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CHAPTER I

OBJECT OF THESIS

For some time the Illumination Laboratory at the
Massachusetts Institute of Technology has felt the need
of a spectrophotometer. The present photometric
equipment of the laboratory includes:

A bar photometer, using a Lummer-Brodhun
photometer head, for the measurement of
candlepower of ordinary incandescent lamps.
An Ulbricht integrating sphere for measuring
the luminous output of lamps,

f: One Macbeth illuminometer and two foot-candle

meters, for use in measuring the illumination
at various points in a room.,

P This equipment has been more or less adequate in
the past, but the widespread»use of colofed lamps has
made necessary a photometer which would be better

% adapted for measuring the candlepower of colored lamps

» than either the bar photometer or the integrating sphere.

The limitations of the above equipment are ﬁell
known to anybody who has tried balancing a colored lamp
against a white standard. At best the work is tedious

and inaccurate, even though the operator be experience&.

R L

At the suggestion of Mr. Moon, the design and
construction was undertaken of a spectrophotometer
especially adapted for the measurement of candlepower of

colored lamps,
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CHAPTER II

- SPECTROPHOTOMETRY AND SPECTROPHOTOMETERS

' ’Spectrophotometry may be defined as the wisual
measurement of relative radiant energy as a function of
wavelengpn or frequency} Thié energy may be that emitted
by‘incandéscent or other light sources, or it may be that
transmitted, absorbed,‘or reflected by transparent or
absorbing materials, There are, however, other than
visual methods, such as photographic, photoelectric, and-
radlome tric. These are often uéed in the visible region
of the spectrum, but of necessity in the ultra-violet
and infra-red where the eye can no longer be used.

The general purposeé of spectrophotometry are the
determination of spectral emlssive, transmissive, and
reflectivé characteristics. Such determinations furnish
a basils for color specificatlon which 1s unique and funda-
mental, in that the stimulus of the color may thus be
completeiy specified. Such spécification is independent
of material color standards and of abnormalities of the
observer's color vision, - to which limitations all so-
called colorimetric methods are more or less subject,

Every spectrophotometric apparatus consists

essentially of two parts: (&) the spectral dispersing

system, and (b) the photometric system. Spectral dispersion
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is usually effected by a prism system, although grating
systems have also been used. The photémetric system |
consists ordinarily of a uniformly illuminated two-part

photometric fileld with means available for varying the

brightness of one or both parts in a contlnuous manner.

G. Govi, in 1860, was spparently the first to
‘use what might be called a spectrophotometsr. He project-
ed two spectra, each frém a different source and dispersed
by the same prism, on to a‘white diffusing surface. These
cbntiguous spectra were then examined through a dlaphragn
by which any small‘fegion could be selected at will,
Brightnesses were varied by changing the distances of the

light sources.

| K. Vierordt, in 1874, replaced the usual collimator
811t with a divided slit, the width of each part of which

was Independently controlled by a separate micrometer.

This resulted in the formation of two spectra, one directly

above the other which could be seen through the eyeplece.

The brightness in either half of the fisld could be
- varied by varying the width of the respective part of the

collimator slit. Thid method had two serious faults, -

b
H

one, that unilateral slits were used, and another in the
fact that, because of the small separation of the collimator
slits, the two spectra were separated by a small dark

space sufficisnt to decidedly reduce tne precision.
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Later improvements consisted in using bi-lateral Instead
of lateral slits, replacing the variable slit method 6f
varying brightness by other methods, and in devising
means for eliminating the space between the two spectra.

A bilateral slit is oﬁe whicn moves in boeth directions

from the zero point.

Polarization methods of varying the brightness

have been used by Glan, Crova, Hiifer, Nutting and others.

- Nutting also deslgned a photometer (Flg. 1) for use in

conjunction with a spectrometer. Glanp, in 1877, by means
of a rochon

prism within
%L"'
the instru-

b ment, obtalned

two beams of

_ 2 light,

polarized
m N _ mutually at

l right angles,

i wnich, after
9LL passing through
Lt

Fig. 1 a nicol prism,

/Vuz‘f/njnf or/'qz'na/ /Ja/ar/‘zm‘/oﬂ /béofamefer formed the two
S = Gollimator Siift. N, N, Nicol Frsms.

