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LUMINOUS EFFICIENCY.
BY HERBERT E. IVES.

The problem of determining the efficiency of the artificial pro-
cesses of light production has engaged the attention of inves-
tigators ever since the definite beginnings of the science of illu-
mination, early in the last century. The problem is a complicated
one, almost solely because one of its chief factors is not physical,
but physiological. The product of the process of conversion
of energy,—light,—is something the quantitative measurement of
which, in the case of illuminants, depends upon subjective sen-
sation. The difficulties imposed by the nature of light, consid-
ered as a subjective sensation, have been such that the quanti-
ties most generally used in attempting to make scientific com-
parisons of illuminants have been at best approximations. T.ese
quantities have in fact been arrived at by largely disregarding
the physiological side, and, just in proportion to the amount
of this disregard, are they unsatisfactory.

- Within the last few years considerable work has been done
on the relation between radiation and light. Following the
pioneer work of Langley and Koenig, such men as Fery, Guil-
laume, Eisler, Drysdale, Nutting, and others have made con-
tributions to the general problem. As a consequence, it is now
possible to make definite and satisfactory comparisons of the
efficiencies -of artificial light sources, where by “efficiency” is
understood the ratio employed in the measurement of any trans-
formation of energy, namely, the ratio of the useful work ren-
dered by the process to the energy put in, each being measured
in appropriate units. Curious as it may seem, in the estima-
tion of efficiencies the method of electrical engineering has been
more scientific than the methods generally used by scientific
writers. “Lumens per watt” is an exact measure of efficiency,
while “Luminous efficiency” is not. It has only been by co-
ordinating the concep*ion of luminous efficiency with lumens
per watt measurements, by including the physiological factors,
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that progress has been made possible in the scientific study
of efficiencies. As an illustration, it is now possible to express
the common candles per watt of the commercial incandescent
lamp in terms of an absolute efficiency. The “4-watt” carbon
lamp, for instance, has an efficiency of 0.4 per cent. The standard
of comparison is the most efficient possible light source; and
the ratio of the lumens (or candles) per watt of two illuminants
is the ratio of their absolute efficiencies. This is obviously
as it should be, but in the “luminous efficiencies” which have
figured in scientific investigation, such has not been the case.

In the present paper are outlined the scientific methods which
have been employed at one time and another in comparing
the efficiencies of light sources. The methods of estimating
and the values obtained for “luminous efficiency” and for the
“mechanical equivalent of light” are noted as brieﬁﬁr as possible,
chiefly for the purpose of showing in what way they are in-
adequate for our present more exact needs, and in how far
they have assisted toward the more satisfactory idea of efficiency
now possible. The writings and experimental work of several
men are drawn upon freely, in particular the excellent dis-
cussion of Drysdalel The object here is not so much to pre-
sent original work, of which there is very little, as to aid in
clearing up the confusion which exists at present, and to bring
to the solution of the scientific side of the problem some pieces
of work which have only recently become available, or whose
availability has not heretofore been realized.

The discussion centers about four topics.  1st, “Radiant Lu-
minous Efficiency,” the most frequently used basis of comparison
of light sources. 2nd, “Total Luminous Efficiency.” 3rd, “The
Mechanical Equivalent of Light”  4th, “Reduced Luminous
Efficiency,” the term applied by Drysdale to the more rational
and exact basis of comparison which it is the object of this
paper to present and emphasize. ’

Before considering the subject in detail, warning should here
be given that a multiplicity of similar sounding terms will be
met with. The resulting confusion is painful. Only after mak-
ing a special study of the subject can these terms be clearly

1 Illuminating Engineer, London, Vol. 1, 1908.
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differentiated by the mind, and used correctly. At the con-
clusion, the suggestion will be made that the majority of these
confusing terms be altogether discarded.

RADIANT LUMINOUS EFFICIENCY

The term “luminous efficiency” is usually applied to the ratio
of a certain fraction of the radiated energy to the total radiated
energy. It is also sometimes applied to the ratio between this
fraction of the radiated energy and the total applied energy,—a
more or less diiferent quantity. In order to make clear the re-
lationship of the various quantities involved in either use of
the term “luminous efficiency,” let us consider the transforma-
tions undergone by the energy supplied to a light source.

The total applied energy is given out in three forms, repre-
sented below: )

’ [ Conduction, as through supports, piping or wiring.

] wecti i i
Total applied energy | Convection, 11-1:‘:11:1 (fianrgzexi ggl tl;ly currents in the sur-

| Radiation, electro-magnetic waves in the ether.
Of these, conduction and convection contribute nothing to the
production of light. Radiation has been commonly divided into
three. parts:

1. 'The long, infra-red, or heat waves, to which the eye is not sensitive.

2. The intermediate waves, constituting visible radiation.

3. 'The short waves, called actinic, or ultra-violet, which do not cause
the sensation of light in the eye.

