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I, INTRODUCTION

The sclence of analyticsl chemistry must enlarge ite
scope far more frequently than any other single branch of
shemistry; in fact, these enlargements socompany and are often
& prerequlisite to expansion in sll the other branches of chem.
istry, For this reason, anslytiocsl chemietry must take ad-
ventage of every opporfunity to iner

ease its scope and must
utilize every possible approsch to a speeifie problem,

The use of colorimetric methods szas a mesns of spproach in

problems desling with the determination of glements, ions,
radicals, and compounds is not new, but the importance now
given these methods is. 80 many colorimetric methods have been
proposed in the last two decades that the litersture is clogged
with them, and not until vecently has there been any attempt to
eriticize these methods from the point of view of thelir sprli~
cability in any but the most rigorocusly standardized technles.
The eritical evaluation of colorimetric methods has been
pioneered by M. G. Mellon (11) and his coworkers, snd at the
gr@@#ﬁ% time, there are availsble relisble data concerning e
number of the moat widely used colorimetric methods. {1,3,4,8,
13,18,19,21,22,83,24)

There are a number of reasons why such a oritical evalua-
tion of the varlous methods has been neglected, the first
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probably being that the constant pressure on anslyticel chem-
ists for newer and better methods has necessitated an emsen~
tlelly pragmatic spprosch to a given problem. A second reason
is that until recently there have been no aveilable instruments
with which to make the necegsary extended investigations. It is
with thie latter problem that the following iﬁ?ﬁﬁ%iga%iﬂn has
deslt. | |

The simplest possible means for meking colorimetric oome
parisons (and all colorimetric methods are essentislly compar-
isons) is by means of & series of test tubes, esch gontaining a
different conocentration of the substance to be determined, The
ed with each
of the periss in turn until an approximste color matoh is oObe

unknown solution in a similer tube is then compa

tained, If the test tubes are rather carefully standerdized as
to glaes e¢olor, capacity, and dimensions, and are equipped with
flat bottoms, they are cslled Nessler tubes, This method of

ndard series
only that reproducibility be a chsraoteristic of the color

comparison (often celled the gt method) requires

gysten, How

ever, this method ig often inconvenient, and the
task of prepering standards may be tedious, especially Af the
standarde are not stable over a period of time and must be pre-
pared Ifrequently.

A method uging only one sianderd offers many advantag
Thin makes uge of & varisble depth comparator of the familiar

Du Boseq type, and depends upon the eonformance of the color
system to Lambert's (or Bouguer's) snd Beer's laows. Laumbert's
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law states that when 1light passes through a medium of thickness
L, the rate of deoresse of light inteneity with thickness is
proportional %o the intensity at %, or mathematieally,
~dI_yT
| dt
Beerts law states that the rate of decresse of intensity of light
in passing through a system having a concentration of absorbing
material g is proportional to the intensity, or

_dT 4T
dc
Integrated and combined, these two sgquations lead to an expression

that for a gommon value of the ratio between emergent and ineident
light intensity for two solutions, the concentratione of the
solored substance sre inversely proportionsl %o the thiockness of
the solution through which the light passes, thusg
@1 %1= eotp

However, these laws are valld only for monoghromstle light, so &
further refinement in the method consists of filtering the une
deglred weve lengths from the 1light being used. Another trouble-
gome dAifficulty encountered in visusl methode le the tendency of
the human eye %o beoome fatigued, snd 1%s lack of sensitivity in
the far red snd blue ends of the spectrum. This mskes comparison
of orange and blue-green solutions particularly 4difficult, since
the greatest ohenge of trensmittency with concentration ocours
in the regions of lesst tranemittancy, these being, for orange
and blue-green solutions, in the blue ané red respestively,

The obvious solution to both of these problems is to use

some impersonal mesns of matohing colors, or if color standards
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are to be eliminavted entirely, of measuring the amount of
light transmitted, The mesns sommonly used for measuring
visible radistion is the photoelectric cell, of which several
types are available Tor oolorimetrie work. Instruments using
vhotoelectric eelle in combination with spectrsl filters for
isolating different portions of the spectrun sare obitainable,
and heve revlaced the vigusl instruments in many laborstories.
These instruments ere not, however, suitable for the
| purpose at hand beceuse the speotrsl region isolated is nuch
too broad, and mey be sonsidered monoghromstic only in g very
riﬁmiﬁgﬁ gense. Therefore, an instrument using a nonochromastor,
either of the diffrsetion grating or of the prism typs, in
conjunstion with photoelectrie cells yields the best golution
to the problem, Heveral such instruments are avallable. The
Central Sclentific Compeny manufactures an instrument using s
concave reflection diffraction grating in en Eagle mounting.
The photoeleetric oell used is = barrier layer type, and trans-
mittanoies at various wave lengths are resd point by point by
mesns of s sensitive, taut-suspension galvanometer. The Cole~
- man Electric Company msnufactures two insiruments, one contaln-
ing & double monochromator with two trapsmission diffraction

photoeell, while results are resd

gratings and an emigsion type
on g vaouum tube elecirometer similar to the familiar pH
peter. The othser Coleman ingtrunent employs a single trange-

migsion grating, & barrier layer photoeell, and a bHullt-in
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eireuit with variable wﬁm»m@ma&._ﬁwmﬁ using the galvenometer
88 & null instrument, Also avalleble is the Beckman instru-
ment which uses & quarie priem ss a dlepersion medium, and
ww&,m cholece of a red gensitive or s blue sensitive photo-
eell, with eleatronie emplification. All of these instru-
ments are non-recording, and meke use of storage batteries or
so-galled saturetion transformers to msintain a constant ine
Senality of the light gource.