- . contir
L~ Lens P 1_4(42} — Zofa/ reflection /ﬂlsm;. ~ nguous

spectra. Rota-
tion of the nicol prism would, in general, increase the

brightness of one part of the field while decreasing the

4




brightness of ths other.

In Crova's instrument (1883) the light in one .
half the field.only is polarized. This is sccomplisned
by means of.two nicol prisms in series. The brightness
is varied by rotating one.

Hlifner's spectropnotometer (1887) is similar to
Crova's except that the nicols are separatasd, one being
placed before part of the collimator sllt so as to
polarize one beam, the ptnep is placed in tne telescope.,
Wnhile both beams pass through the letter nicol its rota-
tion will change the brightness only in the beam already.
polarized.

The K8nig-Martens (1899) and Brace-Lemon (1914)
specirophotometers were monochromatic-fiseld instruments
employing polarization methods 6f varying brightness,
and were well adaptsd to the measurement of relétive
ensrgy distribution of light sources.

Non-polarization monochromatic-field spectropho-
tometers have been developed by Lummer and Brodhﬁn in
1892, and Keuffel and Esser in 1923. Several others
of this type were made, but of lesser importance. The
Lummer-Brodhun Instrument uses a unique cube to show
the two sourcés in contrast. The cube is made up of two

Fig. 2a
right prisms, having part of the contacting surface of
one ground awsy. The brightness 1s varied by interpos-

ing a suitable clear glass plate before the cube. The




field obtained by the use of this prism is of the type
shown in Fig. { 2) b,. '

The spectrophotometer is

widely used for measure-
ment of relative

radiant energy.

The Keuffel and
ﬁ7;‘20 Lummer -Brodfhun Cube.
Esser color analyser is

deslgned for the
méasurement of the traﬁé- '

missive and reflective | <:::>
properties of materials,

A variable sector is used

| _ Fig- 26 Form of Comparison Field.
to alter the brightness of

one beam. A biprism 1s employed to‘give two fields for
comparison.

There are at present severai different types
available commércially both in this country and abroad.
These include the juxtaposed spectra instruments of
Hiifner and Nutting ; the Marténs photometer with
spectrometer and polarization attachments; the mono-
chromatic-field instruments of K8nig-Mertens, Lumner-
Brodhun, and Brace-Lemon; é.nd tﬁe‘ Keuffel & Esser color l
analyser Including spectrometer variable sector and

illuminating sphere.
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The instruments mentioned in this chapter can
not be readily adapted to candlepower measurement. |
They are inherently limited, as mentioned before, to
measurement of relative radiant energy in connection
with the determination of transmission, absorption and

reflection factors of materials.
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CHAPTER III

GENERAL CONSIDERATIONS

: Before the deslign could be definitely decided
upon, it was necessary to make several preliminary
tests. By using =a prismAand a single lens the spectrum
obtained 1is larger and epnarently better than when two
lenses afe used. When convergent light from the lens

is passed through the prism, each component color is
treated by the prism according to its refrangibllity.
There are, however, objectlons to allowing a convergent
beam to fall upon a prism since the definition of the
image of the slit is best only for that single color
which passes symmetrically through the prism; that is,
R " in such a way that the angle of incldence is equal to

é the angle of emergence, and the beam in the prism is
parallel to the base., (Fig. 3).

ﬁ It is therefore necessary, where best results
are required, to use two lenses arranged in such a way
that the beam between £hem is parallel. The lens nearest
the slit 1ig placed so that the divergent rays from the
slit are rendered parallel in passing through. Whea the
parallel beam falls upon the prism, the rays of each

color pass In a parallel beam through the prism, and







emerge from it still a parallel beam, although esach
colored beam emerges at a slightly different angle.
Bach parallel beam falls upon the second lens and is
thiereby converted into a converging beam which conver-
ges on a focus and forms there an image of the slit,
In this way the images for the coleors are set side by
side in the focal plane of the lens where they are
thrown on a screen. With the refracting edge of the
prism parallel to the slit, the images of the slit are
parallel to each other and to the slit.

