of the Blondel-Rey equation is shcwn
in Fig. 3. In these curves the effective intensity for
flashes of eq 'al luminous energy is plotted against
flash duration. ’

To obtain the curves of Fig. 3, the numerator of
the right side of the Blondel-Rey equation, written
in the form:

It

a+t
is kept constant by varying I and ¢ inversely with
respect to each other so that
k
I,= s (3)
s+t
and plotting I, against ¢, I, becomes zero if ¢ is
increased sufficiently. As ¥ is decreased, I, in-
creases, and finally, when ¢ becomes very small
compared to a, I, levels off to a value given by:

(2)

I,=

1t
'.,. =
]
At threshold, when a = 0.2,
I,=5(1t).

As in the case of shutter flashing in the first
category, the relative effectiveness of an above-
threshold flash is greater than it is at threshold.
For example when a = 0.05,

I,=20(It).
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Figure 4. Flash energy (plotied as It) required to pro-

duce a given effective intensity, as s function of flash

duration, at @ = 0.2 (threshold illuminance), 0.05 and
0.01.

It will be noted that as a is decreased, the dura.
tion time ¢ at which the carves level off is de-
creased, but in every case, leveling off occurs, and
further reduction of the time of the flash produces
no further increase in I, for flashes of constant
energy. Thus for extremely short flashes, such as
those obtained with electronic Sash tubes (“strobe”
lights), I is reciprocally related to ¢ for a given I,
according to the Blondel-Rey equation in & manner
analogous to the equations used for determining
photographic exposure,

The curves of Fig. 3 show the relationship be-
tween luminous energy in the flash and flash dura.
tion. A variation of this form of presentation, used
by many research workers,1%.1! iz shown in Fig. 4.
In this figure, the luminous energy (plotted as It)
necessary to produce a given effective intensity is
plotted against flash ddration. When the Blondel-
Rey equation is plotted in this way, two distinet
parts of the curves are clearly indicated. The por-
tion at the left, for very short flash durations,
shows the reciprocal relation between I and ¢, as
does Fig. 3, where

I't = constant.
The part at the right indicates that for long dura.
tions

1= constant,
Between these two regions the cufve blends smooth.
ly from one limiting relati the other, The two
limiting relations are ted as straight lines and
their intersections _sfown in the fignre by dashed
lines, define the “critical duration” or the duration
marking the boundary time between the two rela-
tions. It may be noted that the critical duration
at threshold is about 0.1 second. Fig. 4 may be
compared with Fig. 1, from Blondel and Rey, which
in similarly plotted except that the scales of Fig. 1

are linear rather than logarithmie, The logarithmie
form of Fig. 4 shows clearly the two parts of the
curve,

For a clear understanding of the significance of
the curves of Fig. 4, and particularly to clarify the
relationship of the curves for different values of a,
it may be helpful to describe an experimental pro-
cedure for obtaining them. With observers sta-
tioned at some arbitrary distance from the light
source, the intensity of the flash at very long dura-
tion is adjusted until the flashes appear to be at
threshold. The curve for 4 = 0.2 is then obtained
by reducing the flash duration by set amounts and
determining the relstive energy required to main.
tain the light at threshold. When that is done the
light is readjusted to the intensity and duration

prevailing at the B’eginning of the experiment and

the observers are stationed at a point closer to the
light by an amount sufficieat to raise the illumi-
nance to & level above threshold corresponding in
this case to a6 = 0.05. A curve for ¢ = 0.05 is then
obtained as before (except that a comparison tech.
nique must be used instead of threshold ebserva.
tions) and this procedure is repeated for any addi-
tional values of o desired.

Integral Form of the Blondel-Rey Equstion

Shortly after the publication of their elassic
paper on abrupt flashes, Blondel and Rey took up
the question of flashes having time distributions
other than square. On purely intuitive grounds
they proposed the following modification of their
original equation for effective intensity

Y
[ Id¢
"

. 4)
-21 + (tg"‘h)

In this equation the numerator of the right side
represents the light energy contained in the flash
between the time limits of integration, #;, and f,.
For the case where the flash is abrupt (square in
shape) this reduces to the original equation

I(ts~1y) It

= = s

214 (ty~—1;) 2148
The difficulty with the integral equation proposed
by Blondel and Rey is that there is an ambiguity
about the choice of the time limits, t, and f5. Blon.
del and Rey recognized this diffienlty and eould
offer 1o rigorous solution for it. They did, however,
suggest that ¢, and 5 should be chosen as the times
when I was equal to the thresh:1d value of I for

the case of steady illuminatios.

Recently Douglas® has proposed that the am-

l,=

*Se¢ Pant 11, yaper by C. A, Deuglan.
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biguity in the selection of time limits in the inte-
gral form of the Blondel-Rey equation be resolved
by sclection of the limits so as to maximize [,
When the limits of integration are so chosen, it
tarns out that the mstauntancous value of intensit)
at these time limits is the steady light threshold
intensity, exactly as proposed by Blondel and Rey
in 1911, Douglas fnrther shows that in general, for
any value of a, the maximum value of I, is obtained
when the limits of interration are those values of ¢
at which the instantaneous value of I is equal to 7,.

Oddly, although most practical flashing light
sources do not produce abrupt flashes, Blondel and
Rey’s proposal of the integral form of their equa-
tivn has been generally ignored since 1911. Stiles,
Bennett, and Green* took note of the proposal in
1937, but commented that there had been little or
no experimental verification of it. Blondel and
Rey? themselves, in 1916, made some measurements
of effective intensity on rotating beacons with
abrupt square form flashes, and with non-abrupt
flashes of both long and short duration. The condi-
tions of their experimental work were such as to
give imprecise results, but within the error of their
meastirements, they confirmed the original equation
and the integral form of it. As Douglas has shown,
the uncertainty in the computation of I. resulting
from the uncertainty in the choice of the linits of
integrationl is not very large, especially for flashes
of relatively short duration, so that experimental
verification of the validity of the method of maxi-
mization of I, i very difficult to obtain. The un-
certainty of Blondel and Rey’s measurements was
so great that the choice of limits of integration had
no significant effect on their results.

Neeland, Laufer, and Schaub,’ in 1938, reported
the results of a series of n easurements of effective
intensity of rotating beacons, with both square and
non-square flash characteristics. They used the
results of their measurements to compute the value
of a in the Blondel-Rey equation, but fitted both
the square and non-square flashes to equation (2).
For the non-square flashes they took [ as the peak
of the candlepower-time distribution and f as the
interval between those puints on the distribution
where the instuntaneons intensity wae 10 per cent
of the peak iutensity. They thus attributed much
more energy to the flash than wae actually there.
The values of a they obtainet o= <augre-Torn
flashes conformed fairly well with those obtainey
by others. but the values of a for the nun-square
flashes were sizmiicantly higher. 1f, however, their
results are computed from the inteeral form of.the
equation, then the values of a are in approximate
agreement with those obtained by others.

V2]

-

2 -

g ! /

4,

=

=

“" K )

(&)

-4

-4 .

Z 3

2 \ X
° 1 N 3 . y - -
0 0 20 h ] 4 30 [ ]

TIME, MILLISECONDS

Figure 3. Carves showing four of the seven wave formn
used by Long in determining the relation between wave
form of a flash and effective intemsity. The wave forms
are so devigned as 1o provide equal total flash ewergles.

In 1951, Long!? reported an investigation of the
relation between the wave form of the flash and the
effective intensity. He used seven wave forms
ranging from a square wave to a triangular wave.
Fig. 5 shows four of the seven wave forms. The
other three were intermediate in shape. The wave
forms were so designed as to contain the same light
energy per flash. The viewing condition was 13
degrees peripheral and the light source subtended
a visual angle of 2 minutes. Long did not use the
integral form of the Blondel-Rey equation nor did
he concern himsell with the choice of the limits of
integration. He computed the total energy under
the curve for each wave shape. Long felt that he
was well within the range of reciprocity since his
flash duratious were quite short, and therefore
looked only for the relation between the total
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Figure 6. Flash energy required for threshold exeitation

for flashes of seven wave forme (four of them shown in

Fig. 5) by two observers. The seven wave forms are

distingniched by the time required for the intensity to
ries to s maximum. (Long).
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enerey in the flash and the effective intensity, 1lis
results are shown in Fig, ¢ (Long identified the
different wave shapes by the time it took for the
luminanens to rise to a maximum.) It will be noted
that the constancy of the energy required for
theeshold excitation with the different wave shapes
was rather rewmarkable, in view of the experimontal
erroex nsually found in work of this kiud.

Jt ix of interest to consider Long's work from the
pvint of view of Douglas’ proposed method for
computing I.. For the case of the square furm
flach or the nearly square trapezoidal flashes, there
is a negligibly amall difference between I, com-
puted from the total encrgy and I, maximized by
Donglas’ method. Jlowever, as the wave form be-
comes more nearly triangular, a larger differerice
may be expected. The computed difference for the
triangular wave turns out to be about 10 per cent;
that is, althongh the aquare form flash and the
triangular form flash have equal total energy, I,
for the triangular flash is 10 per cent less than I,
for the square fiash when both are computed from
the integral form of the Blondel.-Rey equation by
Douglas’ method of maximization. Ilowever, this
difference amonnts to only about 0.05 log unit on
the ordinate scale of Fig. 6 and it is evident there-
fore that Long's resuits are not greatly affected by
the change in the method of computing I,.