The only recording photoelectric spectrovhotometer now
nanufactured commercially is that designed by Hardy (5,6)
and built by the Geners) Bleectric Compeny (12). Thie instru-
ment employe a modified Martens polarizing photometer, one
photosleatric cell, aznd & eireuit which eliminates the neces-
sity for linear response in the photocell or amplifier. Dus
to its rather elaborate construction, the inatrument is
auite expensive and as such is not within economio resch of
most snalytieal chemists.

The author Delieves that there is » need for s photo-
aleotrie recording spectrophotometer of much less intricate
deeizn and lower post then thet of the General Flegtrie ine
strument, whiech would operate on a falrly narrow speetral
W§aﬁ,_@ﬁm,ﬁwwﬁw would give yesulte of sufficient precision
and acouracy to be used in oritical evaluvation of various
¢olorinmetric methods, With this purpose in mind, resesrch on

the design and construction of such en instrument wae begun,
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electron tube arrangement (14}, This has been used in a com-
‘merclal photometer manufactured by Leitz.

The third scheme ig one involeing # balsnce cirouilt ueing
elther two photosells, in which case the varistion In light
&W ,in%&#s&%}g affects both equelly, or a single photooell
using a flick

This last schene offers several asdvanta

ering light %w and a common opllecsl systenm.
reg in simplicity
and relisbility, snd 1% wae chosen for this instrument. A
other with & flickering

* hean

common optieal system was usged tog
and two photopells. |

Binee the light output of sny monochromator is small, the
choloe of photoelestric cells whieh will measure this output
is restricted. Barrier lsyer cells give & relatively high
gurrent for a given light intensaity, but do not permit ampli.
fivation, owing to the very low impedsnoe of the cell. Henee,
when they are used, an extremely sensitive galvanometer is a
nesessary sdjunct, Also, barrier layer oslls resch an equilb-
riun gurrent output slowly, so that the use of a flickering
1ight bean is not feasible. |

For these reasons, resort was made %o emisgion photosells.
PThese are aveilsble in & muber of styles, vaouum and gas
filled, with some seleoctlion as to spectral vesponse, The
wmifactured by Radio o
wepe finally chogen beosuse of their low cost, small aize, wilde
selootion of availsble ‘surfaces, and the extrsumely high leakage
resistance inherent in their ﬁsaign « The surfsces avellsble are

cartridze cells na rporation of Anerios




-8 -
those responding to the red, to the blue, and to the far blue
and ultra viclet. Sinee the light source used in this instru-
ment has the greater portion of ite avallseble energy in the
red end of the speotrum, the blue sensitiwve photooell was
chogen so that & more nearly uniform response scross the vis—

ible speotrum might be obtained,

b.‘fha_maa&@hr@&aﬁax; The requiresents of a monochromator
for spegtrophotometer use are that it deliver mpestrally pure
1ight of a given known wave length or range of wave lengths,
that as the portion of wave lengths used is varled, the posi-
tions of the light source and output slit of the monochromator
remain fixed, that the width of the speotral band remain con-
stant over the whole wgve length scale, and that 1t deliver a
large quantity of illumination.

For the purpose at hand, the item of expense was also im-
portant. A diffraction grating was decided upon as the central
element in the monoshromator, sinee replics 4iffraction grat-
ings ¢an be obtained chesply, and the dispersion obtalnable
with one of thess compares with that of a prism many times as
expensive. High dispersion was desirsble becanse low disperelion
must involve the uge of qgi%a‘aﬁaﬁ?aﬁniy made slits, and thege
again are expensive. However, with high dispersion the 521%3
e¢an be made somewhat less precisely and the percentage or ire
regularity still remain low.

It was decided to use a ooncave vefleotion grating in order
to eliminste the negessiity for using highly corrected lenses,



The grating ohosen wag one of 856.0 om, fooal length, having a
ruling of twenty-five thousand lines per ineh. This was ob-
tained from the Central Selentifiec Com

k3

ARy .

Of the mountings avallable for sonsave diffraction grat-
ings, the only one whioh satisfied the second of the previously
mentioned requiremente, that of maintaining the light souroe
and the output #li% in one poeition, was found to be the Eagle
mounting. Howesver, with gratingse of long foeal length and high
dlspersion, this mounting ig guite inefficlent, since the ratio
betwesn the focal length and the aperture is high. Also, an
Eegle mounting mekes neoessary the use of a carefully out ocanm,
which would also add to the eost of the instrument.

Upon the suggeation of My, Waller of the Department of
Physleal Chemistry, Iowa State College, another mounting was

conpidered, This mounting was originglly proposed by Wadsworth
(20}, and has been used with certain modifications (2,18) by
Meggers (9,10) in a speotrograrh at the Buresu of Standards
since 1914, In this syvstem the grating is illuminated by
parailel light, ordinarily from s coneave mirror, with its
fogel »oint at the entrance slit which is placed Just beside
the grating. By mesns of this arrangement, the efflelency of
the ayetem can be greatly inoreased by sbortening the foesl
length of the consave mirror used to illuminate the grating,
while maintaining its aperture at the ssme vslue as that for
the grating,
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The outstanding dlsadvantage of this system ig that the
foeal points of the verious speotral lines lie slong & parabe

ola, and the regions in foous are those having a position

very near to the peppendiocular to the grating, so that chang-
ing the wave lengih desgired involves rotatiom of the grating
ag well as movement of é&a exit s1i%t along the parabola, How-
- ever, by a novel arrangement of suxiliapy optioal psris, 1%
wag found possible to maintain the exit slit at one pogition
while rotating the grating.