These are shown diagrammatically in Fig. 1. If we desig-

ULTRA VioLer VISIBLE INFRA - RED

Fig. 1—Energy distribution of black body radiation.

nate the total applied energy by Q, the total radiated energy by
R, and by L that portion of the radiated energy appreciated by
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the eye as light, we can express the three efficiencies which have
usually been employed, as follows:—

Efficiency of transformation of applied energy into radiation R/Q
Ratio of visible to total radiation L/R
This has been called “radiant efficiency’” by Nichols

to distinguish it from
Ratio of visible radiation to energy input, or “total
efficiency” L/Q

Inspection of these ratios shows that in order to express
them as percentages I, R and Q should be in the same units.
Two consequences of this are to be noted. First, since the prop-
erty of light with which we are most concerned, namely its
visual intensity, is not directly proportional to quantity of ra-
diation, but varies with wave-length, therefore light, considered
photometrically, cannot be expressed as a simple energy quan-
tity, as can R and Q. This difficulty has long been realized,
but has apparently been regarded either as of no consequence,
or as impossible to meet. Consequently the physiological factor
entering (visual sensibility) has been censidered only to the ex-
tent of recognizing certain largely arbitrary boundaries to the
radiation which is appreciable by the eye. For L is taken the
quantity of radiated energy lying between certain wave-lengths,
usually chosen as .76p and .38g, although we find wave-length
limits of .80y, .70x and .40p sometimes taken. Radiant efficiency
then becomes the ratio of that radiated energy between the
chosen spectral limits, to the total radiated energy. It is obvious
that the values will depend upon what wave-length limits are
taken, a serious objection to the method. This visible portion
of the radiated energy should be called “light” only in the
sense that it is appreciable by the eye; great care should be
taken not to think of it as light quantity as derived by photom-
etry. The importance of this caution will become evident as
we proceed. It is sufficient to state here that by this criterion
two illuminants could each have 100 per cent. efficiency but differ,
due to difference in color, in their candle-power per applied
watt by several times.

The second consequence of the limitation imposed by the units
is that the radiant efficiency L/R is more often determined than
the total efficiency L/Q. The two quantities I, and R, as we
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shall see, are measured in the same way, by radiation meters,
so that determination of -their absolute values is not necessary
to obtain their ratio. On the other hand, I, and Q are usually
measured by different means, I, by radiation meters which do
not immediately give absolute energy values, ) by watt-meters,
in the case of electric lamps, or equivalent methods with other
illuminants. ‘T'o obtain the total efficiency, L, therefore, as well
as Q, must be obtained in energy units.

Two general methods have been used to determine radiant
luminous efficiency.

First,—by exposing a radiation meter (thermopile, bolometer,
pyroheliometer, etc.) first to the total radiation R and then to
the visible radiation L. »

Second,—by measurement of the distribution of energy along
the spectrum, and subsequent integration of the whole area as
plotted from the observations, and of the visible portion.

In using the first method it is necessary to decide on some
means of separating the visible from the total radiation. One
of the earliest means was the use of absorbing screens, opaque
to the infra-red rays. In this way alum and water, and later
ferro-ammonium sulphate have been employed, and numerous
values of L/R obtained. At best absorbing screens are unsatis-
factory, for their limits of transmission are not well defined,
and as is evident from Fig. 1, a slight shift of the line of
separation of “visible” and “dark” radiation can make a large
change in the value of L. Furthermore it has been found by
Nichols and Coblentz that the results obtained by water, alum,
and iodine absorption cells are not trustworthy because the trans-
mission coefficients are not as usually assumed. Drysdale finds
the ferro-ammonium sulphate solution chemically affected by
radiation and hence also unreliable. For these reasons values
obtained by the use of absorbing solutions are only of interest
historically.

A better method for performing this separation is that of
Angstrom. A spectrum is formed, an opaque screen placed
over. the portion not desired, and the energy re-condensed upon
the energy measuring instrument. This has been used by Ang-
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strom and by Ingersoll, and their figures are probably the only
ones of value obtained from direct measurement of I, and R.

Radiant efficiency by the second or spectrum integration
method has been determined by Tyndall, Langley, Nichols and
others. The method demands sensitive instruments, as well as
considerable time and labor, but it is probably as satisfactory
a one as any.

In the table below are a few values of radiant luminous efficien-
cies, as determined by the means which are apparently exact -
and reliable.

TABLE 1.
“Radiant Efficiencies.” Ratio of radiant energy between wave lengths
.38u and .76u to total radiant energy. .
Source. Observer. Date. Method LiR

Hefner Angstrom 1903 Opaque Screen.......... .0096
Nernst Ingersoll 1903 ‘“ S eeresaven L0417
Acetylene Angstrom 1903 e € ereeieeaas .055
“ Nichols 1903 Spectrum Integration.... .03 to .04
“‘4g-watt” Car- Ives and Cob-
bon lamp lentz 1909 ¢ “ ... 018

Before passing on to the discussion of “total efficiency,” the
exact meaning and limitations of the radiant efficiencies tabulated
above must be emphasized.