Extiremely Short Flashes

An shown above, the relation between intensity
and duration is reeiprocal, according to the Blon-
del.Rey equation, for flashes with durations appre-
ciably shorter than the “critical duration.” It has
been suggested, especially since the introduction of
eleetronic flash lamps with flash durations of the
order of fractions of a millixecond, that the re-
eiproeity relationship does not hold for extremely
short flashes, and that such flashes have higher
effective intensity than that which would be pre-
dicted from the Blondel-Rey equation, On the
other hand, some early research workers obtained
results that supgested a failure of reciproeity in
the other direction for short flashes, that is, the
effective intensity was less than I, computed from
the Blondel-Ray equation. Reeves® for cxample, in
1918, found that it took about half again more
eneryy in a flash at & duration of two milliseconds
than in a flash of 10 milliseconds duration to obtain
threshald illuminance, Piéron-* in 1920, found a
similar reciprocity failure, althourh his results
were lesx consistent, Stiles, Lennett, and Green,*
in 1937, expressed doubt ax to the validity of the
infeeence of peciprocity deawn by Picrén and
Revves from theie datn, I appenrs likely, In view

of the absence of any reciprwity failure in the
results obtained jn other work, most of it earried
out with considerably juore care, that the experi-
mental error in the work of P'iéron and Reeves wan
suffieiently great that an inferenece of reviprocity
could have heen drawn as validly as one of failure
of reciprocity. Their pupers furnished only sparse
information as to experimental techniques, but it is
likely for example that there may have been sub-
stantial crrors in their measuremnents of the dura-
tiviis vl ¢nergies of short jlashes. Baumgardt? in
1949, measured cffective intensity in the duration
range from four niicrosecouds to one millisccond
and found reciprocity throughout this range. llis
results are shown in Fig. 7.

The weight of the evidence for reciprocity is
sufficiently great as to offer no support for the
cxistence of a failure of reciprocity in either diree.
tion with any light sonrces now in use,

Above Threshold IMuminances

Blondel and Rey observed during the course of
their work on threshold measurements that a short
duration flash that appeared equal in intensity to a
long duration flash at threshold, appeared notice
sbly more intense than the long flash when the
flluminance at the eye was well above threshold.
They did not, however, pursue the question raised
by this obsegvation. Toulmin-Smith and Green,'?
in 1933, reported the results of a series of experi-
ments with dark-adapted observers in which eve
illuminances .were varied from 0.2 mile-candle
(slightly above threshold) to 4.0 mile-candles. In
connection with signal lights used in navigation,
the concept of “ugeful” threshold had been devel.
oped, as & measure of the lower limit of illuminance
at which, nnder practical eonditions, reliable recog-
nition of the existence of light signals might be
expected. It is generally agreed that this is in the
neighborhood of 0.5 mile-eandle, although under
the variable conditions vo often found in practice,
wide departurcs from this value may be found,
{Toulmin-Smith and Green used the rather over.
precise value of 0.425 mile-candle as the “nseful”
threshold.) Their range of illuminances was there.
fore from abont 14 to about 10 times the “nseful”
threshold, and bracketed fairly well the range of
illuminances in which signal- sightings usually
ocenr. The flash durations were from 0.05 to 0.5
scconds. Fig. 8 shows the data obtained at an
illuminance of 0.5 mile-eandle and indicates the
spread of the individual observations. Fig. 9 shows
the family of enrves obtnined at the five illumi.
nance levelx tested, The Blondel-Rey eyuation for
threshold iNluminance ix plotted in the figure and
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Figure 7. Flash energy required for threshold excitation

12° from the fovea as a funciion of flash durstion, 5

for values of & between 4 microseconds and 1 milli-
ssoond, Dets for (eur eheervers, (Baumgardt)

shows very close correspondence to the experimen-
tal curve at 0.2 mile-candle. Toulmin-Smith and
Green tried to determine an equation of close fit to
their data for the “‘uscful” threshold at 0.425 mile-
candle (obtained by interpolation from their ex-
perimental results) as shown in Fig. 10, in which
are plotted the Blondel-Rey equation, interpolated
test data for 0.425 mile-candle, and the fitted curve
for the equation
1, ¢

—_—=11

1 A5+t

Hampton!* in 1934 objected to the Toulmin.
Smith and Green equation becausc of the coefficient
1.1, asserting that an adequate fit to all of their
data could be obtained by an equation in the Blon-
del-Rey form with the constant, o, treated as a
funetion of the illuminance level. On this assump-
tion, he plotted Toulmin-Bmith and Green's data as

(5

1\

N

2

EFFECTIVE INTENSITY RATIO

[ ] J 2 3 A ] K
FLASH DURATION, t, SECONDS

Figure 8. Effective flash intensnity relative 1o fixed in-

tensity, e a fumetion of fiash duration, t, for esch of

two ohesrvers, st an lluminance of 0.5 mileeandle.
(Toulmin-Smith and Green).
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FLASH OURATION, t, SECONDS

Figure 9. Elmlv; flash intensity rolative to fixed intene

sity, as 8 function of fRash durstion, ¢, at illuminances

E = 0.2, 0.5 (data shewn in Fig. 8), 1, 2, and 4 mile;

candles. The dashed eurve is the Blondel-Rey equation

(oquation 1) for threshold illaminance (Towlmin-Smith
snd Green).

shown in Fig. 11, and from this obtained the equa-
tion,
I t
P (6)
1 (.0255/K)8 +1¢
where E, the illuminance at the observer, is given
in mile-candles. In this equation, o has the follow-
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Figure 10. Cu.ve fitted 1o test data st 0.425 mile-candle

(“useful” thrushold) by Toulmin-Smith and Green. The

dacshed curve is the test data, ebtained by interpolation

feom the data represented by the curves of Fig. 9. The

solld curve is the fitted equation (equation §). The

lower dotted curve is the Blondel-Rey oquation (oque-
tiom 1) for threshold illuminance.

ing values at the illuminance levels used in the
original experiments:

Hivninenes,
Mile-Candles e
K ] A
F ] 09
1.0 08
2.0 03
40 017

Hampton then replotted the original curves, using
his equation, and obtained the curves of Fig. 12,
not significantly different from those of Toulmin-
Smith and Green (Pig. 9).

In Fig. 13, Hampton compared his equation
{equation 6), Toulmin-Smith and Green’s formula
(equation 5), and the experimental data for 0.425
mile-candle. None of the differences is significant,
in view of the experimental errors inherent in this
type of measurement.

Apart Irom the work of Toulmin-8mith and
Green, there appears to have been no systematic
effort to ascertain the relationship between effective
intensity and illuminances above threshold. Some
qualitative obeervations and occasional rough
measurementa® %17 have shown that effective inten-
sity is relatively greater above threshold than at
threshold, but have not confirmed with any pre-
cision the values of a calculated by Hampton from
the data of ToulminB8mith and Green. On the
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Figure 11. Relation between the value of ¢ and the

Hluminaree, plotted by Hampilon on the sssumption

that the Toulmin-Smith and Green data could be repre-
semted by the BlosdelRey equaiion (equation 1).

other hand, Schuil,’® in the course of some work in
which the value of o was incidental, noted that he
did not confirm the Toulmin-Smith and Green
value of a at an illuminance of 2.0 mile-candles al-
though he did confirm it at 0.5 mile-candle. He did
not give any details nor did he mention the extent
of the disagreement. In the abeence of any defini-
tive work calling for a modification, it appears that

' L4
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FLASH DURATION, t, SECONDS

Figure 12, BRepresentation of Toubuin-Smith snd Greea

date (Fig. 9) ‘as recnst by Hampion in the form of the

Dlondel-Rey equation, with the valus of a empirically
detormined from the data (equation 6).
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Hampton's equatisn (equation §) should be wsed in
caleulating effective intensity for above-threshold
illuminances in the range covered by the observa-
tions of Toulmin-Smith and Green.

Repeated Fiashes

The foregoing diseussion of light flashes has con-
sidered a light flash as an isolated event in time,
and the effective intensity of such isolated flashes is
well deseribed by the Blondel-Rey law. I flashes
occur in more or less rapid suecession, interaction
effects may occur and it is of interest to know what
these cffects are. Many flashing signaly used in
practice do involve repetitive flashing wignals, for
example, a.reraft “anti-collision” lights, traffic ob-
struction markers, lighthouse beacons, etc., so that
the question is of some importance. For flashes
above the critical flicker frequency, that is, at a
repetition rate great cnough so that the observer is
unaware of the discontinuous character of the sig-
nal, Talbot’s law holds, and the apparent intensity
is equal to the average intensity. Under such con-
ditions, it is immaterial how the luminous energy i3
distributed in time: two light sources with distri-
butions whose time averages of intensity are equal
will appear equally intense. Schuil'® investigated
this problem for flashes of !/, and 1/,4 sceond
duration, and with repetition rates from one per
second up to frequencies well above the limit of
noticeable flicker. In-his experimental procedure
he kept the flash duration constant (at either /4y
or '/, second) and varied the duration of the dark
interval between flashes. Thus the energy per flash
was constant but the time average of the intensity
increased as the dark interval decreased. Schuil’s
results, for an instantaneous illuminance during
the flashes of 0.5 mile-candle, are shown in Fig. 14.
Three regions, indicated in the figure for curve 2,
the experimental results for a flash of !/, sccond
duration, may be distinguished. In the first, A, at
the left, the light appears steady, and Talbot’s law
(curve 4 for the /4 second flash) holds. This
region begina at the point where the dark interval
is zero and the total period of the flash and its
duration are equal, the light therefore being physi-
cally continunous. The region ends at about .075
second when the repetition rate is about 13 flashes
per second and the light-dark ratio is about 1:3.
The effcctive intensity is then about one-third of
the instantaneous intensity during the flash in ac-
cordance with Talbot's lJaw. As the dark interval-is
increased further and the repetition rate corre.
spondingly decreased (B), flicker is obaerved until
the period is about 0.2 second long, corresponding
t0 a repetition rate of five flashes per second. Be-
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Figure 13. Comparison of Toulmin-Smith sad Green
equation, Hampion equation, and data, at illaminance
of 0.425 mil dle. (Hampton)

yond this point (C) the flashes are observed as
more or less distinctly separate, and the effective
intensity levels off to a value equal to that called
for Ly the Blondel-Rey cquation, with the valne
for a computed by 1lampton from the data of Toul-
min-Smith and Green. The data show a smooth
transition from the region at the left where Tal.
bot’s law holds to the region at the right where the
effective intensity of the flashes is equal to that of
isolated flashes in accordance with the Blondel-Rey
Jaw. Schuil observed, however, as noted previously,
that while the gencral relationship between cffce-
tive intensity and repetition rate which he obtained
at 2.0 mile-candles was similar to that -obtained at
0.5 mile-candle, the effective intensities for the
limiting frequencies at the right differed fromn
those of Toulmin-Smith and Green.