The parabola upon which the foegal points for all wave
lengths lie is determined by two equations., The first of

thene is R
D: | + cos ©

where D is the distance from the grating to the focal point,
R ie the radius of curvature of the grating, and O ig the
angle between the ray of light ineldent to the grating and
the normal to the grating, This angle is determined by the

n

where B is the grating numbey sxpressed in millimeters per
line, )\ is the wave length under consideration, and n is the
erder of the speotrum, whioh in this case is equal to one,
since the first order epectrum is the only one conesidered,
Por the grating used, B i¢ equal to 0,00010186 om. per linae,

%hen these values were salouleted for the various wave
lengthe, 1t was found that at 400 millimicrons D waeg equal to
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The mirror is placed at such a dlstance from the grat~
ing that the distance 1t travels while following the normal to
the grating from one end of the spectrum to the other is equal
t0 4,98 om. Thus & ray of light in golng from the grating to
the exit slit must travel 4.96 om, further when the mirror is
at one extreme in its motion than when 1t 1s at the other.

The angle that the mirror mskes with the normal %o the grat-
ing is so chosen that the longer distance corresponds to the
700 millimieron position, The exit s11% is placed on the

normal to the bisector of the sngle previously deccribed and
at a distance such that the total distance from the grating
to the mirror snd then to thie glit is equal for a gliven wave

length to the distance from the grating to the par

shola of
focal points, or more gorreetly, to the straight line whigh
ie an approximation of thls parabola.
| Obviously if no matter in what position the grating is
turned, all reye of light normel to 1t will be reflected by
the traveling mirror #0 as to hit a certain point, %ﬁan the
mirpor must not only travel but aleo rotate. The degree of
this rotation is determined by the faot that the angle between
the normal %o the grating and the normsl %o the mirror must
be equal to thst between the normsl to the mirror and the line
along which the mirror travels.

The aoctusl operstions involved in fixing sll of the points
mentioned were carried out in the following manner. First, the

angle included between the normal to the grating at the two

e



- 13 «
extremes of the vislble speectrum was obtained, Hext was found
the rsdius of & circle of which a distance of 4.98 cm. would
be the length of a chord whisch would be subtended by the arme
of the previously mentioned angle when the center of the
cirele was at the center of the grating., When the radius of
%&a&s eircle was found, the ghord was drawn pﬁi‘{g}ﬁ%‘;ﬁiﬁﬁia&* to
the bisector of the angle and was prolonged for a distance
past the side of the angle equal to the foosl distanse for the
400 millimicron region minue the radius of the oirele. The
end of this extended chord wasg the ﬁw focal point and at this
position was mounted the exit slit.

A set of waye was placed parsllel to the chord and a
garriage made to run along them by a hand wheel and serew. Upon
this oarrisge was mounted the traveling mirror., It was mounted
80 that it could be rotated sbout the center of its front sur-
face., The mirror holder was 0 arrenged on ite traveling
esrriage that it could be rotated about its axis, Protruding
from the mirror holder was & bar srranged normally %%ﬁ: the sur-
face of the mirror and used for a cam follower. The cam in
this case was a plece of etraight brass so srranged that its
flat surface was the locus of all the possible positions of
the contact surfzoe on the cem follower. These positions ine-
dividually were the interseetione of the cirele on which the
center of the mirror was located, snd a straight line from the
senter kfﬂf the grating parsllel to the line of motlon of the

mirror,
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This optieal eystem might have been arvanged so that it
would have included a portion of the infra-red and the ultra-
violet; this would have necessltated only slighily éifferent
arrengements of the optiesl parts, and thelr positions would
have been determined in the same manner,
The traveling

mirror was glsss with an aluminized eoat

ing formed by an evaporation process in high vecuum, The
apparatus for doing this was very kindly lent by the Depart-
ment of Phyeles, Iowa State College. Owing to the linmited re~
quirements of the optieal system, s good grads of vlate glasse
wag oonaldered to be an adequate base for the sluminum ooating.
This coating was not particularly uniform, and was slightly
darzened, The efficiency of the system ocould have been oonsid-
erably improved by using a better mirrer, ﬁmﬁsxm%ly one of
stainless eteel, which ie highly impe
fumes, The mirrer carrisge wes milled from 1.5 inch round

rvious %o lasboratory

stook, and wae mounted on & brase carriege which %raveled on one
inoh squsre stesl ways., This motion was controlled by s screw
and small hand wheel., The wave length soele was atisched di-
reotly to the mirror cerriage through o system of levers which
zlao opersted the table of the mﬁwﬁw* fitnce the position of
this soale wae determined only by the position of the mlepror
garrisge and not by that of elther the hand wheel or the sorew,
no provision had to be made for taking wup the play in thie
sorew.

The grating holder was milled from two inch round bar
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was to place a short piece of wire at the center of the mirrvor,
extending beyond it, Then by looking past this wire at the
grating surface, the object and lts imsge a@ﬁi& be sligned by
turning the adjusting screws.