The value of L/R gives us this information :— The same light,
both as to quantity and distribution in the visible spectrum, could
be obtained from the fraction L/R of the radiated energy. This
information, although of considerable value as giving us an
approximate idea of the wastefulness of artificial light produc-
tion, is incomplete, for it recognizes no difference in the. illumi-
nating value of the visible radiation depending on its color or
quality. Illuminants in which all the radiated energy lies in the
visible spectrum would be rated alike as 100 per cent. efficient.
A red light and a yellow light of equal energy output would
be rated the same, although the latter could be a hundred
times as bright as the former, because of the distribution of sen-
sibility in the eye. Efficiency in an illuminant does not follow
simply from its radiation being concentrated in the visible re-
gion, but also to a very large degree from that radiation be-
ing advantageously placed in the visible region. A practical re-
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sult of.this is that the ratio of the candles per watt of two illumi-
nants is not that of their luminous efficiencies, for the two candle-
powers are determined in part by the different distribution in
- the visible region of the radiation, as well as by the amount of
visible radiation. ) :

The 100 per cent. efficiency of this method, to which other
efficiencies are compared, therefore, merely expresses the con-
dition that all the radiant energy lies within certain limits. It
gives no information as to how advantageously the radiation
might be placed in that region. It gives in fact only a rough
measure of real efficiency.

TOTAIL LUMINOUS EFFICIENCY.

To obtain the radiant efficiency it has only been necessary to
know the ratio of luminous to total radiation. If, however, we
know L, the luminous energy, in energy units (assuming the
energy input similarly measured, as is usual) we are in a
position to find the total efficiency L/Q, or the proportion of
the total applied energy (as distinguished from the radiant
energy) which would be sufficient to give the same light, in
quantity and spectral distribution, as the measured illuminant.
The total efficiency is, like radiant efficiency, a pure number ; the
difference being that by making the comparison between L and
Q, instead of L, and R, we obtain a value in which the losses by
conduction and convection are taken account of.

Measurement of the radiated energy in absolute units has
usually been done in connection with determination of the me-
chanical equivalent of light, which is treated in the next section.
From values for the mechanical equivalent we obtain the energy
in visible radiation corresponding to a unit of light flux. Know-
ing the energy input necessary to give the unit of light flux
we are in a position to determine the total efficiency. We will
anticipate the results given in the next section to the extent of
showing by one illustration, the derivation of “total luminous
efficiency.” Thus, taking a value given by H. Lux for the con-
sumption of energy by the Hefner, as 115 watts per mean
spherical candle, we obtain for its total efficiency .121/115 or
.001, as against .009 for the radiant efficiency, indicating large
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losses by conduction and convection. With an incandescent.lamp
these losses are quite small, so that total and radiant efficiencies
are nearly the same.

Values of total efficiency have much the same limitations as
values of radiant efficiency. The standard of comparison, viz.,
the source of 100% efficiency, is the same quantity and quality
of light as the source gives; that is, a part of the source itself.
It is not compared with an outside, absolute standard of efficiency.
There is too, no-direct connection between total efficiency and
lumens per watt.

THE MECHANICAL EQUIVALENT OF LIGHT,

Another means of obtaining a measure of the efficiency of
light production is by determination of the “mechanical equiva-
lent of light.” By the “mechanical equivalent of light” is meant
the energy value of the visible portion of the radiation from a
source giving a unit of light flux. An equivalent definition is:
The energy value of the radiation of a source of 100 per cent.
luminous efficiency, giving unit light flux. As the unit of flux
the lumen has sometimes been used, more frequently the spherical
candle. We shall in this paper as a rule use the spherical candle
or 4w lumens, although the final values will be given in both
units. The object of so doing is to make a little clearer the
connection between current practical measures and the rational
basis of comparison we shall derive. The lumen is of course
preferable.

The mechanical equivalent of a given light (the necessity for
this limitation will appear shortly) is expressed in watts per
mean spherical candle. It must not, however, be confused with
the total watts per candle, which is also a mechanical equivalent
but in a more comprehensive sense.

The mechanical equivalent of a light is obtained in much the
same way as radiant - efficiency. The visible portion of the
radiated energy (as before, an arbitrary line of demarcation must
be made) is separated from the invisible and allowed to fall on a
measuring instrument. Instead, however, of making a mere com-
parison of this energy with the total, its actual amount is measur-
ed. The same energy is then measured as light quantity with a
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photometer, and thus the radiant energy corresponding to one
spherical candle for the light source in question is determined.

Values for the mechanical equivalent of several lights have
been determined by Tumlirz, Angstrom, Drysdale and others.
The majority of these were determined by absorbing screen
methods ; if we discard these, for the reasons given above, there
remain the following:

TABLE II.

Mechanical Equivalents of Light as Given by Several Illuminants.
Energy value of radiation from .76u to .38 corresponding to one spheri-
cal candle.

Watts per
Source. ©  Observer. Spherical Candle.
Hefner Angstrom J121
Arc Drysdale .0805
Nernst . 119

From this table we learn that the same quantity and quality
of light as that given by these several sources could be obtained
by the expenditure of the energy quantities given by the figures
of the last column. Those quantities are of course much less
than those necessary in practice because we cannot restrict the
cnergy transformation to radiant energy in the visible region.

