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EQUIPMENT FOR ROUTINE SPECTRAL TRANSMISSION
AND REFLECTION MEASUREMENTS

By H. J. McNicholas

ABSTRACT

This paper presents a description of an assembly of apparatus which has been
in use at the Bureau of Standards since August, 1924, for routine spectral trans-
mission and reflection measurements. The Koenig-Martens spectrophotometer
is used with different light sources, each source being designed especially to meet
the required conditions of illumination on the sample, in the measurement of
the following quantities as functions of wave length:

1. The wuntdirectional normal transmission of an optically homogeneous (non-
diffusing) material in the form of a plate with plane-parallel surfaces.

2. The normal brightness of a sample by reflected light, relative to the same for a
standard material, when both sample and standard are under equal and completely
diffused illuminations.

The sources for transmission measurements are three separate white-lined
inclosures, each just large enough to contain, respectively, two 400-watt gas-
filled incandescent lamps, two helium lamps, and a quartz mercury-vapor lamp.
These sources are conveniently and quickly interchangeable, so that any one of
them may be used separately for specific purposes.

A uniform distribution of 156 small gas-filled incandescent lamps on a white
diffusely reflecting hemispherical surface provides a source of illumination for
reflection measurements which is shown to be equivalent to the desired ideal
completely diffused condition.

Accessory equipment includes ventilation apparatus, convenient devices for
handling the transmission and reflection samples, standard sectored disks for
use with the spectrophotometer, and apparatus for temperature control of
liquid transmission samples.

The theory of the Koenig-Martens spectrophotometer is given, along with a
discussion of some possible sources of error in the spectrophotometric
measurements.

Tests of the accuracy in the measurement of the specified quantities are
described.
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I. INTRODUCTION

The measurement of the transmissive and reflective properties of *
various materials for wave lengths throughout the visible spectral
range is a matter of fundamental importance in the work of a colorim-
etry laboratory, for the data thus obtained under given conditions
of illumination and observation constitute a description of the mate-
rial which is unique and sufficient for the purposes of colorimetry.
When multiplied into the spectral energy distribution of the source of
illumination, the resulting data are a representation of the entire
physical stimulus of the sensation of color (neglecting simultaneous
and successive contrast effects) and form the fundamental basis for
color specification. The use of these data with the psychophysical
data of color vision in the computation of various colorimetric func-
tions has been considered in detail by others. In the establishment
of material color standards for various purposes, the spectrophoto-
metric data form a suitable and adequate record of the colors, so that
the reproduction of the standards at some future time may be verified
without depending on the permanence of the materials originally
used. The utility of spectrophotometric equipment and methods in

-
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many fields of research is being recognized by an increasing number of
investigators.

A serious disadvantage inherent in the use of visual methods of
spectrophotometry lies in the decreased precision of measurement
attainable toward both ends of the visible spectrum as a result of the
decreased sensibility of the eye to these spectral regions. The diffi-
culty is further enhanced in the blue and violet regions by the rela-
tively lower energy emission of the sources of light commonly used.
In some applications of the spectrophotometric data, as in the trans-
formation into the trilinear coordinates of colorimetry, it is often of
importance to obtain accurate transmission or reflection data over the
spectral range from 380 or 400 to 740 mu. Sometimes the range
from 420 to 720 mp is sufficient. Unless recourse is had to radio-
metric methods, the above-mentioned difficulty in the visual method
can only be overcome by providing sources of licht of sufficient
intensity so that the desired photometric precision and range of meas-
urement are obtained.

The transmissive and reflective properties of various materials
depend not only on the nature and structure of the material itself,
but may also vary considerably with the conditions of illumination
and observation. Various transmission and reflection coefficients cor-
responding to these conditions may therefore be defined and meas-
ured to serve particular purposes.

In transmission measurements we are most frequently concerned
with the unidirectional normal transmission of light through an opti-
cally homogeneous (nondiffusing) medium in the form of a plate with
plane-parallel polished surfaces. The beam of light is in this case
incident in a direction perpendicular to the surface of the sample; it
is partly reflected at the surfaces in a regular manner and partly trans-
mitted by the medium without scattering or appreciable deviation
from its original path. The quantity to be measured is the ratio of
the total transmitted to the total incident light and is thus defined as
the transmission (considered now as a magnitude).

In the case of reflection measurements, on the other hand, we are
usually concerned with diffusing media, such as papers, painted sur-
faces, dyed fabrics, etc., for which the incident light is generally
reflected in all directions from the surface of the sample. The con-
ditions of illumination and observation must be definitely specified, if
unambiguous and reproducible results are to be obtained.

The specification of the illumination for reflection measurements
is based upon the following considerations:

1. The absolute illumination on the sample must be sufficient for
precise spectrophotometric measurements over the desired range of
wave lengths, but the sample must be protected at the same time
from excessive heating by the source,



796 Bureaw of Standards Journal of Research [ Vol. 1

2. The angular distribution of the incident light must be definitely
determined by the construction of the source, so that the conditions
of illumination may be readily reproduced.

3. It is desirable that the conditions of illumination adopted be also
representative of some natural condition of illumination, under which,
for instance, the color of various materials is ordinarily observed.

It is difficult to realize all the desired conditions of illumination
simultaneously by the use of a single commercial type of lamp.
Such illumination will generally be insufficient for spectrophotometric
purposes. It is necessary, therefore, to resort to multidirectional
illumination of some sort, whereby the combined effect of a number of
different light sources is obtained. If no restrictions be placed on the
solid angular extent of the incident luminous flux, it is advantageous
to place the light sources in an inclosure surrounding the sample, the
walls of which are made of a good diffusing material of high reflect-
ance.! Furthermore, to make the condition of illumination definite
and reproducible, it is expedient to arrange the light sources with
reference to the sample so that the illumination on the sample is for
all practical purposes completely diffused.

No attempt will be made in this paper to discuss the advantages or
disadvantages of different conditions of illumination for colorimetric
or other purposes. Completely diffused illumination as compared
with unidirectional illumination is, perhaps, a closer approximation
to the average condition under which the color of a sample is observed
(by reflected light) in a well-lighted room or in the open, when the sam-
ple is shaded from the direct rays of the sun. In regard to the spec-
trophotometric measurements, a source for the diffused illumination
of the sample may readily be constructed to comply with all of the
desired specifications.

If it be desired to measure the total reflected light, some method for
the integration of the licht flux in all directions from the sample is
required. Although suitable methods for this purpose may be applied
in certain cases, it is usually most convenient to measure the light
reflected in a specified direction from the surface of the sample; and,
indeed, this corresponds to the actual condition of use of the eye in
observing the color of materials. In this case, however, only a small
portion of the total reflected light is directly received by the eye, or by
the spectrophotometric observing system, so that a greater licht flux
on the sample is required in order to obtain the same photometric
field brightnesses (hence, the same precision and range of measure-
ment) as may readily be obtained in the above-defined case of unidi-
rectional transmission, wherein the beam of incident light is not broken
up or scattered by the sample.

1 Reflectance is defined as the ratio of the total reflected to the total incident light, without regard to direc-
tions of incidence or reflection.
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The method of observation herein adopted is to view the sample
in a direction approximately normal to its surface. The symmetry
of both the illumination and the direction of observation with respect
to the surface of the sample is an advantage in spectral reflection
measurements, which will be evident later in the discussion of these
measurements.

The equipment to be described is designed, then, for the measure-
ment of the following quantities:

1. The unidirectional normal transmission of an optically homo-
genous material.

2. The normal brightness of a sample by reflected light relative to the
same for a standard material, when both sample and standard are
under equal and completely diffused illuminations.

In the design and construction of the apparatus for these measure-
ments considerable attention has been given to the matter of con-
venience in the arrangement and location of the various parts, in
the handling of the samples and recording of observations, and to
the stability and permanence of the adjustments, in order that the
work could be carried on at any time as a routine daily procedure,
if desired, with the greatest possible facility and speed and without
preliminary adjustments or frequent attention to the working parts.
The assurance that a given amount of work may be accomplished in
a specified time, without annoying interruptions or uncertainties
arising from failures or irregularities in the performance of the ap-
paratus, is a source of the greatest satisfaction to those having to do
with a considerable amount of this work.

The equipment has now been in service for nearly four years.?
Such provisions as have been made to facilitate and expedite the
measurements are, if seemingly elaborate, fully warranted, never-
theless, by the use which has been made of this equipment. In
addition to determinations of the spectral transmissive or reflective
properties of more than 200 samples of various materials submitted
during the past four years by outside industrial establishments,
private individuals, and other Government departments, an even
greater demand for the spectrophotometric data has arisen in various
research projects carried on at the Bureau of Standards, particularly
those originating in the colorimetry laboratory. These investiga-
tions often call for the highest precision and accuracy attainable in
the spectrophotometric measurements.

2 The equipment herein described replaces the old illumination apparatus for transmission and reflection
measurements which was in use in the colorimetry section of the bureau prior to the summer of 1924, and
described in part in the following papers: B. S. Tech. Paper No. 148, p. 5; 1920; B. S. Tech. Paper No. 167,
p. 20; 1920; B. S. Sci. Paper No. 440, pp. 126, 143; 1922; J. O. S. A. and R. S. L., 8, p. 203; 1924,
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II. DESCRIPTION OF LIGHT SOURCES

The salient features and general arrangement of the spectrophoto-
meter and illumination apparatus are best illustrated by the photo-
graphs in Figures 1 and 2 and by the diagram in Figure 3. The
apparatus is built around a wooden framework placed in the center
of a small room, which may be darkened, is well ventilated, and
devoted exclusively to spectrophotometric work. All switches,
rheostats, and other instruments for the control of the lamps, motors,
etc., are conveniently assembled on a wall board. Detailed informa-
tion on the construction of the light sources and accessory parts is
given in Figures 4, 5, and 6, to which frequent reference will be made
in the description. In the various figures different parts are referred
to by number, and a given part is numbered the same in whichever
figure and view it may be shown. A general key to the construction
is provided, which serves for all of the figures and supplements the
description to be found in the text. (See legend to fig. 4.)

The specific requirements in regard to the illumination of the
sample, in the particular type of reflection and transmission measure-
ments to be made, are most advantageously met by the use of separate
sources especially designed for each kind of work. The advantages
of this plan will be brought out in the course of the following
description,

1. SOURCE FOR REFLECTION MEASUREMENTS

The source for reflection work is an attempt to realize the ideal
condition of completely diffused illumination on the sample to a
sufficient approximation for practical purposes, combined with an
illumination which is sufficient for precise spectrophotometric meas-
urements throughout the desired spectral range.

(@) ConstrUcTION.—These purposes are served in a satisfactory
manner by the following construction:

The sample and comparison standard are placed side by side near the
center, and forming a part, of the base of a hollow steel hemisphere
(40 cm in diameter), the inner (concave) surface of which is coated
with white porcelain enamel (baked), over which a film of magnesium
oxide is deposited.? The white diffusely reflecting surface thus ob-
tained is studded with 156 small gas-filled incandescent lamps (de-
scribed in key to construction of apparatus), which are uniformly

3 The white magnesium oxide ‘“‘smoke” is easily deposited on a porcelain (or other) surface by holding
the surface about 2 inches above the flame of the burning metal. Magnesium metal shavings (as used
for Grignard reaction) are generally used, although the ribbon form of the metal may be more convenient
in some cases. The shavings are burned in a suitable vessel of brick or iron. The white porcelain surface
is first applied to the steel surface in order to avoid the necessity of thick and fully opaque deposits of the
oxide, which are more difficult to put on and liable to crack. The relatively good refiecting surface of
porcelain is more easily ‘“‘covered” by the oxide. The eyes of the operator should be protected from the
oxide flame by use of dark-yellow glasses.

&
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Fia. 1.—General view of equipment for visual spectrophotometry
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Fia. 2.—Views of hemispherical source for reflection measurements

Hemisphere raised in lower photograph, showing arranzement of lamps, mirror base, and parts
of ventilation system
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distributed over the surface and mounted as shown in Figures 3 and
4. The axis of each lamp points toward the center of the base of
the hemisphere, near which the sample and standard are located.
The base of each lamp projects through a hole (15 mm in diameter)
in the hemisphere and is supported with its socket on a separate
hemispherical framework (10), which is built up of light aluminum
strips and placed outside of and concentric with the white-lined
reflecting hemisphere. The holes for the lamp bases comprise approxi-
mately 11 per cent of the hemisphere surface. The lamps are arranged
on seven equally spaced parallels of latitude, and the distance be-
tween lamps on each ring is approximately the same as the distance
between rings. In order to operate the lamps on the regular labora-
tory supply current (at approximately 117 volts), they are connected
in & series-parallel arrangement, there being 12 banks of 13 lamps each.

The reflecting hemisphere, lamp support, and outer cover case are
mounted on a (square) base plate (712), which is hinged on the lower
base plate (13), so that the hemisphere may be raised for inspection
and renewal of the lamps. This position of the hemisphere and the
arrangement of the lamps are clearly shown in the lower photo-
graph of Figure 2.

A nickel-plated mirror surface on a thin circular brass plate (14)
forms the base (equatorial plane) of the reflecting hemisphere. This
mirror plate covers the central raised (circular) portion of the main
base plate (12). An opening (9 cm in diameter) in the center of the
mirror and base plate is occupied by the holder for the sample and
standard.

The construction of this sample holder is shown in detail in Figure
5. The size of the sample (and standard) is slightly less than 40
by 30 mm, and various thicknesses may be accommodated in the
holder. The reflecting surfaces of both sample and standard are
parallel to and lie less than 1 mm below the plane of the mirror
surface (base of hemisphere). The positions of the sample and
standard may be interchanged by rotation of the sample holder
through 180°. A detailed description of the arrangement and
mechanism for this purpose is given in section III, 1. That part of
the opening in the holder which is not occupied by the sample and
standard is available for ventilation purposes.

(0) VenTiLATION SYsTEM.—A forced ventilation is necessary to
carry away the large quantity of heat generated by the lamps. For
this purpose two (blower type) ventilating fans are operated in series,
with the illumination apparatus connected to the low-pressure (suc-
tion) side of the first fan. These ventilating fans may be seen near
the top of the photograph in Figure 1. Cool air is drawn through the
apparatus and the heated air discharged from the room.
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It has been found necessary to filter all the air used for ventilation
purposes in order to remove dust and dirt, which would otherwise
be gradually deposited on the white magnesium oxide coating of the
hemisphere and soon appreciably decrease its reflectance. This
filtering is accomplished in a satisfactory manner by passing the air
through a few overlapping layers of absorbent cotton. The construc-
tion of the air filter (16) is shown in Figure 4. The layers of cotton
are held in place between two square frames of wood covered with a
coarse-mesh wire screen.

The course of the air stream through the apparatus may be followed
" by reference to the various views in Figure 4. Air from the room,
after passing through the filter, flows through the pipe (17) into the
compartment (78). This air, which is still cool, now flows around the
sample and standard into the hemispherical inclosure and out through
the many small annular openings around the bases of the lamps
into an outer compartment inclosed by the cover case (11). In the
lower photograph of Figure 2, four holes (each 4 em in diameter)
may be seen in the base (12) of this cover case, one located near each
corner. In the same photograph, and in view B of Figure 4, four
holes of equal diameter and similarly located are shown in the base
plate (13). When the hemisphere is closed (as in the upper photo-
graph of fig. 2, or in view A of fig. 4), the holes in both base plates
coincide, permitting the flow of air into four pipes (20), which lead
from the four openings in base (13) to the larger pipe (21), and thence
direct to the ventilating fans.

(¢) Coorning oF SampLE.—The inflow of air about the sample and
standard aids considerably in the cooling of the sample and surround-
ing metal parts, and the outflow around the bases of the lamps is
most effective in carrying away the heat generated by the lamps.

The intense irradiation of the sample would cause some materials
to become too hot, however, if an additional cooling were not pro-
vided. This additional cooling is supplied by a high-velocity jet of
air (from the laboratory compressed-air supply line) which is directed
from above on the sample through one of the nozzles shown in view 4
of Figure 4 and in the lower photograph of Figure 2. These nozzles
are made of clear fused-quartz tubes, which absorb very little of the
infra-red heat rays, and hence do not preheat the air stream passing
through. Likewise, being transparent to the visible rays, they have
no appreciable effect on the angular distribution of the light incident
on the sample and standard.

Here, again, the entering air may be dirty or oily and, if not cleaned
before using, would soon deposit an appreciable amount of dirt on the
reflection sample. The quartz tubes are inserted into brass tubes
below the base of the hemisphere; these tubes then lead through a
valve (23) (purpose described below) to the air filter, and thence to the
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supply line. The construction of this air filter is essentially the same
as that of the filter described above; it is not shown, however, in any
of the figures.

With the lamps operating at normal voltage, there is an expenditure
of about 2,800 watts of electric power. The ventilation system (with
the lamps in operation) draws 13 cubic feet of air per minute through
the hemisphere. With the room temperature at 30° C., a ther-
mometer held in the outgoing stream of air registered 66° C. Two
mercury-in-glass thermometers, one with a clear bulb and the other
with a blackened bulb, when supported in a vertical position within
the hemispherical inclosure with the bottom of each bulb in contact
with a reflection sample of black paper, registered 52° and 56° C.,
respectively, after temperature conditions had become steady with
both air streams in operation. When the thermometer bulbs were
raised to the center of the hemispherical inclosure, the corresponding
readings were 70° and 90° C., respectively.