The conesve mirror used to deliver parallel light to the
grating was mounted in s simple holder similar to that used
for the grating, and was &qai?@eé with a mask to sareeﬁ off une
wanted light, It was placed with its‘foeal point at tﬁﬁ
entrance slit, | |

The exit and entrance slits w&#@ identical., They were
made after the familiar perallelogram sﬁ?la, and were #ar&abla.
The exit 811t was equipped with a %alibr&%éé goale. Since the
dlspersion was very neariy congtant over %hé anﬁir@~spaetrum,
no provision was made for coupling the elit width to tﬁa wave
length adjustment, | |

The 1light source gonsisted of a -8 100 watt projection
bulb turned sideways sd that aﬁiy 8 ﬁingis'eaii of filament
was fooused on the e&%&aﬁw&~a&&t; ?higkfoéasing‘was socomplished
by two 5,0 em, focal length lenses of 3.0 om, dismeter, Both
the lsnses and the bazhvaaniﬁ be moved éa tﬁat'fﬁausing wasa
poesible, o

Coupled to the traveling mirror carriasge was a system of
levers similar to a pantograph, which miltiplied the mirrer
travel by a ratio so ealoulated that a motion of 1 om, of the

lagt erm corresponded to a change in wave length of 20 milli-~

mierons. Thie final arm was coupled to the table of the



- 17 =
regorder which held the centimeter graph paper on which the
final plot of trensmittancy against wave length was printed.
Hext to the exit slit of the monochromator was placed the
flicker arrangement. 7This consicted of a three inch dynamiec
radio speaker equipped with & permsnent magnet. The volce |
poll was fed through an edjusteble rheostat by ecurrent from a

2.5 volt tap on the pregorder power supply transformer, Thus

A% was driven by sixty cyele alternating ourrent and vibrated
in phase with it, PFastened to the front of the spesker was a
_amwahza vertical shaft equipped with & small erank, the arm of
whiech was in turn atiached to the speaker cone by means of a
snall push rod., Attached to the gheft was a small mirror made
by silvering s microseope slide scover glass. As the speaker
vibrated, the mirror rotated in a short are about the ahafﬁgv
thus ¢esusing any ineident beam of light ﬁﬁyixiag‘ﬁhaimirrar tﬁk
vibrate from gide to side. The rest position of the mirror was
such as to shine a beam of light from the monochromstor to &
pogition midway between the two sample housings and photocell
mounts., When the mirror was vibrating, however, each of the
sample housings and the photooells back of them was illuminated
in tumn at the rate of sizty flashes per second., The amplitude
of the vibration was gontrolled by the variable resistor in
gerdes with the voice ¢oll of the speaker, This adjustment had
to be ghanged only rarely.

Kounted between the ssmple housing and the flickering

mirror was a palr of simple lenses so erranged that the fooal
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point of the pair was at the surface of the flicker mirror.
These lenses served the double purpose of making the moving
beam of light parsliel to the axis of the lenses no matter in
what position it happened to be, and making this beam into a
beam of parallel light, a cherscteristic which ie desirable
when the light passses through the ssmple.

The entire monochromator wag covered with a sheet metal
houging %o protect 1% from fumes and from exterior light. In-
side this housing was plsced g series of baffles painted flat
black in order to sbsord any stray unwented radiastion., The
sample sompartment was equipped with a removeble sliding cover
which allowed scosas to the compartment, The photoelectric
cells were mounted in special brackets which were in turn
fastened to sectione of Pyrex glass tubing. This tubing was
held firmly in bskelite clamps. This srrangement gave very
high leakage resistance from the photocells %o ground

photocells and their mountings were contained in a separate
housing which could be detached at will from the monochromstor
ease. Thie arrangement eliminated the need for geparable cone
neotions in the photoecell cirouit,

The cholce of the swplifying oirocuit to be used in thie
instrument was oritical since high gensitivity together with
extreme etabillity were requisites. Since a recording devioce

was $0 be used, the output of the amplifier had %o be applied
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that automatic recording would be feasible,

in some way so
Either the output sould be read on s meter, and photograrhie
recording made use of, or the output could be applied to &
variable resistor in a balanced bridge oircull, with a meter

or i%s equivalent serving as & null indicator.

The first smplifier tried was one designed by Shepard
(17). 7This was a novel oiroult depending for 1ts operation on
the faot that emissive photocells aet as half-wave rectifisrs
for an alternating current. Thus when two of these were used
in 2 short ciroulted geries arrangement, and their output fed
to a small condenser, the residual charge én the econdenser
gould be amplified and was & messure of the ratic of the
current outputs of the %ﬁﬂ'ph@tﬁﬁﬁilgj and gonsequently of the
intengities of light falling on them, The outrut meter of
this eireuit, which is shown in Pigure %,4wasvp1a@ﬁﬁ in the
plate ciroult of a sepond smplifier tube and could be calie
brated to read directly in raiio unite,

This unit was bullt and was found not to be applivable.
Its faults were too numerous %o permit much rectification. The
eirouit was quite ingensitive, giving very little response for
the values of light intenslity being used. Bince it was operated
from the 110 volt alternating cuprrent line, 1t was sublect to
a1l the fluctuations of this power suprly. The meter was in
the plete olreult of a 25L8 beam power smplifying tube; 1t was
acted on by the alternsting ocurrent and chattered so much that
precise readings covld not be obtained. An attempt was nmade
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to smooth this ripprle by the uss of chokes and condensers with-
out notable suocess.