As to the characteristics and limitations of the “mechanical
equivalent of light” one of the most important points to note is
that the mechanical equivalent, as defined, is different for each
light source. This has not been as well understood as it should
have been. It has erroneously been assumed that the mechanical
equivalent is a constant, and so some experimentors have thought
to obtain total and radiant efficiencies simply by dividing the total
energy input or total radiation, per mean spherical candle, by
the value obtained by Angstrom. FEisler,® in an article which
seems not to have been so widely noticed as it deserves, con-
sidered the distribution of sensibility in the eye, using Langley’s
values, and showed that the visible portion of the radiation from
a black body increases several times in luminosity for the same
quantity of radiated energy, as the temperature rises from 1000°
to 5000°, due to the more advantageous distribution of the visible
energy at higher temperatures. It should, indeed, have been
obvious that the energy necessary to give a certain intensity in

1 Electrotechnische Zettschrift, 1904, p. 188.
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a Hefner, with its very large amount of deep red, nearly useless
as luminosity, would be greater than if the energy were concen-
trated toward the more luminous part of the spectrum. As an
illustration of this error, Tumlirz concluded from the mechan-
ical equivalent of the Hefner that the highest possible efficiency
of light production must be about six candles per watt, while
as we shall see fifty candles per watt is more probable.

It is therefore impressed upon us that the quality or color of
the luminous radiation is a matter of the first importance. In
consequence of disregarding it there exists no direct connection
between radiant or total luminous efficiency, and the practical and
sati$factory candles per watt. Nor do we arrive at any uni-
versal standard to which to refer efficiencies. The comparisons
made possible by the determination of luminous efficiency are
only rough. It is true in general that a source having a large
value of luminous efficiency will be more efficient than one
with a small; that the source having a small mechanical
equivalent will be more efficient than one with a large; although
in neither case is this necessarily so, and our knowledge is but
qualitative. Exact quantitative comparisons of the efficiency of
light sources is impossible from mere knowledge of luminous
efficiency or the mechanical equivalent, so-called.

It is evident then that we have thus far arrived at no satis-
factory basis for the scientific comparison of efficiencies. It is
necessary in order to have this to so change our definition of
luminous efficiency that it takes into account quality. We must
carry the investigation of mechanical equivalents to the point of
finding the minimum possible- mechanical equivalent. We shall
then find a direct relation between the new “luminous efficiency”
or a light source, and its candles per watt, and our standard of
comparison will be the light having that minimum mechanical
equivalent. The manner of doing this is given in the next
section.

REDUCED LUMINOUS EFFICIENCY.

Reduced luminous efficiency (so-called by Drysdale) substi-
tutes for the pure energy quantity which represents “light” in
radiant luminous efficiency, an energy quantity weighted accord-
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ing to the capacity of the energy to produce the sensation of
brightness. This makes the standard to which all efficiencies
are referred, the light having the most advantageous possible dis-

- tribution of energy, from the standpoint of the production of use-

ful light. In place of considering the mechanical equivalents of
light we are to be interested only in the mechanical equivalent of
that most efficient possible source. With this we then compare,
not the mechanical equivalents (in which we are not interested)
but the watts per candle of our light sources. We obtain a ratio
identical with “reduced luminous efficiency.” Also, and as a con-
sequence, the ratios of the candles per watt of two sources, is the
ratio of their reduced luminous efficiencies. -~

The idea of reduced luminous efficiencies is arrived at by con-
sidering the relative luminosities of different portions of the
visible radiation. The yellow-green or middle of the spectrum
is the brightest, the red and blue ends, the least bright. There-
fore, if we had a light source which not only radiated all its
energy in the visible region (100% “radiant efficiency”) but
radiated it ‘all at the brightest wave-lengths, we would have a
source of 100 per cent. “reduced luminous efficiency.”

Drysdale, following suggestions of Fery and Guillaume, at-
tacked experimentally the problem of obtaining the mechanical
equivalent of yellow-green light. Previously, however, Eisler
without specifically mentioning luminous efficiency, had derived
a value for this quantity indirectly from Tumlirz’s values for

. the mechanical equivalent of the Hefner, using Langley’s data

I

on visual sensibility. The present writer, in calculating the
luminous efficiency of the fire-fly, at the time ignorant of Eis-
ler’s work, arrived at a value of the mechanical equivalent of
yellow-green light by using Koenig’s values for visual sensibility,
and radiation measurements of a glow lamp. The derivation
of this quantity through our knowledge of visual sensibility
will be given here, for the two reasons, that it makes possible
the derivation of the mechanical equivalent in question from
other known mechanical equivalents, and that it gives a method
of ascribing values of reduced radiant luminous efficiency to all
sources for which the distribution of radiation is known.

The sensibility of the eye to different spectral colors at dif-
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ferent illuminations has been studied by Langley and by Koenig:
Koenig’s values are the more recent and complete. They have
been put in convenient form by Nutting, and will be used here.
The sensibility curve, according to Koenig, for the normal eye,
for high intensities, and for a normal spectrum (uniform energy
distribution) is given in Fig. 2. The ordinates give the relative

40 a5 50 55 60 65 7o,
YioLeT BLUE GREEN YELLOW ORANGE RED

Fig. 2—Sensibility curve of the eye, for a normal spectrum at high intensities.
photometric values of the different colors of the spectrum. The
maximum at .565u is for convenience given the value unity.
The maximum of this curve shifts toward the blue for low in-
tensities,—the well-known Purkinje effect, and so in using these
values the fact must be kept in mind that the results hold only
for high intensities above the region where the Purkinje effect
is marked.