The actual temperature attained by a sample under these condi-
tions has not been directly measured (as with a thermocouple em-
bedded in the body of the material). The temperature is not exces-
sive, however, and the sample usually feels just warm to the touch.
The reflective properties of certain dyed materials occasionally
change slightly under the intense irradiation from the hemisphere
lamps. This change is probably an actinic effect, however, and not a
burning or scorching of the material.

(@) InLumiNATION AND OBSERVATION OF THE SaAMPLE.— With the
hemisphere lamps all operating at normal voltage, the absolute bright-
ness of a magnesium carbonate sample observed normal to its surface
was found to be 10.8 lamberts.* The brightness of this material under
completely diffused illumination is practically the same for all angles
of view, and its reflectance is close to 98 per cent; hence, the illumina-
tion on the sample is 11 lumens per square centimeter.’

The path of the beams of light from the sample and standard to
the spectrophotometer is clearly shown in the two views of Figure 3.
The collimator (entrant) slits of the spectrophotometer are focused
on larger slits near the pole of the hemisphere by the lenses (1) and (2).
These hemisphere slits may be seen in the lower photograph of

¢ The absolute brightness was measured in the following manner:

From the construction of the hemispherical illumination apparatus, as depicted in Figure 4, A, it may be
seen that it is possible to remove a circular area 5 cm in diameter centering at the pole of the reflecting herni-
sphere and containing the pair of slits (156). This being done, then, a Martens photometer was arranged
so that, with the aid of a small total-reflection prism and a lens, the brightness of the magnesium-carbonate
sample could be compared in the photometric field with a standard brightness set up outside of the hemi-
sphere. Proper corrections were applied for reflection losses at the optical surfaces between the carbonate
and the photometer. A neutral absorbing screen of known transmission was used to decrease the difference
between the measured brightness and the standard. The same method was used for the absclute-bright-
ness measurements mentioned later in connection with the description of the transmission sources.

5 It is of interest to note that the normal illumination of a surface from the direct rays of the noon summer
sun (at Washington) is approximately 10 lumens per square centimeter.



Me Nicholas] Visual Spectrophotometry 803

Figure 2. (See also at (15), fig. 4.) The area of the sample which
is observed through the spectrophotometer is semicircular in form and
equal approximately to 2 em?. A convergent beam of light normally
reflected from this area of the sample passes through the corre-
sponding hemisphere and collimator slits and illuminates one half
of the spectrophotometric field. Light reflected from the comparison
standard, similarly, illuminates the other half of the field. The com-
parison of the brightnesses of the sample and standard is fully dis-
cussed in sections IV and V.

2. SOURCES FOR TRANSMISSION MEASUREMENTS

(a) PrincirLe or CoNSTRUCTION.—An intense beam of light is de-
sired for transmission measurements, incident on the sample in a direc-
tion approximately normal to its surface. The method often used in
spectrophotometry is to focus the incandescent filament of a lamp, or
the crater of an are, through the sample onto the collimator slit of the
spectrophotometer. This method may prove very troublesome, how-
ever, if, as a result of small irregularities or a nonparallelism of the
surfaces of the sample, the image of the source on the collimator slit is
shifted when the sample is inserted or removed. Errors of serious
magnitude may result in this case if the source is not of uniform in-
trinsic brightness over a sufficiently large area. Moreover, when a
parallel beam through the sample is not used a correction to the illumi-
nation of the collimator slit may be necessary, involving the thickness
and index of refraction of the sample.

The ideal source for accurate and reliable transmission measure-
ments is a uniformly bright, diffusely emitting surface of sufficient
extension so that a beam of light from this source, passing through
the collimator slit and filling the photometric field of the spectropho-
tometer, may then be wholly, or in part, shifted by the slicht irregu-
larities of the sample, without changing the illumination of the pho-
tometric field. With this source the thickness of the sample has in
itself no effect on the illumination of the field.

In the measurements to be made it is assumed that there is no con-
siderable scattering or large-angle refraction of the light during its
passage through the sample; that is, we are dealing ideally with the
transmission of clear, optically homogeneous materials. Different
methods are required for diffusing media. No materials are optically
perfect, however, and many of the samples to be measured will
slightly scatter or refract the transmitted light. There is, therefore,
a considerable advantage in the use of the extended source, for then,
if a narrow pencil of rays originating at a given point of the source
and forming part of the beam entering the spectrophotometer is scat-
tered out of the beam after the insertion of the sample, it should be
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fully replaced by an equal pencil of rays scattered into the beam from
an adjacent part of the source.®

This type of source offers no particular dlfﬁcultles in construction,
and the required brightness for spectrophotometric’ work may be
readily obtained. Making use of the well-known properties of an
inclosure, the walls of which reflect light in approximate accordance
with the cosine law, the average total illumination of the wall is
given by

F

where A is the area of the wall, R its average reflectance, and F' the
total light flux projected into or generated within the inclosure. By
placing lamps in as small an inclosure as possible, then, with walls
of the highest reflectance attainable, the maximum illumination and
brightness of the interior surface is obtained. A portion of this sur-
face, viewed through a suitable aperture into the inclosure, serves as
a practical realization of the desired ideal type of source. Care must
be taken, however, to insure a sufficiently uniform brightness distri-
bution over an area somewhat larger than the observed portion of the
interior wall. Referring to the above formula, it is seen that the
average direct illumination of the wall is #/A, but that, as a result of
multiple reflections within the inclosure, the total illumination is at
least ten times greater, if an average reflectance of 0.9 for the interior
surface of the inclosure be assumed. Thus, approximately 90 per
cent of the total illumination of the observed spot and surrounding
area is due to the multiply reflected indirect component which, in
consequence of the reflective properties of the wall, is nearly com-
pletely diffused and sufficiently uniform over the required area. The
lamps should be arranged inside the inclosure so that the remaining
10 per cent of the total illumination of the observed region, which is
received directly from the lamps, is as nearly uniform as possible.
Obviously a high value of R is desirable, not only to obtain the highest
possible brightness but also to increase the proportion of the indirect
illumination, thus insuring a more uniform brightness distribution
over the observed portion of the interior surface. The aperture into

8 This statement is but an application of the Helmholtz reciprocity law to this case of transmission meas-
urements. The application of the law in the analogous case of diffuse reflection has been fully discussed
in B. 8. J. of Research, 1, p. 29 (No. 3); 1928.

To make a rigorous application of the law in this case, however, an assumption must first be made in
regard to the diffusive properties of the sample. Because of the impossibility of interchanging the direc-
tions of the incident and scattered light in strict compliance with the reciprocity law, we must assume
that the quantity and angular distribution of the diffused transmitted light for unidirectional normal
illumination are practically the same when the light is incident on either surface of the sample. This is
generally a valid assumption for the type of sample with which we are concerned. Then, to compensate
completely for the light scattered out of the beam in the case here considered, it is only necessary that the
solid angle subtended at the sample by the effective aperture into the lamp inclosure be equal to or larger
than the solid angular extent of the slightly diffused transmitted light for strictly unidirectional normal
illumination. Under these conditions the light entering the spectrophometer is exactly equal to that
which would enter the instrument if the sample were made nondiffusing without changing its transmission.
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the inclosure, through which ligcht passes to the spectrophotomoter,
should be as small as possible in order to obtain the highest possible
average reflectance of the interior wall. On the other hand, the effec-
tive aperture into the inclosure should be large enough to take care
of the slight diffusive properties or irregularities of the sample.

The hemispherical source for reflection measurements (previously
described) would obviously also serve for transmission measurements,
in which case the sample and comparison standard could be replaced
by (say) two blocks of magnesium carbonate. As we are primarily
interested, however, in a diffusely emitting surface of higch and uni-
form brightness over a limited area, and not particularly concerned
with the manner in which this surface is illuminated, a great advan-
tage over the above hemispherical construction is gained by use of a
small inclosure, with fewer lamps and a lesser expenditure of electric
power.

The sources to be described are designed on the above principles.
They are not intended, however, to be of sufficient extension to com-
pensate completely for the light scattered by imperfect samples hav-
ing badly scratched or poorly polished surfaces. Appreciably lower
transmissions may be obtained for such samples than would be ob-
tained with a fully extended (hemispherical) source.

The construction of the sources and their arrangement is shown in
Figure 4 (section view A and elevation view B). Three different
lamp inclosures are there shown, containing gas-filled tungsten-fila-
ment incandescent lamps, helium lamps, and a quartz mercury-
vapor lamp, respectively. They are permanently mounted on a
plate (30), which slides between two vertical guide bars (31) and is
held in any position by the counterweight (32). A handle (33) and
a spring catch (34) are provided, so that either lamp inclosure may be
conveniently and easily raised or lowered into position for use in
transmission measurements.

() TunasTtEN Lamp Source.—The middle inclosure (also illus-
trated in fig. 3) is an iron box (36) coated on its inner surface with
white porcelain enamel and “smoked” with magnesium oxide. The
box is self-ventilating and just large enough to inclose the bulbs of
two 400-watt gas-filled tungsten-filament incandescent lamps (35),
the bases of the lamps being outside the white-lined inclosure. A
sufficient separation between the lamps is allowed for the passage of
two beams of light from the back wall of the box through an aperture
in the front wall and thence to the spectrophotometer.

This source, giving a continuous spectrum, is used for the greater
part of the transmission work. With the lamps operating at normal
voltage the brightness of the inner surface, as viewed through the
aperture, is 88 lamberts. The lamps are operated in series on 220
volts direct current. The 400-watt lamps may be replaced by 1,000-
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watt lamps of approximately the same type and size, if desired. A
forced ventilation would then be necessary, however, to prevent an
excessive temperature in the lamps, thus greatly shortening their
life. An inclosure of the type described in this section could be de-
signed to give a greater interior brightness than is obtained with the
present construction.

(¢) HeLium Lamp Source.—The form of the two helium lamps
(87) is clearly shown in views A and B of Figure 4. The discharge
tubes are 5 mm in diameter and contain helium gas at a pressure of
approximately 10 mm (of mercury). They are connected in series,
forming a total tube length of 80 ¢m, and are operated on a high-
voltage transformer.” Two aluminum rods (shown in fig. 1) make
permanent electrical connection to the lamps by sliding contact with
an overhead high-voltage line.

With the exception of their terminal bulbs, the helium lamps are
inclosed in a small rectangular box (38), the upper, lower, and front
sides of which are made of asbestos board (for electrical-insulation
purposes combined with good heat-resisting qualities), and the re-
maining sides are made of aluminum. Two small holes in the top
and bottom sides provide for a sufficient ventilation. The inner
wall of this inclosure is covered with a thick deposit of magnesium
oxide, and an aperture in the front side is provided for the emergence
of the light beams to the spectrophotometer. The brightness of the
interior surface is approximately 0.5 lambert.

(d) MERCcURY-vAPOR Lamp Source.—The lower source (fig. 4)
is a quartz mercury-vapor lamp (40), with the straight portion of its
tube inclosed as much as possible in an iron box (41), the inner sur-
face of which is also porcelain enameled and coated with magnesium
oxide. Light for the sample and spectrophotometer is taken from
the back cylindrical surface of the inclosure through an aperture in
the front wall.

The mercury lamp, with its inclosing box, is mounted on a cir-
cular plate (42), which is in turn supported on a hollow bearing, so
that the whole lJamp may be turned into a vertical position for the
purpose of starting. The lamp is operated on the 220-volt direct-
current supply line, and the brightness of the interior curved sur-
face is approximately 51 lamberts when the terminal voltage across
the arc reaches its usual value of 120 volts.

(¢) Use orF Transmission Sources.—The course of the light
beams from the transmission source to the spectrophotometer is
best shown in the upper view of Figure 3. The transmission sample
is in position in one of the beams; and the large total-reflection

7 To operate these lamps in series, a 1-kilowatt, 20,000-volt transformer which was available in the labora-
tory is used with considerable resistance in the primary circuit. A voltage of 10,000 or less is sufficient
for this purpose,
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prism (4), with lenses (1) and (2), is moved out of the path of the
beams from the transmission sources. (In the lower view these
lenses and the prism are in place for reflection measurements.)

The lens combination (3) serves the following purposes: (1) The
two beams to the spectrophotometer are taken from approximately
the same area of the wall of the lamp inclosure, so that any variations
in the relative brightness distribution over the interior surface of
any one of the inclosures affects both beams equally; (2) the collimator
slits of the spectrophotometer are focused approximately in the plane
of the aperture into the lamp inclosure. The latter circumstance,
combined with the overlapping of the beams inside the inclosure, is
an advantage in the design of these sources. The smallest possible
aperture into the inclosure may thus be used, so that a maximum
area of the wall is conserved for reflecting purposes; also, less free
space is needed inside the inclosure for the light beams.

The apertures of the lens combination (3) and of the lamp inclosures
are made large enough to permit small displacements of either beam
(corresponding to the introduction of an imperfect sample) without
obstructing the free passage of the beam to the spectrophotometer.

III. ACCESSORY APPARATUS

1. MECHANISM FOR THE INSERTION AND INTERCHANGE OF THE
SAMPLE AND STANDARD IN REFLECTION MEASUREMENTS

The adopted method of use of the spectrophotometer (described
in Sections IV and V) requires an interchange of the positions of the
sample and standard during the course of a reflection measurement,
and it is desirable that this operation be performed rapidly and in a
manner convenient to the observer.

In addition to the diagram in Figure 5, the sample holder is shown
in position for reflection measurements in views A and C of Figure 4.
The interchange of the sample and standard is effected by rotation of
the holder through 180°. For this purpose the gear teeth on the
outer edge of the holder are in mesh with the gear teeth of a drive-
wheel (45), which is in turn connected through bevel gears (46) to
the drive shaft (47). This shaft may be rotated by the observer
from his position® at the spectrophotometer by a handwheel (50),
which is conveniently located to the left of the spectrophotometer
cover case (fig. 1) and connected by pulleys (48, 49) and belt to the
shaft (47). Suitable stops (6) on the holder prevent its rotation
through more than 180°.

The mechanism for the removal (or insertion) of the holder from
the illumination apparatus is explained as follows: From the section
view A of Figure 4 it is clear that the weight of the sample holder is
carried on the circular shaft (61). This shaft has a rack cut into
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one side, so that it may be moved up or down by the pinion (52)
attached to the shaft (53). This rack-and-pinion arrangement is
operated by the handwheel (54) on the shaft (63). The latter is
normally prevented from turning by the clamp (55). To remove the
sample and standard, then, this clamp is released and the sample
holder lowered until it rests upon a carriage (56). This position of
the holder is shown in view E of Figure 4. The carriage with the

SAMPLE AND STANDARD
SIZE 39 x 29mm.

OPENINGS AVAILABLE FOR PASSAGE OF COOL
AR INTO HEMISPHERICAL ENCLOSURE (FIG.4)
COOLING THE SAMPLE.

HEMISPHERE LAMPS AND A PROVISION FOR

PART OF VENTILATION SYSTEM FOR

GEAR TEETH MESH WITH TEETH ON WHEEL (45)

(FIG.4) WHEN HOLDER IS IN PLACE FOR
REFLECTION MEASUREMENTS.

== N §

= NN\
§

N
—

F1a. 5.—Construction of holder for reflection sample and eomparison standard
(Part No. 5 of fig. 4)

holder may now be moved along a track (57) by pulling out the rod
(58) until the holder comes under the door (59) (shown open in views
C and E). The holder can then be lifted from the carriage and taken
out for inspection or change of sample. In the reverse operation of
inserting the sample, the holder is raised from the carriage by the
shaft (51), and the gear teeth on the holder again come into mesh
with the teeth of the driving gear.
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As the sample and standard are interchanged, the valve (23) is
simultanecusly operated through the levers (24) and pins (6), so that
the high-velocity cooling-air jet is first cut off and then shifted from
one of the nozzles (22) to the other. The operation of this valve
mechanism may be followed in the views C, D, and E. It is designed
so that the observer need only be concerned with the proper position
of the sample holder on its carriage when being inserted into the
apparatus; consequently the air stream is always directed onto the
sample and never on the standard. Two reasons for this provision
may be mentioned: (1) The comparison standard may always con-
sist of a material requiring no special cooling, so that a greater volume
of air is thereby available for the cooling of the sample; (2) the high-
velocity air stream impinging continuously on the surface of the stand-
ard would be detrimental in the case of some materials which might
be used. '

2. DEVICES FOR THE SUPPORT AND SHIFTING OF TRANSMISSION
SAMPLES

The samples submitted for transmission measurements are likely
to vary considerably in size, shape, and thickness, so that a somewhat
flexible arrangement for the support of the sample in the beam of
light is required, which may be readily adapted to accommodate dif-
ferent samples. As in the case of reflection measurements, the
method of use of the spectrophotometer requires the shifting of the
transmission sample from one beam to the other, and it is equally
desirable in this case that the shifting operation be performed rapidly
and in a manner convenient to the observer.