Unless care is taken in the choice of lenses,
errors are sure to creep in for several reasons. When a
pencil of white light 1s refracted through a lens it
suffers dispersion just as in refractioh through a

prism. Thus if a pencil of light, (Fig. 4 )

fﬁg.éﬁ

diverging from point P, be lncident on the convex lens L,

then the red rays, belng the least refrangible, are
brought to a focus at R; whille the violet rays converge

to a focus V nearer the lense. The orange, yellow, green,

10




and blue rays converge to points inﬁermediate between
R and V, so that the image:formed on & screen anywheré
near R or V will be colored at its edges.
This effect of dispersion of light when refracted
tirough a lens is called chromatic aberrstion, and was
a great source of trouble in the construction of optical
instruments until it was shown that deviation could be
obtained without diséersion; that 1s, it was possible
to meke the rays converge fo a focus without obtalning
a colored image., This fesult, a8 in the case of prisns,
is achiesved by combining two lenses, a convex lens of -
crown glass, and a concave lens of smaller curvature
made of{flint,glass; The possibillity of constructing
an achromatic lens depends upon the fact that the’
dispersive power of flint-glass 1s greater than that
for erown-glass in proportion to the deviation produced.
Another error found in lenses 1s called sphericsal
aberration. This is evident where the pencil of rays is
not a small one, for after refraction, all the rays will
not go accurately to one point, and those furthest from
the axis will show the'most deviation from the true
focus. This defect may be remedied by the use of a
stop, but gt ﬁhe losgs df light., Spherical gberration is
extremely complicated and depends on the relative
curvatures of the two surfaces of the lens and upon the

refractive index of the substances of which the lens is

11




made. Spherical aberration can be compensated by

following certain steps, but the lens designer must

st1ll work very largely by trial because of the

infinite number of possible combinations .of dlfferently
shaped lenses, of different kinds of glass with
different distances between surfaces.

Media usual ly employed for prisms are: Carbon
disulphide, glaés, quartz, Iceland spar, fluorite,
sylvin and rock-salt. Of these, glass is, of course,
the most common, owing fo its cheapness and also tne
great variety in dispersive power which may be obtained. .

Quartz, Iceland spar, and fluorite are used on
account of their great transparency to tne ultra-violet
rays. Rock-salt and sylvin are useful for their trans-
parency to the infra-red portion of the spectrum. Carbon
blsulphide has a very high dispersive power, but is very
inconvenient owing to its being a liquid. Vhensver
used it must be enclogsed in a hollow prism, which must
be kept well closed on account of the great volatility
of the 1liquid.

Generally speaﬁing, glass 1s the best material
to use for prisms. The advantage of glass lies in its
cheapness and its toughness.

It is always found that the spectrum iines as

seen in a prism spectrum are curved, with the convex




sides tﬁrned toward the red end. This is due to the
fact that‘only the rays from the center of tne‘élit
pass through a principal plane of the prism. By a
principal plane is meant a plane perpendicular to the
plane of the refracting edge of the prism. In order
that the‘deviation be a minimum, two conditions must
be satisfled: first, thét the ravs pass through & prin-
cipal plane, and second, that the angles of incidence
and emergence be equal.} The collimator lens 1is only
able to render parallel the rays it receives from the
center of the slit, and therefore these rays only
traverse principal planes of the prism; the rays from
the other portions of the slit thus do not traverse a
principal plane, and tnerefbfé suffer a greater amount
of deviation, an amount which increases the further
from the center of the slit the rays start. Therefore,
the closer the slit approaches a line, the stralghter
tne&spectrumAlines become, and also the more well-
defined the lines become. .

When the kind Qnglass to be used for the prism
has been chosen, the résolving power of a spectroscope
depends only‘on what may be called the effective length
of the base of the prism or prisms, and not on the way
in which the base 1s arranged. (Base, as used above,

refers to the base of one prism or the effective base of

13




a series of prisms). When a beam of light passes
through a prism the "effective base of the prism" is

the difference in thickness of glass traversed by the
two ravs which form the extreme flanks of the beam.

This principle, first pointed out by Lord Rayleigh,
should be used when wishing to push a spectroscope to
the the limit of 1ts power. From this fact it 1s

seen that the results are the same whether one larga
prism 1is used (Flg. 9 )‘or.several small ones, (FPig. 6 )
so long as the total length of the base is the same.

The multiple prism spectroscope is used where
a direct vision, portable and rigid instrument is
‘required. They are also used where an instrument of
highbdispersive poﬁer is reguired, yet only small
prisms are avallable,.

Since it was'intended that a photoeslectric cell
would be used in the spectrophotometer, 1t was deemsd
advisable to conduct a test of the photo-cell to deter-

- mine the constancy of current readings from day to day.