Although Schuil’'s work shows a smooth transi.
tion from the region of Tulbot’s law to the region
of the Blondel-Rey law, some other work suguests
that at certain middie frequencies in the flickering
range, the effective intensity is actually greater if a
steady burning light is occulted than if it ix viewed
constantly. Dartley'® found for example that at a
repetition rate of about 8 or 9 flashes per sccond, a
flashing field of view was matched in apparent
brightness with a similar steady ficld when the
luminance of the flashing fleld was only about 60
per cent of the luminance of the steady ficld. This
result was obtained with a steady field luminance
of about 300 footlamberts and a light-dark ratio
for the flashing field of 1:1. Bartley did not give
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EFFECTIVE Figure 13, Efective intensity of Nash
INT

NSITY, relative 1 fined intensity, for repeated
PERCENT . fashes, as s funetion »f the period of
100 the fAarh cycle, with the flash duration

kept constant and the eclipse time
varied 10 ohtain different repetition
80 N rates, (Schuil),
NN Curve 1, experimental curve for 1/10

0 \\ P second flash.

\ Carve 2, experimenial curve for 1/40
second flash,
40 v Curve 3, Talbot's law for 1/10 second
ad . flach,
\_f B o 7 Curve 4, Talbot's law for 1/40 serond
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flashes are scem as separste and dis-
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sny data as to the size of the flelds viewed, but it is  establish valid relationships or to confirm relation-
presumed thst the fields had some extent since he  ships at present only poorly supported.

dealt with them in terms of luminance rather than For point sources of non-chromatic light, foveally
intensity. Bartley gave data only for the results  viewed at threshold with the dark-adapted eye,
otbeined with the 300-footlambert steady fleld, but  Biondel and Rey’s value of about 0.2 for the con-
noted that he obtained essentially similar results  yiant, g, seems fairly well established, although
with steady fleld luminances fm about 14 t0  gomewhat higher and lower values have becn re-
sbout 1200 footlamberts. It will be noted that o103 ranging from about 0.15 to 0.25. The in-
Bartley's minimum luminance was very far above  }oreny 100k of precision of measurements in this
threshold: 500 times threshold even for a light- g4 Joo0esty that the value of 0.2 be used in all

adapted obeerver. Schuil, on the other hand, com . . ,
g . putations as representative of the values most
worked close to threshold, The author kas carried often found. Observations of flashing lights not

out rough measurements which confirm the smooth falli U
I ; . . ling within the narrow confines set forth above,
tion found by Schuil in the low illum “®  for example, lights that are chromatic, or with some

region. It a s Jikely that at illuminance levels A . .
where ths e,z::pt :;feeyﬂective intensity is useful extent, or viewed peripherally, seem to be subject
to more or less the same relationship as long as

repetitive flashes that appear separate and distinet oft . X Ly
3 ective intensity js-defined in terms of the same
from oach other may be treated in aceo ce with source ‘burued steadily and viewed under the same

the Blondel-Rey law. conditions.
Couneluslons The general effect of raising the illuminance at
the eye above threshold or of providing a light
‘n:h;::’i:q::i:nm proposed in 1911, the Blondel background against which the lights are viewed is
/ ™ to lower the value of 4 in the Blondel-Rey equation.
/ Idt For the case of above-threshold viewing of flashing
,.._g_:'____ lights against a dark background, values of a re-
o+ (ts—1,) lated to illuminance at the eye have becn estab-

defining the, effective intensity of a flashing light  lished, but considerably more work could he done
in terms of the duration of the flash snd the jnstan.  in this area to put these values on a firmer founda-
tanesus intensity during the flash bas become well  tion. Because of the eritical dependence of the
established. A considerable body of research has threshold illuminance on the conditions of observa-
verified the general validity of the equation over a  tion, it may be profitable in research work to relate
Iarge range of observing conditions. There are  the results to the steady light threshold for the
Devertheless many areas where the precise applica-  same conditions of obeervation.

tion of the equation is in some doubt and where Finally it seema clear that the concept of effee-
eonsiderably more work is called for in order to  tive intensity should be limited in application to
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low levels of illuminance, with the illuminance here
considered as @ multiple of the marginal amount
of illuminance necessary to distinguish a flashing
light from its background.
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Computation of the Effective Intensity

Of Flashing Lights

By CHARLES A. DOUCLAS

11 1 OFNERALLY recognized that when a
light gigna! cuc riste of separate flashes, the instan-
taneous inte.sity during the flashes must b greater
than the intensity of a steady light in order to
obtain threshuld virihility. Blondel and Rey!
found that the threshold itiu:ainance for an abrupt
flash (a flash producing s relatively constant illu-
minance throughout its duration) is

E= i (a+t)/t, (1)
where K, is the threshoid illuminance for a steady
light, ¢ is the flash dr.~iion, and a is a constant.
They found that ¢ wus 3l to 0.21 when ¢ is in
seconds,

It is convenient to avsiuxte dashing lights in
terms of their effective in..nsitly, /,, that is, the in-
tensity of a fixed light n3ick will appear equally
bright. Then

I,=12,/F
where I is the instantuneous intsusity producing
the illaminance, £, -
; It ,
Iy = e, (2)
a+t

Later Toulmin-Smith snd Green® found that
somewhat different efective intensities were ob-
tained when the illuminarse at the aye was above
threshold. However, Humpton® ahowed that their
experimental results could be sdeguately expremed
by equation (2) when a is 2 }:uition of the illami.
nance at the eye,

The flash from most tight: amd in aviation serv-
ice, such as airway beacons an anti-collision lights,
s not abrupt. The instanisneous intensity often
rises and falls gradually sud may vary appreciably
during the flash. If the flash duration is very short
or if the times of rise and fail of intensity are short
in comparison to the fiash duration, only small un.
certainties would be intrcdaced in the determins-
tion of flash durstion and oy the use of the product

A peper premested 84 the “atima! Techaleal Conferense of the
I%aminsting Baginceriag Bosiety, September $-15, 1987, Ataate,
Ge. AUTYNOR: Photometry and Colurimetry Sectios, Natienal Buress
of Btasdards, Washingten, T. ¢. Tals paper was prepared 80 & yart
of the werk ia the dovelepmant £ aviation greund lighting cendueted
o the National Bureeu of Sandsrds nader the sponserhly of the
Vieual Londing Aide Brasch: of the Duresn of Acvensatios sad the

dag Sestd A tes A e vy, Wright Al
Development Usnier. Arcopted by the Papers Comeities of 1.0.0. 00
¢ Tressuetion of the Ilamisneting Eaginsering Seciety.

of the peak intensity during the flash and the flash
duration for the quantity I¢. However, in many
cases significant errors would be introduced. Some
modification of equation (2) is therefore required.

Some of the specifications for flashing lights have
evaluated their signals in terms >f the candle-
seconds in the flash, integrating over a period of
not more than 0.5 sscond, that is

Candle-seconds = / .'I d¢
: -

where I ia the instantaneous intensity and #; — f,
does not exceed 0.5 second. This method of evalua-
tion provides a measure of comparison betw2en
lights of roughly the same intensity variation with
time but is not suited to the comparison of lights of
different flash characteristics nor to the computa-
tion of visnal ranges.

Others have used the relation
Tneet
g+¢ ’
where I, is the maximum instantaneous intensity
during the flash and { is the flash duration. Often
the value of a is adjusted for the charscteristics of
the flash so that the computed value of I, is in res-
sonable agreement with the observed value.

When the specificatior for aircraft anti-collision
lights was being drafted, it was suggested that a
modified form of equation (2) be used for the com-
putation of effective intensity, so that

"
Jl1ar
"

24+t —4

An equation of this form was originally sug-
gested by Blondel and Rey,* but has rarely been
used.
The question of choice of limits was immediately
raised. Rather than use an arbitrary set of limits,
such as choosing for f; and ¢, the times when I was
10 per cent of the peak of the flash, a choice of
limits which would make I, a maximum was sug-
gested. This immediately poses the problem of de-
veloping a method, other than trisl and error, of
obtaining the maximum value of I,. The develop-
ment of such s method is the purpose of this paper.

I.a

(3)

L=
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Fendamental Theorems

The method of obtaining the maximum value of
I, will be developed hy means of one theorem and
two corollaries. The proofs follow,’

Theorem. [, is a maximum when the limils ¢, and
iy are the times when the instantaneous intensity s
squal to I,

This theorem may be readily proved by applica.
tion of tae calculus of variations.® 'The proof given
below is included because of the application of the
method and equations used to later scctions of the
paper.

Consider instantaneous intensity, I, in a flash as
any continuous, non-negative, single-valued funec-
tjon of time such that I is less than I, in the inter-
vals £, to ¢, and t5 to #°y, and I ia greater than I,
in the intervals ‘1 to "| and "’ to ‘,, where ‘.|<‘] <
F1<F3<ty<1%, and I, is defined in equation (4):

- fo

‘+’|"‘;
Fig. 1 shows I as a function of ¢ for a simple one-
peak flash meeting these requirements.

Cass 1.

Consider the case where the integration is per-
formed over the time interval #'; to #y which lies
within the interval {; to ¢;.

Then the intensity I' at the times f'; and 3 is
grester than 7,

Let

(4)

r>l.

'y
1dt
L8

o+ ly—1ty

Then
[ [ () [
ldt= 1dt + ldt+ 1d¢,
[} [ P L}

o0 that " .
I.(o-H.—h)-/."'Idl+1'.(¢+l'.-l'.)+/‘:Idt.