Views of the sample support are shown in Figures 4 and 6, includ-
ing a vertical median section in Figure 4, A. A brass plate (60)
carries a douple platform (61, 62), which may be raised or lowered to
accommodate the size of the sample and to center it vertically in the
beam of light. The long platform (61) is removable, leaving a
shorter platform (62), which serves for the majority of samples and
does not interfere with the raising of the hemisphere. Three aper-
tures (68) in the plate (60) allow the passage of the light beams to
the spectrophotometer. The plate (60) fits into V-shaped grooves
in two horizontal guide bars (63), forming a track along which the
holder may be moved. For this purpose a rack (64) and a pinion
(in the gear box (65)) are provided and operated by a handwheel (66),
conveniently placed to the left of the observer. As the holder is
moved between the stops (67) the sample (placed before the central
aperture) is shifted from one beam to the other. Upon removal of
one of these stops the whole sample support may be moved to the
end of the track (63), a provision which is very convenient for the
mounting and adjustment of the sample on the platform. This posi-
tion of the holder is shown in Figure 6.
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In the same figure a constant-temperature box (69) is also shown
mounted in position on the platform of the sample holder. This box
is designed particularly for transmission measurements on liquids,
such as inorganic salt and dye solutions, in which it is desired to
control the temperature of the solution and its solvent to within a
degree or two and to cover a range of temperatures approximately
20° above and below the room temperature. The rectangular brass
box (69) is covered with a heat-insulating material (70) and has three
cylindrical brass tubes (71) passing through, as shown. Water from
a thermostat-controlled bath (described later) may be circulated

R Rrtui e ” 7
N | 77777 77,
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N NC /

’g N //// /4

2cm X

A-- Glass or Quartz End Plates
B -- Glass Body of Cell
C,D--Brass Parts

E -- Rubber Washers

F-F--Axis of Symmetry of Cell

Fra. 7.—Type of cell used in the measurement of the transmissive
properties of liquids
(Reproduced from B. 8. Sci. Paper No. 440)

through the box, thus maintaining the walls of the tubes at an approxi-
mately constant temperature, indicated by the thermometer (73).

A cylindrical cell (construction fully shown in fig. 7) containing
the solution to be measured may be inserted in the central tube of
the constant-temperature box with similar cells containing the
solvent in the outer tubes. The brass sides of the cell are in contact
with the brass walls of the box, and the reading of the thermometer
is taken as the temperature of the solution and solvent. While this
method would not be satisfactory at temperatures differing greatly
from room temperature, it is quite suitable for the purposes to which
it is applied.
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When the sample holder with the constant-temperature box is
moved into position in the light beams, the rack (64) engages with
its pinion gear, and, as the solution is moved from one beam to the
other, one of the solvent cells is always centered in the opposite beam.

3. THERMOSTAT FOR TEMPERATURE CONTROL OF LIQUIDS

A suitable arrangement for this purpose has previously been de-
scribed in Bureau of Standards Scientific Paper No. 440. The same
arrangement, with slight modifications, is installed with the present
equipment and is shown in Figure 8. The apparatus does not appear
in the photograph of Figure 1, it being mounted on the wall of the
room to the right of the equipment there shown.

1o v AC 120 v DC
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Fia. 8.—Thermostat and bath arrangement for temperature control of cells
containing liguids
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Water from jar B is pumped through a few feet of rubber tubing
to the constant-temperature box surrounding the transmission cells,
and back again to the same jar. This water is maintained at a con-
stant temperature in the following way: A steady stream of cold
water (from the city supply) passes through the copper cooling
coils in jars 4 and B and discharges into the drain. This water may
be further cooled, if necessary, by use of ice water in jar A, and the
volume of water flowing through the coil regulated in accordance
with the amount of cooling desired.

Heat is supplied by a 300-watt gas-filled incandescent lamp sus-
pended in jar B. The use of a lamp for this purpose affords a quick
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means for adding heat to the water, for the radiant energy is instan-
taneously absorbed by the water over a large surface in contact with
the lamp bulb. The current through this lamp is switched on and
off as required by the thermostat acting through the relay. When
the water in jar B is too cool, the contact between the narrow mercury
column and a platinum wire in the thermostat is broken by the
contraction of the mercury. This interrupts the current through
the magnets of the relay, releasing the relay lever and closing the
circuit through the lamp. The water in jar B now heats up until
the expansion of the mercury again closes the circuit through the
relay magnets and opens the circuit through the lamp. The con-
tinued action of the thermostat, while the pump keeps the water
in circulation through the jar and constant-temperature box, main-
tains the temperature of the circulating water constant within the
required limits. The temperature is regulated by raising or lowering
the platinum contact wire in the thermostat until the thermometer
in the constant-temperature box reads the desired temperature.
When a temperature well above room temperature is desired,
better regulation is obtained by sending a constant current through
the heating coil to compensate for a part of the radiation and conduc-
tion losses in the system. In this case the cold-water cooling is not

required.
4. SECTORED-DISK ATTACHMENT

The equipment also includes a set of standard sectored disks of
fixed aperture, the transmissions of which are accurately known by
mechanical calibration.® These transmission values are approximately
80, 70, 60, 50, 10, and 1 per cent, respectively. By combinations of
two disks the range of transmissions can be extended to values
between 50 and 10 per cent.

The use of these sectored disks in the spectrophotometric measure-
ments is fully discussed in section V, 1. Briefly, they serve two pur-
poses: (1) To test and maintain a check upon the accuracy of the
spectrophotometer, and (2) to extend the range of the instrument
accurately below 1 per cent, by use of the 10 or 1 per cent disk in
the beam opposite the sample. This procedure reduces the differ-
ence between the brightnesses compared in the photometric field,
with consequent advantages in the measurement of low transmission
or reflection coefficients.

Two views of the sectored-disk attachment are shown in Figure 6,
and a section through the axis of rotation of the disk and driving
motor is contained in Figure 4, A. These views clearly illustrate
the construction and mounting of the disk and the position of the

¢ This calibration was made by the Bureau of Standards division of weights and measures and consists
in the measurement of the angular opening in each disk. From these data the transmissions of the rapidly
rotating disks (assuming the Plateau-Talbot law) are known.
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attachment relative to the other parts of the apparatus. The cen-
tral hole of each disk fits without play on a circular boss carried by
the driving pulley. Two small holes in the disk register with two
pins projecting from the base of the pulley, in order to prevent slip
and possible loosening of the nut due to inertia of the disk during
acceleration or deceleration. Two disks may be mounted together
on the axle. A 50 per cent sectored disk is shown in position cover-
ing one of the apertures (81) through which the beams of light pass to
the spectrophotometer. The other aperture remains clear.

The disk may be shifted from one beam to the other by a rack-
and-pinion arrangement (79), which is operated through the gear
box (65) and handwheel (66). The same handwheel is also used for
the shifting of the transmission sample; and, by proper adjustment
of the vertical position of the knob (82) the disk attachment may be
placed in gear so as to shift simultaneously either with the sample
or in the opposite direction. In the latter case the sectored disk is
always in the beam opposite the sample, so that the transmission of
the sample is measured relative to that of the disk.

1IV. KOENIG-MARTENS SPECTROPHOTOMETER

The type of instrument used for the spectrophotometric measure-
ments is described in papers by Koenig,® Martens,’® Martens and
Greenbaum, and has become known as the Koenig-Martens spectro-
photometer. The arrangement of some of the optical parts of the
instrument 2 in the possession of this laboratory differs slightly, how-
ever, from that described in the paper last cited. The optical sys-
tem is shown in Figure 3; and, to conserve space in this figure, the
plan of the optical system is displaced from its proper position rela-
tive to the plan of the illumination apparatus.

The theory and method of use of the instrument is given in the
following pages, along with a discussion of some possible sources of
error in the spectrophotometric measurements.

1. THEORY OF THE INSTRUMENT

A diaphragm placed over the jaws of the (horizontal) collimator
slit divides this slit into two parts (4 and B, fig. 3), which are of
equal length and width and separated by one slit length from each
other. The double collimator slit thus formed is provided with an
accurate bilateral adjustment for width.

A Wollaston (double image) prism and a biprism are permanently
mounted as a unit on the telescope lens, with the line of intersection

9 Ann. der Phys. and Chem., 53, p. 783; 1894.

10 Verh. der Deut. Phys. Gesellsch., 1, p. 280; 1899.
1 Ann. der Phys. (4), 12, p. 984; 1903.

12 Purchased from Schmidt and Haensch about 1912,
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F1a. 4.—Diagram of illumination apparatus and accessory parts for transmission and reflection measurements

1,2. Lenses focusing collimator slits of spectrophotometer on slits (15), near
pole of hemisphere.

3. Lens combination serving the double purpose of focusing the collimator
slits of the spectrophotometer approximately at the aperture into lamp inclo-
sures, and causing light for each beam to be taken from the same area of the
wall of the inclosure.

4. Right-angle glass prism, reflecting light from sample and standard into
spectrophotometer.

5. Holder for reflection sample and standard.
in fig. 5.)

6,7. Pins and stop to prevent rotation of sample holder through moré than
180°. The pins (6) also serve to operate air valve (23) through levers (24).
(See views D and E of fig. 4.)

8. Steel hemisphere, spun from No. 18 gauge sheet enameling stock; diam-
eter, 40 cm. Inner surface covered with two coats of white porcelain enamel
(baked), then ‘““smoked’” with magnesium oxide deposited from burning
magnesium shavings.

9. 9-volt, 27 ¢. p. (approximately 18 watts) gas-filled automobile headlight
lamps; tipless spherical bulb 35 mm in diameter; candelabra screw base.

10. Hemispherical framework for support of lamps. Open construction;
built of narrow aluminum strips.

11. Hemisphere cover case.

12. Upper base plate (49 cm square, with circular hole 40.6 cm in diameter)
to which reflecting hemisphere, lamp support, and cover case are attached.
Plate hinged to lower base plate (13).

13. Lower base plate, supported on wooden framework.

14. Circular mirror; polished nickel plating on brass.

15. Slits near pole of hemisphere through which light beams pass from sample
and standard to spectrophotometer.

16. Air filter.

17. Pipe leading from air filter to compartment (18).

18. Air compartment.

19. Holes for passage of hot air from hemisphere into exhaust pipes (20).

20,21. Exhaust air pipes leading to ventilating fans.

22. Quartz nozzles directing high velocity air stream on to sample.

23. Air valve which automatically shifts air jet from one quartz nozzle to
the other as sample and standard are interchanged.

(See detailed construction

KEY

24 to 28. Mechanism for operation of air valve.

. Compressed-air supply line.

. Plate supporting sources for transmission measurements.
. Vertical guide bars.

. Counterweight.

. Handle.

34. Spring catch, holding plate (30) in proper position for use of either source
in transmission measurements.

35. 400-watt 110-volt gas-filled tungsten-filament incandescent lamps.

36. Lamp inclosure: Iron box, inner surface same as inner surface of hemi-
sphere (8).

37. Helium lamp.

38. Inclosure for helium lamps; inner surface smoked with magnesium
oxide.

39. Cover case for helium lamp source.

40. Quartz mercury-vapor lamp.

41. Inclosure for mercury lamp: Iron box with inner surface same as that of
hemisphere (8).

42, Circular plate supporting mercury lamp and white-lined inclosure;
plate mounted on hollow bearing through which light beams pass to spectro-
photometer.

43. Handle for rotating mercury lamp into vertical position for starting.

44. Cover case for mercury lamp source.

45. Gear wheel; teeth mesh with teeth on sample holder.

46. Bevel gears; one attached to wheel (45) and the other to shaft (47).

47. Drive shaft.

48, 49. Pulleys, connected by belt.

50. Handwheel with which observer interchanges reflection sample and
standard.

51. Circular shaft, having teeth cut in one side, which engage with teeth of
pinion (52). Weight of sample holder supported on upper portion of shaft.

52. Pinion for vertical motion of shaft (51), so that sample holder may be
raised from carriage (56) into position for reflection measurements.

53. Shaft connecting pinion (52) with handwheel (54).

54, 55. Handwheel and clamp on shaft (53).

56. Carriage on which sample holder is moved from door (59) to position

shown in view E of Figure 4.

. Track along which carriage slides.
. Rod to move carriage along track.
. Door to compartment (18) for insertion and removal of sample holder.
. Support for transmission samples.
. Removable platform (for long transmission samples).
. Short platform; position adjustable vertically on plate (60).

63. Guide bars forming track for sample support.

64. Rack attached to sample-support plate (60); teeth of rack engage with
pinion in gear box (65), which is in turn attached to shaft and handwheel (66).

65. Gear box.

66. Handwheel for moving sample support along track (63), thereby shifting
sample from one beam to the other.

67. Stops to limit motion of sample support.

68. Apertures in plate (60) for light beams.

69. Constant-temperature box for support and temperature control of cells
containing liquids.

70. Heat insulating covering.

71. Three cylindrical brass tubes, passing through constant-temperature
box, into which cells are inserted. (Construction of cells shown in fig. 7.)

72. Inlet and outlet tubes for water circulation.

73. Mercury-in-glass thermometer.

74. Sectored disk.

75. Bearing and pulley for rotation of sectored disk.
6. Sectored-disk supporting arm.
77. Bearing about which arm (76) rotates as disk is moved from one beam
to the other.

78. Motor with armature shaft centered on axis of bearing (77).
motor connected by belt to sectored disk pulley (75).

79. Rack attached to sectored disk supporting arm (76); teeth of rack engage
with teeth of pinion in gear box (65).

80. Point of attachment of rack (79) to arm (76).

81. Apertures for light beams to spectrophotometer.

82. Knob and lever for throwing rack and pinion of sectored disk attach-
ment into gear with handwheel (66).

83. Spectrophotometer table.

84, Collimator slits of spectrophotometer.

=

1 =1

Pulley on

109431°—28. (Face p. 814.)
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of the biprism faces in a vertical plane which is perpendicular to the
plane of double refraction in the Wollaston prism and to the refract-
ing edge of the dispersion prism. The biprism surfaces are made on
a wedge-shaped piece of glass, which, with a similar wedge on the
collimator lens, prevents the passage to the eye of multiply reflected °
rays from the optical surfaces.

In the following discussion all directions and displacements are
referred to two mutually perpendicular planes, the intersection of
which forms the axis of the optical system. One of these planes is
conveniently chosen as the vertical plane perpendicular to the plane of
- double refraction in the Wollaston prism. The other plane coincides
with the plane of the paper in the plan of Figure 3 and is hereafter
called the horizontal plane.

Consider now a beam of light, homogeneous with respect to wave
length and composed of all the elementary ray pencils diverging
from various points of the collimator slit A; the compound bundle
of rays is rendered approximately parallel by the collimator lens,
is refracted by the dispersion prism, and falls on the surface of the
telescope lens. If the Wollaston prism and the biprism were not
in the path of this beam, the rays would be converged by the telescope
lens to a focus in the plane of the ocular slit, forming a single image
of the collimator slit A. Similarly, a single image of slit B would be
formed. The two images would be equally displaced horizontally
from the vertical reference plane, the displacement corresponding
(with reversed sense) to the displacement of the slits A and B from
the same vertical plane. With the Wollaston and biprism combi-
nation in place, however, the beam from slit A on traversing the
Wollaston prism is split into two distinct beams which diverge
slightly from each other in a horizontal plane and are each plane-
polarized with their electrical vibrations in vertical and horizontal
directions, respectively. Each of the two beams fills the two inclined
faces of the biprism, their effective cross section being determined
by the circular field aperture. As a result of the horizontal displace-
ment of slit A from the axis of the optical system, the parallel beam
entering the Wollaston prism is itself slightly inclined to the vertical
reference plane. The construction of the Wollaston prism is such
that the vibrations are vertical in the least refracted (with respect to
the vertical plane) of the two beams emerging from the Wollaston
prism. Following this least-refracted beam, we find it again divided
into two (similarly polarized) beams by further refraction at the two
inclined faces of the biprism. These beams finally form two plane-
polarized images of the slit A in the plane of the ocular slit, the
vibrations in each image being vertical. The images are designated
by A and Ay in Figure 3, and their relative positions in the plane
of the ocular slit are indicated in the displaced diagram of this slit
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shown in the lower left corner of Figure 3. For clearness in the
representation, various slit images are there shown in different
planes; actually, they all lie in the plane of the ocular slit. Going
back to the more refracted of the two beams emerging from the
" Wollaston prism, with vibrations in the horizontal plane, it is found
to give rise similarly to the two images A,k and A,k of the slit A. In
the same manner, light entering slit B finally forms the remaining four
slit images shown. The angle of the biprism is chosen, with regard to
the separation of the slits A and B and the construction of the Wollas-
ton prism, so that two of the eight images overlap at the ocular slit.
The designations A;» and Byh show that one of these images is formed
by light entering slit A and passing through part 1 of the biprism
photometric field. It is plane-polarized with vibrations in a vertical
plane. The other image is formed by light from silt B passing face 2
of the biprism and is polarized with vibrations in a horizontal plane.

Considering in like manner all the ray pencils of various wave
lengths entering the collimator slits, the different refraction of each
homogeneous bundle by the dispersion prism results in eight vertical
spectral images of slits A and B being formed in the plane of the
ocular slit. Two of these spectra overlap at the ocular slit (as
explained above), and a beam of light composed of a small equal
range of wave lengths from each spectrum passes through the slit
to the eye.

The ocular slit, telescope lens, and attached optical parts are
mounted in a tube (the telescope tube) which can be rotated about a
horizontal axis through the dispersion prism and the ocular slit thus
moved to different parts of the spectrum. A scale attached to the
tube indicates the part of the spectrum included by the ocular slit.

