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APPLICATION OF RAMAN SPECTROSCOPY
TC ANALYTICAL CHEMISTRY

A New Type of Spectrograph

Introduction

One of the reasons for the resurgence of Analytlical Chemlstry
to a prime position in the field of chemistry in both academic
and industrial circles was the addition of instrumental analytical
methods to its procedures; the most widely known of these belng
gspectroscopy. For many years the analytical chemist had been
using a closely related field in his colorimetric methods but
thie was of small importance compared to gravimetric and volumetrie
analysis. However, the need for rapld accurate means of analysing
large numbers of samples, many of them not easily handled by the
older methods, led him in the directlion of physical rather than
chemical analysis, principslly optical methods. In this he was
greatly aided by the wartime researches leading to the improve=-

ment in optical instruments and materials.

The broad field of spectroscopy cem be divided into several
branches, one of them beinz Raman. BRaman spectroscopy is applicable
to both qualitative and quantitative analysis and it 1s a means
of improvement in the latter, through the building of a new type
of spectrometer, that was the object of the research leading to

thie thesis.
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The gquantity of o compound present in a mixture 18 determined
in this, as well as all other spectroscopic branches, by comparing
the intengity of a line in 1ts spectrum with the intensity of the
same 1line in the spectrum of the pure compound. In Raman work
this 1g not easy to do as the absolute line intensitlies must be
used and these cannot be duplicated with the precision demanded
for accurate analysis, BResearch has provided instruments which
will improve this precislon over a short periocd of time but it
has not supplied a spectrograph that will reproduce today's

intensities next year,

A better method of approaching the problem 18 to use relativs
rather thar absolute intensitles in the comparison. In this manner
1t would not be essentlal Yo eliminate operating conditlen
fluctuations as these fluctuations would affect the intensitiles
of the standerd and sample lines to the same degree with the
result that the intensity ratle would always be constant, This
poses the problem of what lime to usec for the comparison standard,
In infra red, for example, the standard is the source radiation
after 1t is passed through a blank cell, In Raman this is
impractical beeause the Raman line intensities are only a small
fraction of that of the source and thus & smsll but significant

variation in the Raman intensity would escape detection.

Another way would be to run a standard sample before the
unicnowns and compare all unknown spectra lines to one line of

the standard spectrum. EHowever, 1f any fluctuatlons occur in
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operating conditions between the standard and ssmple runs these
ratios would give results little more accurate than the results

obtained by using sbsolute intensities,

A variation of this idea appears to provide the desired method,
If the standard and sample were run at the same time they would be
man under the same conditions and the ratios should be independent
of the operating fluctuations, This procedure requires the design
and building of a new type of Ramasn spectrograph = one utilizing
& double beam principle, If this can be sccomplished and the
results obtained are as predicted the analytical chemist would

have & new reliable method of quantitative analysis,

Thie thesis is a summary of the work done and the rssults

obtained in the construction of such an instrument.



Chapter I

The Raman Effect and Its Application

to Analytical Chemistry

In an address to the South Indian Science Association at
Bangalore in March of 1928, Sir C. V. Raman anncunced the results
of investigations carried out by himself and his assoclates.

The address, entitled YA New Radiation", told of a new type of
secondary rediation which has come to be known as the Raman
Effect in his honor and is considered to be an optical analogue

of the Compton Effect.

While this discovery was not essentially new, it had been
referred to or theoretically predicted in some manner by Smekal,
Lallemand, Lendsberg and Mandestam and was implied in the quantum
theory of Kramers and Helsenberg, it remained for Raman and his
co=workers to experimentally prove its presence. They had been
working on this idea since 1920 and had notlced secondary scatter—
ing of wave lengths different from the source on several occaslons.
This scattering could not be traced to either impurities in the
sample or to its fluorescence. It was not until they added a
mercury vapor lamp source and a spectroscope to their apparatus
that they came to realize the true nature and spectral character

of this phencmenon.

Upon Rsman's announcement of his findings the phenomenon

became the subject of wide spread investigations in almost every
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country of the world and since that time over two thousand articles
or bocks have been published on it., The effect 1s of interest

and use to both the physieist and chemiset and has bteen a contribut-
ing factor in the introduction of medern physies and physical
methodes into the field of chemistry. The subject has been treated
thecretically both mathematically and mechanically, but it ie

with conclusions based on empirical observations that the chemist
is chiefly interested., The effect 1s shown to some extent by

all forms of matter be they liquid, solid or gas.
Theory end Origzin of the Raman Effect:

Vhen s beam of radiation 1g allowed to impinge on a mass

of matter one or more of the follewing evente can occur depending
on the wave length (or frequency) of the radiation and the optieal
characteristics and physical shape of the mass. The radiation may
be transmitted if the mass i@ transparent to these wave lengthss
it may be reflected 1f the mass is a reflector; if the mass 1g a
black body for these wave lengths they will be absorbed; the beam
may be broken up into ites component parts if the mass is of the
proper shape and is transparent; or it may e scattered due to
interaction and collieion with the particles making up the mass,

It 1 the latter event in which we are interested,

The scattering may assume one of three forms: Rayleigh
scattering in which 1t may be scattered through all angles, due
to collision with the particles, and emerge with 1ts wave length

unchanged; fluorescence in which it is absorbed by the particles



6
and re—emitted with either the same or different wave lengths; or
Reman ecattering in which it interacts with the particles upon
collision and is scattered with new wave lengths, These new wave
lengths can be lorger or shorter than that of the 1lluvminating
beam, depending on the energy of the mass particles, This wave
length change 18 called the Raman shift and is charscteristic
of the mmss matter and not of the radiation., The lines or a
photographic plate caused by the longer wave length radiations
are called Stokes lires and those of shorter wave length Anti-Stokes
lines. In Ramap work their wave length is usually recorded in

wave numbers.

That this shift 1s & function of the matter, called the sample,
and not of the incident radiatiorn can be proven by a simple
experiment. If 2 sample 19 plsced in the path of a monochromatic
beam of light of wave pumber ;{ and the light emerging from the
gample at right angles to the incldent besm is passed through a
monochrometer and then photographed, there will be found a line
of wave number U, « A L, ancther at ), + A, atc. If now the
wave nucber is changed to Eg' the lines on the photographic plate
will be found at L, +o0'y D, + a2 ete. but 1t 1 alse
found that A7, =43 and AL, = A5, ., This could be cone
tinued with light of any other wave number and zliﬁ"would st1ll
equal A D, and A%, would be equal to A U, . Thue no matter

what the wave number of the incident light the shift wouvld always

be the sams,
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However, if now instead of varying the incident i1llumination
we very the sample we wlll find that the llnes nco longer appear
at the same relative position and 4 DT‘—‘? A% 4 5 ete. Every
time the sample 1g varled a new seriss of AV's 1s found. These
shifts could be negative as well as positive, zs stated above, but
vould not be of the same intensity. The series of lines with
higher wave numbers is weaker than the serles with lower wave

rumberg thap the incident bean.

1t has been proven that the sample facter involved in there

interactions is the vibrational and/or rotational energy of the
atoms or atom groupe making wp the sample molecules. Thus, the
lagt phenomenon mentioned above becomes obvious if we consider
it in the 1light of this fact and the Boltzman energy distribution
curve, From the latter it cen be seen that there are many more
molecules in the normsl than in excited states. As the intensity
of a line is in part dependent on the number of molecules invelved
in interactions with the incident radiation, the intensities of
the two lines should vary directly as the number of molecules
present in that energy state, Thus as there are more normsl than
hot molecules those llnes produced by the normal molecules should
be the most intense, That these are the lines with bigher wave

numberse is shown as follows:

The energy of the molecule before collision is represented
by Ey snd that after ceollision by E, and the freguency of the
incident radiation as V 1 and that of the resultant radiation

as Vo Assuning the corpuscular theory of radiation, the



Einsteln equation and the law of the conservatlon of energy to
hold:
Elq.th:Ez-thvz
where h is Planck's constant. Collecting like terme on the same
elde of the equation:
Ey ~E;=hVy=hVy = h(V, = ¥q)
Ey = E; = 4 E the change in energy of the molecule due
to the interaction and
Vg = Vi &=4) the change in frequency of the
radiation due to the interaction. Substituting in the above
equation;
AR S - haAay
A E can be positive or negative but is always the
opposite of A~ , 1,e,, the molecule gelne energy 1f the frequency
of the radlation decreases or loses energy if the frequency
increases. As molecules in the normal energy state can only gain
energy the frequency must decicase for these molecules while it

will increase when excited molecules lose energy.