The photoelectric cell ﬁas placed at one end
of a long blackened boﬁ, and an 1incandescent lamp at
the othgr end. To make the test more complete, it was
decided to test the photoelectric response to diffefent
colors of light. To this end a box was built, just

large enough to fit over the photo-cell. 4 hole was

14
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made inithe slde facing the incandescent lamp, and a
frame was made about the hole to receive color filters.
By this means the color of the light reaching the cell
could be changed.

The voltage on the incandescent lamp was kept
constant at 110V', while the voitage on the photo-cell
was kept constant at 17OV—. The photoelectric current
was measured by a galvanometer.‘ Tests were made on two
diffefent photo-cells, a General Electric cell and a
Westinghouse cell. The readingsof current obtained
from the Westinghouse cell were very much smaeller than ~
those from the General Electric cell, and only the

results obtalned frowm the latter cell are given. (Table 1)

Date Galvanometer Def/ection (Cm.)
of Liih/ Filters Used
Readings | #8 #25 #50 #62

|_March 8 9.60 ¢.70 /.90 2.80
March 10 9.75 <. 90 /.70 2.Co
March 11 9.45 | (.70 1747 R2-50

March 13 9.50 6.70 1¢7 2.50
Marchig | o.50 | ¢70 | sé5 | z.50

Mareh 20 o.50 6.70 /65 2.50

~

Table 1 - Showing Can.s‘/anc}/ of Fhofoelectric ./Pes/bo/)o‘e

The erratic readihgs of March 8, 10 and 11 are due
to tﬁe fact that the box over the cell was removed each

day in order to test both cells. When the box was
*Wratten Filters --Made by Eastman Kodak Co.

16




replaced over the cell it was given a slightly different
position with respect to the cell, which resulted in
erratic readings. After the third day the Westinghouse
cell was eliminated from the test, and the box was
left stationary about the G. E. cell. Constant readings
were obtained thereafter, which justifies the use of a
pnoto?cell in fné spectrophotometer.

The information set forth in this chapter was
later found to be of cq?siderable agslstance not only
in the design, but also in setting up and adjusting the

optical system of the spectrophotometer.

17
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CHAPTER IV

The spectrophometers described in Chapter II
are not well adapted for candlepower measurement. It
would be necessary to balance each band of color against
the corresponding color of tne standard. Thils method
is indeed hignly accurate, but for practical purposes
the time reqguired to maxe such measurements would be
excessive, It is therefore intended (a) that the instru-
ment to be built shall give an instanténeous reading of
candle-power of an accuracy comparable to that
obtainable on the bar phétometer, and (b) that the
operation of the instrument shall be as foolproof as
possible. With this 1in mind, the design was worked out

adjustment of

so that only one adjustment 1s necessary, that being the ,
the potentiometer used to balance the bridge amplifier.

As 1in all spectropnotometers there is s light
dispersing svstem, and a photometric system. The light
dispersing system is compogsed of a collimator, to
render parallel the rays from the sourse; a prilsm, to
disperse the parallel rays into their respective colors,
and a condensing lens to produce an image of the slit
for each color. At the focal plane of the condensing

lens a template 1s placed, and behind the template a
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photoelectric cell. The shape of the template is such A

that the light which passes through will cause a current

to flow which is proportional to the candlepower of the

source. The photoelectric .current is then passed through a

Wym-Williams bridge amplifier circuit which is balanced

while the cell is dark. When light falls upon the cell,

the balance is disturbed causing an unbalance current
to flow in the meter whicnh may be calibrated to read

directly in candlepower.
In the following paragraphs a more detalled

account 1is given of the design features of the instrument.

Fizures and cimensions are given in the chapter devoted

to construction of tne instrument.

THE SLIT

The slit is formed between two metal jaws which
move 1in parallel grooves. This plan 1s adopted to insure
the parallelism of the slit opening. The grooves are
screwed to a back plate in which a hole 1s bored to
admit light to the slit.

The edges,of the jaws are bevelled with the
tevelled edges away from the light source. The reasons
for this are first, hecause it 1s very much eésier in
this way to obtain edges which are true, and second;
because if the edges were not bsvelled but cut square,

a certain quantity of light would be reflected from

19




these edges tending to produce fuzziness in the spectfumA
lines. A very ingénious suggestion came from Crookes
(1895) in the way of quartz jaws. These jaws are cut
the same way as metal jaws, and therefore the edges
form prisms which refract away all the light wnich falls
upon them. They have the advantage of being able to
teke & finer édge thaﬁ metal Jjaws, and asre capable of
giving better definition.