After the experience with this amplifier, s search was
inatituted Tor snother. A few were found, but 21) had sonme
ﬁﬁtﬁ%ﬁﬁﬁ&%@‘ﬁﬁaﬁﬁﬁkfwhiéﬁ’ﬁﬁﬁﬁ use in the desired eircumstances
impossible, It was deolded then to $ry to use a single photo-
eell with some sort of switching deviee in synchronization with
the flickering 1ight beem. The amplifier used in this experi-
ment was suggested by Mr. Clifford Berry of the Department of
Physles, lows 8tate College, and ie ghown im Figure 3., This
consisted of one double triode tube, a 6088, with the plates
Joined together and & resistor in each omthode siroult., One
of thege resistors was vapriable and was oalibrated %o be the
measuring resistor, The other was variable on only part of
~1te renge and was the compensating reslstor, FProm the cathode
gide of %ﬁﬁ'ﬂ@&%ﬁﬁ&aﬁiﬁg‘?&$&ﬁ¥%%f%ﬁﬁ sttached one lead to the
null-indienting gelvenometer, the other terminal of which was
Joined to the gliding contmet on the mensuring resistor, The
operation of the circult was as follows. The grids were
bissed to ocut-off by smell suxilliary batterldes. When the pow
tential of the grids changed, a plalte current was inetituted
which oauged a volitage drop in both the com
measuring resistors. Since this drop on the measuring

ipengating and the
resistor was always the larger, there was some point on this
drop %o ground was equal to the
drop in the compensating resistor, and furthermore,

resistor where the poteniial
total voltage
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the Irsation of the measuring resistor used wae equal to the
ratio of the plate currents, |
The amplification of this type eireult was smell so
auxiliary smplification had to be used. An smplifier suggested
by

Shepard (7), Pigure 4, was tried, but was found to be none
linear and so was a&a&iﬁaﬁi@ for use. Another cirouit using
one 6J7-87 was tried, but was found to be unsultable due to
lack of stability (Figure 5). A third clroult obtained from a
bulletin ilssued by Radlio Corporation of Ameriea wes conetructed,
and yielded good results, but gave no opportunity for hoeking
into the desired measuring eirouit (Filgure 6), |

The switohing device which was intended to synchronize
the flickering heam from the monochpyon
tion of the photocell output to the messuring eircuit was &
small single pole double throw gwiteh, with the knife attashed
to the filoker mirror sheft, snd the contset points mounted on

ator with the applica-

phosphor bronze springs. However, it was found that the poten-
$isle developed in thils switehing mechaniem were of the same
order of magnitude as the photogell potentiale which were to
%&'ﬂﬁﬁﬁﬁ%ﬁﬁg For this resson, the one cell ldea was abandoned,
and recourse wes had again to & scheme utilizing two photosells,
The next scheme tried used the messuring mmplifier di-

reotly without previous emplification, and for the galvanometer
smployed a amall Leeds and Northrup portable pointer type which
was modified into a sensitive single pole double throw relay.
However, it was found that the 1ight aveilable was emough only
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besn selected especlially for emplifier use., The filsments of
these tubes were operated st four volte instead of the sustome
ary six in order to deoregse grid emission, The tube sockets
werse Xsﬁian%it&§ and glass lead-through insulatore were used,
fhe measuring resietor was wound from No. 38 B. and §,
gauge Nichrome wire on & hard rubber tube. The total coll had
a resistance of 10,220 ohms and the 20 em,. portion used had a

reslstence of 9,800 chme. This reslstor was mounted on the re-
sorder, aend since the position of the traveling sontact was a
direct measure of the transmitiancy of the artiocle under obger-
vation, this contact was mounted on the varriasge which held

the recorder pen and also a vernier for reading the trans-
mittanoy sesle which wae fastened %o the resistor. This seale

was 20 om. long, Givided intoc ten major divisions gorrespond-

ing to ten per cent tranemlittancy each and two hundred small
divisions each gorpesponding to 0.5 per gent, Thisz seale was
ruled on the dividing engine owned by the Department of
Phyeies, as was aleo the wave length sosle whiech was fastened
te the regoprder paper ocarriage.

The other resistors used in the amplifier were of the
ordinary radio potentiomelter fype, A1l external leads to the
grounded to the
ohasgie, The gelvanomsier usged was a Lesds and Northrup wall

amplifier were shielded and these shields were

type, baving a ooil resistance of 1000 ohms, and & sensitivity
of 1300 otms. This was egquipped with a lens through whioh the

of the filament of a 100 watt lemp was fooused on the
elliptical mirrors of the recorder. The moving coll of the
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galvanometer wae equipped with an aluminum srm whieh was re-
strained between brass stops, so that the degree of rotation
of the coil and mirror was limited to en angle whieh would
keer the imsge of the filament on the slliptiecal mirror st all
tines.

The gelvsnometer lamp was mounted outside the smplifier
box, so that heat and stray alternating current fields would
affeot neither the amplifier nor the gslvanometer.

The choice of polnts in the amplifier oireuit which could
be grounded to the shield was somewhat limited due to the faot
that the common grounding of the g¢athode eireults, which is
general practice, would have resulted in interaction between
the two g?msfaf the bridge cirouit., Henoe the point whioh was
chiogen was one of the gommon connections between the two
cireults,. The only other cholee possible would have beesn one
of the sides of the galvanometer, which might have possessed

some advantage.