As the frequency. wave length and wave pumber are all related
as follows:

A= 5=
it can be seen that the wave number will change in the same
direction as the frequency. Therefore, what was said about the
relationship of the galn or less of energy by the molecule to the

decrease or incresse of the radiation frequency will also bte true

1f wave number is used instead of frequency.



Another facter which shoulé be mentioned is that 4 E and
AV have finite values, Thue the energy galmed or lost by the
molecunle must be in discrete quanta and the spectrum will be a
line or band spectrum and not & contiruum. That this i¢ so can
be seen by an exsmination of a spectrogram where the dispersed
resultant radiation sppears as a series of lines or bands and not

a continuun.

Raman Spectra and Spectrograms:

As stated above, 1f the light emerging from the sample at
right angles to the lncident beam ls passed through a monechrometer
and photogrephed the developed plate will be a series of lines
or bands, These lines are the Raman lines, the whole series 1is
the Reman spectrum of the sample and the plcture is o Raman
spectrogram. An examination of a spectrogram will reveal the

following features:

Firet, there will be seen in the center of the series of
lines a line much more intense and broader than the others. It
is the line due to Rayleigh scatteripg and has the same frequency
a8 the incident radiation. Should the incldent radiation be poly-
chromatic there will te one Rayleigh line for each frequency in

the incident radistion.

Second. there is a continuum attached to the sides of the

Raeyleigh lire. It appeare ae winglike formations stretching out
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from both sides of the line and attached to it. The origin of
these continuz is unknown and they vary in size and intensity
with the sample material. According to Bhagavantam it is possible
to resolve them in gases but not in liguids or sclids. He further
states that in very impure or viscous liquids these continua may

be broad and intense enough to completely mask the Raman lines,

Third, on either side of this central group are a series of
lines or bandg. These are the Reman lines. They are of weak
intensity and may appear on the long wave length (low frequency
or wave number) side of the Rayleigh line only. Under proper

conditions it is possible to resolve them into multiplets.

Fourth, a feature of the Raman effect not shown by the
spectrograme which should also be mentioned, although no use of
it was made 1n this research, 1s the fact that the scattered
radiation may be highly polarized. This polarization applies
only to the Raman lines themselves and not to either the wing-
like continua attached to the Rayleigh line or the Rayleigh line
itself, The amount of polarization varies from compound to
compound and 2 measure of it, called the "depolarization factor',
ia sometimes used as a method of qualitative analysis. While
this factor is useful in many cases it will not be discussed

here and has no bearing on the problem.

As was implied in a previous sectlon each incident frequency

is a potential source of 1ts own series of Raman lines. Although
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the lines from 211 fregquencies give the same series of Raman
shifte, the various series mgy overlap and'thns the lines belong~
inz to any glven series would be difficult to sort ocut. This
complication makes necessary the use of monochromatic 1ilumination
except where the polychromaticity falls into one of the two fol~
lowing ~lasses; 1. The ecurce line may be g0 wesk that no visidle
Raman lines result frem it; and 2, The source lines are sc widely
separated that the Raman spectra dc¢ not overlap., Polychromatie
1llumination can usually be rendered sufficliently monochromsatie

by the use of filters.

Intensity of the Raman Lines:

According to Bhagaventam the Raman line intensities ars enly
geveral hundredths that of the Rayleigh while the Rayleigh 1llne
intensity has the same relatlion to the incident radlation. Thus
to get intencse Raman lines demands the presence of a very intense
source and an efficient spectrograph. The latter 1s nccessary
to Yeep light losser to a minimum as all light lost, elther by
reflection from the elements or by falling on dead spaces in the
ingtrument, decreagee the interslity of the spectrum, The reflected
lizht losses may alse help fog the spectrum by falllng on the

film as stray light.

The intensities in addition to being partially a function
of the intensity of the scurce are zlso functions of the sample

material and of the incident frequency. BExperiment shows that
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the intensity varies inverseiy as a high power of the freaguency.
Thus the higher the source freguency the greater the intensity of
the spectrum. It would seem that the intensitles could always be
increased by increaging the frequency of the source., There is a
practical limit to this increase, however, due to the fact that above
some frequency the radiation possesses sufficlent energy o elther
decompose the sample or to camse 1t to fluoresce, This upper or
limlting value varies from compound to compcund but is usually

some where in the ultraviolet.

As a result of this factor and of the itypes of illumination
avallable the frequency usually chosen is the blue line of the
mercury spectrum (wave length 4358 ). However, shonld the samples
be able to resist decomposition and not finoresce a better sourcs,
and one frequently used in esuch cases, is the mercury vapor line

at 2537 &.

To a lesser extent the line intensitles are alsc affected
somewhat by temperature fluctuations, The higher the temperaturs
the larger the number of excited molecules in the sample and the
more intense the anti-Stokes(or higher wave mmumber) lines and the

legs the inteneity of the Stokes lince.

Applications:

The Raman effect is useful to chemists in all branches of

chemistry. A partial liet of its uses includes: The determination
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of the structure of a compound; proof of the reliability of the
Boltzman energy distributior law; proof of the presence of two
forms of hydrogen; to distinguish between isotopes; to follow the
course of resctions; to some degree in explaining the specifie
heats of compounds, especially gases; ir determining the effecte
of hydrolysis; and in qualitative and quantitative ansalysis.

These latter two are of special interest te the analyticel chemist.

As has been stated or implied several times in previous
sectlons, each compound gives its own spectrum, which ig different
in some way from those of all other compounds. Thus it affords
a rapld and simple method of qualitative analysis. A comparison
of the sample spectrum with those of known pure compounds allows

the trailned spectroscoplist to detect which compounds are present.

However, despite the fact that the spectrum for each compound
is different there are certzin similarlities in the spectra of
compounds falling in a given series. Take the carbonyls for example:
If this group is present in an acid the line shifts so that it
is about 1700 cm=l; for an aldehyde 1t is sbout 1720 cm~l; it ie
the same for an ester but changes to about 1770 em~! for an
snhydride and to about 1710 en™! for a ketone. Thus 1t can be
seen that a line due to C=C in any of these compounds always
showe up some where between 1700 and 1790 em~l. The following
table taken from Page 277 of Brode's "Chemicel Spectroscopy'

gives further illustrations,



Group or Linkege

o
«Q o

(‘)

%
(9]

C~0H

OH
S-¥
c-S

RO

Y

C-N
o=

XC
C=-Cl
C-Br

C-I

For gquantitative

Table I

aliphatic
aromatic

aliphatic
aromatic

acld
ketone
aldehyde
ester

anhydride

nitrate
nitrite
nitro

nitre
amine

o9
cm -

2800-2970
3054

800-1000
1580-1508

1600-1650
2100-2250
20-880
1700
1710
1720
1720
1779
3400
257¢
645
1640
1660
1565
1850
2110

910930
880

1000-1080
650-710
570-600
500-530
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analysis these apectrograme should furnish

a rapid., reliadble and accurate analytical method.

same spectrogram should furnish both a quelitative and quantitative

In fact,

the
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analyeis ¢f the unknown sample. Quantitative analysis in this casge
18 based on the fact that the spectrum intensity is a function of
the gquantity of the sought for compound present in the sample,

The per cent of compound present can be computed from the ratlo
obtained by comparing the intensity of a line of the compound in
the sample mixture spectrogram with the intensity of the saae

line when the sample is the pure compound. The accuracy of this
method should excesd that of wet chemicalanalysis ze it is shorter
and involves fewer operations. It is best adspted to components
of the sample present in falrly large quantities, A valunable
feature of this method of anaslyeis is that water solutions can

be used as samples.