The back plate and grooves are of brass, while
the movable jaﬁs(are of steel., Steel was chosen rathef
than brass since the bevelled edges of the jaws are

extremely delicate and very easily damaged.

THE LENSES

Compound lenseé are used in order to correct

for chromatic aberration. Each lens 1s two inches in

diameter and has & focal length of ten inches. They are

equivalent to lensés'of larger diameter,«Which-are.stopped
~ down to reduce spherical aberration. The collimating

lens 1s placed at a distance from the slit equal to

its focal length. The diverging rays from the slit

are therefore rehdereé parallel in passing through the

lens. The parallel rays pass through the prism and

on emerging areApassea through the condensing lens.

This lens recelves the parallel'rays of each color and

forms a converging beam which 1s brought to focus at

the template.
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THE PRISM

An equilateral glass prilsm is used to disperse
the lignt. Glass 1is employved bepause 1t transmits all
of the visible portion of the spectrum‘and»also because
of its cneapness. The prism i1s placed between the
céllimating and condensing lenses, at the angls of

minimum ceviation of the yellow sodium line.

THE TEMPLATE

The template is eumployed so that the response of
the responce of the photoeltectric cell to the iIncident
light will be comparable to the response of the human
eye. The shape will dspend on two things; first, the
manner in which the photoelectric cell responds to
each unit of energy radiated by the source at the
dif ferent wavelengths, and second, on the visual
response curve of the human eye. To get the curve of
photoelectric current versus wavelength it 1s necessary
to make a second slit and place it at the focal plane
of the condensing lens. Thls slit is mounted on a
screw and can be moved horizontally by means of a knob.
In this way the slit can be mocved along the spectrum
thus allowing any color to fall on the photoelsctric
cell. By making the slit very narrow the energy falling
on the cell can be limited to a very narrow band of

wavelengths.

- 21




The curve of radiant energy versus wavelength
of the calibrating lamp must also be obtained, This

is given for a black body by Planck's formula:

S | 1 o Cqy = 37,200
B = TF e—p——— Watts/cm®/mlicron
A 6“_'% Co = 14,330
T
A = wavelength

: in microns.
A tungsten filament radiates in @

T = temperature
manner very nearly the same as a in degress

2 A . Kelvin.
black body, but with approximately
one~half the energy. MNultiplying Plamck's formula by

e, , we get the radiation formula for tungsten.

T
The quantlty e, is known as the spectral emissivity of
tungsten énd\is.approximately.equal to 0.50.

Teking the curve of photoelectric current vs.
waéelength and dividing each ordinate by the corresponding
ordinate of the radiation curve, a resulting curve is
obtained of current per unit of radiant energy against
wavelength,

If the template were made from this curve, the
photo-cell statlioned directly in the path of the lignht
passing through the templdte: would give a current which
would depend on the eﬁergy distribution of the source.

However, this current would not be a true mpasure of the

candlepower of the lamp as seen by the eye. Photo-cells

22




usually have their boint of maximum sensitivity at a
wévelength other then that at which the eye 1s most
“sensitive,. In order tc make the photo-cell respond in

& manneér comparable to the response of the human eye,

it 1ls necessary to apply the visual response curve of
the eye to the template. Therefore, the final shape of
the template is determined of three curves, the réspcnse
curve of the photo-cell, the radiation curve of the

source and the response curve of the human eye.

THE AMPLIFIER

As a result of the small quantity of light
available, the photoelectric current is likewise very
small, and must be amplified in order to get a current

which will be readable on a micro-ammeter,

A bridge amplifier 1s used in which equal resis-

tances are placed In two arms of the bridge, and a

vacuum tube 1in each of the other arms. The bridge can

be balanced by altering the grid bias on one of the

tubeg. The photoelectric current is passed through &

resistance in the grid circuit , thus casusing the bridge

to go out of balance, and causing an unbalance current

: ) g;cportional
to go through ths meter. The unbalance current 1s lrectlyNw
to the amount of change in the gricd potential and 1s

gf _ . therefore a measure of the current from the photoeslectric

23




cell, which in turn 1s a measure of the candlepower of
the lamp being tested. |
The scale of the meter indicating the unbalance
current can be calibrated directly inkcandlepower, by
'ndting the deflection due to several different standard
1émps.
calibrating the meter in this mamner takes
account of absorption and scattering of light by the
optical system. It also takes into account~the relation

existing between gric potentlal and unbalance current.