If we know the complete radiation curve of a source, as de-
termined by a bolometer or thermopile in conjunction with a
spectrometer, we can assign to each wave-length its relative lu-
minosity value by merely multiplying its energy value by the
ordinate of the sensibility curve at that wave-length. We thus
obtain a reduced energy quantity which is proportional at each
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wave-length to the light value of the energy. The area of the
reduced curve is then proportional to the luminosity of the source.
Beyond the limits of the visible spectrum the value of the re-
duced energy is zero. If all the radiated energy were concen-
trated at .565u (the most luminous part of the spectrum) the re-
duced area would be the same as the unreduced. This corre-
sponds to 100 per cent. reduced radiant eﬂicienc\y. It follows
that the ratio of the reduced to the total energy curves gives the
“reduced radiant luminous efficiency,” where the standard of
comparison is the efficiency of a source whose radiation is limited
to yellow-green light at .565¢. In Fig. 3 are shown the total and

T 2] "5 re s e 35 <o ~ -

Fig. 3—Reduced luminous efficiency of a *‘ g-watt» carbon-lamp:

reduced energy distribution curves for a “4-watt” carbon lamp.
Thé ratio of the shaded to the total area is the reduced radiant
luminous efficiency. The necessity for restricting the statements
to “radiant” efficiencies thus far is obvious. _

Before proceeding further the following short table of reduccd
radiant luminous efficiencies will give an idea of ‘the order of
magnitude of this quantity.

TABLE IIL
Reduced Radiant Luminous Efficiencies.
Hefner ~ ... ..ot B .0018
“4-watt” carbon lamp ........ et .0043
Black body at 6,000° absolute ...................... L. L1560
- Firefly .............. e 965

Monochromatic light, wave-length .565 .............. 1.000
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The total area of the radiation curve is proportional to watts,
the reduced area to luminous flux or spherical candles, the ratio
of the two is proportional to watts per candle. If we determine
the constant of this proportionality by measuring the radiated
watts per candle, corresponding to a known “reduced radiant
luminous efficiency” we can deduce the 1educed Tuminous efficien--
cy of any source from knowledge of its watts per candle. De-
termining this constant amounts to finding the mechanical equiva-
lent of a light of 100 per cent. reduced radiant efficiency; in
short, the least amount of radiated energy that will give one
spherical candle.

Drysdale, with apparatus similar to Angstrom, made a direct
determination with yellow-green light from an arc spectrum.
His value was .059 watts per candle. This is the only direct
determination thus far made where accuracy was striven for.
By using the method employed by Eisler, it is possible to obtain
values for this quantity from observations on other sources
whose radiation curves or mechanical equivalents are known.
Because of the difficulties in measuring the minute energy quan-
tities represented by a narrow portion of the spectrum it is
probable in the writer’s opinion that more accurate values may
be obtained by calculation from quantities that are less difficult
to measure. This method of calculation of the quantity, which
we shall call M, will now be given.

The simplest way of determining M (apart from a reliable
direct measurement) is to know the radiated watts per candle
of a source whose reduced luminous efficiency we also know.
Thus the writer with Dr. Coblentz determined M from observa-
tions on a carbon glow lamp, on the assumption,—which cannot
be far from true,—that practically all the applied energy is
transformed into radiation. The reduced radiant luminous effi-
ciency being .0043, and the watts per mean spherical candle
being 4.83, it follows that a luminous efficiency of 100 per cent.
would correspond to .0043 X 4.83 or .021 watts per candle.

Recently through the kindness of Dr. E. P, Hyde the writer
has had an opportunity to calculate the value of M from energy
distribution measurements on three incandescent lamps whose
watts per mean spherical candle-power were known. These
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were an untreated carbon, a treated carbon, and an osmium
lamp, used in an investigation on selective emission of incan-
descent lamps.* The distribution in the visible was obtained by
comparison with a black body at known temperature (1690° abso-
lute) whose distribution was computed from Wien’s equation.
The data were derived from the lamps at low voltages, corre-
sponding to about 814 watts per spherical candle for the
carbon and about 514 watts per spherical candle for the osmium,
so that the proportion of visible to infra-red energy is quite
small. As high accuracy cannot be expected under these con-
ditions as when a large amount of energy is radiated in the visible
region. The accuracy is also very dependent on the exactness
with which the visible and radiometric measurements are joined.
But with careful measurements the results should not be greatly
in error. ’ ,
From the osmium lamp, proceeding as with the carbon lamp
described above, the value of M is deduced as .016 watt, from
the untreated carbon .014, and from the treated carbon as .o15
watt. .
As far as the writer knows these are the only available experi-
ments in which both the energy distribution and the quantity of
energy are given. However, we have practically the same thing
in those cases where we know both the mechanical equivalent
and the shape of the radiation curve in the visible region. If we
have the “radiant luminous efficiency” as well, we can de-
termine the reduced radiant luminous efficiency, although this
is not necessary to determine M. Knowledge of these quantities
from the work of Tumlirz enabled Eisler to make probably the
first recorded determination of M. In Fig. 4 is given the
radiation curve of the Hefner lamp in the visible region (.76p
to .38rx). The smaller curve is the reduced area proportional
to luminosity. The reduced luminous efficiency of the visible
portion of the Hefner radiation is the ratio of these areas or 0.19.
(The “radiant luminous efficiency” or the ratio of this visible
area to the whole, Angstrom found to be .0096; the product of
the two quantities or .0018, is reduced radiant efficiency). Now
the “mechanical equivalent” of the Hefner, or the quantity of

1 Selective Emission of Inc. Lps. as Determined by New Photometric Methods.
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energy radiated between these limits for one spherical candle
is .121 watts. The product .19 X .121 or .023 watts is the
value of M, in good agreement with the one derived from the

e

40 s 50 55 ") I E7) .