16
Chapter Il

Spectrographs

Sir Isamsc Newton lald the foundations of spzsctroscopy when,
in 1704, he gecured a prism "to try the phenomena of coloxr".
In the course of his experiments he assembled the first crude
spectrograph by cutting a slit in a window shutter and placing
the prism behind it. Using the sun as & source he observed that
the white light entering the prism was sorted out and emerged
as a series of colored bands. Later he improved the purity of
the spectrum by placing a lens between the slit and the prism.
Unfortunately he spoiled this excellent beginning by dabbling
in speculation on color and its source and thereby delayed

spectroscopic progress by over a century.

It was not until 1814 that any improvements were made in
the spectroscope. In that year Fraunhofer started a detailed
study on the solar spectrum and in the course of his experiments
added & telescope to the instrument. The telescope was set up
to observe the slit and in thlis way he found the spectrum to be
crosged with %an almost countless number of strong and weak
vertical lines". During further experiments and in attempting
to improve the manufacture of optical instruments he observed
the diffraction pattern of fine glits and was led to the dis~

covery of the transmission grating.
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In 1870 the dry gelatine photographic plate was developed.
and the visual observations of previous years were replaced by
photographic recordings. This improvement led to greater accuracy
in spectrum measurements. About the same time Rowland greatly
improved gratirge snd aleo discovered the concave reflection

greting.

The introduction of the above elements plus the collimating
lens added by Babinet in 1839 gave ue our modern spectrograph.
Since then photographic recording has been replaced to a large
degree by photoelectiric recordera. Alsc, except for a few instru-
nente used in making solar measurements, the sun has been replaced

ag the source of the light,

The spectrograph of today consists of a scurce. slit, col-
limating and camera lenses, dispersive clement and recorder.
If the recording system ls replaced with an eye piece the inetru-
ment becomes & spectroscope. Also a condensing lens may be used

in conjunction with the source.

Spectrographs can be divided into two general classifications -~
prism instruments and grating instruments. As 1t was declded to
build a prism spectrograph (for reasons listed in Chapter III) only
this type will be discussed here., As there are many treatises
avallable on tﬁeoretical optics the followlng discussion will
deal only with the types of elements nsed and the problems

involved in a general manner,
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Source and Condensing lLens System:

There are two general types of sources ~ the continuous
variety and the discontinuous variety. The former showg an un-
interrupted series of wave lengths with no perceptible division
anywhere in the spectrum. The latter ylelds a spectrum of sharp

lines or bands with dark epaces of varyirg width between them,

Continuous sources are illustrated by incande=rent solids,
high pressure discharges and certaln gaseouns discharges. These
sources are used in absorption spectroscopy, as for example

infra red where the source is a globar or Nernst glower.

Discontinuous sources are furnished by atoms and molecules
in their vapor state, They are used in emission and scattering
(Raman) spectroscopic work., Examples of such sources are vapor-
ization of materials in flames, arcs and sparks and in electric

discharge tubes,

The illuminating radiation in Raman spectroscopy is uvsually
provided by one or more mercury vapcr arcs placed around the sample
tube, As a powerful source 1g needed the light from the lamps
i1s usually concentrated in the sample tube by elliptical reflectors
and liquid lenses. The reflectors are so placed that the lamp 1s
at one focus of the elipse and the sample tube at the other.

The liquld lenses serve as both condensing lenses and light
filters and are ususlly cylinderical. It is alsc possible to
use a helix lamp with the tuvbe, surrounded along its entire

length by the light filter, in its center,
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The illuminating system is alweys so set up that the sample
tube 18 illuminated at right angles to the direction of the light
beanm entering the spectrograph glit. This reduces the amount of

source illumination entering the monochrometer to & minimum.

Condensing lenses are used to focus the Raman rays at some
point in the spectrograph if the source itself is of insufficlent
extent or is otherwise incapsble of providing maeximom illumination.
It zmst be remembered, however, that they cannot provide an image

of greater brightness than the source.

In sources of negligible depth this maximum 15 attained when
the collimating lens is filled with light. 1If the source is of
sufficient slize to do this and is uniform,a condensing lens is
of no value, It can, however, increase the spectrum Iintensity

i1f the source is too small or correct ite nonmuniformity.

In sources of finite depih, such as Raman tubes, & condensing
lens will probably be necessary. This problem has been treated
by J. R. Nielesen from the viewpoint of geometric opvtics, His
treatise (see bibliography) deals primarily with the type of
gystem ueed in Raman work and was used tc determine the final
position of the condensing lens in the new spectrograph, In it
he provides proof of the correct lens position and means for

calculating it,

The S1it:

The slit is a narrow rectangular opening which admits light

to the monochrometer. In photoelectric recording instruments a
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slit is also placed between the monochrometer and the recorder.
The lines on the spectrogram are images of the slit, consequently
its design and construction is of utmost importance to the success

of the instrument.

The slit can be fixed in length and width or adjustable con~-
tinuously in width and step wise in length. Fixed slits are either
rectangles cut through metal plates or cut into metal films on
glass or quariz slides. Severzl of these slits of various widthe
may be cut into one plate thus glving some degree of slit width

adjustment by changing the pesition of the plate or slide.

The adjusteble type of slit is preferable to the fixed type
ss they can be continuocusly adjusted for best results. The adjuste
ment can be made by separating or closing jams with a micrometer
screw or one jaw cen be fixed with the second ome adjustable,
The latter are known as unilateral and the former as bllatersl
slits, The bilateral type is preferable since they lsave the

centers of the spectral lines fixed in one position,

A third type of slit system combines some of the features
of both of the above types. In it the two Jjaws (usually rasor
blades) can be clamped into a fixed position or they can be loosened
and adjusted to apy desired width., This method is tedious and
may lead to inaccurate slit width setting and/or nonparallel jaws.
It 1s the least expensive of the three and when used with a

little care is usually satisfactory.
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¥o matter which system is used the slit jaws should have
sharp, straight edges and be adjusted parallel. If these con-

ditions are not met broad, fuzzy spectral lines may result.

Collimating snd Focusing Elemente:

The function of the collimating lens is to render parallel
the diverging beam of light between the sllt and the priem.
Thus the light reaching the prism has the sppearance of coming
from a source at an infinite distance. If.the lens functions
ideally and the light beam reaching the prism 1s strictly parallel,
each point of the slit will be imaged as a point in the spectral
line as the prisc intrcduces no astigmatism under ideal con-
éitions. This 1s a 1limit to be approached rather than an actual
possibllity as nc lene will render the light strictly parallel.
The degree to which this limit is reached depends on the degree
to which the design snd material composition of the lens correct
for the three main image defects ~ chromatic aberration, spherical

aberration and coma,

Chromatic aberration is the focusing of the different wave
lengthe passing through the lens at different rather than the
geme point. Therefore, the components of polychromatic light
will not be rendered parallel; some will be slightly divergent,
some slightly convergent and one parellel. As this defect is
caused by a lens materlal having different refraective indices
for different wave lengths and these refractive indices change

for different lens materials,this defect can be partislly cor-
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rected by replecing the single lens with a compound one. This
compourd lens. cellesd an achromat if corrected for twe wave lengths
and an apochremat if corrected for three wave lengths, is made by
cementing together positive and negative lensés of different lens
materials. BEven after these corrections, the remailning wave lengihs
will sti1l not be rendered parallel bui their variance willl be
smaller than for the uncorrected lens. This correction is simple
in the visible region where glass can be used but 1s much mors
difficult in the other reglone dme to lack of large gquantities

of transparent materials.