Looking through the ocular slit one sees, then, the surface of the
biprism uniformly illuminated by monochromatic light of small
wave-length range, the mean wave length corresponding to the
position of the slit in the spectrum. The field of view is limited by
the circular field aperture and divided into two equal parts by the
line of intersection of the biprism surfaces. The lights in the two
parts of the field are plane-polarized in directions mutually perpen-
dicular to each other, the vibrations in the right half (field 1) being
vertical. The brightnesses of the two parts of the field are not, in
general, the same. Later discussion will show that this may be the
result of unequal conditions of the entrant light beams, but is also
caused by an unequal transmission of these beams through the
instrument. By rotation of a nicol prism between the eye and the
ocular slit the light in either part of the field may be extinguished
or the principal plane of transmission of the nicol so orientated that
the part fields become matched in brightness. This condition is
accompanied by a disappearance of the dividing line between the
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two parts of the field; and, in fact, this circumstance is used as the
criterion for the equality of brightnesses. There will obviously be four
positions of the principal plane of the nicol, one in each quadrant of
the circle, for which this equality of brightnesses may be established.
The mounting of the nicol, with its circular scale, may be seen in
Figure 1.

The spectrophotometer is herein used to measure a change in the
relative intensities *® of the two beams of light entering the instru-
ment, for a given wave length, or small spectral range, included in
each beam. The measurement is effected by a comparison of the
relative intensities of the beams before and after the change has taken
place. In the use of any type of spectrophotometer for this purpose
the polarizing action of the prism (or grating) dispersion system
makes the reading of the instrument depend not only on the relative
intensities of the entrant beams but also—to a lesser extent, usually—
on the states of polarization of the two beams compared. It is there-
fore of importance to know under what conditions and to what extent
a polarized condition of the entrant beams affects the measurements
to be made with the Koenig-Martens instrument. In quest of this
information, it will be instructive to consider all possible changes in
the relative intensities and states of polarization of the two entrant
beams on their independent paths from the source to the eye.

In the use of any one of the transmission sources previously de-
scribed, let it be assumed that there is a difference between the initial
intensities and states of polarization of beams 1 and 2 emitted to the
spectrophotometer (fig. 3). Likewise, in the use of the hemispherical
source, with an exact duplicate of the comparison standard occupy-
ing the position of the sample, the possibility of differences in the
initial intensities and states of polarization of the two beams is con-
sidered. In the general use of the instrument, then, let the initial
intensities and states of polarization of beams 1 and 2 be as repre-
sented in Figure 9. Here I;, R,, and L', represent the initial inten-
sity and component amplitudes,** respectively, of beam 1, and I,
R',, and L, are of corresponding import for beam 2. A numerical
expression for the polarization is given later in this section of the
paper. The definition must obviously imply a given reference frame.

18 The form of the beams of light entering the spectrophotometer and filling the photometric field of the
instrument is determined by the dimensions of the optical system, and a section perpendicular to the axis
of the beam varies in size at different positions along the axis. It is convenient to use the expression ““inten-
sity of the beam’ or beam intensity for the total luminous flux through a cross section of the beam. At
the photometric field this section is equal, of course, in shape and area to that of the field itself.

4 In these considerations of the state of polarization we are not concerned with any phase differences
which may possibly exist between the component vibrations in either beam; only changes in the ampli-
tudes of the components are of interest. The word polarization, as used throughout this paper, refers only
to this resolution of all the independent vibrations in the beam along two mutually perpendicular directions
(which are not necessarily the principal directions of the vibration), giving the resultant magnitude of the
amplitude vectors shown in the figures. The square of the vector sum of these components is proportional
to the intensity of the beam,
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It is most convenient to resolve the component amplitudes in direc-
tions always parallel and perpendicular, respectively, to the vertical
reference plane previously defined, so that the directions of the com-
ponent amplitudes then coincide with the principal directions of
vibration in the Wollaston prism.

On passing through the spectrophotometer, both beams traverse
optically identical paths. Through the operation of the Fresnel
reflection laws at the surfaces of the dispersion prism, however, light
with vibrations perpendicular to the refracting edge of the prism
(vertical component) is more copiously transmitted than that
vibrating parallel thereto. After quadruple subdivision of each beam
by the Wollaston and biprism combination (as previously explained),
the vertical component amplitude R of the beam passing the ocular

ENTRANT BEAMS EMERGAI::NT BEAM
ND
No. | No.2 PHOTOMETRIC FIELD
4 /-\ITZ [
R, R ¥

m?.,o eo
5 B

I,= R2+ L2 R*= T, R?

L2= Th Li

(A) ®) ©)

Fra. 9.—Initial condition of the entrant beams, emergent beam (from ocular
slit), and photometric field, before insertion of sample in either beam

slit from field 1 is a certain fraction’ /7, of the vertical component
amplitude 2, of beam 1 before entering the instrument. Similarly,
the horizontal component amplitude L of the beam passing the ocular
slit from field 2 is a fraction 4/7} of the horizontal component ampli-
tude L, of beam 2. The components R’, and L’, of the entrant
beams contribute nothing to the intensity of the emergent beam.
They are lost in the instrument.

The factors 7y and T are the transmissions of the optical system as
a whole (excluding the nicol) for plane-polarized light with vibrations
in vertical and horizontal directions, respectively. Thus, R?=T,
R?, and 12=T,L2,.

The quantities B and L are proportional, respectively, to the areas
of parts 1 and 2 of the photometric field. These areas are equal,
however, and hence the brightnesses in the two parts of the field, as
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viewed through the nicol and ocular slit, are proportional, respectively,
to the squares of the projections of B and L on the principal plane of
transmission of the nicol. Let ON (fig. 9, C) represent the angular
position of the principal plane of the nicol, measured (in each quad-
rant) from the position for extinction of the vertical component
amplitude of the emergent beam (position for extinction of light in
the right field). Let 6, be the position of ON when the two parts of
the field are matched in brightness; then

R? sin? 0,= I? cos? 0,
or
2

%{TZ =tan? 0, (1)

When the component amplitudes R, and L, of the entrant beams
are equal, the angle 0, is approximately 39° (instead of the ideal 45°,
for T,=1%); hence

%=tan2 39°=0.656
The difference between the transmissions of two plane-polarized
beams with vibrations in vertical and horizontal directions, respec-
tively, is principally the result of the polarizing action of the dispersion
prism. The angle 6, is not constant, but varies slightly with the
wave-length setting.

Now, let the initial intensity and state of polarization of beam 1 be
changed. This change may be brought about, for example, by the
insertion of a transmission sample in the beam or by the replacement
of one of the reflection standards by a sample the spectral reflective
properties of which are to be determined. Let X represent the frac-
tional reduction in the intensity of the beam in either case. Then
the amplitudes R, and L/, are both reduced by the factor 4/X. The
quantity X is the transmission of the sample in the first case, and the
brightness ratio previously specified (section I) in the second case.
The change in the state of polarization of beam 1 may be represented
by two factors, ¢ and b’, attached, respectively, to the components
R, and L’,. These factors are not independent of each other, but
are related by the equation

@RIV 2 =R+ L/ 2)

The condition of beams 1 and 2 entering the spectrophotometer
(entrant beams), the condition of the combined beams passing through
the ocular slit (emergent beam), and the brightness relations in the
matched photometric field are now as represented in KFigure 10.
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Let 0; be the angular position of the nicol for the equality of bright-
nesses in the photometric field; then

Xa*R? sin? 6, =12 cos® 6,
or

2
a?X =}£{2 cot? 6, =tan® 6, cot® 6, @)

Now, let the transmission sample be shifted to beam 2, or let the
positions of reflection sample and standard be interchanged. Then
the intensity of beam 2 is reduced by the fraction X, which is the
same as in the previous case. The change in the state of polarization
of beam 2 may be different than in the previous case but represented
in like manner by the factors ¢’ and b, for which

a?R' 2+ WL2=R"?+ L2 (4)
ENTRANT BEAMS EMERIGAEI\‘IDT BEAM
N
No.1 No. 2 PHOTOMETRIC FIELD

VXaR, L N7
ZON 4
VXb'L, I e
*) ®) ©)

Fig. 10.—Condition of entrant beams, emergent beam (from ocular slit), and
photometric field, after insertion of sample in beam 1

The corresponding conditions of the beams and the photometric
field are now as shown in Figure 11. Let 6, be the new position
of the nicol for the equality of brightnesses in the photometric field;
then

R? sin®0, = X b? L2 cos?6,
or

2
2 X— % tan?0, = cot?d, tan2, (5)

By combination of equations (3) and (5) the angle 6, is eliminated;
so that we may write
ab X=cot 6, tan 0 (6)

From equations (3), (5), and (6) it is evident that any initial dif-
ferences in the beam intensities or any degree of polarization of the
light emitted by the source along beams 1 and 2 does not affect the
measurement of X; any change in the state of polarization, brought



Me Nicholas] Visual Spectrophotometry 821

about by the introduction of a transmission or reflection sample into
either beam, must be considered, however, in the measurements.
The polarization factors @ and & can be expressed in terms of -the

ENTRANT BEAMS EMERGA%?DT BEAM
No. | No. 2 PHOTOMETRIC FIELD
VXTI,
°c2.s
L, S AR
(A) (B) ()

Fia. 11.—Condition of entrant beams, emergent beam (from ocular slit), and
photometric field, after shifting of sample to beam 2

angles a;,o, 01,5 @, o, and ay, 5 of Figures 9, 10, and 11, and also in
terms of the directly measurable fractional polarizations P, P
P,,, and P,,. The latter quantities express the states of polariza-
tion of beams 1 and 2 before and after the insertion of the sample. |

i VT, N Ry VTR,
N
| 45° elo X, =N
| -1

L AL,
(A) (8) (©) (D)

F1g. 12.—Representation of the states of polarization of the entrant beam and
emergeni beam (from ocular slit), when the Koenig-Martens instrument is
used as a spectropolarimeter with single central siit. (A) and (C), non-
polarized and polarized entrant beams, respectively; (B) and (D), correspond-
ing emergent beams and conditions tn photometric field

Let the subscript “x,” as in Figure 12 C, refer to any case of polariza-
tion an expression for which is desired. The fractional polarization
is defined as follows:

R?, — L2 :
Pee ooy cos’ax — sin’ay = cos 2ay (7)

X



822 Bureaw, of Standards Journal of Research [Vol. 1

Hence
cos’ax= : _;Px 8)
sinZa,= . ;Px 9)
and
—1=P,=<+1 (10)

The possibility of negative values of Py arises from the choice of

fixed reference planes (as previously defined) to express the state of

polarization of the entrant beams, instead of using the principal

planes (planes of maximum and minimum component amplitudes),

which are not of particular significance in the present discussions.
From Figure 9, showing the initial polarization of beam 1,

185 14+Py,
o 1 e v an
and, from Figure 10, after insertion of the sample,
R -FR
PR+ 5L, = e g (12)
Dividing (12) by (11) and using equation (2),
sacoia s EE Rls (13)

~ cos?a;, 1+P,
In an analogous manner, using Figures 9 and 11 and equation (4),

3 ey -1 —=Fy,

" sin%ay, 1—P,, (14)
and, by multiplication of equations (13) and (14),
b_ CcOS Q.5 Sin ag,s_ 'Jl +P1,S—P2,E_PI.SP2,§ (15)

ab= : =
COS 1,0 SN aze /1 + P o—Pyo— PP

When it is permissible to assume that the initial state of polariza-
tion of each entrant beam is the same and that the same change in
the state of polarization occurs when the sample is inserted in either
beam, then

Q1,0 = Q2,0 = Qo
Q1,8 = Q2,8 = Og

and equations (13), (14), and (15) become‘
o_Cos’as 1+P,

S o 1+ P (16)
3 _sin2a3= 1-P, ;
b “sin%a, 1—P, 7
. (D
ab=10 Dtgis V1=P, (18)

sin2a, /1—Pg2
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The polarization factors @ and b are, in general, functions of wave
length. The measurement of these quantities is discussed in the
following section.

2. USE OF THE INSTRUMENT FOR POLARIZATION MEASUREMENTS

Although we are not primarily concerned in this paper with the
measurement of the polarizing properties of materials, it will be of
interest, nevertheless, to extend the preceding discussion to include
the general application of the Koenig-Martens instrument to polariza-
tion measurements, a purpose for which it is particularly well
adapted and has been extensively used by others.® The theory
thus available will then be applied to the polarization problem
involved in the spectrophotometric measurements.

Let it be required to measure the fractional polarization of a beam
of light entering the instrument, the component amplitudes of which
are Ry and L, respectively, as in Figure 12, C. There are two
methods of use of the instrument for this purpose, corresponding,
respectively, to the use of a single central collimator slit or to the
double collimator slit arrangement shown in Figure 3.

To use the central-slit method, let the diaphragm previously
described as dividing the collimator slit into two parts, A and B,
be displaced horizontally until slit A (or slit B) is centered on the
axis of the optical system. The A (or B) images in the plane of the
ocular slit are simultaneously displaced toward the axis of the optical
system until the overlapping pair of images Ah and Aw (or Bk
and Byw) are centered on the ocular slit. The vibrations in fields 1
and 2 are now horizontal and vertical, respectively, but the angle 6y
is still measured from the position of the nicol for the extinction of
the vertical component amplitude of the emergent beam (now the
position for extinction of light in the left field).

If the instrument is arranged to be movable bodily in a horizontal
direction, so that the (now) central slit may occupy either of the
positions previously occupied by slits A or B in Figure 3, the light
entering the instrument along either beam 1 or beam 2 may then be
analyzed in the manner to be described, both before and after the
insertion of the sample.” The fractional polarization Py obtained in
each case will be the required value of P,,, P4 Ps,, or P, in
equations (13), (14), and (15).

The absolute intensity of the entrant beam does not enter explicitly
into the polarization measurements; hence, the component amplitudes
of a nonpolarized entrant beam may each be taken as unity (fig.
12, A). Let 6’, be the angular position of the nicol for the equality

18 Woronkoff, G. P., and Pokrowski, G. J., Zeit. f. Physik., 30, p. 129; 1924 (and in later papers by one
or both of these authors). Wawilow, S, J., Zeit. f. Physik., 32, p. 721; 1925,
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of brightnesses in the photometric field when the entrant beam is
nonpolarized; then (fig. 12, B)

%= tan® ¢/, (19)
where 7, and 7, are again the transmissions of the instrument.
When the entrant beam is polarized, however, with component
amplitudes Ry and L., respectively, the conditions of the entrant
beam and the beam transmitted by the ocular slit (emergent beam)
are as represented in Figure 12, C and D. For the entrant beam

%i= tan ay (20)

and for the emergent beam

o Lo
'JT“V E—— tan ex ; (21)
where 0y is the new angular position of the nicol for equality of
brightnesses in the photometric field. Hence

tan ay=cot ', tan 6y (22)

If, now, it be possible to rotate the source of polarization relative
to the measuring instrument through an angle of 90° about the axis
of the entrant beam, or, by any other means, to reverse the magnitudes
“of the component amplitudes Ry and L, in Figure 12, C, then the
angle 0’, may be eliminated from the polarization measurements.
In the case of a reflection sample, under the symmetrical (non-
polarized) illumination from the hemispherical source, this reversal
of the amplitudes By and Ly in the reflected beam is effected simply
by a rotation of the sample in its own plane through an angle of 90°
about the prescribed axis.

Let the subscripts “‘x’’ and ‘“y”’ refer, respectively, to the direct
and reverse conditions of the entrant beam; then, in the first case,

2

tan a,=cot &', tan 6
and in the second case,
tan (90 — ay) = cot 6’ {%an 6,
Dividing one equation by the other, :

tan? oy = tan 0, cot Oy (23)

Hence
ALt —tand o
*TR2+LZE 1+tan® ay

__tan? ', —tan? 6,
" tan? @', +tan? 0,

Iz

» by (22) 24)

tan 8, —tan 6,
~tan 0§+ t:‘:ﬁl?x’ by (23) (25)
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In the applications of the Keenig-Martens instrument to polariza-
tion measurements it is usually not necessary to replace the double
collimator slit by a single central slit. The double-slit arrangement
may be regarded as effectually but a splitting and separation of the
vertical and horizontal component amplitudes of the single entrant
beam analyzed above; for, as previously shown, only the vertical
component of beam 1 and the horizontal component of beam 2 con-
tribute to the brightnesses of fields 1 and 2, respectively. If the
source of the polarized light to be measured is extended over a large
enough area and is sufficiently uniform so that the state of polariza-
tion of each of the entrant beams is the same, the double-slit arrange-
ment is then equivalent to the use of the single central slit.

The component amplitudes By and Zy of Figure 12, C may now be
regarded as the vertical and horizontal components, respectively, of
beams 1 and 2, and equations (24) and (25) apply without modifi-
cation to this case. The intensities of the polarized entrant beams
need not be the same, provided that the angle 6/, (now the angle 6,
of equation (1)) is determined for the same relative intensities of two
nonpolarized entrant beams or that the method of rotating the
sample through 90° is used.

The required conditions for the measurement of the polarization of
the transmitted or reflected light may be approximately realized
with the apparatus herein described by placing two specimens of the
same samples orientated in the same way in each beam. It must be
assumed, however, that the two specimens are identical, so that the
state of polarization of each entrant beam is the same.