()
But

Fy=

/ a1, (t-1,), (5a)
and "‘.
'[r.ldt)l.(t.-t‘.). (8b)
Bubstituting and combining terms, we have
I(a4tg=~t1)>T (64 y~1,).

Therefors
I,>r, (6)

*Phe suther o indodied o Dr, . M. Seliger of Notions! Buredn
du-u’um-omom-mm ludnrmbu.

r / r
1 I, / 1e
b / 1 1"

R ' b

n.an 1. Intenshy-timee distributior of simple flach,
(800 tex1.)

Case I1.,

Consider now the case where the integration is
performed over the time interval #°, to "5, which
includes the interval ¢; to ¢y,

Then the intensity I” at the times #*, and °; is
less than 1.1

r«i,

{ Y
[
[}

o+1%—1"

/ldl:/ IdH-/ IdH-/ 1d4,

I'.(O-'H'.—l’,)=/pldl+l,(¢+i.-h)+£ ;d‘.

Let

r=

(7
But .
lel(l.(t.-l',), (8a)
and O
/; Tat<t, ("5 —1s). (8b)
Substituting and combining ierms, we have
1>, (9

Thus I, is greater than both I', and I”, Therefore,
the maximum value which can be obtained from the
Blondel-Rey relation equation (4), is that obtained
when the intensity &t the beginning and end of the
interval of integration is equal to the ¢Tective in-
tensity.

Corollary 1. If the instantansous snienssty is in-
tegrated over a period of time §', to 1’y shorier than
) fo ty, and I' s the imsiantansous sntensty aof
thess times, a value I’y is obtained for the effsctive
mnlensily that is alwayse less than I'.

From equation (6) we bave

I. > r »
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But

r>I,.
Therefore

r>r, (10)

Corollary 2. If the sinstantaneous intensity is in-

tegrated over a period of time 17, 10 175 longer than
t; 10 15, and 1”7 i3 the instantaneons intensity at the
times t”, and t”;, a value I”, iz obtasned for the
effective intensity that is always greater than I”,

Fromn equation (7) we have

I".(¢+t”,—-t",)=[::1dt+I,(a+tz—t.)+/:;dt.
But -
/:'Idt>1'(¢,—¢',),
and -
/ Ratsrrs—ty).
Also "
Li(a+ts=t) > (a+ta~1).

Substituting these into equation (7) and simplily-

ing, we have

r.or. (1)

Computations of Effective Intensity
Quides for the computation of the effective in-

tensity from an intensity-time distribution curve
may be obtained from the theorem and corollaries.

a. Computation of 1,
1, Make an estimate I’ of the value of the effec-
tive intensity and solve equation (3) using the

values of ¢ corresponding to this intensity, qbtaim :

ing 1,,.

2. Repeat step 1 above, using as limits the values
of i corresponding to the I, obtained .in step 1,
obtsining I,,, Repeat as often as necessary to ob-
tain the desired accuracy.

Note that if the estimated effective intensity is
too high (I’ in Fig. 1), the eftective intensity, I,,,
computed in step 1 will be below I, (I” of Fig. 1)
and thus I, lies between I' and I,,. 1If the initial
estimate is lower than I, (I” of Fig. 1), I, will be
greater than both I” and I,, and a “straddle” is not
obtained but I, is approached continuously from
the low side.

b. Determination of Conformance of 4 Flashing
Light to Specification Reguirements

1. Compute I,, using the time limits correspond-
ing to the specified “sffective intensity I,. If I, is
greater than I, the unit obviously complies, for
the conditions are those of Fig. 2a (corollary 2).

2 1t I.P. eaal to I,, the unit just complies, for
then L= T,=1, (theorem).

-

-

l" | I

Ig b

N —.

o e e s e o o

oo oed

i >
(b)
Figure 2. llluetrsting the method of determining con-

formanee 1o specifieation requiremments of effoctive
intensity. (See text.)

3. I 1,, is less thay 1,, the unit fails for then the
conditions are those of Fig. 2b (corollary 1).

Note that the degree by which the unit exceeds or
fails to meet the specification requirements is not
given by the wingle computation described here.
The method outlined in section @ must be used for
this purpose.

¢. Visual Range Computations

If the visual range of the light, under specified
conditions of transmittance and threshold, is de-
sired, compute the effective intensity by using the
method outlined in section ¢ and compute the
visusl range by using Allard's Law.

If the problem is only the determination of
whether the light can be seen at a given distance
under specified conditions of transmittance and
threshold, use Allard’s Law to compute the fixed
intensity required to make the source visible at this
distance. Then, by using the method outlined in
section b, determine if the effective intensity of
the unit exceeds this intensity,

Application to Complex latensity-Time Curves

Not all units have single-peak intensity-time dis-
tribution curves similar to tke curve shown in Fig.
1. Consider an intensity-time distribution cnrve
of the type whose rise is shown in Fig. 3 where I,
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Figure 3. [lllustrating spplication of the method to
multi-pesk intensity-iime distributions. (See text)

is the average intensity in the time interval ¢, to ¢,.
(The time interval t,-¢, is sufficiently short so
that the momentary decrease in intenuty is not
visible.) If I, is less than I, or is greater than I,,
then the restrictions on the shape of the curve
stated in theorem 1 are met and there is no problem
in the determination of 1,.

Consider the case where I, lies between I, and I,.
It may be easily shown b;- means of equations (5)
and (8) that as the shape of other parts of the
intensity-time distribution curve changes, the lower
limits of time to be used to obtain the maximum
value of equation (4) will lie between ¢, and ¢, or
between ¢, and ¢, and will never lie between {, and
8. 1t 1, is equal to I, then either ¢, or f, can be
used as the lower limit,

Application to Groups of Short Flashes

In general a signal from a flashing light consists
of regularly spaced single flashes of light and the

L)

I " o B
1

i

> , 04 -
20 OF MOPe
b L () [{N)
vnm—— | S——
Figure 4. lllusirating spplicstion of the methed 10 twe-
poak intencitysime curves. (Ses text.)

interval between flashes is so great that each flash
has littie influence on the effective intensity of the
adjoining flashes.

Consider first a flash with the intensity-time dis-
tribution shown in Fig. 4. This flash is similar to
that of the “split-beam” beacon used at military
airfields.” 'If the threshold intensity required to
make o steady light visible is much less than I,
{Ir,), the flash will be seen as a continuous flash
with two peaks. However, if the threshold intensity
is about equal to I, (Ir,), two separate flashes will
be seen, The maximum distance at which the light
ean be seen will be determined by the effective in-
tensity of a szingle flash computed over the time
interval {, to f,.

There sre lights that produce a number of very
short flashes in rapid succession so that this group
of fashes is seen as a single flash. An example of o
light of this type is a unit using a number of con-
denser-discharge lamps to produce a single flash,

There appear to be no publisned data reporting
studies of the effects of groups of flashes where the
interval between flashes is short. Behavior of the
eye under somewhat similar conditions suggests
that if in a group of flashes the periods during
which the instantaneous intensity of the light is
below the effective intensity of the flash are of the
order of 0.01 second or less, the eye will perceive
this group as a single flash. The effective intensity
of the group should then be computed by equation
(12), choosing as times #; and #5 the first and the
last times the iustantaneous intensity is I,.

t, 1, L, i
/ Idl'l'/ 1dt+/ 1d¢+/ 1d¢
4 b U] 8
I,= . (12

a4+ f’—‘)

Note that I, is the effective intensity of the group
and not that of a single flash.

If the periods during which the effective inten-
sity is less than I, are of the order of 0.1 second or
more, it is believed that the individual fiashes will
be seen. Therefore, the effective intensity should
then be computed on the basis of & singls flash,

When the dark period is between 0.01 and 0.1
second, the effective intensity will lie between that
of a single flash and that of the group. The be-
havior during the transition is not known.

)

Numerical Examples

Although the precise determination of the maxi-
mum value of I, may appear laborious, it is rela-
tively easy. Since a change in the times chosen as
the limi‘s in equation (4) changes the denominator
and the numerator in the same direction, it is not
necessary to determine the correct limits, ¢, and 4y,
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Figure 5. Illusirating application of the method to
multiple flashes.

with great precision in order to obtain a satisfac-
torily- precise determination of I, This is illus-
trated in Fig. 6 which shows two representative
intensity-time distributions, one for a flashing light
with a flash duration of about one-quarter second,
and one with a flash duration of about one-twen-
tieth second. The values of I, are computed for
seven sets of time limits. The values obtained are
indicated at the sbecissa of the time limits. The
middle value of each group is the maximum I, com-
puted according to the method outlined above. Note
that this value is equal to the instantaneous inten-
sity at the corresponding time limits. Typically,
the maximum effective intensity occurs lower on
the curve for the short duration flash than for the
long one and the variation of computed values of
effective intensity with changes in time limits is
smaller,

Experience indicates that if the times chosen for
the initial integration are the times when the in-
stantaneous intensity is about 20 per cent of the
peak intensity, only one additional step is required
to obtain a value for the efective intensity which
is within one or two per cent of the maximum
value. This is within the limits of sccuracy with
which the integral is evalusted by means of s
planimeter. Often a single computation is suffcient
if, instead of using as limits for the initial integra-
tion the times when I, is 20 per cent of the peak
intensity, the times used are the times when the
instantaneous intensity is equal to the product of
the peak intensity and the number of seconds be-
tween the times when the instantaneous intensity is
roughly five per cent of the peak intensity.

The maximum value of I, for the curves of Fig. 8
were computed by using as limits for the first inte-
gration the times corresponding to an intensity
equal to about 20 per cent of the peak intensity and
as limits for each succeeding integration the times
corresponding to the inatantaneous intensity ob-
tained from the preceding step. (The curves have
the shape of probability curves so the values of
integrals may be computed with the desired secn-
racy. The accuracy is not limited by the accuracy
of planimetric measurements.) Successive values
for I, of 1.66, 1.75, and 1.75 kilocandles were ob-
tained for the longer flash and of 3.41, 3.42, and
3.42 kilocandles for the shorter flash.