Spherical aberration ie due to the fallure of ths lens to
bring to the same focus light which passes through it at different
distences from the center. Thus a point from a distant source
i focused ae a blur circle on a screen placed at the best focus.
This can be corrected by changing the design of the lens from
simply spherical so that the light passing through all zones
will be rendered parallel. This carn be done wlth both compound

and simple lenses. Such z lens i1s an aspherical lens.

Coma is caused by the fallure of tke lens to form sharp
images of off axls objects resulting in blurred imsges. For-
tunately, a lens of ore type of curvature completely rcverses
the coma csused by a lens of the opposite type of curvature, so
if the curvature of the second surface is the reverse of the first
surface the effects of coma will cancel. This correction can be
made on either simple or compound lenses. Thus ore compound lens

can be made to correct, or nearly so, for all three defects.



23
The ceamera lens focuses the dispersed rays as slit images
on the recorder ~ either the film or the exit slit if photoelectric
recording is used. This lens introduces several new image defects:

astigmatism, image curvature and optical flare.

Astigmatism results in the horizontal and vertical components
of the line being focused at different distances from the lens.
It is due to rays passing through the lens at large oblique angles
and ie found in lenses corrected for spherical aberration and
coma. Image curvature is caused in part by astigmatism but ise

8till present when the astigmatiem is removed.

Optical flare 1is due to scattered light reaching the film.
It is caused by light which is reflected several times from the
optical surfaces and can never be completely eliminated. This
causes fogging and is especially bad when long time exposures
must be made. It can be minimized by proper lens surface design
elimination of a2ir spaces between the elements of compound lenses

and by baffles.

The 1deal camera lens should be corrected for spherical and
chromatic aberration, astigmatism, coma and field curvature. This
is impossidle so the best compromise must be selected. Fortunately,
chromatic sberration and astigmatism cause the same effect but
in opposite directions and thus can be made to cancel each other,
Field curvature can be taken care of by tilting and/or cuarving
the film. Spherical aberration and coma as well as optical flare

mast be reduced to the zbsclute minimum by proper design.
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These lenses can be replaced in a specirograph by parabolic
nmirrors with great advantage in many cases. This 1s especially

true in the extreme infra red and ultraviolet for which no trans-

parent optical materisl exists. Mirrors are usually cheaper than
lenses eepecially in the larger diameters. To be effective the

mirrore mast be properly designed and are first surface,

Since 211 wave lengths are reflected alike by a mirror,
chromatic aberratlion is eliminated., The same is true for spherical
aberration if the mirror ie an off center section of a parabola.
Unfortunately, astigmatism, coma and fleld curvature are unaveld-
able although their effects can be reduced by forming the images
on the side of the axis opposite from the slit. Pfund reduced
astigmatism by placing a plane mirror, with a hole in its center,
directly behind the slit thereby allowing the parsbolic mirror

to be used on its axis.

The number of elements can be further reduced by use of a
Littrow system. Here a plane mirror placed directly behind the
prism reflects the beam back along the same path. Thus the collimate A
ing and camera lenses become one element and decrease the cost
of the optics by about half and the space required for the instru-
ment by nearly half. The same saving also applies to the prism
or the seme prism as used in a straight spectrograph will double

the dispersion.

This system gives good dispersion with moderate illumination

but subjects the recorder to more reflected light, It is
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especially useful if the optics are made of guartz. Quartz is
found in two cryetal modificatlons known as right handed and left
handed. The two types must be used as compound lenses and prisms
in the regular spectrograph arrangement to eliminate polarization
defects. In the Littrow system where the beam is returned through

the same optics this compounding may be eliminated,

Prisms:

The prism breaks up a beam of polychrematic light passing
through it into its component wave lengths. This sorting out
process is posslble because the refractive index of transparent
naterials varles with wave length; thus the various wave lengths

are deviated from thelr original path in varying degrees.

As the light from the collimating lens 1s never strictly
parallel the prism introduces the image defect known as astigmatism.
This defect results in a point on the slit belngz imaged as two
perpendicular lines at different distances from the optical
system. As the spectrograms are line imsges this defect can
readily be tolerated in spectrograph. It can be shown, however,
that the astigmatism is at a minimum under the following con-
ditions:

1. The prism is traversed by parallel light.
2. The slit and prism edge are parallel.
3. The light beam is parallel to a prism section

perpendicular to a prism edge.
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L. The raye traverse the prism at minimum deviation

(i.e,, equal refraction at each face).

In diecussing prisms two pcinte are of utmost importance.
The first of these 1s its dispersion which tells how great a
separation of the wave lengths can be obtalned, the second is
its resolving power which is a measure of the differentiation of

two adjacent lines on the speckrosram.

The dispersion is stated in two ways - &N the angalar
dispersion measured in radions per angstrom or 9%46A the linear
dispersion measured in mm. per angstrom. The latter 1s dependent
on the focal length of the instrument cptics as well as on the
prism. The two are related by the formumla

dz/dp = F 46/ap
where F is the focal length.

at minimum deviation
The theoretical angulzr dispersion/can be calcvlated ty

- ASIim %/ . _C
de/d) = M=ntsimt e (A-Re)*

where £ 18 the dispersing anzle of the prism, n the refractive
index at the wave length under consideratiorn and ¢ and A o &re
constants. These constants are evaluated by means of the Hartmann
interpolation formula

A= Mo 55
If several prisms are used the total dispersion is the algebraic
sum of all of them, A good spectrograph will usually attaln the

theoretical dispersion.



27

The theoretical resolving power (E) can be calculated by the

formula
R = tdn/da

where t 18 the effective thickness of the prism base and dn/dA
the rate of change of refractive index to wave lensth, It is
the differentiated form of the Hartmann formula. This theoretical
resolving power is approached orly In the best of instrumente and
msy vary from several hundred to a million. 1In actuallty the
recclving power 1s a function of slit width, the relative inten-
sities of the two adjacent lines, the mode of slit illuwmination,
the perfection and adjustment of the optice and the characteristies

of the film as well as of the disperslon and hase of the prism,

Prisme are made of various materiale depending on their
intended use. These materlals should be transparent over a
wide wave length range, be isotropic. be available in large
optically perfect pleces,; have surfacee capable of taklinz a good
optical polish, be resistant to ccrrocion by components eof the
lchoratory atmosphere, have a large angular dispersiorn and have a
emal)l temperature coefficient of refractive ipdex. 4s no such
material exists the best one available must bhe zelected for sach
purpose. This selection varies in difficulty from the visible
region with 1ts large varlety of opticsl glasses to the far ultra-
viclet where all materials ahsorb. Prisme are also made by

sealing ligulds between transparent plates.
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Priem systems cf various types are to be feund. Thsese vary

from a single prism to several prlsms used ia a traln. fThey also
can be made by cementing verions size prisms together to get a

speclal size or shape. The refracting angle is nusnally either 30

or 60 degrecs.

Recorders:

Until recently all recorders used photographic plates or
filme. FHere the photographic plate is placed at the focal polnt
ef the camera lens or mirror, One plate may rccord the entlre
spectruoz in small instrmments while several may bYe needed fer
this purpocse in large ones, This type of recorder is the only one
that can be used in spectrographs giving spectra of very low
intensity or those where the spectrvm Intenstty varies with time

such as arc or spark spsetra.

In ueing thiz type of recorder the proper choice of plate
as to speed. contrast ard grain size must be made. This last
factor is egpecially important when the plates or films must be
microphotometered. Whers the spectra are very strong this method
13 quite rapid fer gualitative work but has the disadvantage of

having to be microphotometered for guantltative work.