3. The recorder

The recording mechanism was & development of an unpube
1ished ides oredited to Mr, J. C. Pemberton, formerly tech~
nicisn at the Department of Chemistry, Iowe State College, 1%
depended for operation upon the phase relationships betwsen
grid ﬁﬁﬁ%#ﬁiﬁea rectifiers and ordinary high vaeuum rectifiers.
A bar mounted in 2 manner whioh pernitted movement along itz
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longitudinel axis was driven along this axlis by solenolds at
elther end, which were connected in series each with helf of a
full wave rectifier tube. The power supply for this tube was

the secondary of an ordinary radlo power transformer, end the
oireult wae so arranged that the impulses given to the bar were
gueh as to vibrate it in synchronization with the alternating
aﬁrreﬁ% ayyi&eﬁ to the transformer.

' Hounted on this bar snd free to move along &ﬁ!@aﬁ a small
garriage housing an electromasnet with a U-sghaped core, the

ends of which rested on the moving bar. The terminels for this

ooll were oconnected to small pleces of very flexible wire, so
that no appreciable resietance would be offered to the move-
ment of the eoil. The manner in which this coll was 3&&&@& %o
the reat of the electricsl system oan be geen by reference to
Figure 9. I% was so avranged that when one of the grid con-
trolled rectifiers was passing ourrent, which it 4id on
alternate half oycles, then the msgnet was attracted to the
moving bar during the pericd of %ime when the bar was moving
one direotion only. The net effect of this was & motion of
the eleotromagnet and the sarrisge slong the bar. When the
other grid controlled reotifier was passing current, the
earriage moved in the opposite directlion,

The moving bar was made from several laminations of trane-
former-core iros o that 1ittle magnetio flux remalned in 1t.
At the ends of the bayr were small, eireular iron pieces which
agted as poles for the solenolids, which were mounted in a



stationary position on the pecorder frame. The entire bar was
striking
the ends of the solenold case by small stiff sorings mounted in

supported on rubber bushings and was prevented {rom

the case. The magnet in the traveling sarriasge had a resistance
of $00 ohms, which was found to be the minimum permissible in

order to prevent too high eurrent from flowing through the grid

gontrolled rectifiesrs,

The full-wave rectifier used was & type 80, whereas the
grid sontrolled rectifiers were 2A4-G., The control ecireuit for
the 2A4~G's consisted of an auxilisry grid bias and two photo-
gells with five megolm load resistors, These photosells were
placed in position on the ellipitliesl mirrorg so thst the image
of the gelvanowmeter lamp filament would energize the photo-
eells and consequently the tube which they sontrolled, so that
sutomatic balancing of the eireuit wes obtained. The elliptieal
mirrors mentioned were constructed from aluminum snd were the
shape of portions of two ellipses, each having a ocommon foous
at the center of the galvanometer mirror and the other foous
st each photoeell, The two mirrors were Jolined half way
@aﬁwe@a the two photoeells, Thus any beam of light from the
galvanometer striking the mirrors wes reflected to either one
or the other of the photosells,

Phe paper cerriage on the recorder was flat snd traveled
in ways perpendicular to the traveling ber, To it was fastened
& veraier which moved sgainet the wave length 3@&ie‘maanﬁaﬁ on

the recorder frane. The paper carriasge was Joined to the
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reaigtor wae adjusted until sgain no deflestion on the galva-
nometer was observed.

Then with the galvanometer lesmp turned off, the recorder
olreult was turned on, and the grid blas on the grid controlled
reatifiers so adjusted that the tubss 4id not gquite pass cur=-
rent., This getting was reached by noting the point at which
the violet glow in the tubes Just became vislible, and then turn~
ing the bise eontrol until th!

£ ggﬁw'éxagggaﬁyaﬁg Then the
galvanoneter lamp was agaln %ﬁ?ﬁ&é on, and the eireult was
ready for operation.

W%hen the housing heolding the samples was opened, the gal~
in ordey to prevent any light tg@m
eaueing a large movement of that instrument,

vanometer was turned off

G, Resulte

Upon eompletion of the instrument, the fired task was
oalibration of the weve length sesle. Thie was done using a
small helium glow discharge tube; the light source was removed,
and the helium tube substituted in ite plece. Then the flicker
mirpor and its housing
s1it of the monoshroms

tor,. Both the entrance and the exit

oved, thus exposing the exit

8lites were opened to 0.2 mu, snd obmeryvatlions of the loeationsg
of the speotral lines made visuslly. The wave lengthe were

read directly from the wave length scele which was attached to
the frame of the paper earriage. The spparent wave lengthe as

read from the instrument are compared $o the true values in
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time the drift wss as pronounced zs it had been five minutes
after the initial warm-up period. Since the symmetrical de-
 gign of the amplifier was intended to eliminate the tendency
to drift, various parts in the amplifier including the tubes