Fig. 4—Visible radiation of Hefner lamp.

“4-watt” incandescent lamp, but-not with Drysdale’s direct ex-
perimental value. Eisler obtained .017 watts. As his value
was obtained through Tumlirz’s work with absorption cells it
does .not deserve so great weight as the others, but since the
same absorption cell was used to determine both the radiant
luminous efficiency and the mechanical equivalent, the errors of
the absorption: method would be partly compensated for, and
the order of magnitude of M cannot be far wrong.

Drysdale with the same apparatus determined the mechanical
equivalent of “white light,” using ‘both a Nernst and a carbon
arc. From these, values of M can be calculated as above, al-
though Drysdale did not do so.- For this purpose it is necessary
to know the ‘distribution of visible radiation.

Since these two illuminants have practically the visible energy
distributlon of a black body at appropriate temperatures, it will
be sufficient to know the reduced luminous efficiency of the
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visible portion of the black body radiation for various tempera-
tures. Because of their general interest and application, the
writer has worked out by this method the reduced luminous
efficiencies of the black body for a series of temperatures, cal-
culating the radiation curves from the equation of Wien. The"
values for the visible portion alone are given in Fig. 5. It is at

50
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Fig. 5—Reduced luminous efficiency of visible radiation of black body.

once evident why the mechanical equivalent of light depends
upon the character of the visible radiation, since the ordinates
here represents quantities of light corresponding to the same
energy quantity.

The values just obtained can be used in conjunction with the
older “radiant luminous efficiency” to determine reduced values
for the total black body radiation and illuminants of similar
visual energy distribution. Drysdale has calculated the radiant
luminous efficiencies of a black body (L/R), and the values are
shown by the dotted line in Fig. 6. These have each been re-
duced according to Fig. 5, and the resulting reduced radiant
efficiencies are given by the full line. The maximum efficiency
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is given at about 6000°. The radiation of the sun corresponds
in its visible region closely to the black body at about 5000°, but
the difference in color of the black body between 5000° and
6000° is.so slight that we may say that the most efficient light
a black body can give is white light. We shall return to the dis-
cussion of these values later. ‘

To use these computations we note that the Nernst corre-
sponds closely in visual distribution to an acetylene flame, which
in turn is practically that of a black body at 2330° absolute.! Re-
peating the process we have applied to the Hefner, we find for
the reduced efficiency of the visible radiation .255. This ap-
plied to the mechanical equivalent found by Drysdale for the
Nernst gives .255 X .I19 or .03 watts. Taking the arc as
equivalent visually to a black body at 3000° absolute* we ob-
tain .30 X .0805 or .024. These values are not consistent with
the directly obtained value .059; probably, in the writer’s opinion,
because the chances of error in measuring the energy in the
small band of green light were far greater than in measuring the
whole visible spectrum. ,

We obtain therefore a number of values in the neighborhood
of one fiftieth of a watt per candle, (with the exception of Drys-
dale’s value of one-seventeenth). These values because of the
manner in which they are obtained must be too high. We have
assumed in deducing them that the candle-power measurements
were made at high intensities, and, in the case of the incandes-
cent lamps, that no energy is lost by conduction and convection.
In practice photometric work is carried out at moderate illumina-
tions,> where more energy is required, with illuminants of the
kind we are considering, to give a certain amount of light meas-
ured by any of the present standards than at higher illumina-
tions. The energy input would therefore need to be less under
the high illumination conditions we have assumed. The amount
of this connection is difficult to determine, being a function of
the colors of the standard and the light tested. ‘From some cal-
culations made by means of Koenig’s visibility curves for various

1 In a direct comparison by Dr. E. P. Hyde, the value 2,326 was obtained.

2 Obtained by spectrophotometric comparison of roamp. D. C. arc with acetylene,

3 If a medium illumination were taken as standard, a sensibility curve with a maxi-
mum nearer the blue should be used. This would give smaller values for M.
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intensities, using a “4-watt” lamp as the standard (4. e, con-
sidering - its candle-power a constant at all illuminations) the
amount of this correction for any illuminant and conditions here
considered would not appear to exceed 10 per cent. With regard
to the losses by conduction and convection, they would also
operate in the direction of making the energy assumed necessary
for a certain light flux too large. These latter losses would be
proportionally greater in the lamps run at lower temperatures.

The errors in the -calculation of the quantity M being there-
fore all in the direction to make the obtained values large, the
mean of these, viz., .024 watt per mean spherical candle is prob-
ably an upper limit. Giving small weight to the values obtained
by Eisler and by Drysdale, for reasons already given, it appears
that we can assign with some show of probability to the quantity
M the value of one-fiftieth of a watt per mean spherical candle,
or .0016 watt per lumen. Future work may determine this
more accurately.

TABLE 1V.

Values for the Mechanical Equivalent of the Most
Efficient Light.