The other type of recorder is the photoelectric type where
a current is set up In a photoelectric tube or cell cr a balcmeter
or thermoplle, This current is then amplified and used toc drive

the pen of a strlp chari reccrder. The strip chart zlves a
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record of where the spectral lines show up as well as of their
irtoncity, This type !s generally preferred to the photographie

type whenever it can be used. In some cases it is the only method

ugsablo,
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Chapter III

Design ard Censtruction of a

New Type Raman Spectrograph

In the building of a new instrument there are two faciors
which must be teken into consideratlon before ite design and
copstruction can be started: Firet, for what purpcse, how and
where ic the instrument to be ueed; and, second, what materials
or money for them and space are avallable for 1ts construvction.
As stated in an sarlier chapter of the thesis. the spectrograph
is to be used in an analytical spectroscopy laboratory for
guantitative analysie and i1s to utilize s double beau principle
a0 that the spectrogram of a sample can he compared with that of
a standard; both being taken at the same tlme under the same
conditicons, Thme 4%t mast be able to handle ard reccrd the spectra

of two samples at the same time,

The second of these factors can be subdivided into several
parts and each applled to the various sections of the spectro~
graph, 1.e,, source, condercing system, monochrometer and recorder.
The first sectlon to be considered is the source as the materials
for the remainder of the sectione are based upon the type of
radiation used here, The ueual Raman spectroscopy source is
one or more mercury vapor arcs as radlation from them can readlly
he made to meet the regulrements ¢f monochromatic 1llumination,

There are threec ccmnon types of these lamps avallable = the H type
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manufactured by the General Electric Company and the helix and
Alpine Burner types made by the Hanovla Chemlical and Manufacturing
Company. The H lamps were considered unsatisfactory for our
purposes and of the other two the Hanovia hellix lamp was originally
chosen., This is a low pressure lamp emitting 90+% of its
radiation at 2537 2. is wave length is well suited for Raman
work., provided the sample materials are capable of standing up
under it, as 1t produces lines of higher intensity per unit of
its own intensity than does any other feasible wave length. Also
in a prism instrument the shorter the wave length the greater is

the resultant linear dispersion,

Unfortunately, 1t was later found that many of the samples
for which 1t was hoped to mse this spectrograph tended to either
fluoresce or decompose when illuminated by this wave length so
it was sbandoned in favor of illumination of 4358 3. This line
is quite strong in the Alpine burner type lamp so it was decided
to utilize four 400 watt lamps of this type. As a result of this
change the optlical parts of the instrument could be made of glass
instead of quartz as would have been the case had the 2537 2 been
used, The sample tubes, however, had been purchased prior to this

change and are made of guartz in the standard design.

These lamps emit all mercury lines from the ultraviolet to
the infra red inclusive and provision must be made in the unit
for filtering the radiation., This can easlly be accomplished by

the use of a saturated solution of sodium nitrite which absorbs
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everything belew 4358 &. Adbove 4358 R the mercury spectrum has
a vold for a region large enough to permit photographing the
Raman spectrum with no complications so that it is not necessary

to use a second filter here.

The condensing system offered a choice between lenses and
mirrors. Due to available space and flexibility considerations
lenses were selected. These could be elther cylindrical or
spherical and both were tried in various focal lengths and

diameters.

Space requirements were alsc a factor in deciding to make
the spectrograph of the Littrow type. This reduced the over all
length of the instrument by about 1/3. Also, had the 2537 &
i1lumination been used a Littrow system would have obviated the

necessity of uslng a compound gquartz prism.

In selecting the optics a big factor to be considered is
cost and delivery time. In this connection 1t was decided to
build a prism rather than a grating instrument as prisms are less
expensive and more readily available than gratings. FPrisms are
also more conservative of light and easier to construct., These
advantages were belleved to outwelgh those of a grating, i.e.,
linear dispersion over all wave lengths as well as a larger dis~

persion and resolution.

For the collimating and focusing element of the monochrometer,

a parabolic first surface mirror was chosen as superlor to a lens.
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This type of mirror eliminates chromatic and spherical aberrations
which would prove troublesome in a lens, Alsec, it was believed
that as neither a mirror nor lens of the desired focsl length and
diameter were available 1t would be easier and less expensive to
make a mirror in the laboratory than to try and obtain a compound
lens. Construction of the latter was beyond the capasbilities of
the laboratory. The mirror reflecting surface was to be made of
aluminum. All other mirrors to be used in the instrument were

to be firet surface rhodium plated flats.

The type of slit to be used was not decided upon at this
time. It was considered highly desirsble tc obtain a bilateral
g8lit but as these are expensive items, a search was to be made

for a substitute.

The choice of a recorder was also delayed until a later
date. Of the two possibilities, most Reman spectrographs in
use at this time used the photographic method. BRecently, however,
newer instruments are appearing making use of photoelectronic
recording. The latter require a spectrum of greater intensity
than the former, are more complex and more expensive, While the
photoelectronic is the more desirable, if it can be used, no
decision could be reached until the intensity of the resultant
spectra was known. However. the instrument was to be designed
and built so that elther system could be used without extensive

reconstruction.
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The instrument was to be installed and used on an 18% x 2!
lsboratory bench one end of which was occupied by a hood. This
latter was a convenient place to install the source unit. This
is necessary so that the operator can evacuate any vapors given
off by the samples as well as the large amounts of ozone generated
by the source lamps during operation. As finally built the
spectrograph occupied the entire width and, together with 1ts
accessories, sbout 4/5 of the length of the allotted space. Water
and electrical outlets were easily available for cooling purposes
and to furnish power for pump and blower motors. Power to operate
the lamps was obtained by installing a breaker box containing four

15 A breskers on the wall next to the hood.

Desizn:

After deciding on the type of instrument to be built and on
the types of elements it was to contain. a rough deslgn for 1t
was laid out. The design included a source unit, a condensing
lens system and a monochrometer (the recorder was not included at
this time). From calculations based on using 2537 R illumination,
quartz optics and the desired focal length, it appeared that the
parabolic mirror foeal length should be about six feet. This
focal length was not changed when the source was later changed to
4358 8. After the mirror was made, the above design was altered
to accommodate it and the changes made necessary by the switch

in 1lluminating wave length.
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The source unit and housing were designed and drawn to scale,
The drawings were sent to the Chemical Engineering Department
Machine Shop for construction of the unit., The original design
and construction of the unit was based on using the helix lamp

and had to be modifled later, to accommodate the Alpine Burner.

A prism - 60° refracting angle and 7 cm. edge -~ was obtained
and & mount designed for it that will allow the prism to be
rotated about any or all of three mutually perpendicular axes.
The design utilized a war surplus astiro compass as the rotating

mechanism, and included & base for the Littrow mirror mount.

The monochrometer was set up on a bread board and using &
razor blade slit and a bull's eye lamp as a source, tested.
From these tests designs for the monochrometer base and housing
were made and drawn to scale. The drawings were sent to the
Bethlehem Steel (orporation Research Department Machine Shop for
construction of the unit. A drawing for construction of the

source unit housing base was sent to them at the same time.

Mounts for the parabolic, Littrow and Pfund mirrors and
for the condenser lenses were next designed. This was done with
the 1dea of building them in the laboratory, and making use of
the Chemical Engineering Machine Shop for maechine work. Alsc
plans were made for obtalning and adding to the instrument parts
for the circulating and cooling system for the light filter, a
cooling system fbr the source unit and a power supply for the

lamps.
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In the process of bullding and adjusting the spectrograph
for best results some of the original design was modified. The
design of the instiument ae it was finally set up and operated
is described below. Drawings of the instrument and some of its
component parts and all required calculatlons appear in the
appendix. The description is based on the drawings and the parts
referred to are shown by letters in the drawings, Those parts
which were bought as a2 unit or which can be described in a few
words are not shown in separate drawings, but only described.

None of these drawings are exactly to scale.