3. USE OF THE INSTRUMENT FOR REFLECTION AND
TRANSMISSION MEASUREMENTS

(¢) Tar PoLAarizZATION PROBLEM: SIMPLIFIED ForMULAS.—In the
preceding discussion the general theory of the use of the instrument
in the measurement of the relative intensities and states of polariza-
tion of the entrant beams has been considered. This theory may
now be simplified in its application to the measurement of the par-
ticular transmissive and reflective properties previously specified. It
will be shown that a quantitative consideration of the polarization
factors may always be avoided in the measurement of X with the
present illumination apparatus and method of use of the instrument.

The construction of the licht sources herein described is such that
one would expect to find very little polarization of the light emitted
directly to the spectrophotometer. Moreover, any polarization pres-
ent would be practically the same for all wave lengths. To meet the
conditions required in the measurement of the fractional polarization
of the light from these sources, it is more convenient and wholly ade-

109431°—28——3
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quate for the purpose to use the Martens '® polarization photometer
(with central aperture) instead of the spectrophotometer.

The general theory and optical principles involved in the construc-
tion, operation, and use of this instrument for both relative intensity
and polarization measurements are the same as described on the pre-
ceding pages for the Koenig-Martens spectrophotometer. The
essential difference in the construction of the two instruments lies in
the absence of a dispersion system in the Martens photometer. When
used with central aperture the instrument measures an average
polarization for all wave lengths contained in the entrant beam. The
angle 0’, (equation (19)) for this instrument is practically 45°; so
that equations (24) and (25) both reduce, in this case, to the single
equation

1—tan? 6, cos? 6,—sin? 0,
=71+ tan? 0, cos’ 0, +sin2f, °°0° 2 by (26)

Using the Martens photometer, then, in the same manner as de-
scribed for the spectrophotometer with central slit, it has been found
that the initial polarization of the light emitted to the spectrophotom-
eter from the tungsten, mercury-vapor, and helium lamp sources is
in each case less than 1 per cent. Under the symmetrical illumina-
tion from the hemispherical source, there is no appreciable polariza-
tion of the normally reflected light from a sample having no structural
regularities differing markedly in mutually perpendicular directions
parallel to its surface. The comparison standard used is a material
of this type. (See section V, 2.)

In the case of some reflection samples, however, including certain
types of textile materials, such as velvets and plushes, there is, in
general, an appreciable polarization of the normally reflected light
even under completely diffused nonpolarized illumination.

To illustrate the case, the spectral polarization curves of four
textile samples have been obtained with the Koenig-Martens instru-
ment, used as a spectropolarimeter with double collimator slit. The
curves are shown in Figure 13. In accordance with the theory of
polarization measurements, two (square) specimens of each sample
were mounted on heavy cardboard and inserted, one in each beam,
in the regular position of the sample and standard. The photometric
part fields of the instrument were matched with the specimens in
the 0 and 90° positions (““x” and ‘“y’’ positions), giving the angles
0x and 6, respectively. The fractional polarization was then com-
puted by equation (25). The initial (or ‘“x’’) orientation of each
sample was chosen to give the maximum positive polarization of the
entrant beams as referred to the vertical plane, so that the data would
serve as an illustration of the magnitude of the polarization effect

18 Martens, F, F., Phys, Zeit. 1, pp. 299-303; 1900,
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which may be obtained in practical cases. In these measurements it
is assumed that the state of polarization of the licht reflected from
each of the specimens is the same. This condition depends, of
course, on the uniformity of the two specimens and is fulfilled to a
sufficient approximation for these purposes, for an interchange of the
specimens from one beam to the other had but slight effect on the
angles 0, and 6.
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F1a. 13.—Reflection and polarization measurements made with the Koenig-
Martens spectrophotometer, under the specified conditions of illumination
and observalion

Samples were chosen from certain textile materials in order to illustrate, particularly, the
degree of polarization of the normally reflected light under nearly completely diffused nonpolarized
illumination. The orientation of the sample (in its own plane) was chosen to obtain the maximum
polarization with reference to the vertical plane.

Samples Nos. 2 and 3 are cotton back, silk cut-pile fabrics (velvets). No. 1is a warp face sateen
silk. No. 6is a plain weave broadcloth with a silk warp (dyed green) and a rayon filling (dyed pink).

Replacing one of the specimens by the comparison standard, the
values of abX for various wave lengths were obtained in the regular
way (described later in this section) as the product cot 8, tan 6, by
equation (6).

It is now of interest to determine the difference between the
measured quantity ¢bX and the value of X itself. Having shown
that the initial polarization of the light emitted to the spectrophotom-
eter by the hemispherical source (licht reflected from comparison
standard) and by the transmission sources is very small, equations
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(16), (17), and (18) may then be further simplified by placing P,=0.
Thus

a?=2 cos’ ay=1+ P, (27)

B2=2 sin® ag=1—P, (28)
2 — 1 E

ab=gin 2a,=+1—P2=1— 5 P, approximately (29)

The fractional error in the measurement of X, resulting from the
assumption that both ¢ end b are unity (P,=0), is

a*—1= +P,, when using equation (3) (30)

02— 1= — P, when using equation (5) (31)
and

ab—1= —% P2, approximately (32)

when equation (6) isused. Thus, in the latter case, the error is always
negative; that is, the measured values are always too low. From
the polarization data in Figure 13 the true values of X were com-
puted, and the results also shown in the same figure.

The majority of the materials presented for reflection measure-
ments are of the type having no regularities in body or surface
structure which would cause an appreciable polarization of the light
reflected into the spectrophotometer, under the symmetrical coadi-
tions of illumination and observation herein specified. For materials
not of this type the maximum polarization is generally less than 15
per cent. This would cause a 15 per cent error in the measurement
of X if either equations (3) or (5) were used without regard to the
polarization factors. Using equation (6), however, in this way, the
error is only 1 per cent. Sample No. 2 (fig. 13) represents an extreme
case. The polarization of 33 per cent at wave length 560 mu would
cause an error of 5.5 per cent in the measurement of X, if the polari-
zation of the reflected light is not taken intc consideration.!

As may be seen from the curves of Figure 13, the polarization is
generally higher in the spectral regions wherein the material strongly
absorbs the incident light. Superposed on this effect, however, there
appears to be a general decrease in the polarization for shorter wave
lengths.

The polarization errors in the measurement of X may be reduced
to negligible proportions by proper orientation of the sample in its
own plane, for it is always possible in this way to reduce the polari-

17 It may be noted that the polarization errors herein considered are not particularly inherent in the use
of the Koenig-Martens spectrophotometer. Thus, in the case of another type of spectrophotometer con-
taining no polarizing parts whatever other than the dispersion prism, a 33 per cent polarization of the light
reflected from the sample would cause an error of 10 per cent in the measurement of X. Such a spectropho-
tometer is part of the equipment briefly described later in section V, 2.
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zation factors a and b each to unity, leaving the initial state of polari-
zation of the entrant beam unchanged. An inspection of the sample
structure will usually be sufficient to determine the reference plane
of maximum polarization (positive or negative) under the sym-
metrical hemispherical illumination, and the sample may then be
cut and mounted in the sample holder so that this plane of maximum
polarization makes an angle of approximately 45° with the vertical
reference plane previously defined (through the optical axis of the
spectrophotometer). The component amplitudes of the entrant beam
are then approximately the same, and since the initial polarization
of the beam is practically zero, the required condition is fulfilled.
If the initial polarization of the beam was not negligible, however, a
different orientation of the sample would be required. In the oper-
ation of interchanging the positions of the sample and standard for a
reflection measurement, the sample itself rotates through 180°, so
that its orientation with respect to the spectrophotometer is, under
the symmetrical illumination, effectually unchanged.

In transmission measurements we are usually not troubled with
any polarization introduced by the sample itself. If the incident
beam is appreciably polarized, however, a strained-glass sample or
an optically active solution may possibly so alter the state of polari-
zation as to introduce an appreciable error into the transmission
measurements. It is well, therefore, that the initial polarization of
the beams incident on the sample be small, as is the case with the
sources herein employed.

In conclusion, it may be stated that in all the transmission and
reflection measurements to be made with the equipment herein
described, the polarization factors may be either neglected or elimin-
ated by proper procedure in the measurements. Hence the previous
formulas for X reduce simply to

X =tan? 0, cot® 6, (33)
X =cot? 6, tan® 6, (34)
X =cot 6, tan 6, (35)

(b) ProraGaTiION OF ERrRrROrR THrROUGH THE FOoRMULAS—It is
sometimes desirable to know the precision with which the value of
X is determined from a set of readings of the angles of match when
using any one of the equations (33), (34), and (35). For this purpose
let Z,, Z;, and Z be the fractional probable errors'® in the computed
values of X by equations (33), (34), and (35), respectively; and let
Po, D1, and P, be the probable errors in the determination of the cor-
responding angles 6,, 6;,, and 6;. Then, in accordance with the
general theory of the propagation of error,” the following relations

lﬂlThe fractional probable error is here defined as the ratio of the probable error in X to the value of X
itself.

19 Merriman, Method of Least Squares, 8th ed., p. 79,
109431°—28—4
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may be derived (in which the probable errors are expressed in
radians):

Z2=16 (p:? csc? 20,+p,? esc? 20,) (36)
Z:2=16 (ps? csc? 20,+p 2 csc? 20,) (37)
Z*=4 (p;* csc? 20,+ pa? esc? 20,) (38)

Let 6,, 6;, and 6, be each the mean of n settings of the angle of
match. Let 2A0,, 2A0;, and ZA6, be the sum of the n residuals of
0,, 0, and 0,, respectively, these residuals being taken without
regard to algebraic sign and expressed in circular degrees. The rela-
tion between the probable error of the mean of the observed angles
and the sum of the residuals is given by the approximate formula20

0.8453 A0
P o=
nyn—1

In routine spectrophotometric measurements, 10 settings are
usually made of each angle of match. Placing n =10 in equation (39)
and remembering that p in equations (36), (37), and (38) must be
expressed in radians, the following formulas are then obtained:

(39)

[ZA6,) | [ZA6,]
Z,=0.002' sin® 26, " sin? 26, (40)

[ZA0 ] | [ZA0,]

Z,=0.002'V sin’ 28, T sin? 20, (41)

B80T, [SA0F
Z =0.001 Si.n2 201 Siﬂ2 202

(42)

A useful graph for the computation of the probable error by any
one of the equations (40), (41), and (42) has been previously pub-
lished,” but is reproduced in the present paper in Figure 14. The
legend on this graph clearly explains its use with equations (35) and
(42). The symbols X and Z are replaced by 7 and (P.E.)r/T,
respectively, on the graph. Its use with equations (40) and (41) is
obviously the same.

(¢) Croice or FormurLAa ror RouriNe Work.—It is evident that
two different methods of use of the instrument are available for the
measurement of X. In the first method the two parts of the field are
matched with the sample in either beam 1 or beam 2, and again with
both beams clear. Equation (33) is used in the first case and equa-
tion (34) in the second case. In the second method the two parts of
the field are first matched with the sample in (say) beam 1, then again
with the sample in beam 2, and equation (35) is used.

20 Smithsonian Physical Tables, 2d rev. ed., p. 59; 1920.

21 See paper by Priest, McNicholas, and Frehafer on ‘““Some tests of the precision and reliability of
measurements of spectral transmission by the Koenig-Martens spectrophotometer,” J. O. S. and R. S. L,
p. 211; 1924,
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The second method is generally applied in all work with the
instrument, chiefly for the following reasons:

1. The possibility of polarization errors are very much reduced,
and we may assume that for all ordinary samples no appreciable
polarization errors are present in the measurement of X when equa-
tion (35) is used.
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Fia. 14.—Graph for the evaluation of probable errors

2. In the second method the field brightness at match is nearly
the same for both positions of the sample. This is an important
consideration in the measurement of low values of X, as it avoids
eye strain and consequent loss in photometric precision which would
result from alternate settings at widely different field brightnesses.

3. A consideration of the probable errors in X shows that the
precision with which the value of X is determined from a set of
readings of the angles of match is different for each of the equations
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(33), (34), and (35), and that a greater precision of measurement is
generally obtained in the second method of use of the instrument.

In the following comparison of the two methods of use of the
instrument we are justified in making the following approximations
in the preceding formulas for the probable errors: Let p,=p,=p,
in equations (36) and (37), and let p,=p,=p in equation (38).
Place 0,=45°, so that 6,b=90—0, and Z,=2Z,. Then

Zy_ 242 sin? 20 2 43
ZT Z ol

When the same number of settings of each angle of match is made in
each of the two methods of use of the instrument, we may place
p1=7p, showing that

Z1>W/2_Z

However, if the angle 6, could be relied upon to remain constant
under ordinary working conditions over an indefinite period of time
it would then be feasible to determine this angle with high precision
and use the values continually in all the spectrophotometric work.
Accordingly, the probable error in 6, could be neglected in equations
(36) and (37), so that the precision of measurement by the first
method is thereby increased, whereas the number of photometric
field matches, for a given value of p;, would be reduced by one-half
of the number required when the angle 6, must be redetermined
with each determination of the angle ;. By equations (36) and
(38) we would have, in this case,

Zl__ &
7—x/§ ? (44)

for all values of 6;.

Now, let the » photometric field matches, which must be divided
equally between the angles 6, and 6, in the second method of use of
the instrument, be all made for the one angle 6, (or 6,) in the modi-
fied first method described above. Assuming that the sum of the
residuals is in each case proportional to the number of photometric
matches, we may evaluate the ratio p;/p by equation (39), showing
that

. s S L
P N2 JA—12

Hence, in this case, Z,=Z, approximately, when n is fairly large,
say about 10 or 20.

Whereas some advantages might be derived from the use of equa-
tions (33) or (34) with the Martens photometer under certain experi-
mental conditions, it is probable that the modified first method would
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not be satisfactory and reliable for general use in routine spectro-
photometric measurements with the equipment herein described.
As previously mentioned, the angle 6, varies slightly throughout
the spectrum and would be subject to change with the deposition of
dust or with the formation of slight diffusing films on the optical
surfaces, particularly those surfaces outside of the instrument, where
the beams of light to the spectrophotometer are completely separated.

(@) Use or OneE QUADRANT OF THE CIRCULAR SCALE ON THE
Nicorn Mounting.—As previously stated, angles of match can be
obtained in all four quadrants of the circular scale when the sample
is placed in either beam. In order to eliminate all errors in the
reading of these angles, such as may be caused by eccentricities of
the circular scale and vernier of the nicol mounting, it is necessary
to average settings made in all four quadrants of the circle. The use
of four quadrants instead of one slightly complicates the experimental
procedure, with the result that more time is consumed in the meas-
urements. In routine work, therefore, it is desirable to avoid this
complication, if possible.

To investigate the relative importance of these errors, let the true
angular position of the principal plane of transmission O N of the nicol
be given by the (imaginary) 6 scale shown in Figure 15. This scale
is fixed in position relative to the instrument and is accurately centered
on the axis of rotation of the nicol. Angles are measured in each
quadrant from the position of ON for the extinction of light in the
right field. Assuming that the vibrations in the plane-polarized
beams entering the nicol from fields 1 and 2 are exactly at right angles
to each other, then the angular position of the nicol for extinction of
light in the left field is exactly 90° on the 0 scale.

Let the ¢ scale be the circular scale actually engraved on the nicol
mounting. The following assumptions are made in regard to this
scale: ;

1. The engraving of the scale is accurate, all divisions being exactly
1° apart.

2. The center O’ of the graduated circle is slightly eccentric with
the center O of the 0 scale. Hence 0 rotates about O with rotation
of the nicol.

3. When the nicol is set in position for extinction of the right field
(zero position, as in fig. 15), there is a small angular displacement of
the whole ¢ scale relative to the 6 scale, and a displacement of the
vernier so that its zero line may not coincide with either the zero or
90° marks of the ¢ and @ scales. The ¢ scale rotates with the nicol,
the (single) vernier being attached to the body of the instrument.
The angular displacements of both the index and the ¢ scale relative
to the 0 scale cause errors in the reading of 6 which are constant
(numerically) over the whole circle. In the discussion of these
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errors, however, we can regard the position of the index as exactly
coincident with the 90° mark on the 6 scale and include both displace-
ments in a single rotation of the ¢ scale.

The errors in the reading of the angular positions of the nicol are
caused, then, by the combined effect of the linear and rotary displace-
ments of the ¢ scale relative to the 6 scale.

It is evident that there is only one angle of match, 8, for which the
readings in opposite quadrants of the ¢ scale are exactly 180° apart.
At this value of 6 the center of the ¢ scale lies on the line connecting
the zero of the vernier with the center of the 0 scale. For all other
angles of match the reading in one quadrant will be as much too large

VERNIER [VERNIER

Fig. 15.—Illustration of errors in the circular scale on nicol mounting
(Koenig-Martens spectrophotometer)

Double arrow ON represents principal plane of transmission of nicol. O indicates axis of
rotation of nicol. © scale (imaginary) gives true angular position of ON. & scale is the circular
scale actually engraved on nicol mounting. (A4) shows combined effect of eccentricity of centers
and rotatory displacement of @ scale relative to © scale. (B) shows rotatory displacement only.
The dotted lines indicate positions of O N for a photometric field match in each of the four quad,
rants, and corresponding angles read with the vernier.

as the reading in the opposite quadrant is too small, so that theerror
resulting from an eccentricity of the centers is eliminated by averaging
the two readings in opposite quadrants. The error caused by a pure
rotation of the ¢ scale relative to the 6 scale is, on the other hand,
eliminated by proper averaging of readings in adjacent quadrants.
Let subscripts I, IT, ITI, and IV denote readings made in the first,
second, third, and fourth quadrants, respectively. Then

20— o1+ (¢1121'“ 180) 5 (180 — 4511); (360 — ¢1v)

or
40=360+¢1—¢11+¢III_¢IV (45)
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It is evident thav the same small angular increment added to each
value of ¢ in the above formula leaves the value of 6 unchanged.
Thus, by combining angles of match made in all four quadrants in the
above manner, all errors in the reading of the value of # on the ¢ scale
are eliminated.

