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ABSTRACT

The modermization of a vacuum grating infrared spec-
trometer 1s described. Experiments using thls spectrometer
on li-methyl formamlde in the vapor phase are described, and
the results are Interpreted in terms of the poslition, shape,
end intensity change with temperature of the vibration bands
of this substance. It is concluded that N-methyl formamide
exists in two isomeric forme in the vapor phase. The less
abundant form is the cis isomer which lies 1.4 keal. above
the trans isoumer.

An echelle-type grating used with this spectrometer
1s shown to have an unusually wide and flat efflclency
curve. This is asoribed to & scattering phenomenon in
which both faces of a groove participate. Mathematical
analyses based on both the Kirchhoff theory and on the
Rayleigh theory are shown to predict the broad region of
high efflciency for this gratirig.

An amplifier which is intended to be used with a novel
double-beam ratio detection system 1s described.
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SECTION I
THE MODERNIZATION OF AN INFRARED SPECTROMETER

INTRODUCTION

This section of the thesis will deal with work in-
volved in modermnizing the vacuum grating spectrometer
described by Badger, Zumwalt, and Giguere in 19&8.(1)

The many novel features of this instrument make it par-
ticularly well suited to infrared spectroscopy of =a
research nature as opposed to that of a routine nature for
analytical purposes. The instrument employs a diffraction
grating as the primary dispersive element instead of the
more common prism. It has been designed for the use of a
rather large grating (200 mm. x 150 mm.) allowing one to
employ narrow slits for high resolution. It has been de-
signed as a monochromator rather than as a spectrometer or
spectrophotometer, allowing a great deal of flexibility in
its use. With suitable accessories, it can provide 2 mono-
chromatic source of radiation, measure the intensity of
each wavelength of a given source, or compare the absorption
or emission spectra of two substances. It has been de-
signed to operate in a vacuum to allow freedom from inter-
ference of absorption bands due to water and carbon dioxide

in the atmosphere.



(h]

The iunstrument has performed well in & large nunber
of studles requiring high dispersion, ‘2’ but progress in

infrared techniques(a)

has dictated that certain lmprove-
ments be made. It was deslired to make these \lfuprovezents
wnile retaluing the above mentioned advantages of high
disperslion, flexibility, and freedom from atmospheric In-
terference.

To waintain the highest posslble resolution, 1t is
necessary o use the most sensitive detector avalilable
in order that the slit width may be reduced to the minimum
consistent with a satisfactory sigmal-to-noise ratlo.(u)
In the shorter wavelength regions of the spectrum, photo-
conductors with relatively wide band-gaps such as PbS,
PbSe, or PbTe will be used.'>’ At longer wavelengths,
one can change to other photoconductors with smaller band-
gaps and operated at lower temperatures, or change to a
thermal-type detector. Of the thermal detectors, (thermo-
couple, bolometer, and Golay detector(é)) the Golay detec-
tor is the most practical at this time in an application
directed toward high resolution.

In any grating monochromator, mears must be provided
for separating the desired grating order from the other

orders which are present. It is usually possible te accom-

plish this with fllters if the orders are not too close to



each othef gnd 1f individual scans do not cover too greai
& span in wavelength. With the conventionasl echelette
crating used in the infrared, thls is the case. With the
grating described in Section III, however, a different
sltuation 1s encountered. This grating can be descrived
as one which has an effective blaze which covers nearly
the entlre range of grating angle. This means two thirgs.
first, at any grating angle several orders will be sirong,
and these may be quite close together ir wavelength--much
too close for separation by filters. Seccnd, this unique
feature of the grating gives one the capability of making
long continuous scans without changing grating orders.
Such a capabllity 1ls desirasble, for exsmple, in survey
work. In order to take advantage of this capabllity without
stopping several times during the scen to chenge fllters,
a foreprism monochromator 1z needed. This must be of suf-
ficlently high resolution to separate orders. It must also
be coupled in some way with the grating drive so that it
will be at the correct setting corresponding to the per-
Ticular wavelength and grating order at which one is
working.

In order to take advantage of the wmoderm detectors
noW avallable, ard to take advantage of the properties of

the grating, the following chenges were made in the spec-



trometer: A Golay detector was obtalned, and provision was
made for the use of other detectors when desired. 4 fore-
prism monochromator was added. An extra range was added

to allow the grating to be used at high grating angles.
Finally several minor mechanical and optical changes had

to be made in commection with these other changes. The
various portions of the spectrometer will now be dealt with

individually in wore detall.

GEATING MONOCHROMATOR OPTICS

The main dispersive element in the instrument 1s a2
Littrow-mounted diffraction grating. The colllimator 1s an
of f-axls paraboloid of 100 om. focal length, roughly 230 x
180 mm. The mounting in this instrument is somewhat unusual
in that the collimator paraboloid is cut and wounted so
that its exis passes approximetely through the center of
the lower edge of the grating. The Newtonian mirrors thus
are close to the center line of the optical system and near
the lower edge of the grating (figure 1).

In the original instrument the entrance and exlt slits
were in the same vertical plane and used the same mechanical
s1it. A single Newtonian mirror was used. Although this

arrangement had considerable optical advantage, 1t suffered
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from the drawback that provision had to be wade to prevent
overlapping of incoming and ocutgeing beams. This presented
some difficulty due to space limitations imposed by the
vacuur housing of the lnstrument, but was accomplished Ly
the use of two field lenses, one for each beam, located at
the siit and so offset in the vertical directlion that iu-
couwing and outgoling beams were separated by the prismatic
effect.

The new space problems introduced by the addition of
the foreprisc monochromator and the various detectors to
be used necessitated a more complete separation of lncoming
and outgolng beams. This was most easlly accomplished by
locating the entrance end exit slits on opposite slées of
the spectrometer.