Method. Watts per candle.
Application of Langley’s sensibility data to T‘umlirz’s figures -
for the Mechanical Equivalent of the Hefner (Eisler) .. .o017
Direct measurement of yellow-green light (Drysdale) ...... 059

Application of Koenig’s sensibility data to energy distribution
curves or to mechanical equivalents (Ives)—

Hefner (Angstrom’s value of mechanical equivalent) .... .023
Nernst (Drysdale’s value of mechanical equivalent) ...... .030
Arc (Drysdale’s value of mechanical equivalent) .......... 024
“4-watt” carbon lamp (distribution curve obtained by
Coblentz) ................. e, .021
Untreated carbon lamp at 8.6 w. p. s. c. (distribution curve
furnished by E. P. Hyde) ............cooiiiiiia... .014
Treated carbon lamp at 8.0 w. p. s. c¢. (distribution curve
furnished by E. P. Hyde) ...........cciiiiuiena... 0I5
Osmium lamp at 5.5 w. p. s. c. (distribution curve furnished
by E. P. Hyde) «uvoieiiiieient e iiee e .016

This quanity is one of prime importance in comparing efficien-
cies. The derivation of “reduced luminous efficiency” has given
us a rational basis of estimating efficiencies, but it is largely a
means to an end. One object of studyving efficiencies is to know
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what efficiency should be attainable, and to compare our present
ones with it. Future investigation should therefore devote itself
not as formerly to accumulating values of luminous efficiency,
but to obtaining more accurate values of M.

It would seem to the writer that the most promising method
for doing this would ‘be direct measurement of the light and
energy of the very intense radiation from the green line of the
quartz mercury arc. This gives much more energy for measure-
ment than does a strip of continuous spectrum and may be
easily separated from the other mercury emission lines by the
use of absorbing screens. This line, wave-length .546u, does not
correspond exactly to the maximum of sensibility according to
Koenig, but is near enough so that only a small correction would
be necessary. If this direct method proves unreliable, values
can still be obtained through mechanical equivalents of “white”
illuminants, by the use of the sensibility curve. These would
always be subject to the errors of the sensibility curve, but a
comparatively large change in the latter is necessary to make
much difference in the resultant value.

Using this value of M, namely .02 watts per spherical candle,
we can obtain some figures of interest.” Referring to the values
of reduced luminous efficiency for the black body, we see that
about 17 per cent. is the maximum value at 6000°. Using
Planck’s equation instead of Wien’s, a slightly smaller value
results, namely 15.6 per cent. This, the most efficient black
body, corresponds to .13 watts per candle or 714 candles per
watt. If all the radiation of the black body were confined to the
visible region (.76p to .38p) the reduced efficiency would be 34
per cent. (Fig. 5), or 17 candles per watt. The limits taken
are however wider than necessary. A white light would be ob-
tained from the radiation between wave-lengths .4op and .70p.
The reduced efficiency of this radiation is 42 per cent., or 21
candles per watt. It is therefore evident that the development
of higher cfficiencies is dependent on finding substances which
not only will stand a high temperature but will radiate selectively
in the visible region.

In the following table are collected figures for reduced lumin-
ous efficiencies and for candles per watt and lumens per watt.
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Since the (total) reduced efficiencies are proportional to. the
candles (or lumens) per watt, it is only necessary to know
accurately the reduced efficiency of one illuminant, for then the
ratio of the candles (or lumens) per watt of other illuminants
to it gives their reduced efficiencies. The reduced efficiencies of
the last four on the list were so obtained.

It may be noted here that the definition of reduced lummous
efficiency might be put in a slightly different form than we have
used. Drysdale’s manner of putting it is that the reduced lumin-
ous efficiency expresses the percentage of the applied energy
which would be sufficient to give the same light quantity, had
the energy been radiated as yellow-green light. The two modes
of describing the quantity are exactly equivalent.

TABLE V.
Spherical candles Lumens per  Reduced lumin-
Source. per applied watt. applied watt.  ous efficiency.

Ideal yellow-green source.-about 50 about 625 100%
Fire-fly seeeeeeceaninaannn, ? ? 96.5
Black body at 6000° -..--- . 7% 95 15.6
Black body at 6000 between

Lqop and . 40p. eee eennan 21 265.0 42.0
“4-watt” carbon lamp ..... .21 2.6 0.43
Tungsten.........oeeeennen .63 7.9 1.3
D.C.AICecearncanscearonns 1.1 13.8 2.2
VYellow flame arc...cccvvnne 3.0 : 37.8 6.0
Quartz mercury arc .« «-.. 3.4 42.8 6.8

As was the case with so-called “luminous efficiency” it is neces-
sary in giving “reduced luminous efficiencies” to note whether
the efficiency is “radiant” or “total;” that is, whether we have
considered merely the energy radiated, or the whole applied
energy. In practice our knowledge is as a rule of the applied
energy. In cases, however, where we are interested in the
efficiency of the radiated energy we can obtain the radiant “re-
duced luminous efficiency” by measuring the radiated energy.
In the case of the fire-fly for instance, we can study its radiation,
but we do not know how much energy it has to apply to obtain
a certain amount of radiation, 4. e., we cannot determine its
total efficiency as applied watts per candle. Usually the knowl-
edge we desire is of the total efficiency, or the ratio of the can-
dles per watt to that of the most efficient light. If, however,
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there is reason to believe that a large amount of energy is lost
in the transformation from applied energy into radiation it be-
comes of interest to know the efficiency of the radiated energy
alone. In such cases the radiant and total efficiencies are re-
lated to each other by the factor giving the efficiency of trans-
formation of applied energy into radiated energy. This is a
quantity easier to determine than either the so-called “luminous
efficiency” or the “mechanical equivalent” for it is only necessary
to measure the total radiation in watts,—not a small arid diffi-
cultly measurable fraction of it.