The amount of the eccentricity and rotary displacement of the ¢
scale relative to the true 6 scale may be determined from readings of
the angles of match in each of the four quadrants of the circle, when a
low transmission sample (for instance) is placed alternately in each
beam. The 0 values will be the same in adjacent quadrants, but the
readings on the ¢ scale will generally not be equidistant from the
0, 90, 180, or 270° marks. Let the subscripts 1 and 2 refer to the
positions of the sample in beams 1 and 2, respectively. The angular
differences between the 0, 90, 180, and 270° marks on the ¢ scale and
the corresponding positions on the 0 scale are denoted by the general
symbol [0— ¢] and given by the following equations:

1
[0_¢]¢=0=180*:?(¢2,1v+¢2.1) (46)
£ 1
[9’"¢]¢=90290_§(¢1.1+¢1,11) (47)
1
[0 — ¢lp=1s0= 180“1’2‘(¢>2,11+¢2,111) (48)
1
[6_ ¢]¢=27o =270 2 (4)1,111 I ¢1,1v) (49)

These differences are the result of both sources of error mentioned
above and will not generally have the same value. (Fig. 15, A.)
Let ¢ be the average of the four values of [#—¢] thus obtained.
Then e represents the rotational displacement of the scale as a whole,
and the residuals are an indication of the eccentricity of the center.
If the eccentricity of the ¢ scale is negligible or zero, however, the
[0—¢] differences are the same for all parts of the scale. In this
case (the sample being stationary in either beam)

4e=720—¢1— ¢p11— d111— P1v (50)

True values of 8 can then be obtained by applying the constant cor-
rection e to the readings of ¢, as made in one quadrant only, or by
adjusting the vernier into coincidence with the zero mark on the ¢
scale when the nicol is set for the extinction of light in the right field.

To test the accuracy of the scale on the particular instrument
herein used, angles of match have been made in all four quadrants in
the measurement of the transmission of the 1 and 10 per cent sectored
disks. The mounting of the disks has been described, and their use
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with the instrument will be further discussed in section V, 1. The
[0—¢] differences in equations (46), (47), (48), and (49) were found
to be practically the same for this particular scale, and the value of
e was 0.24°. In Table 1, columns 3, 4, 5, and 6, the transmissions
are recorded as computed from the corrected angles of match, using
each quadrant separately. In column 8 the transmissions are com-
puted from the averaged angle as given by equation (45). The pur-
pose of this table is to show that it is not necessary to make readings
in more than one quadrant of the circular scale in routine spectro-
photometric work with this particular instrument. Errors intro-
duced by neglecting the small correction to the scale readings are
reduced by use of equation (35) instead of either of equations (33) or
(34), for the angles of match are then more nearly equally distant
from 45°, and the same small increment added to both 6, and 6,
causes counteractive changes in the cotangent and tangent. If the
scale correction ¢ were neglected in the computation of the trans-
missions in column 3 of Table 1, the values obtained would be on
the average about 1.8 per cent lower than the values in column 8.
In the measurements of the 10 per cent sectored disk the values
would be lower by only 0.4 per cent. By care in the adjustment of
the vernier the above errors may be further reduced. An error of
0.2° is of no importance unless very low values of X are being meas-
ured, so that 6, and 0, are close to 90 or 0°, respectively. Read-
ings in these parts of the scale are therefore avoided by use of the
sectored-disk attachment.

In routine work with the instrument, then, readings of the angle
of match are made only in the first quadrant of the circular scale.
An occasional check is made on the adjustment of the vernier.

TaBLE 1.—Transmission measurements with the Koenig-Martens spectrophotometer,
using four quadrants of the circular scale on the nicol mounting

T=cot (360—¢1—¢) tan (360—p2—e) (for quadrants I T=cotfy
Wave and 1V) tand,
Sample lcn‘ th T=cot (180—¢1—e) tan (180—¢2—e) (for quadrants II 46=360
. and IIT) +éi—dur
4e=720—¢p1—pu—ii—P1v +ér—diy
mu T T Tine Tw TMean
490 0.00855 0.00848 0.00845 0.00840 0. 00847 0.00848
530 .00873 .00848 . 00860 . 00862 . 00861 . 00860
1 per cent sectored disk__|{ 570 .00873 . 00855 . 00869 . 00884 . 00870 . 00870
610 . 00866 . 00854 . 00846 . 00873 . 00860 . 00860
650 . 00867 .00838 . 00863 . 00849 . 00854 . 00856
530 . 0994 .0995 . 0993 . 0996 . 0994 L0995
10 per cent sectored disk.|{ 530 . 1005 . 1004 . 0999 . 1000 . 1002 . 1002
610 . 0984 . 1005 . 0990 . 1004 . 0996 . 0996

(¢) ProcEpURE 1IN MEASUREMENTS.—The usual procedure in a
transmission or reflection measurement at a given wave-length
setting is as follows: After the wave-length scale has been set to the
desired position, 5 settings of the angle of match 6, are made in the
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first quadrant with the sample in (say) beam 1. The sample i§ then
shifted to beam 2, and 10 settings of the angle 0, are made. Re-
turning the sample to beam 1 again, the group of 10 settings of 6, is
completed. As these readings are made they are immediately
recorded by the observer on an (8-place) adding machine, the key-
board of which is split so that 6; and 6, may be recorded in separate
columns. This machine is shown in Figure 1, conveniently situated
for the observer’s right hand. After the two sets of readings at a
particular wave length are completed, a pull on the lever adds these
readings, and thus records the mean angles. When a complete set
of measurements have been made at various wave lengths throughout
the spectrum, the values of X are computed with a special slide rule
having a cotangent and tangent scale.” :
In the case of some reflection samples the intense illumination from
the hemispherical source may, as previously noted, cause changes in
the reflective properties of the sample during the course of the
measurements. In order to detect these changes and to make an

$9090892700070¢
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F1a. 16.—O0rder of determinations with respect to wave length, generally followed
in reflection measurements

approximate correction therefor, a definite predetermined order of
observation with respect to wave length is always followed. The
procedure may vary with the type of sample to be measured and
with other conditions; but the order of observation generally fol-
lowed is depicted in Figure 16 and represents a minimum set of
observations for a given reflection sample. If the determinations
1 and 4 (at wave length 560) show no change, for instance, but a
definite difference is found between determinations 2 and 9 (at wave
length 660), one may generally assume, to a first approximation at
least, that the change has been progressive with time and that pro-
portional changes have taken place at the intervening or adjacent
wave lengths. Sometimes the reverse changes are noted. If there
is reason to suspect that the sample is particularly subject to change
in the blue region of the spectrum, the series 13 to 20 may precede
4 to 12. A more elaborate arrangement of the observations may be
devised in particular cases.

22 Made to order by Keuflel & Esser Co., Hoboken, N. J., after design by I Q. Priest at the Bureau
of Standards,
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It is difficult to establish any fixed order of observation for all
samples or rules for the correction of the data. The experience and
judgment of the observer determines the exact procedure followed
with a given kind of material, type of reflection curve, or other cir-
cumstances. Usually the changes, when they do occur, are not more
than a few per cent of the value measured, and the approximate
corrections derived from a study of the observed changes at a few
chosen wave lengths are better than none whatever. The nature of
the materials usually does not warrant more accurate data than are
obtained in this way. In cases wherein a large change does occur
it is often desirable to repeat some of the measurements with the use
of a new and unexposed sample of the material.

4. FURTHER REMARKS ON THE INSTRUMENT AND ITS ADJUSTMENTS

(@) StraY LigcaT.—Although the optical parts of the instrument
are well inclosed by the manufacturer, it was formerly necessary to
remove some of these parts during the course of each year in order to
clean the optical surfaces and thus prevent the appearance of an
excessive amount of stray light in the photometric field when working
in either end of the spectrum. This stray ligcht arises for the most
part from a slight film which, in the course of time, forms on the
exposed surfaces of the biprism and the collimator-lens wedge. The
other surfaces appear to remain clear. In the hope of avoiding the
frequent removal and cleaning of these optical parts, the spectro-
photometer has been inclosed in a dust-proof and approximately
moisture-proof box, which is shown in Figure 1. (Door shown open
ready for measurements.) This housing prevents the accumulation
of dust on the instrument and has proved very effective in retarding
the development of stray light in the photometric field. Several
glass light filters are provided, having transmission bands in different
regions of the spectrum. These filters may be placed between the
eye and the nicol and practically eliminate any small amount of
stray light present.

(b) PmoromeTric FieLp.—Under ordinary conditions of measure-
ment and with the sources of light herein employed the photometric field
of the instrument is well-nigh perfect, with a complete disappearance
of the dividing line when both parts of the field are matched in bright-
ness. The photometric precision of the brightness matches is be-
lieved to be as good as can be obtained with any other type of photo-
metric field used in spectrophotometry.

There is one experimental condition, however, under which very
imperfect field conditions will be obtained unless care is taken in the
adjustment of the lens—Wollaston—biprism combination (hereafter
referred to by the letters LWB). This condition often arises in trans-
mission or reflection measurements on materials exhibiting a strong
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selective absorption, so that the spectral distribution of the light
entering one of the collimator slits of the instrument is varying
rapidly with the wave length in certain regions of the spectrum,
whereas the variation with wave length of the light entering the other
collimator slit is comparatively small. The extremely rapid varia-
tion in the spectral light distribution of the entrant beam may be
accompanied by an appreciable variation in brightness across the
corresponding half of the photometric field, this variation being always
in a direction parallel to the dividing line (vertical). The brightness
in the other half of the field will, on the other hand, appear sensibly
uniform. This brightness variation may be directly attributed to two
possible causes, both producing the same effect. These causes are:
(1) The inaccurate focusing of the telescope lens, and (2) the spherical
aberration present in the lens system of the instrument.

OCULAR ) B, B, PHOTOMETRIC FIELD

L ke i

SLIT A, A, DIAMETER 8 mm
Dl Dl

1 c, Cz

PLANE OF
[“OCULAR SLIT TELESCOPE LENS
FOCAL LENGTH 12 cm
Fia. 17.—Conditions resulting in a nonuniform brightness distribution over the
photometric field

An explanation of the effect will now be given, along with the proper
procedure to be followed in the adjustment of the LWB combination
in order that the above causes may have a minimum effect on the
uniformity of the brightness distribution over the photometric field.

In the first part of this discussion all defects which may be present
in the lens system of the instrument will be neglected. The LWB
combination is regarded as a perfect lens. We recall, however, that,
as viewed through the ocular slit, the lens surface is divided into two
equal parts by the line of intersection of the biprism faces (dividing
line in photometric field; see fig. 17, upper right) and each part is
independently illuminated by light entering the corresponding col-
limator slit (fig. 3). Let the wave-length scale of the instrument be
set for a particular wave length \ and let the entrant beams be hetero-
geneous with respect to wave-length composition.
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Consider a homogeneous bundle of rays of wave length \ entering
the instrument through the central point of the collimator slit 4.
These rays may be assumed in the present discussion to be incident
on the telescope lens, in Figure 17, as a parallel beam which is itself
parallel to the axis of the lens; they are brought to a focus at the point
O’ on the axis and in the focal plane F\F; of the lens. Let the ocular
slit, which is centered on the axis of the lens, be displaced a distance
00’ from its correct position in the focal plane. Consider, now,
another homogeneous bundle of rays of wave length A\—68), originat-
ing also at the central point of the slit A. These rays will be slightly
inclined to the axis of the telescope léns and also brought to a focus
at a point in the plane F1F,. The wave-length difference 6\ may be
so chosen that the ray which passes through the point B, near the
periphery of the lens will also pass through the central point O of the
ocular slit. Assuming as a first approximation that the wave-length
dispersion is linear across the ocular slit, we have similarly a ray of
wave length \— 26\ passing from point B, to the point P in the plane
of the ocular slit and intersecting the ray of wave length X from the
point ;. In like manner other rays may be drawn as shown from
points A; and O, on the center and lower parts of the lens surface.
These rays are all represented as having originated from the central
point of the collimator slit A.

We now take into consideration all bundles of rays of different
wave lengths passing through various points of the collimator slit 4
and through various points in the neighborhood of point B; on the
lens surface. It is then possible to draw a pencil of rays for each
wave length, centered on the single rays which are shown in the figure,
and with the apex of each pencil at the point B;; each pencil subtends
the image of the slit A for the corresponding wave length, this image
being here considered as formed only by rays passing through the
surface of the lens in the immediate neighborhood of the point B;.
The slit images for different wave lengths are displaced vertically
relative to one another to form a sharply focused spectrum in the
plane F\F,, but a slightly out-of-focus spectrum in the plane of the
ocular slit. Considering all the rays passing through any other
small area of the lens surface, as at points A; and €}, a similar con-
struction of rays may be made. It is evident from Figure 17 that the
various spectra thus formed by various portions of the telescope lens
coincide exactly in the plane #,F}, but are not coincident in the plane
of the ocular slit. The spectrum formed in the latter plane by the
upper part of the lens, at By, is shifted downward toward the longer
wave lengths by an amount o\, relative to the spectrum formed by
the central part of the lens. Similarly, the spectrum formed by the
lower part of the lens, at (), is shifted upward toward the shorter
wave lengths by (approximately) the same amount. In addition to
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the vertical shift, there is also a lateral shift of each spectrum relative
to the spectrum formed by the central part of the lens, this shift
depending on the horizontal distance from the center of the lens of
the image-forming portion under consideration. As will be shown
later, the effect of the horizontal shift on the brightness variation
across the photometric field is entirely negligible.

Looking through the ocular slit at a central portion of lens surface
in the neighborhood of point A4; (or A4,, fig. 17), one sees this area
illuminated by light of mean wave length \, but extending over a
spectral range depending primarily on the widths of the collimator
and ocular slits being used. The image on the retina of the eye is
formed with all the homogeneous ray pencils, previously defined,
originating at points in the area about A; and subtending the whole
or a part of the ocular slit. The image of an upper portion of the
lens surface in the neighborhood of point B, (or B,) is formed with
light of approximately the same range of wave lengths, but the mean
wave length in this range is lower by 6\ than the mean wave length X
at the center of the lens. Similarly, for a lower portion of the lens
surface in the neighborhood of point € (or (), the mean wave length
is higher by oX. There is no appreciable variation in mean wave
length in a horizontal direction across the photometric field. The
angle @B,0 (which is equal to PC,0) is practically independent of A;
but the wave-length shift 6\, which corresponds to the linear distance
OPF (or 0Q) in the spectrum, increases rapidly with an increase in A
as a result of the decrease in the linear dispersion in the spectrum
toward the longer wave-length region. Hence, the shift in the mean
wave length over the photometric field increases as the ocular slit is
moved toward the longer wave lengths.

Now, let the spectral ligcht distribution in beam 1 (say) be decreas-
ing very rapidly with the wave length, whereas the variation with
wave length of the light in beam 2 is, on the other hand, compara-
tively small. Then, if the nicol is set for equality of brightnesses at
A; and A,, where the mean wave length is \, there will be an appre-
ciably lower brightness in the upper part of field 1 at point By, where
the mean wave length is A— 8\, and a higher brightness at C;, where
the mean wave length is A+ 6X. Unless the ocular slit is very badly
out of focus, the small wave-length shift 6\ will cause no appreciable
difference between the brightnesses at points A,, By, and (..

It is obvious from Figure 17 that the magnitude of 6\ may be in-
creased or decreased by moving the ocular slit parallel to the axis of
the lens, so that the distance OO0’ is increased or decreased. Thus,
when 00’ is zero, 6\ is also reduced to zero; hence, the photometric
field must appear uniform in brightness. When the slit is moved in
beyond the point O’, the brightness gradient across the field is, of
course, reversed,
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We will now consider the eflect of any spherical aberration which
may be present in the lens'system of the instrument. In order to
use Figure 17 for this purpose, any effect of the collimator lens will
not be represented. The spherical aberration of this lens would but
increase the effect introduced by the telescope lens. Chromatic
aberration and other defects in the optical system are of minor
importance in this connection, and are therefore necrlected in the
following discussion.

Let a narrow pencil of rays of wave length X\, passing through the
central part of the lens, be brought to a focus at 07, as before. Asa
matter of convenience in the diagram, we may choose the distance
0’0" to represent the longitudinal aberration of the lens. Then, a

" pencil of rays of wave length \ from a peripheral part of the lens at
B; will be brought to a focus at a point sligchtly above the axis of the
lens on the line B,0’’. (The locus of all the foci of these narrow
pencils of rays from various portions of the lens would form the
caustic surface of the lens for the wave length \.) Similarly, a ray
B0’ of wave length A\— 6\ may be drawn coincident with the ray of
wave length X in the previous discussion. The ray 0’ is now of
wave length N+6\, and, likewise, other rays shown in the diagram
are shifted in wave length by the same amount oX. It is evident
that the previous discussion applies identically to this case, so that
the aberration effect is minimized by moving the center of the ocular
slit to the point O’’.