Discussion

As noted above, concern bas frequently been
expressed about the choice of the limits for the
integral of the Blondel-Rey relation for computing
the visual range of & flashing light. It seems illogi-
eal to extend the limits of the integral beyond the
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Figure 6. Examples of the effects of time limiw on the

computed value of effective intersity. The offective

intenslties are Imdiested st the shecissa of the time
limit nsed in the somputations.
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times when the instantaneous inteosity is below
the threshold intensity for steady burning lights
90 that intensities which are below threshold, even
for a steady burning light, are included, or to ex-
clude intensities which are above threshold for
steady burning lights. Using this reasoning, Blon-
del and Rey* suggested that the limits of the inte-
gral of equation (4) be the times when the instan-
taneonn intensity is equal to the threshold inten-
sity. A» shown above, these are also the limits
which make the computed visual range of the light
a maximum. Therefore, the use of these limits in
evaluating the performance of a lighting unit ap-
pears to be a logical choice,

The use of the maximum value of 7, as the effec-
tive intensity of a flashing light is probably not
valid except when the light is at or near threshold.
When the light is well above threshold, not ouly
will the value of a in equation (4) be decreased,
thus tending to increase the value of I,, but also
the limits of the integral should probably be ex.
tenided to include the entire portion of the flash
which is above threshold, thereby tending to de-
erease the value of /,. In many cases this latter
effect will be predominant. This is consistent with
the decrease in effective intensity of airway beacons
with increase in illuminance at the eye found by
Neeland, Laufer, and Schaub.?

This analysis should be considered only as o
mathematical trestment of equation (4). The
analysis neither proves nor disproves the validity
of this equation in determining the effective inten-
sity of Bashing lights nor the validity of the prin-
eiple of choosing the limits of integration so that
the effective intensity is & maximum,
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DISCUSSION

T. E. Cantaow:* These interssting papers should prove very
helptul in evaluating the maay lighting problems iavolviag
fisshing lights. It is assumed that the caleulations deseribed
hold for viewing econditions approximsting the idesl X

der if the authors could tell us something about the
iafl of such factors as atmospheris transmission, ether
sonrees of Jight in the Bald of view, ete.

*Genersi Blestrie Cs., Large Lamp Dept, Oleveland, Ohle.

G. A, Hormow:* Mesrs. Projector and Douglas are to he
highly eommended for presenting two papers on a subjeet
which has been long ncglocted. The papers are particularly
timaly because of recent application of condenser discharge
lights as avistion runway approsch lighta.

Ia the eondenser light, the longth of the flash may be
of the order of 100 microseconds, while the pesk of the flash
may reach several million candlepower. Bince the time re-
quired for the eye to reach its maximum rcsponss is of the
order of one-tenth of a second, it is clear that the effective
eandlepower sv scen by the eye is not the same as the mess.
srabls average candlepower developed by the fash.

However, by application of the formulas developed by the
authors of these two papers to the measured data can the
offsctive candlepower of the condenser Jights be expreseed.

I should like to ask the authors if visual field cheeka of
the condemser lights have been made to substantiate the
theory developed in the papers and, if so, what degres of
agreement was obtgined.

T. H, Prosacror and C. A.'Douaras:** It is & pleasure to
seknowledge the comments of Messrs. Carleon and Hortos
and to raply to their questions.

Mr. Carlann raises tbe question of the relation between
effective incensity and the conditions of observation. The
term “effective intensity” is used for conveniencs, and im-
pliss narrowly restricted eonditions, usually ihreshold illu.
minance, dark adaptation, ete. Strietly, the term should be
“effective illuminance” for greatsr generality, thua aute-
matically taking into account the effeet of atmospherie at-
tenuation on {{luminanca. The effect of other sourees of light
in the fleld of view and, in general, of the dackground eondi-
tion, state of adaptation, ete., has ot been sufficiently ox.
plored and is & fertile field for further investigation.

In reply to Ms. Horton, thers have been s number of
visual field checks of the applieability of the BlondelRey
law to condenser discharge lights data in the United Btates
snd i» Euvrope. All of the results of these checks ahow uo
significant deviations from the Blondel-Rey law. To our
knowledge none of these resuits has as yet beem published
formally. Publication of the results of work at the Natioaal
Bereau of Btandards is sxpected in the future. It should be
aoted that these remarke apply omly to the direct light from
the source when the illuminance from the light is nesr
threshold. Trequeatly, in & foggy er hasy atmosphers, the
vieual raage of the glow of & fAashing light will be eonsider-
ably greater than the vissal rangs of the direct light.

*Wistiagbouse Biestrie Corp., Cleveland, Oble.

Reprinted froa
ILLUMINAT ING ENGINEERING
Yol. 52, Mo, 12, December 1957
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Photometer for Luminescent Materials

Ray P. Tene
Noational Bureax of Slandards, Washingion, D. C.

(Received March 12, 1945)

In evaluating the usefulness of lumincecent materials it is necessary to take into account the
behavior of the human cye at low values of luminance. A photometer that provides for the
determination of Jow luminances, with due regard for the characteristic behavior of the eye at
such values, is described. [t is interesting to note that both the luminescent materials and some
of the phenomens of vision for the nearly dark-adapted eye have been known for many years,
although the use of modern lamps to produce higher and higher illuminations has made it
generally unnecessary to consider these phenomena. However, the use of the airplane for
bombing with the counter measure of blacking out as a means of passive defense and the need
for markers in the interiors of blacked-out ships have shown many of the luminescent materials
to be praciical instead of merely novel, and has led todevdopmentolmedw\dolotmswring

the luminances which they yield.

\

L INTRODUCTION

OME of the lumincscent materials have been
known for hundreds of years but were con-
sidered more or less as novelties until recently,
when their practical uscfulness became apparent.
l.uminescence not outlasting the excitation (fluo-
rescence) was, in all probability, not observed
until after the invention of irradiating sourges
and devices especially désigned for the purposc of
detecting such luminescence, Luminescence such
as that of glowworms and rotting wood and that
which outlasts the excitation (phosphorescence)
must have been noticedd by man in his carly ex-
istence. Aristotlc’s pupil, Theophrastus, says that
a carbuncle exposcd to sunlight glows like a live
coal;! while Aristotle, himself (about 350 B.C.)
mentions the Jumincscence of t‘gtting wood.
VI, Pringsheim and M. Vogel, Luminescence of Liguids

and Solids and its I’vactical A {ﬂiam'n: {Interscicnce Pub-
lishers, {nc., New York, 1943). .

Benvenuto Cellini tells of seeing a white sapphire
which illuminated a perfectly dark room.® As
carly as 1652 Peter Poterius made little toy
animals from phosphorescent material.! An al
chemist, Vicenzo Cascariolo, in Bologna, Italy,
about 1600 found a stone which scemed heavier
than one of its size should be; upon heating it, in
the hope of finding gold, he discovered that it
would glow in the dark, ““sometimes for as long as
aq"h:mr'f and also found how to make it glow at
will.

The luminance! of the luminescent light from
phosphorescent materials ranges downward from
that of a' white surface viewed in full moonlight.
In measuring such luminances it is necessary to

*S, H. Ball, Sci. Monthly 47, 497 (1938). ,
3G. T. Schmidling, Proleciive and Decoratior Coslings
Hohn Wiley and Sons, Inc., New York), Vol. 111, p. 657.
lno relerence |

¢OSA Committ Colori . “Psychoph of
colon,” J. Opt. Soer A 34 348 (1904). yeics
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consider the behavior of the weakly illuminated
eye. In 1828 J. Purkinje® showed that after a red
surface and a blue surface have been illuminated
80 as to have the same brightness, a reduction of
the illuriination of both surfaces in the same
proportion will cause the red surface to appear
darker than the blue after a certain limit of
reduction has been passed. The dependence of the
observed values alsa unon the size of the field of
view for the nearly dark-adapted eye was de-
termined by P. Reeves® in 1917. The trend to
higher and higher illumination for lighting pur-
poses had made it unnecessary for the photome-
trist to remember these effects in the mcasure-
ments customarily made in the laboratory.
However, as the use of luminescent materials was
shown to be practical it became necessary to take
account of both o! these phenomena in con-
structing a photometer for the measurement of
" their luminance.

1. PHOTOPIC, MESOPIC, AND SCOTOPIC VISION

The human cye has the ability to adapt for
light conditions over a wide range. The approxi-
mate upper limit is represented by the condition
of viewing fresh snow in full sunlight, which is
uncemfortable and, if long continued, results in
temporary blindness, “snow blindness,” or if

Setetics Semany of e £50
P
\\
-
"F

/ A\
\

’ : 4 N
Woveteag ot 100 Light dout

Fic. 1.

N
N

viewed for prolonged periods, may result in
permanent injury to the eye. The lower limit is
considerably below the condition of viewing a
" ; ! Purkinje, Mag. 1.d. gesammte Heilkunde 20, 199

‘PR Soc, Am. 1, 148 1917,PG
Nutting, l'ram’l l?ps 11, No. 9 939 (191 ( )

white surface on a clear, moonless night. The
change in size of the pupil of the eye is easily
observed; and, as everyone knows, the pupil is
small if strorgly illuminated, and as the illumi-
nation weakens, the pupil becomes larger. There
are other less obvious changes, such as the change
in the luminosity curve, which explains the
Purkinje cffect and the loss of the ability to
detect detail (acuity) and of the ability to detect
chromaticity differences, all associated with the
transition from cone to rod vision.