As a consequence of developing the idea of reduced luminous
efficiencies we find that in order to know all that is usually of
significance about an artificial illuminant,—once the value of the
constant M is determined,—we should determine—

1. Mean spherical candle-power,
2. FEnergy input.
3. Radiated energy.

From 1 and 2 we obtain the candles per watt, which we can
compare with the candles per watt of the ideal source, or of the
most efficient in white light. This comparison will usually be
sufficient to answer our questions about relative efficiency. In
certain cases it will be of importance to know where the chief
waste of energy takes place. We learn this from “2” and “3.”

SUMMARY AND CONCLUSION,

The meaning and values of the various quantities employed
in the comparison of the efficiencies of light sources have been
reviewed and criticized. It has been pointed out that the com-
mon technical measure of efficiency “candles per watt” or pre-
ferably “lumens per watt,” is exact and satisfactory as far as it
goes, while the usual scientific measure “luminous efficiency” is
not. The weakness of the quantities “luminous efficiency” and
“mechanical equivalent of light” is that they take no adequate
account of the relation between the quality of the radiation and
the efficiency, and that the values indicating the highest efficiency
possible refer not to any common standard, but only to the par-
ticular lights measured. As a consequence there is no direct
relationship between “luminous efficiency,” and “candles per
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watt.” The luminous efficiency and the mechanical equivalent of
a source are only rough measures, unsuitable for comparisons.

By taking into consideration the quality of the visible radiation,
the idea of “reduced luminous efficiency” has been developed.
Here the standard of comparison is the light which, owing to’
the sensibility of the eye, is the most efficient. By determining the
minimum energy necessary to give one spherical candle of this
most efficient possible light, a quantity is obtained to which
the watts per candle of any illuminant may be referred, thus
giving a rational measure of efficiency. This measure of
efficiency if expressed in percentage is identical with “reduced
luminous efficiency.”

What are the useful conclusions to be drawn from this survey?

In order to make a complete discussion of this subject it
has been necessary to use a large number of terms, “radiant
luminous efficiency,” “total luminous efficiency,” “the mechanical
equivalent of light,” “reduced radiant luminous efficiency,” “re-
duced total luminous efficiency.” So many similar terms are
altogether too confusing to be preserved in use. One conclusion
that might well be reached would be that we should cease using
the term “‘luminous efficiency” in its older sense of the ratio of
visible to total radiation, using this term to designate the more
rational “reduced luminous efficiency.” This should certainly be
done if possible. It is probable though that the term “luminous
efficiency” has been too long attached to the former quantity to
offer much hope of its being transferred. The confusion of find-
ing the same term used in different senses would be very un-
desirable.

&«

In the writer’s opinion the best solution of the difficulty is
to discard the term “luminous efficiency” altogether. The quan-
tity formerly meant by “luminous efficiency” should be stated
explicitly. In place of so thany per cent. “luminous efficiency”
it is more exact and satisfactory to state that such a percentage
of the total energy radiated lies inside or outside the visible
spectrum. This is a rough measure of efficiency, and should be
so considered. The “mechanical equivalent” of a light can just
as well be given without using this name. State that the visible
portion of the radiation has such an energy value for unit
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light flux. Instead of applying the term “luminous efficiency”
to that quantity we have discussed as “reduced luminous effi-
ciency,” confine ourselves to “efficiency,” meaning lumens per
watt. If we wish to compare the efficiencies of two illuminants,
compare their lumens per watt, or candles per watt, depending
on which unit of flux we have used. If we wish to know how
an illuminant stands with respect to the highest possible efficien-
cy, compare its lumens per watt with the lumens per watt of
yellow-green light, or if preferred, to that of the most efficient
white light. There is no real need for a “luminous efficiency”
giving values in percentages. If a percentage value is given it
can be stated explicitly that the efficiency of the illuminant is
so many per cent. the efficiency of the standard yellow-green or
white as preferred. But the writer’s belief i1s that it is best to
avoid the use of percentages in this connection. On this view,
the figures of the “Lumens per Watt” column of Table IV give
all that is usually necessary in the comparison of illuminants.
Make direct comparison of candles or lumens per watt, and know
the goal of efficiency in light production.

The mechanical equivalent of the most efficient light, with
which we make comparisons, is a quantity for future investiga-
tion to determine more exactly. The final value wiil depend
upon conventions yet to be decided upon as to the standard con-
ditions of illumination under which we shall consider our stan-
dards of intensity to hold their values. In short, it is bound up
with the whole question of color photometry. For the present
the efficiency of the yellow-green source is so much higher than
any practically obtainable efficiency that the existing uncertainty
in its value is of no great moment, if we use it as here urged.