and batteries were interchan

ed, This produced no correction,
however, |

In order to obtain the trensmittency valueg for the Bureau
of Standards filters, it wss finally necessary to make use of a
Weston Type 2 ﬁ&r?1ﬁ?‘$&§é? eell, which was plsced in the posi~
tion of the flickering mirror, this belng direetly ﬁﬁkin& the
exlt glit of the monoshromator. This cell wag connegted dl-
reatly to %&s,galvagaﬂa$ay previouely deseribed, snd the de~
flections of the galvsnometer were read on a scale at a distance
of three meters. For eash reading of transmittancy, the wave
length secale was adjusted, the slits opened to the desired
value, and the initial reading made with an opaque objeot in
front of the entrange slit. This gave the "dark" reading,
which was subiracted from all swbseqguent readings. The opaque
objeot was then removed and the incident light value obtained as
& galvanometer deflectlon. Sinece no constant voltage devioce
was avallsble from which to operate the light source, an averw
sge of three resdings was taken at emeh setting of the wave
length scale. %When this average value was obtained, the filter
in a sultable holder was placed in front of the entrance glit,
and again an aversge reading was taken. The sseond of these
average values was divided by the first and the ratic multiplled
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by 100, This gave the per cent transmittaney for ssch point,
In Table £ are given the observed and true values for the
transmittency of two glass Filters obtained from the Bureau
of Standards.
Table 2.
OBGERVED AND TRUE VALUZE POR TRANGHITTANCY OF GLASS FILTERS

%baagﬁittaﬁay afﬁﬁ&r&iﬁg @?ansmittaﬁag ﬁff?aaa

Wave length

4047
420,0
435.8
471.3
491.6
b01.6
£20,0
530.0 5.
$48.1 B.6 f@*?? 000 0,00
578.0 2,9 3,95 3.70 0,48
587.6 1.1 1.38 25.80 17,20
€00,0 1.3 1.20 69,80 69,00
820,0 imﬁ . f T B9 g’?«&f} ' ﬁ%uﬁﬁ
640.0 0.7 1.21 88,80 80,80
’ gﬁg}ﬁﬁ ) ‘ 3«& 2 ﬁ{;‘ 3;{3& 91 ..3,G
867.8 5.4 4,70
680,0 22.5 16,00
630,00 38,0 38,00 88,00 91 .20

fanilisy wave length

These velues when plotted in the
versus trensmittensy form ere shown in Figure 10. They repreé-
sent a nominel wave length band of 10 millinmlerons; actually a
gomewhat lsrger band wes used sinee the exit elift was opened to
4 mm, while the entrance elit was 2 mm, The dispersion of the

instrunent wes equal %o 0.42 mn, per nillimieron, so that the
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$otal glit width was equivalent to a spectral band of width
14.2 millimderons. This is because the totel slit width ie
equel to the width of the exit slit plue that of the entrance’
slit.,
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I1I. DIBCUSSION

The ultimate purpose of this investigation waa to dise
cover whether or not an instrument capable of giving results
of high preclision eould be built using radio parts for most of
the electrical pleces, and low grade lenses and mirrors in the
optigal asystem. If this were possible by the use of the
proper design, then suech instrumente c¢ould be bullt cheaply on
& production bssis without the necessity for hand fitting of
eash pert and extensive calibration.

In this study whenever a cholece of parts wag offered, the
cheapest of the lot wag chosen, both from a desire to keep the
total cost of this partioular instrument low, and also to see
if the better parts were necesasry, The results showed that
better parts were necessary, st lesst in s majority of the
onses, in the particular circults used. It may well be that
rafiocal changes in design eonld be acoompanied by the oppore
tunity of using inferior parts in certain positions in the
instrument without loss of precision. In the following dls~-
ougsion, the effect of these low cost parts has been pointed
out.

The erratic behavior of the amplifier was due Lo several
causes, FPirst, the extremely small 1light values ensountered

made necegsary the use of high gain amplifieation with
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attendant lesksge currents, random currents, and lsck of
atablility. The amount of 1light might have been increased by
the use of better mirrors in the optical system, by a larger
grating, or by a more intense light source. 8inee there were
three mirrors used, the amount of absorption of the original
light by the time it rezched the photocell compariment was very
high, 7The use of stainless gteel mirrors would have alded
materislly in inereasing the efficlency of this portion of the
oprtiosl gystem. A& grating of larger aperture would have ine
oreased the total amount of light entering the grating, becausse
of the higher ratio of aperture to foosl length of the illunm~
inating mirror which could be used. A more intense light
source, or better, a more concentrated light source, would
hax& inereased the efficlensy. Since only one~fourth of the
totel filement length of the lamp which was used could be
utilized, the efficlency of thls source wag low.

fSecondly, the r@laﬁl#@ly low guslity of the par%a used in
the amplifier contributed to the lack of atability, The vari-
able resistors used were of the radio potentiometer type and |
were not of presision manufacture. (onsequently, adjustment
wag often 4ifficuli, due %o the single point of contact em~
ployed and the faet that there was no positive contact between
the traveling arm and the resistance wire., The preclsion
resistors manufactured by the General Hadlo Company would have
undoubtedly eliminated this source of error, These, however,

are not obiainsble at the present time. In addition, the tubes
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used were ordinery radioc tubes, and slthough they were es~
pecirlly selected for low nolse level, yet the design of the
tubes was not sultable for the purvose for which they were
uged. The so-called eleetrometer tubes would heve been most
applicable but they must be used with supplementary amplifios-
tion, and oould not have been ineluded in the desired eirocuit.
The ideal choiee would have been tubas with the same genersl dee
sign as those used, yet having the extremely high leskage re-
sistance of the eleotrometer tubes, thus enabling the utiliza-
tion of vepry high grid im-put pesistors.