Figzure 1 shows the spectrometer in plan and elevation and
the optical system (top). In the optical system the sample tubes
WAV are illuminsted by lamps "B" (shown in the plan only) and
send light through condenser lenses "CH and slit "D® to the
collimator (the parabolic mirrer) "E'. The parallel light beam
is sent to prism #F% where it is dispersed and then impinges
on Littrow mirror "GM. Here it is reversed and returned via
the prism to the parsbolic mirror. The mirror now acts as the

camera mirror and focuses the beam on camera #HW,

In the spectrograph the source unit housing at "I¥ contains
in addition to the source unit "J", lead ins "K" which conduct
the power for the lamps into the housing. Not shown are the
filter circulating and cooling system, the lamp transformers.

the blower used to cool the source unit and housing and the sample



37
cooling system. These are located either in the hood or in the
cabinet under the hood. The source unit and its housing are
shown in detail in Figure 2. At "L" 1g the external beam separator
plate, used to keep the upper and lower beams from interfering with
each other. It is 5" wide and 44V long and runs from the source
housing to the slit, "MY are legs supporting the plate and a
superstructure which serves to hold a cloth cover over the
source housing to slit area, The condenser lenses are again
shown at REM, UNW ig the source housing base, consisting of a
12% x 21% x 1/4% steel plate welded to two 21" lengths of 4

channel.

WOM is the monochrometer bage and housing. The base was
made by welding 1/4% steel plate to appropriate lengths of UM
channel. It is 93" long, 24% wide from the slit end to a point
48% from this end, The other 45" length (i.e., the mirror end)
1s 12" wide. The housing is made of 1/16" steel sheet. 1t is
welded to the bage aleng the back wall and the two left-hand
ends: the front walls and right hand (slit) end are bolted to
the base and the other parts of the housing. All bolted joints
overlap 1 1/2% ap does the cover. The cover is also equipped
with a light gate on the inside to insure a light tight seal
between it and the sidee. The walle rise 157 above the top of
the base., The monochrometer containe the parabolic mirror HEW,
the prism "F!", the Littrow mirror "GM and a light baffle "pH,

On the right-hand end are located the camera "HY and the slit "DV,
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The center of the parabolic mirror is 8" above the base and
6% from the rear wall, The mirror is 75" from the slit, The
centers of the prism, elit and Littrow are 6" above the base.
The slit and camera centers are 6" from the rear wall while the
prism center is 11" awsy. The distance between the prism center
and the Littrow mirroxr is 2 7/8" and between the prism center
and the end plate is 5 7/8", The baffle is placed 9 1/2% from

the slit end.

Figure 2 shows the elevation and rear view of the source
unit housing. It is an aluminum box 16" high, 9" wide and 10 1/2%
long. At "A" are located the 8 power lead ins; between the two
sets are two 1 3/8% dlameter holes to permit exhamstion of the
bot alr, ozone and sample vapors; at "CM" are the holes through
which a furnace door blower ¥B* forces cool alr into the boxs
and at "D" are the 8 porcelain connectors which are connected
to the lead ins with #14 wire. The back of the box has a 6
square cut out with center 4 1/2% from the side and 6" from the
floor and four holes for 1/4" bolts drilled to match those in
the end plates of the source unit. It is attached to the bex
by #6-32 screws which fasten into a 1/4% keystock frame riveted
to the rear of the box. The top and bottom are riveted to the
sides and front. The front has a 4" diameter cut out with center
4 1/2% from the sides and 6" from the floor, four 1/4" holes and
four 1/2% holes drilled to match those in the end plate of the
source unlt. The box is bolted to a stand of 1" angle iron (not

Shown) . &
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The source unit, Figure 3., consists of two 1/4' x 8 1/2¢
aluminum end plates "A" held together by 8 threaded 1/4% steel
rods "BM, The distance between the plates is 9%, The rods pass
through heles drilled at equal distances from each other close to
the periphery of the plates. Four of these rods are also used to
hold the unit in place in the housing, An aluminum cylindrical
reflector "CW fits snugly inside the rods and is separated from
the front plate by a distance of 1" and from the rear plate by
1 1/2%. fThe four lamps *D" are bolted to the reflector amnd fit
into 3/4" holes drilled into the end plates so that the lamp
ends fit into them easily and loosely. The light filter "EW
consists of two concentric glass tubes (75 mm. and 100 mm.
diameters) which snd in grooves of 2 3/4" 1.4., 4" o0.d. and 1/8"
deep cut into the end plates. Rubber gaskets in these grooves
form liguild tight smeals with the glass tubes. A hole was drilled
and tapped for 1f4" pipe thread in the top center of the groove
of the front plate and fitted with a brass elbow to serve as an
outlet connection between the filter and reservoir. A hole
similarly drilled, tapped and fitted in the bottom center of the
groove in the rear plate serves as the inlet. An sluminum plate
FH of the same width as the Raman tubes serves as an internal
beam separator and extends the entire length of the unit. BHoles
AG® to hold the sample tubes are bored on the vertical axis of
both end plates, They asre of a dlameter a little larger than

that of the sample tubes and their centers are 3/4" ebove and
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below the centers of the plates. Those in the front plate are
bored only one-half the distance through the plate with slightly
smaller diameter holes bored through the second half, This

gives a shelf or stop against which the tube can be pushed.

The parabolic mirror mount is shown in Figure 4. The
mirror "A' is fastened to a 1/8" x 8" x 9% steel plate "B" with
aluminum brackets "C'. This plate is connected to a 9" x 107 x 1/4#
steel plate "D® by a spring inside of a 1 1/2% length of brass
tubing "EY; this coupling permits the mirror t¢c be rotated about
its vertlcal and horizontal axes. The mirror can be focused by
screws "F¥ which are threaded through plate "D* and end in
depressions in plate "Bf, A plate "G" prevents the mirror from
rotating arcund the axis running through the mirror to slit.
Plate "D" is bolted to two 14" lengths of 1 1/2" angle iron "HM
which are slotted to permit ralsing or lowering the mirror to
any desired position. These supports are bolted to two 12%
lengths of 1 1/2" angle iron WI® which are bolted to the mono~
chrometer floor. They are also slotted to permit moving the
mirror closer or further away from the slit. This is accomplished
by screw “J" one end of which is fastened to a bar bolted to “GW,
Uy% ig threaded through support "X% which is bolted to the mono-

chrometer floor.

Figure 5 shows the slit holder. It consiste of an outer
ring "A" and an inner disk "BYW. The outer periphery of one face

of AR 15 cut away to give groove "C! while groove #D* is cut on
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the inner periphery of the other face. "AY has an o.d. of L
and an 1.4, of 2 1/2%; PBY hag a diameter of 3"; "C" 1s 1/16"
deep and has sn 1.d. of 2 3/4M; and "D" ig 7/16% deep and has an
0.d. of 3", YB® hag a groove "E" cut away from the outer periphery
of one face. "EY has an i.d. of 2 3/4" and varles in depth from
1/8% on the outside to 1/4" on the inside. "BM is held in place
in "A" by three set screws "FH, A 1 1/4H x 1/8% slot is cut in
the center of "BR. fTwo razor blades are bolted to "BF with #3
screws "G"., The centers of the holes for these screws are 3/8¢"
from the vertical and horizontal axes of the disk. Both WAW
and "BY are made of stainless steel. The upper section shows "BY

with razor blades bolted into place.

The prism is held on a triangular base by a "C" clamp which
utilizes the base as one of its arms. A screw in the other arm
bears on the top of the prism and holds it securely in place.

This base is bolted to the top of an astro compass. The legs

of the compass were removed and it was fastened to a 6% x 6% x 1/8W
steel plate in such a manner that one side of it can be raised or
lowered. A 1/2% x 2% x 8% steel bar is bolted to one side of

this plate to serve as part of the base of the Littrow mirror

mount.

The Littrow mirror is held in an aluminum frame which is
fastened to a steel disk s¢ that the mirror is perpendicular to
the disk. A shaft of 1/4" drill rod cornects the disk to a worm

gear and ends in a thrust bearirg in the bar fastened to the

prism mount, This bar forms the bottom arm of a "C" clamp the
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top arm of which lies between the disk and worm gear. A thrust
bearing ir this arm holds the shaft ir position go that the
mirror face is parsllel to a plane passing perpendicularly through
the center of the prism. The worm gear can be locked in place
for photographic recording or rotated to enable the scanning of
the spectrum for photoelectronic recording. The mirror iteelf

is a first surface rhodium plated 4% square.