24
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CHAPTER V

CONETRUCTION

The construction progressed in a series of
steps, many of whilch were entirely independent of
others, The steps or sepérate assemblies were:

(1) Construction of the sglit which is
placed before the light source.

(2) Mounting the prism and lenses in their
proper positions with respect to the
slit, and to -esach other.

(3) Construction of tne movakls slit for
use in calibrating the instrument.

(4) Setting up the photo-electric cell
back of the movable slit.

(5) Construction of amplifier unit to
amplify the photo-electric currents.

(8) Construction of the template.

THE SLIT

The back plate 1s made of-1/8" flat brass stock
6" x 8", A 3/4" hole 1is drilled 5 7/8" from the bottom
allowing light from the test lamp to pass through the
slit, Each of the jaws of the slit are of 1/8" steel

1" wide and 2 1/2" long. These jaws are set in brass

25
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grooves which are bolted on to the back plate. Fi. . (7))
The edges of the jaws are bevelled at 48& degrse angles,
with the bevelled edges away from the light source. The
edges are ground and lapped to parsllelism in order that
the image of the slit be straight and well defined. A
slot 3 1/2" long, 7/8" wide, and 1/16" deep, 1is milled
just back of the jaws to allow for inserting a thin
metal strip for adjusting the length of the slit. This
strip was macde such that the gllt was 5/8" long.

The test lamp 1s inserted in a socket wnich is

mounted back of the sllt.

PRISM AND LENSES

P
2

The lenses used are plano-convex and are corrected
for chromatic aberration. They are 2" in diameter and
are mounted in wooden frames as shown in Fig. (8 ).
The focal length of each lens was determined by allowing
the rays from a distant arc light (parallel ravs) to
pass through the lens and then measuring the distance

from the base to the focal plane, at which distance the

‘arc lamp was sharply focused. The focal length of the

lens depends on which side 1is facing the distant object.
This is due to the unsymnmetrical nature of a compound
lens.

The collimating lens was found to have a focal

measured to base of mounting,
length of 8 3/8" when the convex face was towards the

27




arc lamp, and 8 5/8" when the other face was towards the
lamp. The condensing lens was found to‘have correspond-
ing fgcal leﬁgths of 8 1/2"Fand 8 3/4" respectively.
gince the centerbof the slit was about 5 7/8" above
the base board, 1t was necessary to set the bases and
prism on a platform & 1/2" above the base, so that the
eenter line of the lenses would be exactly in a line
with the center of the slit.

| The first lens 1is placed parallel to and 8 3/8"
from the back plate on which the slit is mounted. The
“lens 1is held in this position by screwing the base
firmly to the platform.

The refracting edge of the prism is 1 3/4" long (Fig.

and in order that the prism Dbe 1insd up properly with
the lens 1t 1s necessary to set it upon & bleck which
is securely fastened to the platform. The prism 1s held
fast by means of a set screw which sdrews down on the
top. A flat metal triangle covered with black velvet
is placed between the screw and the prism to distribute
the pressure over tne‘top,' The second lens is set in

the path of the rays leaving the prism. The rays cof
“egch color are parallel, but the rays of different
dolors have a slight angular displacement. The exact
position for the lens 1s determined by taking a white
card and placing it 1in that position which gives the

smallest pattern. This amounts to placing the lens

28




. — - _
:N :
ﬁjﬁwlem before éemy mounted S
<
F=7 7+
/ i1
;|
.
I R
ik
.
L
\ i
Ay
N d Y N d 1.
1 H || 0o e
11 : . Ll 11 H __L
= 7 e
F79.88 Lens in wooden frame. :
Y 3 .
| 1
l
{ X
i
| W
|
; o .
l R VA
Elev. . Plan ‘
Fig.7 D:‘:/:ers/ng Brism.
29
3




as near perpendicular to all rays as 1s possible. At the
fozal distance of this lens the screen 1s placed
Fig. (16). The spectrum was thrown on a white screen

while the optical svstem was being ad justed.