The regorder unit é@@éﬁﬁaarfﬁﬁia@&vaﬁian on & ressonably
good phase relationship between the motion of the vibrating
ber and the current oculput of the grid controlled re@%ifiars;
Aetually, this was not obtalned due to the momentum of the bar
and its restrained sction, This phage relationship might have
been improved by deoressing the umags of the bar or by including
an auxilisry phase shifting deviee in the oireult, Aleo, the
gpeed at which the recorder moved depended only upon the physieal
charaoteristios of the systen, go that the state of unbalance of
the system had no effeet on this speed, Since the galvanoneter
was damped, 1lte perlod of swing was greater than the speed of
the recorder, so that the system had s tendency to hunt and
over-ghoot.

The aslibration of the wave length scale showed a relative-
ly small error, considering the lack of precision in the machine

work snéd the optiecel partes. Ividently the sproroximations nmade
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in caloulating the positions of the various parte did not
naterially aff@at the results.

A compsrison of the traﬁﬁﬁittaa$y ourves which were ob-
tained with those given by the Buresu of SHtandards for the
solored glass filters indicates in & qualitative nmanner the
amount of stray light present in the instrument. It has been
found thst the effect of stray light iz to caguse a transmittanoy
deorense at 8 wave length whers the transmittanoy is greater
than the sverasge value for all the wave lengths, and an in-
erease in any reglon where it is less than the average. How-
evé&i en attempt to evaluate the disopepancies observed at the
far ends of the vigible spestrum would involve a knowledge of
the apeotral responasg of the photooells used as well ag the
distribution of energy in the light source. In the case of the
barrier layer ¢ell, thls response is very low in the far red,
high in the gresn, and moderately high in the blue, whereas the
light source ig rich in the red and defleient in the blue, thus
giving an oversll responee arproximating thet of the human eye.
¥hen working at the far ends of the spectrum, any stray light
would have a greater effect on the oell than that portion of the
gpectrum selsoted, This would ocsuse an apparently large pere
gentege of aﬁréy light, since it i1s quite possible that in terms
of photoeell regponse and light source outprut, there might be
more stray light at the far ends of the spectrum than there
would be light of the desired wave lengths.
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Binoe the disorepancies cbserved were not great excent
at the ende of the speotrum, the smount of stray light iz evi-
dently lees than the ten per cent which is considered average

for s single monochromator,



IV, CONCLUSIONS

As a result of this investigation, the following conelu-
sions have bsen reached:

1. It ie poasible Yo construct s monochromator using a
concave 4iffraction grating in ¢ modified %&éﬁwﬁ?ﬁﬁ;mﬁﬂﬁﬁiﬁg,

This modified mounting is new and enables s linear wave

length scels to be used without resorting %o ocame.

2. In sueh a monoohromstor, f&?ﬁ%wﬁﬁﬁfﬁﬁﬁlﬁi$?ﬁrﬁ‘$¥
‘higk %gf&%éﬁiv&%y should be veed in order to obtain maximum
efficienoy.

3. Sych a monoghromator when construeted with the proper
baffles enmits relatively small amounis of stray light.

4, In the sonstruction of photooell amplifiers to be usged
in eonjunetion with emall monochromators, 1t is necessary to
use only the best eleotriocsl parts and the speclal vecwmmm tubes
known as eleotrometer tubes.

8. ?ﬁa ordinary alternating
too much to be used without highly efficient control ss & power

current line voltage varies

supply for precision high galn amplifiers.

6. In photorell amplifiers the batteries used, as well as
the smplifier, should be shielded fyom stray currents and pro-
teoted from external hesting.

7. The use of a2 vibrating switeh se & sommutator in a high

resistance, low current circult is not praotlesl beeause of the
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veriable contast resistances and potentisle developed,

8. A smell dynsnlice spesker of the fype used in smell
radios can be converted inte m rugged fliocker deviae for
repidly ehanging the direction of a2 light bean,

9. The use of & galvenomster as & mull instrument in re-
gording olroults should be avoided unless the periocd of swing
of the gelvanometer snd the speed of the recorder oan be adw
Justed 8o as to tune thege two unite.

10. The recording mechaniswm designed by Pemberion is some-
what srratio in operstion and cannot be used iﬁrﬁhﬁ proposed
forn for highly preclice work,



V. SUKMARY

A spectrophotometer has been bullt, consisting of three
parts, a monoshromator, a photocell amplifier, and a recorder,

The monochromator used a new optleal system, a modifioca-
tion of the Wadsworth mounting for concave reflection diffrac-
tion gratinge. |

Upon ealibration of the wmonochromator using a2 helium
speotrun tube as a light source, the wave length scale was
found to be lilnear,

Seven separate smplifiers were aaﬁﬂﬁrﬁgﬁeﬁ, of which one
wae finally used. It suffered less from random ourrents and
drift than 8id the other gix, but was gtill so erratic that re-
sults eould be reproduced with a preecision of only five per
oent.

A recorder mechanlsm was constructed, and was found %o be
tos unreliasble for good analytieal work even after s number of
changes were nade in the elircult.

The transmittancies were obtained for two glass filters
calibrated by the Bureau of Standards. These were found %o
check ressonably well with the salibrated values, except at the
extirene ends of the spectrum, This comparison afforded a
guslitative estimation of the amount of stray light present in
the monoechronator. A barrier layer c¢ell coupled directly to
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a galvanometer wae used in these determinations,
Results of high precision were found to be not obiainable
in the instrument construsted without the usge of opticsl and

electrical parts of precision manufseture,
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