When we view a surface of high brightness
with photopic vision, that is, when the eye may
be said to be light-adapted, we find that the eye
has a ncarly constant luminosity curve, inder
pendent of the luminafice range under considera-
tion. All definitions of units of luminance (photo-
metric brightness) imply that comparisons
etween differently-colored surfaces be made at
values of luminance sufficiently high to insure
that the obscrver’s cye is in a state of light
adaptation. This is to insure that luminance
values obey the additive law, by which a lumi-
nance of y units superimposed upon one of x units
will provide a luminance of (x+7) units. If this
law is not obeyed, the ordinary inverse squarc
law, the ratio of arcas of openings in diaphragms,
and the ratio of the arcas of the open and opaque
sectors of a rotating disk (Talbot’s law) may not
be applied to the luminance values under con-
sideration. If differently-colored surfaces are
viewed, obedience to the above-mentioned laws
occurs only if the luminosity curve of the eye is
constant and indepenident of the adaptive state
of the eye ‘throughout the range of luminance
under consideration. Fortunately the eyve in ob-
serving luminances greater than 1000 micro-
lamberts docs posscss a nearly constant lumi-
nosity curve, and for this condition (when the eye
is said to be light-adapted) we have photopic
vision and the values of luminance (photometric
brightness) for differently-colored surfaces not
only obey the additive law but also correlate well
with brightness, subjectively evaluated. We may
speak of such values as photopic luminance,

Unfortunately the luminosity curve of the eye
docs not remain constant when the luminance of
an cxtended surface is reduced below 1000
microlamberts; in fact, the cye becomes pro-
gressively more sensitive to short wave (blue)
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and_lcss sensitive to long wave (red) light as the
luminance to which it is adapted is reduced from
1000 to about 0.5 microlambert, the rate of
change being most pronounced between 200 and
1 microlambert. This shift of the luminosity
curve towards shorter wave-lengths explains the
Purkinje effect. For adaptation to luminances
below 0.5 microlambert, the eye again rcaches a
steady state, with a constant luminosity curve
characteristic of scotopic vision and the cye may
be regarded as dark-adapted. We may speak of
these luminances as scotopic luminances. In
Fig. 1 the adopted luminosity curve of the light-
adaptedd? eye and an average curve for the dark-
wlapted® eye are shown. As the luminance of the
obscrved surface is diminished we pass through
the region of mesopic vision and the luminosity
curve moves progressively from that of the light-
adapted cye towards that of the dark-adapted.

TA résunvé of the data on which the standard ICI
luminnsity factors are hased and of the present status of
these factorn is given in a s.mer by Kamon S. Gibson,
J. Opt. Soe. Am. 30, $1 (1940),

s“Summary of Amcrican Opinion on BS/ARE 18,
British Siandard Specification for Fluorescent and §
phoreseent Paint® rod for the American Standards
Nwexciation by L. A:r Tm under date of June 15, 1942,

gives an average of the luminosity data {oe low luminances
determined Ly Hecht and Williams and by Weaver,

9_\—1—\\

Fro. 2.

There are several ways to assign numecrical
valucs to a scale of luminance below the photopic
region to include mesopic and scotopic luminance.

A.” Arbitrary application of the photopic lumi-
nosity function to all luminances by making
visual comparison of fluorescent and phospho-
rescent materials only with a standard of similar
spectral composition, the standard to be evaluated
by way of the photopic luminosity function.

B. Adoption of an arbitrary photoelectric
procudure for evaluating the radiant energy from
fluorescent and phosphorescent materials.

C. Definition of the unit and scale of mesopic
and scotopic luminance in terms of the hypo-
thetical cqual-cnergy source.

D. Definition of the unit and scale of mesopic
and scotopic luminance in terms of an in-
candescent lamp operating at 2360°K color
temperature.

aom

There have been attempts to make the stands =

ard photopic luminosity function (4) do. Each
matcrial characterized by radfnt energy of a
new spectral composition; x, requires the setting
up and evaluation of a new standand, For various
samples of the same material, the mcthod gives
useful comparisons; but because of the Purkinje
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pared to another doep not neccssarily correlate
with the observable brightness in the mesopic
and scotopic regions of the materials.

A better corrclation is obtainable by arbitrary
adoption of a photoclectric procedure in whicrt.
the source-filter photo-cell combination is ap-
proximately equivalent to the luminosity func-
tion somewhere within the mesopic range (B). It
is obvious, however, that no one Juminosity
function can be genarally valid.

Procedures C and I are similar and give values
of mesopic and scotopic luminance that corrclate
well with brightness. The use (C) of the hypo-
thetical equal-cnergy suiis c¢ would bring a unique

" effect, photopic lumli%nce of onc material com-

\ logical simplicity to the general concept of
{ fuminance, but the predominant ommon' is that

an incandcscent-lamp source at 2360°K is more

convenient in practice and, on that account,’

preferable for tentative standardization and use
at the present time. By choice the comparison
source is assigned mesopi®-and scotopic lumi-
nances by the same methods (inverse-square law,
sector-disk relation, aperture r?'qnons) used for
photopic luminance. N

II1. DESCRIPTION OF THRE PH(:T,OMBT!R
(a) Photometric Details

The photometer is shown in Fig. 2. The views
depart from conventional drawing practice by
showing the openings in the baffles and dia-
phragms as in a section taken through the axis of
the beam. Otherwise Fig. 2 shows conventional
plan and clevation views.

‘The lamp illuminates the flashed opal diffusing
glass screen, S, which in turn illuminates a
similar screen, Sy, the outer surface of which
viewed in the front-surface mirror, M, forms the
comparison field of the photometer. The other or
test ficld is the surface of the sample viewed
directly. The luminance of the surface of S,
facing the mirror depends upon the light reaching
the surface toward §,, which is closly pro-
portional to the product of the arca of the
opening in the diaphragm D and the luminance of
the surface of S; exposcd to Sy, since the distance
between Sy and Sy is constant. The luminance of
the surface of S, away from the lamp is pro-
portional to the illuminance of the surface toward

the lamp which, of course, depends upon the
distance between S, and the lamp,

Let the luminance of M as viewed from the
sight tube be By, the reflectance of the mirror be
r and the luminance of the surface of Sy fucing the
mirror be B;. We then have that

Bu-'Bz.

The luminance B, is proportional to the ilfumi-
nance Ey,.on the surface of S; away from the
mirror, or

Bl"‘l":t-

the constant of proportionality, &s, being charac-
teristic of the transmissive properties of Sy. Hence

BuwmrkyE,.

E,, however, is equal to the product of the area,
A, of the opening in the diaphragm D and the
Iyminance, B,, of the surface of S; facing S,
divided by the square of the distance d;, between
Sl and S’,

EymAB,/d,

‘hnd we acrordingly have the expression

,. ¥ Bu=rksAB,/d2,

for the luminante of the.mirror. The luminance
B, is proporiioral to the illuminance E, on the
surface of % toward the lamp, or

| "‘_ BymkE,,
where &, is characteristic of the transmissive
properties of S, which gives us
Bx-erlEx/d". ”

Fmally E;=I/d* where I is the luminous in-
tensity of the lamp, L, in the direction of S and
d is the distance of L from S,. so that.

BumrksAk 1/d08.

In this we sce that », &y, &y, I, and d; are fixed
characteristics of any particular photometer and
can be grouped under a single characteristic, P,
and hence we can write that

Bu=PA/d.

‘The photomectric scale is graduated from 20 to
0.5, and a sct of diaphragms having holes with
areas differing by factors of about 10 has been
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¢« made.® These were made with ordinary drills and
then calibrated. The photometric scale and the
ratios of the arcas of the openings in the dia-
phragms overlap, and values near the ends of the
scale can be measured by means of cither of two
diaphragms. The use of these mechanical means
10 control the luimnance of the comparison ficld
gives a long range with no change in spectral
composition. \Vhen the photometer is used with-
out anv of the removable diaphragms the maxi-
mum reading i3 more than 150,000 times the
minimum reading with the smallest-aperture
diaphragm. The opening in the metal plate
holding S, is a limiting diaphragm when none of
the removable diaphragms are used.

The ficld is a plain clliptical field (diametri-
cally divided circle viewed at 43°), the major axis
being 1§ inches long. The major axis coincides
with the dividing line of the field, which usually
is viewed so that the two halves are seen side by
side. Since the end of the sight tube is 4 inches
from the mirror, the angles subtended at the eye
by the field are 15 and 20 degrees for the minor
and major axes respectively. The mirror when
placed as shown in Fig. 2 serves as a baffle to
prevent any light from the screen S, falling on the
test surface. :

(b) Mechanical Details

The mechanical details may, of course, be
varied to suit the maker’s materials and choice.
The photometer used at the Burcau employs the
box, track, lamp housing, and scale of a Sharp-
Millar® photometer. The photometric cube and
eyepicce were removed, and the diaphragm-
diffusing-sc¢reen arrangement described in the
previous section installed. Since this type of
photometer is no longer commercially available a
description of the mechanical details will serve as
a guide for anyone wishing to construct onc.

The box (Fig. 2) is about 4 X422 inches. The
lamp, L, is moved by means of an endless cord
which passcs\ovcr a drum, Dr, which is turned by

¢ Metric dnl'&» ol 0.5, 1.6, 5, and 16 mm will give areas
proportional 2. 56 25 and 256 provided new
accurately grou d drills are available. For some purposes
thesc area ratios may be sufficiently close to the desired

h('mfl of 10. '
*C. H. Sharp and P. S. Millar, Elec. World 51, 181

{}:89 Elec. Rev. 52, 141 (1908); and Electrician 60, 562

[
‘

‘

the handwheel, 7. The sight tube may be turned
in its collar to view the test surface at various
angles. In order to avoid crrors caused by light
reflected from the interior of the box a series of
baffles, B, made of fiber is placed hetween the
lamp and the screen Sy, and the interior is
painted with a flat (mat) black piint. These
baffles are carrieedd on two light rods and are
attached to cach other and the lamp housing by
conds. When the lamp moves toward Sy, the
housing pushcs the baffies successively in front of
it; and when it moves away from S, the cords
pull the baffles one after another into their
original position. The lamp housing carries an
index, I, the shadow of which falls upon the
translucent scale in the side of the box, and thus
there is no parallax. The scalc is covered by red
plastic 10 prescrve the dark adaptation of the
photometric observer. This arrangement also
makes it unnccessary to provide a light for
reading the scale, which is a great convenience,
and avoids the usual scale marked on a space-
wasting rod protruding from the box. Since
readings arc taken in a dark room, no stray light
will enter the photometer through the translucent
scale. It would be necessary to provide a shutter
to cover the transludent scale if readings were
taken in a lighted room,\the shutter being opened
only to rcad the scale a
taken.