ADJUSTMENT OF THE PRISM

The prism is turned about a vertical axis until
the light from the collimating lens falls upon the
first polisned surface with such an angle of incidence
that the lignht emerges from the second polished surface
with an angle of emergence about equal to the angle of
incidence. ©Now by turning the priém slightly about the
vertical axis, the spectrum will move to one side or
other. When iIn turning the prism the spectrum moves to
a poéition from wnich with further turning it appears to
turn back and move in the opposite direction, the prism
i1s said to pass through the position of minimum devia-
ticn. However, since there are many rays of different
refrangibvilities passing tnfough the prism, each with a
different angle of minimum deviation, it 1s necessary to
set tne prism for a color near the center of the spectrum.
A color very commonly used 1s the yellow sodium line,
which occuples = pfominent position in the spectrum and
for wnich the adjustment can be made with the greatest
simplicity.

The apparatus is now set up to produce a con-

tinuous spectrum which can be focufed on a screen
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located 8 1/2" from the second lens. The next step is
to make the template. As stated in a previous chapter
the curve of the template represents the photoelectric
current per unit of energy of the calibration lamp
against wavelength, each wavelength ordinate being
corrected by tﬁe corresponding visibility factor of the
eye.

It is therefore necessary to obtain two curves,
one of energy radiated by the calibration lamp against
wavelength, and second, of photoelectric current
against wavelength of the energy from the calibration
lamp. 'The first curve may be calculated from Planck's
equation, the temperature used being that of the filament
of an ordinary 100 watt, 115 volt incandescent lamp. This
size of lamp is operated at 2755°Kelvin. However, due to
possible deviation from this temperature, curves are also
plotted for lg)above and below 2755°K. The curves are
shown in Fig.'ll. The three curves are made pass through
a common point at 560643, and the other points at each
wavelength are averaged. This is done to get the average
slope of the energy distribution curve at a temperature
near 2755%. The result is shown in Fig. 12. The
second curve is obtained by allowing a small band of
wavelengths to pass through the movable slit and fall
on the photoelectric cell. By moving the slit along
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the spectrum a curve 1s obtained of photcelectric response
versus wavelengths. The photoelectric current must be
amplified in order to get a current large encugh to be
readable on a micro-ammeter,

The movable slit is shownon Plate I and is
mounted on a screw which turns in a brass base. The base
is made of 1/4" stock, 2 1/2" x 6". The end pieces are
1" high, 4n each of which three holes are drilled, a
1/2" nole for the screw and 2 1/4" holes for the rods to
gulde the movable RQlock. Tne,blocx is built up of brass,
since 1t was very difficult to machine a solid bleck so
that it would fit snugly on the screw, The back plate
supporting the jaws of the slit is screwed to the block.
The movable jaws, as on the collimator slit, move in
grooves which are screwed to the back plate. One of the
jaws 1is held by a screw, and adjustments are made by
moving the other Jjaw.

The height of the center of the slit is 2 5/16"
above the base, so that a platform 1s required to raise
the center of the slit, to the center of the collimator
slit. There 1s a graduated scale on the base and a
pointer to indicate the position of the slit. Each

division represents 1/20", so that when the Xnob is

turned through 360° tne pointer moves over one division.

The knob has 10U divisions on its circumference, each
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Plate I

Two views of movable

slit,




division representing .0UU5" horizontal motion of the

slit.

The eurve obtained is shown in Fig.1l3 and
is given as photoelectric current versus ﬁositimm of
8lit on graduated scale. The visibllity curve of the
humen eye is given 1in Fig.14 ., Combining the three
curves as explained earlier, the curve of the template
is obtained. (Fig. 15.)

The template 1s made from a strip of alumiﬁum
1" wide, 2 1/2" longy and 1/16" thick. The curve is
plotted on the aluminum and the area under the curve
removed. Small holes were first drilled, the remainder
being filled sway. The maximum ordinaie of the curve
was reduaced to 15/32“, in order that the area would be
well within the upper and iower boundary lines of the
spectrum.

By locating on the template thie yellow sodium
line, it 1s then easy to locate the template in its
proper position in the spectrum. Since the jaws of
the movable slit are 1/8" thick, the template is
backed up by another similar sluminum strip which is
cut away in back of the template opening. The two
strips are pinned together and piaced in the position
oftthe steel jaws of the movable slit. The template
is bolted in place after it 1is adjusted with the aid

of the sodium line.
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In order to know the wavelengtl corresponding
to a given setting of the slit, it was necessary
to calibrate the graduated scale on the base., This was
accomplished by means of a mercury lamp, a hydrogen
tube, and the yellow sodium line obtained by inserting
common salt in the flame of an alcokhol lamp.