It is probable that the aberration effect is small, if not negligible,
and that the focusing effect accounts for the greater part of the
brightness gradient which may be observed in the photometric
field under the conditions described above.

As illustrated in Figure 17 (upper left), the images of the two
collimator slits do not coincide over their entire length. At their
closest contact they make an angle of approximately 4° with each
other. It is of interest to consider what relation, if any, this crossing
of the images may have on the focusing (or aberration) effect dis-
cussed above. This crossing of the imagés is a result of the curvature
in the plane of the image, introduced by the action of the dispersion
prism. If the biprism and Wollaston prism were removed from the
instrument, the images of the two (separated) collimator slits would
lie on the arc of a circle as shown at 4 and B in the figure. The
Wollaston and biprism combination, however, in addition to dividing
these images into eight separate images, as previously explained,
shifts them horizontally, causing two of them to overlap as shown at
the center of the ocular slit. The horizontal shift of the spectra
formed by the lateral portions of the telescope lens would obviously
result only in a slight difference between the mean wave lengths at
corresponding points, such as D, and D,, in the lateral areas. The
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crossing of the images will also broaden the total wave-length range
included by the ocular slit. In this respect it is equivalent to a widen-
ing of the ocular slit in the diagram. This does not change the
distance OO’ or therefore the value of 6\. The actual range of wave
lengths above and below the average is increased, however, equally
over all parts of the lens. If the rapidly varying spectral light
distribution in the entrant beam is not a linear function of the wave
length, it is possible that the brightness gradient across the lens may
thereby be slightly increased or decreased. Experiment shows,
however, that a change in the ocular-slit width, or a decrease (by
use of a diaphragm) in the length of the slit, has very little effect on
the appearance of the field.

The brightness gradient is never present when a homogeneous
source, such as the mercury arc, is used for the illumination of the
collimator slits. If the collimator-slit images were exactly parallel
to the ocular-slit jaws, however, and if the edge of the ocular slit
were then allowed to encroach slightly on the image of the spectral
line, a brightness gradient across the lens would be observed. This
is evident from a consideration of the X rays only in Figure 17,
letting the distance P@Q represent the image of the collimator slit
formed by the central portion of the telescope lens. The shifted
image formed by a peripheral portion of the lens is obviously partly
cut off by one edge of the slit, causing a decreased brightness in the
corresponding part of the photometric field. (The duplication of
this pattern for infinitesimal wave-length steps, as when a con-
tinuous-spectrum source is used, results in the somewhat different
brightness gradient previously discussed.) It may be noted that the
shift of the slit images is greatly exaggerated in the diagram. Unless
the slit is very far from the plane /,F;, a rather nice adjustment of its
edges would be necessary in order to observe any brightness gradient
across the field, when a line-spectrum source is used. The crossing
of the slit images, however, never permits the required relation to
exist.

The brightness gradient can not be completely eliminated in the
Koenig-Martens spectrophotometer, owing to the asymmetry intro-
duced into the optical system by the wedges on the collimator and
telescope lenses. In Figure 18 it is shown that the rays passing the
upper parts of the telescope lens suffer excessive refraction and cross
the axis of the lens between the point O’ and the lens. Similarly,
the rays passing the lower parts of the lens cross the axis slightly
beyond the point O’. The aberration, if present, is consequently
also greater for the upper parts of the lens and less for the lower
parts than that previously represented in Figure 17. There is no
position of the ocular slit, therefore, for which the whole field is
equal in brightness to the central portion., With the center of the
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slit at O’ the brightness gradient from the central toward the lower
portions of the photometric field is reversed, whereas the gradient
toward the upper portions is not entirely eliminated. Hence, it is
evident that both the lower and upper parts of the field will be some-
what darker than the central part.

This condition of the photometric field is not serious, and the
importance of the residual brightness gradient, considered as an
inherent defect in this particular type of instrument, must not be
overrated or adjudged by the length of the discussion here given to
it. The residual effect is only occasionally observed in transmission
measurements under the condition previously stated. It is entirely
absent when the mercury-vapor or helium lamp sources are used, as
previously explained. In the case of reflection measurements the
required condition of the entrant beam is rarely present. The effect
introduces no error in the spectrophotometric measurements, if only

Frc. 18.—Effect of the asymmetry of the lens system on the brightness gradient
across the photometric field

the central portion of the photometric field (which is free from the
disturbing effects above described) is used for the brightness matches.
But the precision of the settings of the angle of match is somewhat
reduced, owing to the decreased area of the field and the decreased
length of the dividing line which may be used.

The brightness gradient may well become a serious matter in the
use of the Koenig-Martens spectrophotometer, however, if more
than ordinary care is not taken in the adjustment of the distance of
the L WB combination from the ocular slit. The slit being stationary
in this instrument, the L WB combination must be moved along the
axis of the telescope tube. The ordinary method of adjustment,
using an eyepiece to view the ocular slit and adjusting the position
of the lens so that the image of a spectral line is apparently as sharp
as possible, is not sufficiently sensitive for the purpose. A better
adjustment may be made in the following manner:
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The condition for the appearance of the brightness gradient is first
established by inserting the proper type of (transmission) sample in
one of the entrant beams. A high-transmission red glass with a
sharp cut-off in the orange region of the spectrum is a suitable sample
for this purpose. If the wave-length scale is set to a wave length
on the steep slope of the transmission curve, the brightness gradient
will generally be visible when the continuous-spectrum source of
light is used. The LWB combination is mounted in a brass tube
which fits snugly into the telescope tube and is held in place by a
clamping screw. Loosening this screw, the combination may be
moved along the axis of the tube and also rotated about this axis.
The combination is moved toward or away from the slit until the
brightness gradient is reduced to a minimum. During this operation
the center of the photometric field may be kept matched in bright-
ness by rotation of the nicol; also, the angular position of the combina-
tion must be properly maintained such that no color difference
appears between the two halves of the field. This color difference
appears when the two line images of the collimator slits (fig. 17,
upper left) are not crossing approximately at the center of the ocu-
lar slit, for it is evident that when this condition is not fulfilled the
two spectra formed with all the light passing fields 1 and 2, respec-
tively, are then shifted vertically and in opposite directions relative
to each other. The mean wave length of the small spectral range
transmitted by the ocular slit is then different for each spectrum,
and consequently for each half of the photometric field. The image
will cross at the center of the slit when the intersecting line of the
biprism surfaces (dividing line in the photometric field) is perpendic-
ular to the line MN.

The final adjustment of the angular position of the L WB combina-
tion may be made more accurately by removing the red glass from
the entrant beam and setting the wave-length scale in the neighbor-
hood of wave length 580 mug, for in this region of the spectrum a small
change in wave length produces a maximum change in color. The
final adjustment is best made, however, by illuminating the colli-
mator slits with a line-spectrum source (such as the mercury-vapor
lamp), then replacing the nicol with the eyepiece in order to view the
slit images in the plane of the ocular slit, and finally making any
rotation of the L WB combination necessary to obtain a crossing of
the images at the center of the slit. The complete adjustment of the
LWB combination is easily accomplished, and when once made is
very stable.

(¢) Wave-Lexara Scane.—Occasional attention to the adjust-
ment of the wave-length scale is necessary. For this purpose the
eyepiece is again used to view the-ocular slit. Using the homogeneous
light from the helium and mercury-vapor lamps, the check or recali-

109431°—28——5
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bration of the scale is quickly made by finding the scale reading for
which the crossed images of the collimator slits are centered on the
ocular slit.

(d) CircurAr ScALE.—The circular scale on the nicol mounting is
large enough (75 mm in diameter) so that tenths of a degree may
easily be estimated or read with the vernier. A low-power reading
lens is provided for this purpose. This scale, with its single vernier,
is sufficiently accurate for photometric purposes (when the regions
close to 0 and 90° are avoided, as previously discussed). Successive
settings of the nicol can not generally be made closer than 0.2°; and
in consequence of some obscure subjective vagaries of the human
visual system the mean of a number of settings of the angle of match
may vary as much from time to time.

(¢) GeNErRAL REMARKS.—The instrument is compactly made and
is convenient to use. As shown in the vertical median section of
Figure 3, the refracting edge of the dispersion prism is horizontal,
giving the telescope tube an upward slant. The observer thus takes
a convenient and natural position at the instrument, which adds con-
siderably to his comfort during a long continuous series of observa-
tions, and hence to the quality of his work. The greatest disad-
vantage in this type of instrument is the waste of light inherent in
the nature of the optical system. Some minor mechanical imperfec-
tions do exist, as in the construction of the ocular slit; because of the
method employed for the mounting of the nicol prism this slit is
somewhat inaccessible and is not provided with a means for quick
and accurate adjustment in width. Whereas some improve-
ments in the construction of its mechanical parts could be sug-
gested it is doubtful if such changes would increase the general
accuracy of measurement attainable with the instrument. Other
matters in visual spectrophotometry would warrant a corresponding
consideration.

V. USE OF EQUIPMENT AND TESTS OF ITS PERFORMANCE

1. TRANSMISSION MEASUREMENTS

The tungsten lamp (continuous spectrum) source is for obvious
reasons used in the greater part of the transmission work. The
maximum brightness of this source (88 lamberts) is more than
sufficient for measurements in the more luminous region of the
spectrum, so that the lamps are usually operated below normal
voltage, except in the blue and extreme red ends of the spectrum
or for low-transmission samples.

Many of the materials presented for transmission measurements
(such as dye solutions, colored glasses, etc.) often exhibit rapid
variations of transmission with wave length (steep transmission
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curves) in certain regions of the spectrum. In these cases a small
spectral range (narrow collimator and ocular slits) must generally
be used in order to avoid slit-width errors® in the measurements.
Except on the steep sides or near the minima or maxima of strong
absorption bands, a spectral range of about 5 mu is generally safe
for all spectrophotometric work. The slit widths on the Koenig-
Martens instrument corresponding to a 2 and 5 mu spectral range *
are given in Table 2. By experience the observer learns to adjust
the slit widths to suit the conditions of measurement, thus obtaining
in many instances the advantage of greater field brightness when
needed without introducing appreciable errors in the work.

TABLE 2.—Wzdths of ocular slit on the Koenig-Martens spectrophotometer, for the
wncluston of a given wave length range of pure spectrum

Slit widths in mm Slit widths in mm
for spectral range for spectral range
Wave of— Wave of—
length length
2 mu 5mpu 2 mp 5 mu
mu muy
720 0.04 0.10 520 0.12 0.30
680 .05 .12 480 .16 .40
640 .06 .14 440 .23 .58
600 .07 .18 420 .29 .71
560 .09 .23 400 .36 .91

In this connection the measurements with the helium and mercury-
vapor lamp sources are of special value as checks on the measurements
made with the heterogeneous (tungsten lamp) source. With the
homogeneous light from these sources the slits may be opened wide
without danger of slit-width errors and with a proportional gain in
field brightness. The distribution of the Hg and He wave lengths
usually permits a check on the steep part of the transmission curves.

The availability of the Hg lines at wave lengths 436 and 405 mpu
is of further advantage in supplementing the continuous-spectrum
source in the blue and violet regions of the spectrum, where the field
brightness with the latter source is usually too low for best photo-
metric work. TUsing these homogeneous radiations, however, pre-
cise measurements may be made at the corresponding wave lengths
for transmissions.as low as 1 per cent at wave length 405 my and lower
at 435 mu. This matter is of considerable importance in the computa-

% See discussion of slit-width errors in papers by Nichols and Merritt, Phys. Rev., 30, p. 328; 1920.
Hyde, E. P., Astrop. J., 35, p. 237; 1912.

2 The spectral range included by the ocular slit is somewhat indefinite until further conditions are speci-
fied. The data in Table 2 are computed from the wave-length calibration curve of the instrument and
represent the ocular-slit widths which would include a given range of a pure spectrum such as would be
formed if the collimator slit were very narrow. When the collimator-slit width is equal to that of the
ocular slit, the actual range of wave lengths in the transmitted light is doubled, owing to the overlapping
of collimator-slit images at the ocular slit; but a greater part of the total radiant energy transmitted by the
ocular slit is distributed among the wave lengths contained in the pure spectrum range given in Table 2.



848 Bureaw of Standards Jowrnal of Research [Vol. 1

tion from the spectrophotometric data of the trichromatic coordi-
nates of the color of the transmitted licht, as well as in other applica-
tions of the spectrophotometric data. The change to the helium
or mercury-vapor sources is rapidly and conveniently made, as previ-
ously explained.

As an indication of the precision and accuracy of the measure-
ments with the spectrophotometer and transmission sources herein
described, the measured transmissions of the 1, 10, 50, and 80 per
cent sectored disks are shown in Figure 19 along with the fractional
probable errors in the transmission as computed by equation (42).
The precision of measurement depends to some extent, of course, on
the general brightness level of the photometric field. In order,
therefore, that the field brightnesses in these tests be representative
of general working conditions with the heterogeneous source, a spectral
range of 5 mu was maintained at all wave lengths with the following
exceptions: At wave lengths 700, 720, 740, and 760 myu the ranges were
7, 10, 16, and 18 my, respectively. With the mercury-vapor lamp
source, slits as wide as possible were used for wave lengths 436 and 405
mu. In this way a greater field brightness is obtained at these wave
lengths than can be obtained with the heterogeneous source and nar-
row slits. For wave lengths 546 and 578 mu (576.9 4+ 579.1 myu) the
field brightness with the wide slits was too great for eye comfort. In
these cases the slits were either narrowed or a neutral low-transmis-
sion screen placed before the nicol. The precision of the measurements
made with the Hg lines at wave lengths 436 and 405 muy is, in general,
as good, even for low-transmission samples, as that obtained with the
heterogeneous source in the more luminous regions of the spectrum.

The horizontal broken lines in Figure 19 represent the known
transmissions of the disks as given by angular measurements of the
sector openings.?® These values are given in the figure and are known
to be accurate within one unit in the last decimal place. The
accuracy of the measurements with the spectrophotometer is indi-
cated by the general proximity of the points to horizontal lines.
Occasional wide departures, which do not appear to be caused by
inherent instrumental errors, are common in spectrophotometric
work and are often difficult to explain. Measurements on these
disks, made by other observers in this laboratory on various occasions,
are in good agreement with the above data. The data, as a whole,
show no systematic error in the measurements at any wave length and
for transmission values down to 10 per cent. Measurements on a
sectored disk having a known transmission of 0.0154 have been
reported in a previous publication.®® These measurements indicate
no discrepancies in the direct measurement of low-transmission values
of this magnitude.

25 See footnote 8, p. 813. 26 See footnote 21, p. 830.
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In the case of the 1 per cent sectored disk (accurate transmission =
0.88 per cent), however, the measurements herein reported are con-
sistently too low by an average value of about 2 per cent. Referring
to the data in Table 1, it is evident that this error is not caused by
the inaccuracies there considered in the circular scale of the micol
mounting, for it is not eliminated by the averaging of the readings
made in the four quadrants. In the previous discussion of errors in
the circular scale it was assumed that the plane-polarized vibrations
entering the nicol from fields 1 and 2 were strictly at right angles to
each other; also, that the transmission of the nicol prism for a plane-
polarized beam followed exactly the cosine-square law. Neither of
these conditions may be accurately fulfilled, and the discrepancies,
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F16. 19.—Test of precision and accuracy of measurements with the Koenig-
Martens spectrophotometer (using transmission sources)

though small, may readily give rise to the error observed in the direct
measurement of such low-transmission values.

These errors are avoided, however, by use of the 1 or 10 per cent
sectored disk in the beam opposite the sample, as previously de-
scribed. In this way transmissions in the neighborhood of 0.001 are
measured with accuracy, for all wave lengths at which a sufficient
field brightness may be obtained.

To test the accuracy of the mechanical calibration of the 1 per
cent sectored disk, its transmission was measured with the spectro-
photometer relative to that of the 10 per cent disk. The following
substitution method was used in order to avoid readings on the
circular scale near 0 and 90°: A glass having a transmission of ap-
proximately 10 per cent was mounted in the regular manner in one
beam, with the 1 per cent sectored disk mounted in the other beam.
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The transmission of the disk was then carefully measured (for wave
length 530 mu) relative to that of the glass by the usual method of
interchanging the glass and sector in the beams. Ten readings of
each angle of match were made in each quadrant of the circular scale.
The 10 per cent disk was then substituted for the 1 per cent disk and
likewise measured relative to the same glass (without disturbing the
position of the glass on the sample holder). From these data the
transmission of the 1 per cent disk was computed, using the known
transmission of the 10 per cent disk, as given by both mechanical and
photometric calibrations (fig. 19). A value of 0.00880 was obtained,
which is in excellent agreement with the mechanical calibration.

Assuming the accuracy of the photometric measurements, the
data in Figure 19 then furnish additional evidence for the validity of
the Platau-Talbot law (for the rotating sectored disk) for various
wave lengths throughout the visible spectrum.