The camera 1s a regular cut film holder capable of holding
two 4" x 5" films. It is held in place by a wooden frame mounted
orn the monochrometer end plate above the slit holder. The frame
ig similar to those holding the plste holders in commercial

cameras.

The baffle in the monochrometer is a steecl plate with a
1" x 2% cut out in front of the slit; a 2 5/8" x 3 1/87 cut out
in front of the prism and & 5 1/4% x 1 3/4* cut out which allows

light from the parazbolic mirror to reach the camera.

Construction:

After the rough design had been made construction of the
various elements was begun, The first of these was the source
unit and 1ts housing. As stated above they were made in the
Chemical Engineering Machine Shop., After they were built the
source unit was assembled using the helix lamp but no filter
unit. (As this lamp emitted essentially monochromatic light no

filter was necessary.) In this unit the end plates were made
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of asteel and had a diameter of only 87. After the illuminating
wave length was changed the end plates were remade, this time as
described sbove. The new end plates were made by the Bethlehem
Steel Corporation Shop. The new lampe and the filter were installed
in the unit, and 1t was fitted into the housing which had been
altered to fit the larger unit and new lamps. The blower had

previously been installed or the rear wall of the housing.

The next element to be constructed was the parabolic mirror.
Glass blanks, 8" x 1 1/4%, were purchased from the Pittsburgh
Plate Glass Company and ground, polished, and figured according
to instructions given ir Y"Amateur Telescope Making® by Albtert Ingalls.
The progress of the grinding was checked with & sphercmeter and
of the polishing and figuring process by the Focoult Shadow test.
After it had been polished and figured to the desired form it
was aluminized in a high vacuum metal evaporating rig. This
coating was unsatisfactory and was replaced. A layer of chromium
was added as an undercoating before the mirror was realuminized.

When it was finished the mirror had a focal lergth of 75%.

The prism wag taken to the Physics Department where its
refractive indices were determined for several wave lengths on

a spectrometer table. The results were as follows:

n Nin
1.56779 2078
1.56468 L358

1.55668 5461
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The prism mounting and base for the Littroew mirror holder were
made in the Chemical Engineering Shop. The mirror holder itself

wae made in the laboratory.

The parebolic mirror and the prism plue a temporary slit
and Pfund mirror were set up as a bread board monochrometer and
tried out. Originally it was hoped to eliminate the Littrow
mirror by aluminizing one face of the prism. This was found to
be unworksble and the Littrow mirror was restored. While the
monochrometer base and housing were being built, from designs
based on the results of these experiments, the parabolic mirror
mount, Pfund mirror mount ami condenser lens holder were built

here in the laboratory.

When all parts had been built and delivered the monochrometer
was assembled on a temporary basls and tested. These tests
indicated the need for several changes. First, the line images
vere fuzzy due to excessive vibration In the parabolic mirror
mount. It was redesigned and rebuilt in its present fomm
eliminating this difficulty. Next it was found that the Pfund
mirror was unnecessary and was eliminated, The prism positiomn
was changed to one close to the slit. These changes helped
eliminate a lot of stray light and simplified focusing the mono-
chrometer. The stray light was reduced further by the addition

of the baffle.

During the assembly of the spectrograph the various suxiliary

elements, such as the filter circulating and cooling system,
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mentioned previously were added. The filter system as originally
built uged copper tubing for the connectlons and a steel can
for the reservolr. These were changed to glass for reasons given

in the following chapter.

The final spectrogreph is shown in Figure 1 of the Appendix.
Its design was settled only after completion of much of the

experimental work described in the next chapter.



Chapter IV

BExperimental Results and Conclusions

After assembly of the spectrograph snd its accessories had
been completed, experimental work to prove that it womld perform
as desired was begun. During the course of these experiments
geveral changes in i1ts design and construction were made -~

especially 1n the condengling lens and light filter systems.

The instrument was adjusted to glive the desired spectra
on the recorder and test runs made, When the adjustments and/er
changes gave usable spectrograms several compounds were run as
gsamples to see if constant ratios were obtalnable, When this
was shown to be true a known sample was run. The results of all

thegse runs are given in a later gection of this chapter.

Experimentals

Befere starting any experimental runs a check on the light
tightness of the monochrometer was made. The slit was gealed,
the outside of the monochrometer housing 1lluminated and a film
was exposed in the camera for three hours. This and several sub=
sequent tests showed that there was no light leak into the mono-

chrometer.

The optical system was aligned using light from a small
mercury vapor lamp placed in back of the source unit housing as

a source. All light reaching the optics had to travel the same
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paths as those later traversed by the light from the sample
tubeg. This focusing produced two mercury spectra on a card
held in front of the camera., The spectra were well separated
and one was directly above the other, Each could be extinguished
separately by bdlocking off one or the other of the sample radiation
outlets in the source unit. This showed that each sample tube

should image its spectrum in the desired position.

The sample tubes were filled, put into their proper places,
and illuminated, and the resultant spectra photographed. The
developed film showed two spectra but the intensities were so
wesk that only the mercury spectra (from Raylelgh scattering)
appeared. Slight adjustmente in the focus of the instrument
failed to change the results as did going to longer exposure
times. A 16" cylindrical condensing lens was being used at this
time. It was changed to one with 20" focal length with no better
results. Subsequently other focal length lenses were introduced
either singly or in combination and with appropriate source to
slit distance changes but none gave as good results, The slit
width was changed, during the above experiments, from 100 cc

Various exposure times had been used with each change in the
condensing lens. Comparison between the different lengths of
exposure for the same lens and between those of the same length
of time for different lenses showed that the Raylelgh scattering

intensity was decreasing with each exposure. The source unit
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was overhauled and 1t was found that the outer filter tube was
covered with such a heavy layer of dirt that the intensity of the
sample illumination was cut about 75 per cent. The filter
solution, a saturated solution of sodium nitrite plus 1 part in
50000 of a rhodamine dye, was suspected as the source of the dirt
film; the dye having plated out under the influence of the ultra-

violet radiation.

The filter was cleaned and reassembled and the experimental
runs contirmed. This time the filter solution did not contain
the dye but agaln deposited dirt on the tube, It was finally
determined that the deposit was copper and iron leached from the
solution lines and reservoir. As a result the copper tubing
was replaced with glass tubing and the reservoir csn with a pyrex
battery jar. These changes plus the addition of an air trap to

the solutlon lines eliminated these troubles.

The experimental runs were again contimued and now produced
films with two spectra contalning week Reman lines, However, with
increasing focal length of the condensing lens the spectra,
while becoming more intense, began to overlap, With complete
overlap the Raman line intensities were still too weak to use.

As a result i1t was decided to completely revamp the condensing

lens systen.

The idea of using a cylindrical condensiang lens or lenses
was abandoned and spherical lenses were substituted, Also the

lens system was designed to conform to the ideas advanced by
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J. R. Nielsen in his article in the Journal of the American
Optical Society, Volume 20, 1930, Page 701, entitled, "The Filling
of a Spectrograph with Light Considered as a Geometricsl Aadiation
Problem®. It discussed the best location for a condensing lens
ag well as the optimum slit to lens distance for maximum intensity
of Raman spectra. This places the lens so that i1ts focal point
ig the rear section of the Raman tube znd it is gz lnches from the

slit. 2 is calculated by

g m D+ 8 P

where 2h is the source height, 28 1s the slit height and f is the

focal length of the lens,

Lenses of 9 1/2" and 12" focal length were tried., While
two spectra with Raman lines in each appeared on the films the
intensities were still very weak., These spectra were well
separated as the externsl separator plate mentioned in the previouns
chapter had been installed and effectively prevented interference

of the two beams with each other.