The mercuvry lamp gave four very distinet lines
and one which was much fainter. These lines were well

spread out but did not include the red portion of the

Color Wavelength(A)
Ye//ow S780
Ye/low - Greerr S26/

Faint Green 49/6
Blue - Viole 4358
V/'O/ [ 7‘ H065

7gble 2. Lines w’ﬂ%ﬂta(y'arc §pecf?anz

spectrum. (Table 2.) The hydrogen tube provided the
necessary line in the red portion of the spectrum. A
high-voltage transformer was used to excite the tube,
'and a line was obtained having a wavelength of 65634 .
From these points a curve was obtained of position of
slit versus wavelength which is shown in Fig. .16,

The yellow sodium line (58901) was found to fall
very conveniently on the curve. This line, owing to

the ease with which it can be obtained, was employed
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especially to locate the template in place,‘a mark having
been made on the template corresponding to 58904 .

A small amount of backlash was found to exist between
the screw and the moving block. To eliminate errors from
thié Source, readings were made only on clockwise rotation

of the graduated knob, after the backlash was taken up.




THE AMPLIFIER

A dlagram of the bridge amplifier used is given
in Flg. 17, . Two 10,000 obm resistances are |
‘employed in the upper arms of the bridge, and two
Cunningham C-324 screen grid tubes are ﬁsed in the
other arms. A B-battery of 157 volts 1s employed as
the source of current. When operating normally, with
a plate current of 4 mils, there are approximately
120 volts on the plate of each tube. The tubes are
heater--type tubes and’are'rated at 1.75 emperes
filament current. The screen grids are rated asi
75 volts. In the grid circuit Sixs}lo-megohm )

‘ resistances arve placed in series with the grid bias. -

The photoelectrlc cell is placed between the control

grld and the junction of the 10,000 ohm resistances.

A potentiometer is placed sacrogs the grid voltage.

Ain order to adjust the grid potential of one tube.
When the photoelectric cell is dark, it acts

as an open circult, but when exposed to lignt it

conducts,thus altering the grid potential of the left

hand tubé: The balance of the bridge is obtained by

varying the grid potential across the right hand tube

by means of the potentiometer.
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CHAPTER VI
CALIBRATION and OPERATION

The calibration of the instrument is very simply
made. By means of the bar photometer, the candlepower
of several lamps were compared with a standard lamp.
Before calibration the bridge is brought to balance
while the photoelectric cell is dark. By inserting
each lamp in turn in the socket back of the slit, and
noting the deflection of the needle, the scale is
calibrated to read directly in candlepower, The
calibration curve obtained is shown in Fig. 18.

As explained before, the operation of the instrument
consists merely of first balancing the bridge with the
photoelectric cell dark, and then closing the switch on the
unknown lamp. From the deflection of the meter the

candlepower of the unknown lamp can be read from the
calibration chart.
In Plate II a view is given of the optical system

with the cover of the instrument removed. Baffles are

used within the cover to absorb scattered and reflected

light.

Plate III shows both the optical system and the bridge

amplifier
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CHAPTER VII

CONCLUSIONS and RECOMMENDATIONS

The instrument as completed will give a reading
p30portional to candlepower for that size of lamp for
which the meter is calibrated, If a lamp having the
same candlepower but a larger globe was to be measured,

a smaller reading would be obtained due to the fact

that the larger globe would cause a decrease in brightness
per unit area of the globe. The‘larger globe would tend
to produce a larger reading since the globe would be
nearer to the slit. These difficulties could easily be
remedied by mounting the socket on a rack which would
allow moving the socket away from the slit by an amount
sufficient to make the brightness of the slit equal to
that made by the smaller lamp.

However, since colored lamps are usually made in 25
and 50 watt sizes, only one additional socket peosition .
would be necessary. |

To make the instrument more versatile, socket .
adjusfments might be determined for the more common sizes
of ordinary incandescen£.lamps. Further study could
prefitably be made in determining the brightness of the
slit, the quantity of light reaching the photocell, and the
sensitivity of the amplifier.

It was hoped that the above would be determined in this

thesis, but it was not possible in the time available.
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