2. REFLECTION MEASUREMENTS

In the discussion of the theory of the spectrophotometer the
quantity measured was designated, in general, by the symbol X and
defined as the change in the relative intensities of the entrant beams,
when, in the case of reflection measurements, one of the two com-
parison standards was replaced by a sample. The necessity for two
comparison standards is obviated, however, by the operation of in-
terchanging the positions of the sample and standard and the match-
ing of brightnesses in the photometric field in each case. For the
reflection measurements to be made the quantity X is equal to the
ratio of the brightness of the sample to the brightness of the compari-
son standard, as observed normally when both sample and standard
are under equal illuminations from the hemispherical source.
Actually, the absolute illuminations on the sample and standard need
not be the same, such inequalities being effectually eliminated in
either of the two methods of use of the instrument. (See Section
IV, 3.) The brightness ratio may depend, however, on the degree
of diffusion of this illumination. This matter will be fully discussed
later in this section.

(@) RerLecTioN STANDARDS.—The comparison (or ‘“working’)
standard which has been in use for some time is an opaque por-
celain plate having a fine-ground (matt) reflecting surface. The
choice of this particular material was purely a matter of convenience
and serviceability. Its absolute reflectance is fairly high and
approximately nonselective with respect to wave length; it is dur-
able, withstands the heat from the lamps without special cooling, and
may be removed for cleaning as frequently as desired. :

In order to express the reflective properties of a given material in
terms of a more definite and reproducible material, however, a
magnesium oxide film is used as the primary reference standard for
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all spectral reflection work. This material is used pending the
development of a more suitable material or means for the absolute
evaluation of the working standard.

The magnesium oxide standard is prepared by allowing the oxide
from burning metallic magnesium to deposit upon a plane matt
porcelain plate to a thickness such that a further increment in thick-
ness would produce no change in the reflective properties. A mag-
nesium oxide film so prepared is a good diffuser and has a reflectance
almost unity (approximately 0.98), with very little, if any, selectivity
with respect to wave length.

No extensive study of the permanence or reproducibility of this
standard has been.made. In order to calibrate the working standard,
however, measurements of its brightness relative to that of the oxide
have been made (with the equipment herein described), using five
different oxide films. These films were prepared in the prescribed man-
ner from two different commercial sources of magnesium metal shavings
(as used for the Grignard reaction). The films varied in thickness
from 0.36 to 0.50 mm, and measurements were made in each case on
the same day the films were prepared. Three different observers
participated in these measurements. Three of the films were pre-
pared and measured (by H. J. M.) soon after the equipment was
completely installed. The other two films were prepared and
measured two years later (by K. S. G. and D. B. J.). No consistent
differences between these various determinations were found which
could be definitely ascribed to real differences between the reflective
properties of the various films. From the data obtained thus far,
this standard appears to be reproducible, under the prescribed
conditions of preparation and use, within the limits of accuracy of the
spectrophotometric measurements.

Under the specified conditions of illumination and observation,
then, let

: B =brightness of primary MgO standard,

B,=brightness of working standard,

B,=brightness of test sample.
In routine reflection measurements the quantity B, /B,” is directly
measured. B,//B, is the result of the calibration of the working
standard in terms of the primary standard. The final expression of
the reflective properties of the sample is then computed as

B, Brightness of sample B, B/’

B, ~ Brightness of MgO standard B,” B, (51)

This ratio is, of course, a function of the wave length.

Referring to the discussion of Absolute Methods in Reflectometry
in Bureau of Standards Journal of Research, vol. 1, No. 3, it is of
interest to note in this connection that the brightness ratio measured
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in the present paper may also be expressed (in the terminology of the
paper cited) as the apparent normal reflectance of the sample relative
to that of the standard under the given conditions of completely dif-
fused illumination. Also, in accordance with the reciprocity law of
Helmholtz, the quantity measured is the reflectance of the sample
relative to that of the standard for unidirectional normal illumination.
If the absolute spectral reflective properties of the standard were
known, the absolute spectral reflectances of the sample would then
be determined. KEquipment is now being assembled with which the
standard may be calibrated in absolute reflective terms, if desired.

(b) ApeQuacy oF ABsoLuTE IrLLumiNaTION ON SampLeE.—The
nature of the materials usually presented for reflection measurements
is such that the above brightness ratio does not generally exhibit such
rapid variations with wave length as does the transmission of many
glasses, solutions, etc. In other words, reflection “curves” are not
generally so steep as transmission curves. Without danger of appreci-
able slit-width errors, then, wider slits may generally be used in
reflection measurements, with a corresponding gain in photometric
field brightness. Another characteristic of reflection samples is that a
measurable quantity of light is always reflected into the spectropho-
tometer at all wave lengths. Under completely diffused illumination
this quantity is rarely less than 2 or 3 per cent of that reflected by the
comparison standard. Hence the photometric field brightness at a
given wave length is never reduced below a certain limit.

These characteristics of the reflection samples have a bearing on
the adequacy of the hemispherical source herein described, in regard
to the absolute illumination on the sample. Although, for a given
value of X and given widths of the instrument slits, the spectro-
photometric field brightness with this source is not as high as that
obtainable with the transmission sources, the illumination on the sam-
ple and standard is sufficient, nevertheless, for good photometric
precision in the measurements throughout the brighter region of the
spectrum. When proper advantage of the permissible slit widths is
taken, measurements of sufficient precision may always be made over
the whole spectral range from 700 or 720 to 420 mu.*

27 An arrangement providing completely diffused illumination from a mercury-vapor lamp is desirable to
supplement the above heterogenerous illumination, so that accurate measurements may be made on any
sample at wave lengths 405 and 436 my (as obtained in the case of transmission measurements). Apparatus
has been installed in the laboratory, however, with which the desired brightness ratio may be measured
under approximately 45° illumination from the mercury-vapor lamp. The Martens photometer is used
in this case with selective filters to isolate the various spectral lines. Proper precautions are also taken to
avoid polarization errors in the measurements. When the diffusive properties of the sample are not widely
different from those of the comparison standard, the normal brightness ratios obtained under these condi-
tions of illumination are practically the same as obtained under completely diffused illumination. With
this equipment the field brightness at wave length 405my is wholly adequate for precise reflection measure-
ments on all'samples. .

This arrangement of apparatus was designed and assembled by Dr. K. S. Gibson especially for use in
measurements made for the Munsell Research Laboratory on 70 representative samples from the Munsell
Color System (B. S. test 46045; 1926). The method has subsequently been further developed and applied
by W. D. Appel. See American Dyestuff Reporter (Sample Swatch Quarterly), p. 49; Jan. 23, 1928,
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The hemisphere lamps are usually operated at a voltage consider-
ably below normal, except in the end regions of the spectrum or for
low-reflection samples.

(¢) EQuivaLeENcE oF THE ILLUMINATION TO THE IDEAL COMPLETELY
Dirrusep ConprrioNn.—The measurements deseribed on the sectored
disks are a proof of the accuracy of the spectrophotometer in the
measurement of the normal brightness ratio of the sample to the
standard under the actual conditions of illumination from the hemis-
pherical source. The question now arises whether or not the numeri-
cal value thus obtained truly represents the desired brightness ratio
under the ideal condition of completely diffused illumination. This
ideal condition would be realized if all elements of the hémispherical
inclosure were of equal brightness. Obviously, the condition is not
rigorously satisfied in the actual construction of the hemispherical
source, but the tests to be described will show that the illumination
obtained with the present construction is practically equivalent to
the desired condition of illumination for the reflection measurements
to be made on different kinds of materials.

If the sample and comparison standard have very nearly the same
diffusive properties #® (but not necessarily the same reflectance), the
normal brightness ratio would be the same for any condition of illu-
mination. When the diffusive properties of the sample differ widely
from those of the standard, however, the brightness ratio may depend
to a considerable extent on the condition of illumination.

Assuming that the illumination is not a sufficient approximation
to the desired condition, then the error in the measurement of the
normal brightness ratio of the sample to the standard depends
essentially on the following considerations: (1) The degree and nature
of the departure of the illumination on the sample from the desired
completely diffused condition, and (2) on the diffusive properties of
the sample and comparison standard.

The comparison standard is usually a fairly matt diffusely reflect-
ing material. The samples, on the other hand, may represent various
stages of mixed diffuse and specular reflection varying from nearly
perfect diffusion on the one extreme to pure specular reflection
(mirror sample) on the other.

In the test of the illumination apparatus and in the choice of
samples for this purpose we are not particularly concerned with the
absolute reflectance of the test samples (or standard), or with the
spectral composition of the incident and reflected light. These
matters play no essential role in the test and enter into consideration

28 Two samples will be considered to have the same diffusive properties under given conditions of illumi-
nation when the relative angular distributions of the reflected light flux—compared always at the same
wave length—are practically the same for each sample. The diffusive properties depend to a large extent
on the absolute reflectance of the sample; hence, when the latter property varies markedly through the
spectrum the diffusive properties change accordingly.
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only implicitly through their relation to the diffusive properties of
the test samples. For example, a sample of black paint with a smooth,
glossy surface will approximate closely to the mirror sample, because
very little light is reflected diffusely from the body of the material.
Given a similar material, however, with a white pigment instead of
the black, the large quantity of body reflection accompanying the
surface reflection will bring the sample closer in type to the perfect
diffuser. Likewise, the diffusive properties of a colored sample may
be quite different for different parts of the spectrum. :

A practical test of the adequacy of the hemispherical arrangement
herein described, as a source of completely diffused illumination for
the prescribed purposes, has been made in the following manner:

1. A separate source of diffused illumination was available, which
was known by independent tests to be a very close and sufficient
approximation to the completely diffused condition of illumination
for these purposes.

2. A group of samples was chosen representing various degrees of
departure from the perfectly diffusing sample on the one hand and a
mirror sample on the other. The color of these samples being unim-
portant, a group of neutral samples was used of which the reflective
properties were already known from the results of a previous investi-
gation.

3. The brightness ratios of the test samples to the (porcelain) com-
parison standard were measured for both sources of diffused illumi-
nation and the results compared. An agreement between the two
sets of measurements is then considered as a sufficient proof of the
equivalence of the two illuminations for the intended purpose.

The known source for completely diffused illumination used in this
test is part of an equipment now being assembled for the study of
various problems involving the reflective and transmissive properties
of diffusing materials. A complete description of the source and the
spectrophotometric apparatus used with it will be given in a forth-
coming publication of the bureau series. In the fellowing brief
description of this new equipment only those features are mentioned
which have a bearing on its application to the present problem:

1. The source for completely diffused illumination is constructed
in a manner somewhat similar to that described in the present paper,
the essential difference respecting the illumination on the sample
being the interposition of a milk-glass hemisphere between the lamps
and the sample.

2. The sample and standard are not mounted side by side and
compared simultaneously, but either one may be placed alone at
the center of the base of the milk-glass hemisphere and the normal
brightness of the samvle observed with a spectrophotometer through
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a small hole at the pole of the hemisphere. The sample may also
be observed at 12° from the normal (and at five other angles).

3. The spectrophotometer #* differs in type from the Koenig-
Martens instrument and uses a comparison source, separate from
the hemispherical source, for the illumination of one half of the
photometric field. The other half of the field is illuminated by light
reflected from either the sample or the standard under the (com-
pletely) diffused illumination from the milk-glass hemisphere. The
desired brightness ratio is obtained by alternate substitutions of the
sample and standard.

4. The relative brightness distribution over the inner concave
surface of the milk-glass hemisphere may be measured directly from
the position of the sample and is known to be constant within
definite limits, so that the degree of approximation to the ideal
completely dittused condition of illumination on the sample is also
definitely known.

This illumination is as nearly completely diffused as any of three
diffused illuminations previously described by the author in connec-
tion with a study of some absolute methods in reflectometry. (B. S. J.
Research, 1, No. 3, fig. 4.) In that work a group of samples was
used, approximately neutral in color, and representing various
degrees of departure from the perfectly diffusing sample. The
reflective properties of these samples were found to be the same
under each of the three diffused illuminations above referred to.
Hence it was concluded that the three illuminations were each a
sufficient approximation to the completely diffused condition for
all practical purposes. The reflective properties of the samples
were not analyzed with respect to wave length, however, as a spec-
trophotometer was not used in the investigation. Hence the measure-
ments therein made can not be compared directly with measurements
which might be made on the same samples with the Koenig-Martens
spectrophotometer and the illumination apparatus here under test.
Different quantities are measured in each case. This previous work
is referred to here as a proof of the equivalence of the illumination
from the milk-glass hemispherical source to the ideal completely
diffused condition of illumination, in order that the equipment
briefly described above may be justly applied to the present test of
the source of diffused illumination used with the Koenig-Martens
spectrophotometer. Furthermore, the samples therein employed
form a series such as is required in this test. The samples actually
used, however, are not the identical samples employed in the previous
work, but very similar pieces from the same stock or kind of material;

% The type of instrument used is described by C, W. Keuffel, J, Opt, Soc. and Rev. Sci. Inst., 2, p.
403; 1925,
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so that the data and curves in the paper cited serve as a good descrip-
tion of the reflective properties exhibited by the test samples. These
samples are all of a type showing no appreciable polarization of the
light reflected to the spectrophotometer.

The brightness ratios, as measured with both sources of diffused
illumination, are given in Table 3. From the preceding discussion
it is evident that complete measurements for various wave lengths
throughout the whole visible spectrum are not essential to this test.
Measurements have been made only at wave lengths 480, 580, and
670 mu. Slit widths on each spectrophotometer corresponding to
a 10 mu spectral range were used to insure an entirely adequate
field brightness and thus a maximum photometric precision in all
the measurements. The use of neutral samples avoids the possi-
bility of any slit-width errors or other uncertainties incident to the
measurement of brightness ratios varying rapidly with the wave
length. The magnesium-carbonate, white-felt, and M samples have
a matt surface, whereas the V samples are photographic papers
having a smooth, very glossy surface.

TasLe 3.—Test of the diffused illumination used for reflection measurements,
showing tts equivalence to the ideal completely diffused condition of illumination

Bx Brightness of sample

B, Brightness of (porcelain) comparison standard
measured under the illuminations from—

: : Milk-glass hemispherical source
Source wused with Xoenig- g ;
i Wave | Martens spectrophotometer iﬁringﬁﬁné’]fﬁf}gﬁ da%‘slgf&eglgl
Sample length | (shown in figs. 3 and 4) text) y
Determinations— Determinations—
Mean Mean
1 2 3 14 2 3
480 15 1.235
Magnesium carbonate block . 580 25 1. 246
670 1. 1. 303
480 . . 768
Wihiterfelte sl rdzir g o0 { 580 . 855
670 . 934
480 |--.----] 0305 .0276 | .0250 |_______. . 0290
Bladkcdelte. ol it fgese 580 . 0252
670 |t gl B3N IRC0827 - 10887 |-ttt . 0350
480 . 631
M-2 (matt paper)._.._._.._..__ 580 .633
670 . 630
480 ggg?
-8 (matt paper)--.._.-.----- 580 2
37 S 670 L0577
480 . 860
V-I-A (glossy paper)...._.... 580 877
670 .939
480 | .2030 2020
Nl Ao s et A R ST 580 | . 2008 . 2020
670 | .2114 .2071
[ 480 | .0745 & 0§16
Y i B eV U 4 T SR A 28 580 | .0782 0787
| 670 | o088 : 0890
Silvered-glass mirror.__._..__ 580 | 1.096 1.082 1.083

1 See B. 8. J. Research, 1, No. 3, for complete description of the samples and their reflective properties.
The M samples are gray painted cardboard (matt surface). The V samples are glossy photographic
papers.
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The measurements on the mirror and glossy samples, in particular,
show quite conclusively that the desired condition of illumination
is approximated so closely, with the hemispherical illumination
apparatus here under test, that further approximation to the ideal
condition would not appreciably alter the observed brightness
ratios.

When the glossy samples are observed normally with the milk-
glass hemispherical source, there is a noticeable effect on the observed
brightnesses caused by the (black) observation hole at the pole of the
hemisphere. The effect is not appreciable with the hemispherical
construction used with the Koenig-Martens spectrophotometer,
because of the greater spread of the beams and the narrowness of the
hemisphere slits (15, fig. 4). Consequently, the measurements with
the milk-glass hemispherical source were made on all the samples
at an observation angle of 12° from the normal. However, the pre-
vious study of these test samples shows that, with the exception of the
white-felt sample only, the brightnesses under approximately com-
pletely diffused illumination are sensibly the same for 0 and 12°
angles of observation. The slightly higher value obtained for the
white-felt sample with the milk-glass hemispherical source is in
accordance with the reflective properties of this material.

In the measurement of very glossy samples it is evident that a
greater part of the light reflected into the spectrophotometer orig-
inates from the polar region of the hemisphere. Consequently, it is
particularly important that the average brightness of the source in
this region be approximately equal to the average brightness of the
whole hemisphere. The filtering of the air which is drawn through
the hemisphere for ventilation purposes is an important matter in
the maintenance of the desired condition of illumination.

A set of reflection samples which have been calibrated under a
known source of completely diffused illumination are a desirable
adjunct to the equipment, in order to test and maintain an occasional
check on the conditions of illumination.

Many features of the equipment herein described represent the
accumulated experience of the colorimetry laboratory of the Bureau
of Standards in regard to the requirements for visual spectropho-
tometry. In this respect the author gratefully acknowledges miscel-
laneous contributions and suggestions by I. G. Priest and K. S.
Gibson which are embodied in the design of the apparatus.

WasHINGTON, January 22, 1928.
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