The intensity of the Raman lines was finally increased to a
usable level by inserting two 20" focal length lenses, one for
each tube., in the system. This reduced the illuminated area in
the monochrometer and concentrated the light where it would do
the moet good. Films made with this system were tested on the
densitometer and found to have readable intensities. The exposure

time needed was approximately three hours.
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When this stage was reached the specteograph was adjusted
to give the greatest spectral line intensity, the cleanest lines
free of scattered light and the best focus. Test runs on seversl

compounds were made.

Data and Results:

To prove that the spectrograph would give the desired constant
intensity ratio between the chosen lines, various compounds were
Tun as samples vs. carbon tetrachloride as a standard. These runs
were « four with benzene, two with cyclohexane, three with toluene

and two with n~heptane.

In making these runs no attempt was made to use rigidly
standardized conditions. Exposure times were kept with in only
4+ 15 minutes. The films used came from two different batches
of Eastman Kodek Super Panchro Press Type B. The power to the
lamps was not regulated in any way and experience with the build=
ing power supply showe that it is quite variable. One of the
benzene vs, carbon tetrachloride runs was made with the sample
(benzene) in lower and the standard in the upper tube; in the
other three runs this was reversed. Before making the third
toluene run one of the mercury lamps burned out so this run was

made uelng only three lamps in the source unit.

In addition to these test rums another run was made using

carbon tetrachloride in both tubes to test the intensity balance
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of both beams. Another run having both tubes filled with carbon
tetrachloride was made to secure a film with sufficlently sharp
and narrow Rayleigh lines to get accurate measurements of the
line to line distances. From these distances were calculated
the constants in the Hartmann interpolation formula which was then
used to calculate the wave length of the spectral lines., The dias-

tances were measured with a General Electric Company slide rule,

Using the formula
A= Aot T5T
and the lines 4358.4 %; 4916.0 &; and 5460.7 % appearing at poirte
18.565 cm.; 21.340 cm.; and 23.260 cm. respectively, the valuss
of the constants were calculated to be:
c = 43072
M- 1682.1 8
d= 16.09% cnm.
In calculating the wave lengths of the Ramen lines d, was replaced
with d, where
dy = dg + 0y = 34.659 em.
The wave lengths calculated were then converted tc wave numbers.
Subtraction ¢f the wave number of the 4358.4 2 11ne gave the wave

number of the Reman shift.

As a final check on the ipstrument a run was made using &
sample of 50 per cent benzene in carbon tetrachloride, Again
only three lampe in the source were working so the exposure time
wag increased to compensate for the decreased intenslty as well

ag for the decrease in the number of sample molecules present.
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All films were evaluvated for line density on a General Electric

Company photometer.

The ratios of the intensltles of the chosen

lines vs, carbon tetrachloride were calculated using the carbon

tetrachloride line intensity as 1.

The resulis of these runs, the exposure times and the ar”

of the lines used are given in Table 1I.

165
465
465
465
465
165
465
465
465
465

L6s

Co1
L
I

223
225
171
206
233
202
206
216
212

156

304

Compound

Celg
CgHg
Celg
CgHg
CgH12
CeHy 2
0635033
0635033
GégscHB
GGlu

4
CeHe

CC1

Table II

Sample

AV I Ratio
998 260 1.18

998 262 1.16
998 204 1.19
998 246 1.19
809 203 .871
809 173 .856
787 184 .893
787 196 .907
787 188 .887
k65 158 1.01
465 154 .503
998 184 .601

Exposure time
in hr. & 15 min,

3
3
3
3
31/2
31/2

31/2

The sample mixture results showed it to contain 49.8 per cent

carbon tetrachloride and 50,9 per cent benzene,

culated as follows:

They were cal-
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Average CgHg = CCl) ratio = 1.18

Sample CgHg = CCly ratio = .601
cCl, - ccly ratio = 1.01
Sample (CCl, - CCl, ratio = .503
x= % CCl ¥y = % CgHg
X o =503 X = 2601
100  1.01 100  1.18
x = 49.8% ¥y = 50.9%

As can readlly be seen the calculations are very simple
and easily done. All that need be determined from the sample
spectrogram is the carbon tetrachloride -~ unknown intensity ratio.

This ratioc ls converted directly to per cent.

Conclusions:

The results sbhow that the fundamental ldea, the use of a
double beam principle to get constant intensity raties, upon
which the spectrograph is built is practicsally as well as
theoretically sound. The ratios were nearly constant for the
samples shown. This should apply to other types of samples as
well, Also the ratics should become more constant as new improve-

rents are mede in design and comstruction.

A nev instrument of any type is never perfect but has parts
which need to be perfected. Absclute perfection is a limit
which is never reached as there are always new ideas for improve-
ments. Several new ideas for improving the performance of the

spectrcmeter were formulated during the experimental runs.
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One of these 1g to increase the sample illumination intensity
by eliminating the air gap between the filter and the sample tubes,
This will eliminate two glass air interfaces and should cut down
on the amount of light wasted by reflection at the interfaces,
Thie elimination could be accomplished by placing the sample tubes
directly in the filter solution with the added advantage of
eliminating & glase cylinder, Thie method of constructien should
also supply more efficient sample cooling as pumping cold filter
gsolution around the sample tubes should be better than cireulating
rocr temperature air., An intensity increase here would aleo allow

a decrease in exposure time.

Background on the films is a very troublesome factor when
lov intensity linee are encountered. This was illustrated by the
case of n~heptane where the lines were barely visible above this
background. The line to backgzround ratic was sc low that it was
impossible to get results on the densltometer for these fllms.
Farther work should be done te find methods teo either eliminate
the background entirely or to get a line denslty evaluation system
which will differentiate between line and background intensity.
Probably a combination of these two ideas woulc be the most
practical. TUntll this is accomplished the samples that the
instrument can handle are limited to those where a high line to

background intensity is obtained.

Further lmprovements would be along lines to increase the

intensity of the Reman lines, to reduce the intensity of or
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completely eliminate the Rayleigh lines of longer wave length

than 4358, to coat the priem and lenses with magnesium fluoride,
and finally tc get an instrument which can use a photoelectric

recorder.
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APPENDIX

Calculation of dispersion and resolving power
Dispersion:

Substitution of the refractive index vs. wave length values

of:
n A
1.56779 4078
1.56468 4358
1.55668 5461

in the Hartmann formula A= 72s + nﬁ,,o geve the following
values for the constants:

C = 82.80

A= 1486 A

n,= 1.53586

Substituting these values, the refractive index of the prism
at 4358 &, and 60° for the refracting angle in
asinda € _
R = S A S Y
an angular dispersion of 3.22 x 1075 rad./R was found for the

Littrow system.

Using this value and the focal length of the parabolic mirror
as 1875 mm. (75") the linear dispersion of the instrument was cal=-
culated by

dx/dr = F d8&/dr

to be 6.05 x 1072 mm, /R or 16.5 %/mn.
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Resolvirg Power:

The theoretical resolving power (R) wae calculated by means

of (again for the Littrow system)
A = t 974

as 1406 indicating a possible separation at 4358 & of
]
d) = A/R = 3A

Actually i1t was found possible to separate lines differing by at
least 8 & at this wave length.
Reproducibility:

Table III shows the reproducibility of the wave nunber shifts

for four lines of the carbon tetrachloride spectrum, TValues are in

emL.
TABLE III
Sample Tine I Line II Iine III Line IV
1 769 465 313 213
2 773 465 318 213
3 769 459 313 208
4 769 465 318 213
5 769 465 313 213
6 769 465 313 208
7 773 465 313 213
8 769 465 313 213

9 773 465 313 213
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TABLE III (Continued)

Sample Iine I Line II Line III Line IV
10 769 465 313 208
11 769 465 313 213
Literature
values 780 459 314 217

In measuring the distances between lines on the films the

measurements agreed to 0.005 cm.

Focusing of condensing lens:

As stated in the text the condensing lens was placed in the
position indicated as the optimum. This position was gotten from
calculations based on the work of J. R. Nielson. The further
criterion should also be added that it must be of such a size and

so placed that it does not permit the slit to see the walls of the

sample tube.
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