The lamp housing has a sd¢cond index on the
side opposite the scale index facilitate the
accurate positioning of the filamept of the lamp
at the unity mark of thc photometgic scale. The
housing runs on a track made of angle brass
fastened to the sides of the box. The single wheel
has a spring forcing it against the track so that
sidewise motion is prevented.

IV. SUMMARY

A photometer, such as described in this paper
makes possible the determination of scotopic and
mesopic luminance such as that of Auorescent
and phosphorescent materials. The use of a
comparison ficld of color temperature 2360°K
and the mechanical control of the luminance of
the comparison ficld is in accord with current
American opinion on the datum and method of
evaluating luminances in the mesopic and scotopic
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regions. Luminance so evaluated takes the
Purkinje effect into account and correlates per-
fectly with brightness, subjectively evaluated.
The photomcter has been used for nearly 3
years in routine measurements of the luminance-
time (brightness decay) curve of phosphorescent
materials as well as to determine both the
luminance and chromaticity of the fluorescent
light from papers impregnated or coated with
fluorescent chemicals. In measuring the lumi-
nance of phosphorescent materials, different
observers agree within about $ percent in the
region near 10 effective microlamberts, while the
spread between observers increases to-about 25
percent when the luminance is in the region of
0.005 effective microlambert. The measurement
of fluorescent materials has not been extensive.

However, some nieasure of the effect of color is
given by test. of blue fluorescence at about 100
cffective microlamberts where four observers
made obscrvations within a little less than 25
percent and tests of yellow fluorescence where
(with the same observers) the results did not
spread by as much as 10 percent at about 200
effective migcrolamberts. The use for determining
chromaticity (where the spectral composition of
the comparison source must remain constant
while the luminance is varied) has been so
satisfactory at low luminances that a photometer
has been designed with a much wider range of
luminance than the present photomcter possesses.
This increasced. range will be adequate for meas-
uring the chromaticity of non-luminescent ma-
terials in the photopic range of luminance.

Reprinted froms

Journal ot - Optical Socisty of America
June, 1945 - Vol. 35, No. 6
1209.
On the Standard Source for Low Level Photometry .

1. Termizx
Bureon International des Poidy et Mesures, Stores, Seine-¢1-0ise, France
July 28, 1949

FYYHE definitions and agreements of photometry are now well-

4 settled and they received the sanction of the Comité Inter-
national and the Conférence Générale des Poids ot Mesures!
Although these definitions, the sing'e official ones today, have been
adopted without any iimitation of the scope of their validity, they
are likely to be modified in the ficld of low luminance levels, in
order to take into account the Purkinje effect, and new inter-

national azreements, less simple that the nresent ones, arc likely to
be adopted in the future. An almost unanimous azreement has \
already been achieved at the cleventh session of the C.1.E, (Pasis

1948); it settles the choice of the primary standard source for ali
future photometric system and the maznitude of the unit of what
will be, in these systems, the snalozy of luminance {or photometric
brightness). The text of the resolution adopted unanimously by 't
the nations (except Austiralia} which attended the C.IE., and is
particular by the U, S. .\, rcads as follows:

“Light and Vision. Resolution 2. It is recommended that, when
for snecial purpuses the huminous efieets of radiant encrgivs of
various spectral compositions are evaluated by methods that <o
not rest on the standasd luminesisy function adopted by the C.LE.
in 1924, the unit of the guantity corresponding to Juminance
(photometric hrightness) should always be chiosen so that this
quantity las the numerial valie 60 {c.g.9. system) for a black bely

VOLUME 39, NUMBHR 10

at the temperature of freczing platinum.”

OCINLER, 19
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The Photometry of Colored Light

Reprinted from ILLUMINATING ENGINEEZRING

VYol. LXII, No. 4, April 1967

RESENT day photometers usually incorporate a
photosemsitor for evaluating the illuminstion
from an unknown source by comparing it with the
{llumination from a standard source. The photosensi-
tor maust be spectraily corrected to provide a sensi-
tivity curve as close as possible to that of the photopic
lmmeﬁmmyhpcﬁondthcmmdud ob.
server.® This function is the design goal of a photo-
sensitor-filter combination. An example of the goal
and the realized spectral response of a particular pho-
totube-filter combination is shown in Fig. 1. (More
details will be given below.) The overall match is
good and the photosemsitor gives excellent results in
the photometric measurements of light with a spectral
distribution close to that of the light with which the
photosensitor is calibrated.

Consider, however, red light transmitted by a filter
with a shortwave cutoff at about 630 nanometers and
with a transmittance curve as shown in Fig. 2. The
output R of the photosensitor is given approximately
by

A paper prevented as the National Techniea! Oonferemes of the
llhnlntllg Eagineering Bociety, Auul 21 te 20, i68 Min-
wospolis, Mina. AuTmos: National Buresu of luunn. Wash-
agton, D. G

*Por o two-degree Aeld of view.

A C. Walil

R=KZ,\E, r(A) S(\) ar (1)

where K is the proportionality factor, E, is the spec-
tral irradiance, S(A) is the relative spectral response
of the phoiveciumivi, aud r{A) is the spectral transmit.
tance of the correction filter.

It can be seen from Fig. 2 that the S(A) r(A)-resl-
jzed curve is much different from the S(A)r(2)-goal
curve at wavelengths above 630 nanometers. Hence
the outputs of the phoiotube will not have the same
constant of proportionality for the illuminations from
the red light and the “white” standardising light.

The investigation reported herein is an evaluation
of the adequacy of several photosensitor-filter com-
binstions when used in the messurement of “colored
light,” which in this paper designates light that has o
spectral distribution different from that of the light
with which the photometer was calibrated.

Photosensitors and Correction Fiiters

The type PJ-14B vacuum phototube, with an 8.7
cathode surface, though not available today, is ideally
suited to general low-illumination photometry as well
as high-illumination flash photometry.! It has low

I I !
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Table i—Correction Facton for Fow Color-Comected Phot itors with S5-4 Surf

TesY
FLTER COLOR LUMiNOUS
NUMBIER DESIGNATION® TRANSMITTANCE
1 Purivh blee 020
[ B 09
T B 108
4 Bhue (lener white) 168
S  Uiue (loner white) 246
¢ Uluish green 430
7 Geeen J0
8 Con 249
9 Groen J10
10 Gren 047
" Geoon 049
12 Yellew-groen 403
13 Yellowish geen 138
18 Yellowish erenge 740
13 Yellowish srenge 760
16 Owage AL
17 Reddich erange S19
318 Reddiod svange 04
19  Red 154
20 Red 106
21 Red 030
1 Red 0134

© The chromolicity coardinciet are shown i Fig. 3,

2pss -

L R R E E R K X
ailile
~NOWhVE

bhaee3k3is

] 3 4
” " 103
1.0 ” 1.07
s ” 4
B, ” R ad
1.14 1.08 1.3/
1.10 1.03 1.94
1.10 1.09 1.13
118 1.0% 190
.18 1.0 1.9
117 1.07 1.1¢
1.14 1.03 119
1.09 1.04 1.09
1.00 1.00 1.00
0 Bed Rl
B od 9 ”
" Rl ”n
7 ” B4
L 26 n
74 40
33 o
A9 58

dark current and an essentially flat spectral response
in the visible fegion, which makes the design of a cor.
rection filter relatively easy.

Optical filters were designed at the National Bureau
of Standarc for selected tubes of this type to provide
phototube-: ..cr combinations with spectral responses
which essentially match the CIE standard observer
spectral luminous efficiency function ¥ (). Thus the
goal is to design & filter so that

K v()50) = ¥(2) @

where (1) is the spectral transmittance of the filter,
S(A) is the relative spectral response of the photo.
tube at wavelength A, and K, is the normalizing factor.

The spectral transmittance of s desired filter was
determined by solving Equation (2) for K.r(A) in
terms of V(A) and S(A}). Having determined the
desired function K.r(A), a filter consisting of a
suitable combination of four glasses in series was
chosen and the spectral transmittance of samples
of each glass was determined. From these | -1 the
desired thickness of each component was computed.
The components were then ground and polished to
the desired thicknesses and the spectral transmittances
were measured. In those instances in which the meas.
ured spectral transmittance did not agree sufficiently
well with the desired spectral transmittance, the coma-
punents were reground to a thickness which gave the
desired spectral response.

Fig. 1 shows the spectral response of the desired
and the designed phototube-filter, indicating a reason.
ably good approximation.

The Gillod-Boutry-type phototube is an end-on
vacuum phototube with & CaBi cathode surface. Tl\u

7

phototube saturates at less than two volts, has a spec.
tral semsitivity that peaks nesr 500 nm and extends
beyond 700 nm, and has low dark current, about
10~12 ampere. The phototubes were offerod to mem-
bers of the International Bureau of Weights and
Measures in 1957 and were subsequently made by a
French manufacturer on the basis of orders received.
Fifty of the phototubes were purchased by the Na.
tional Bureau of Standards for precision photometric
measurements. J. S. Laufer of NBS designed a filter
to correct a spectrally matched group of the tubes so
as to have a spectral response which is essentially the
CIE spectral luminous efficiency function. The filter
design is similar to that described by Nimeroft and
Wilson? for a sector division filter: the filter is com-
posed of six sectors of varying angular extent, each
segment being n.ade of seversl layers of glass.

The type 929 and the type A29 are vacuum photo-
tubes Laving an 8.4 cathode surface that peaks in
response at about 400 nm. The Wratten No. 106 filter
is designed to correct a typical phototube with an S4
surface spectrally to match the CIE luminous effi-
clency function. The S-4 cath%do is found in many of
the commercially available phdtometers, usually with
the Wratten No. 106 filter.

The 856 barrier-layer photocell has a selenium pho-
tosensitive surface. The cells wsed incorporate a two-
layer spectral correcting filter. Although the manu-
facturer indicates more than s ten per cent deviation
from lirearity between 20 to 200 footcandles with o
200-0hm externsl resistance, Barbrow? shows e maxi-
mum of 1.4 per cent error between 0.6 and 180 foot-
candles relative to the reading at 0.6 footcandle with
8 “se10 resistance” circuit for cells of this type.
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Figure 3. The 22 filters used plotted on the CIE chroma.
ticity diagram. Shown s the set of correction factors k
for one color-corrected S-4 phototube.

To show that uncorrected photosensitors are useful
only fo1 messuring illumination haring exactly the
same spectral distribution as that of the light with
which they are calibrated, measurements were made
with the following uncorrected photosensitors: four
phototubes with S-4 sensitive surfaces; three photo-
tubes with S-1 sensitive surfaces (pesk response at

800 nm); two type PJ-14B tubes; a Gillod-Boutry
phototube; and s selenium barrier-layer cell.

Procedure

The photosensitors were calibrated by exposing
them to illumination from a lamp operating at
2854°K; 22 two. by two-inch squates of col-
ored glass, whose spectral transmittance was known
from several sets of independent spectrophotometric
measurements, were placed in turn in the light beam
and rcadings of the photosensitors were taken. The
color designatiors {(see Table I) are those suggested
by Kelly.4

For each of the 22 colors a correction factor k was
caiculated, such that

k= r,/ra

(3)

where », is the transmittance of the filter -4 deter.
mined by a set of spectrophotometric measurements
and r,, is the transmittance as indicated by two pho-
tcsensitor readings.

Since E,= 1,E, and

Tm = En/so

(4a)
(4b)

where £, is the measured iiluminance on the photo-
tube without the filter, £, is the “correct” illuminance
with the Slter, and £,, is the measured illuminance
with the filter,

E, == kE. (5)

or, k times the measured illuminanc: gives the “cor.
rect” illuminance which is incident on the phototube.

——
-

- __ Teble li—Conection Fectons for Color-Corrected Photosensiton

-

PHOTOMENSITOR  TYPL

" DARRRR LAYIR

et N ceem
IR coLOR LUMINOUS (T8 1148 ORLOD. —

NUMBMR DESIGNATION® TRANSMITTANCE 1 4 ouURY ] 3 -
1 Perplieh blos 80 1.08 1.9 . ” ” !
"™ 099 1,08 1.08 t] 1.00 1.00 :
9 Blee 108 90 9 1.0t 1.02 R
4 Bioe (luner white) Bl » R 1.04 ” ”» !
$  Blve (lumar white) 240 ” s 1.01 K. 4 ”

6 Dlish peon A0 ” .t K, ) ” ”

7  Green 490 ” R ” ” 1.00

9 Groen 209 ” ” ” ” 1.00

L J10 B 0 ” ” ”
16 Groon A4 ” 2 K.} 04 K]
11" Groen K ) ” 06 " ”
12 Yelow-presn 403 1.00 ” 103 1.08
13 Yellowhbgreen A38 ” 90 1.00 9 1.00
14 Yellowich svange 40 K J ” 1.0t 1,04
15 Yellowish srunge J00 RZ] ” 1.0¢ ” K_J
1%  Coenge. PO — Y . . ad ” 1.0 1.04 ” ”»
17 Reddnh srnpe 519 1.00 1.0 1.09 1.00 1.00
18 Reddish sronge 04 1.00 1.10 1.0¢ K K )
19 Red S ” 113 1.0 K J ”
20 R 100 B 118 R, ”» R
| 4 Red 030 B4 ” K, 03
1 Ret o184 A7 0 K J

* Tha chvomaticity coordinetes are shown A Fig. 3,
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Table HlI—Comecan Factors for Uncorrected Photasensitors

$4 BURFACTS . $1 SURFACES ’140

COLOR LUMINOUS : BARRIER GILLOD-
DESIGNATION®  TRANSMITTANCE 1 * ] 4 tarm 1 t 1 1 t  soumy
1 Perlioh blue o010 0N 40 o8 09 T I 1 5n n n a4 o
1 Blve 019 s4 96 a4 a8 1“8 51 a8 “ s 58
3 Biee R O N N T Y BT R * ST R 11
4 Wlue (lunee white) 106 T I T R I TR - S ™ B SR S * S
5 Slee (luner white) 248 T R T B 7S N R T B T S 58
& Bleish green 220 AS 46 43 A 8 66T 14T 813 134 tn .3
7 Greem 98 S8 83 39 3T 1 841 837 Tet  t4e 231 59
? Gre 249 36 1 34 36 91 Y66 54T 49 133 1ST .88
9 Greoe 110 83 58 38 54 96 890 830 846 137 181 .6
10 Groen 047 4 49 46 4T 90 T84 184 TS 141 140 38
11 Groen 040 % n %9 1 1960 3130 143 I I N
11 Yellaw-green 403 100 100 106 104 185 AJ4 400 461 181 265 108
13 Yellowih groen A% M 101 e 120 1503 1083 150 L9 3T e
14 Yehowih omnge 740 199 L8 (24 L 108 144 147 145 111 1E 144
15 Yehowieh orenge 760 200 109 398 208 10D ” M % 104 M LW
16 Owage 452 243 290 246 138 107 7 N n 4 164
17 Reddish oreare 19 £15 248 209 LT 100 42 0 43 .79 0 148
18 Reddich ormnpe 204 I 301 4t6 331 M 31 T 7 S 4 19
19 Red 154 348 A1 4% 3% 44 M9 30 g0 a1t g4 1m
20 feod 406 194 200 48 I4 36 T IR T ST R 16 1.04
1 Red 0% £47 427 340 140 43 07T 01 0T a2 09 .1
3t Red on34 19 200 230 244 36 04 04 04 07 03 3

€ The chromaticity coordinstes sre shown In Fig. 3,
Resuits through filter No. 19 could be used for measuring

The k values for one photosensitor with a color.
corrected S-4 surface are given in Fig. 3; & values
for all four color-corrected S-4 surfaces are given in
Table 1. Correction factors between 0.81 and 1.20
are applicable to all colors except the reds. Factors
for phototube No. 3 are within +0.05 of 1.00 for
11 colors, while the c.her three phototubes are
within =0.05 for only three or four colors.

The PJ-14B phototube No. 1 is within 0.0 of
1.00 for all colors except the two Jeepest reds and
within £0.05 for all but the two reds and the pur-
plish blue, as shown in Table II. PJ.14B phototube
No. 2 shows better correction for the reds than No. 13
correction in the blues and greens is less adequate,
however. (The average correction factor for both
phototubes is 0.97). The -Boutry is within
#0.05 for all but two of the 17 filters for which
measurements were made.

The k values for the noncolor-corrected photo-
sensitors are given in Table 111

The data for the barrier-layer type of photocells show
that, when they ere calibrated with light at & color
temperature of 2854°K, many of the colors shown in
the tables can be measured with small errors. Also,
more tellingly in the reds, if the photocell is calibrated
with a filter close on the chromaticity diagram to the
color being measured, the error is redunced. For ex-
ample, a photocell calilrated with light passing

light through filter No. 20 within one per cent (on
the basis of the data of barrier-layer cell No. 3).

Since many of the correction factors of Table I for
adjacent filters are within a few per cent of each
other, photosensitors with S4 surfaces and Wratten
No. 106 filters can also be calibrated with light spec-
trally close to the light being measured for increasing
sccuracy,

Each set of correction factors of Tables I through
11T applies only to a specific photosensitor and not to
the type in general. The factors do, however, suggest
the magnitude of the errors that might be expected
when measuring the intensity of light of the color
indicated.

Although the PJ.14B phototube is no longer avail-
able commercially, there is a comparable replacement,
the type Z-1454, which is, however, too expensive for
general photometric use. The Gillod-Boutry photo-
tube is included as an example of a phototube for
precision measurements, which has been made, and
could, in the future, be made available to a group of
interested purchasers at a reasonable price.
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Journal of Research of the National Bureou of Standards Vol. 62, No. 4, Apru 195% Research Fupar 2945

Absolute Light-Scattering Photometer:
I. Design and Operation
12,11, Donald Mclntyre and G. C. Dederer!?

A new light-senttering photometer hiax heen designed and buile for determining the
abrolute seattering from polymer solutions,  The insteument is also capable of performing
as o rescarch instrament for making measurements at very low and very high angles, and ‘
at very low and very high intensities of seattered lirht,  The instrument seans the angular
seattering vither manunlly or nutomatically while measuring continuonnly the ratio of the
senttored light to the incident light,

Pe 153

JOURNAL OF RESEARCH of the National Bureau of Standards —A. Physics and Chemizstry
Vol. 68A, No. 1, January February 1964

An Absolute Light Scattering Photometer: II. Direct
Determination of Scattered Light From Solutions

Donald Mclintyre
— 12.12. (Anguxt 9, 1963)

~——
T ———r fight seattering photometer recently deseribed in this journal by MeIntyre and
Daoderer hus wen examined to determing its ability to mensiire ghe absolite seattering of
liquids,  The almolute seattering of polymer solutions wis determinesd from transmission
measueements wd from two different transverse menstrements,  The experimental resalts
are in good agreement,  ‘The variables of the photometric system were also anulysed wnd
experimentally stiddied to determine its ability to measure abrolute seattering of liguids

wnder different geometrien) arcangements.
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