This change 1n the entrance slit position required o
second lewlonian mirror. Space limitations precluded the
Installation of two separate Yewtonlans together with their
zssoclated adjusting wechanisms. Instead, a 902 prism was
silvered and used for the two llewtonians. It is required
that the two XNewtonian mirrors ve placed at an angle with
respect to each other of approximately $0°. The paraboloid
axls must blisect this angle. This is automatlcally fulfilled
by The use of the prism with 1ts right-angle edge ou the

axls and the plane opposite this edge perpendicular to the



axis. The prism is mounted on a table which can be tilted
and rotated for making the necessary adjustments.

ihe exit optics are sinilar to the image reducer de-
scribed by Greenlera(?) The exit slit is sbout one inch |
behind the larger wirror, rather than a2t 1ts surface as in
Greenler's system. This woves the real image formed by the
smaller mirror farther behind its surface and thus reduces
the demegnification. The optical diagram 18 shown in
figure 2.

The more usual arrangenert when using a Colay detector
would employ a toroidal mirror. This produces a rather
diffuse image, bul this could be tolerated with the Golay.
With & photoconductive detector, however, the sensitlivity
varies as 1/area, and there 15 an advantage in having the
smallest lwage of the best quallity possible. This systenm
allows oue to obtain a very high quality image with a demag-
nification of 1:£ whlle using inexpensive sphericzl uwlrrors.
Cresenler has shown that spherical aberration is eliminated
(to the third order) and that coma is insignifilcant with
this systen.

“he actual arrangewent uses a 7" mirror from an arc

motlon pilcture projector lamp for M, and an aluminized

1

ophthalmic lens for Mz. Ml is mounted on the spectrometer

carrilage and 1s adjusted laterally by repositioning the
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carriage.‘ It can be rotated about the horizontal and vert-
ical axes by adjusting screws. Mz is attached to a short
side arm welded to the casing (figure 3). This wirror con-
stitutes part of the vacuum seal. A 7 mm. hole is drilled
in the center and the potassiuxm bromide exit window cemenied
over the hole. It has been found that the slight alteration
of the focus of this mirror due to evacuating the casing is
nsignificant. The wirror mounting is provided wilth threads
which screw into a plate and provide for adjustment of the
focus. Upon reaching proper focus the threads are sealed
with Clyptal varnish. The plate fits against the end of

the side arm ard can be moved about over its 0" ring

seal to provide for adjustment in the vertical plane.

The Golay detector rests on a small bracket attached
to this side arm. Its entrance window 1s placed in contact
wlth the exit window. The position of the detector is
ad justed horizontally bty moving screws in slotted holes,
and vertically Ly a set of shims.

In passing, 1t should be noted that certain difficulties
have been noticed with this detector. There is wilde varla-
tion 1in performance between apparently satisfactory detec-
tor nheads. Also, the adjustment provided for focuslng the
£rid inside the detector upon itself depends primarily oun

lmperfections in machining for providing the necessary
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translatidn of the grid. This results in an extremely
difficult adjustment to make--one best described as hit cr
miss. The meanufacturers (Eppley Laboratories) have recently
offered a mounting of improved design which unfortunately
camnot be used with the detector heads supplied with the

old mounting.
FOEEPRISM OPTICS

The original design of the instrument provided for
the future addition of a foreprism monochromator in a
Wadsworth mounting in the sidetube containing the detector
and entrance optics. This would create the problem of
aligning two parts of the spectrometer on individual mount-
ings. With the exercise of some ingenuity it was found
possible to accommodate a foreprism monochromator with
Littrow mounting on the samre carriage as the grating mono-
chromator. 7o accomplish this in the linited space avall-
able 1t was necessary to locate the prism monochromator on
a level below the grating monochromator and to fold the
optical path at one point. The optical arrangement is

shown in figure 4. The collimator, M,, is a 40 cm. spher-

2!
ical mirror. MB is a flat plate wirror installed to fold

the optical path. The slit images are 11.5 cm. above the
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horizontal plane containing the axis of the collimated
beam. Thls 1s necessary to allow the prism monochromator
to be placed below the grating wonochromator, but has, as
a consequence, a rotation of the slit images with respect
to each other.

To study the aberrations introduced by using the colli-
mator so far off-axis, 2 preliminary model of the monochrou-
ator was made and tested. It was decided that a resclutlon
1imit 0.1 micron at 3 microns would be required to properly
isolate the grating orders. It was found that aberratlious
became serious 1f a wuch smaller resolution limit was attemp-
ted, but that for 0.1 micron, they would not be important.
MB can be replaced by a correction plate 1f 1t should ever
become necessary to lmprove the resolution. In practice,
the potassium bromide prism can resolve the yellow doublet
of the mercury spectrum at 5769-5790 g.

Space limltations caused by the large councave mirror
in the exit optics made it convenient to place the foreprism
before the grating monochromator ir the optical path. Space
limitations caused by the unarrow carriage on which it was
wished to wount the foreprism dictated that it be designed
so that 1ts resolution would add to that of the grating.
There will be occasions on which it ig desiresble to remove

the foreprier from the optical path and substitute fllters
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to increase the energy availavle. Consegquently, tre
intermedlate and exit slits of the double monochromator
were wade so that they could function as & unit with the
grating monochromator when the foreprism is not belng used.
Since only one of the two slits of a foreprism need be
precisely made when the resolutiouns add, the entrauce sllt
of the foreprism was designed to be a flxed slit. Several
slits of varlous sizes are provided mounted on plates whlclh
can be rapldly substituted.

Zhe above design considerations were made primarily
on the basis of mechanical convenlence, but they do have
an lmportant bearing on the performence of the instrument
which 1s worthwhile to point out. If the intermediate
slit were made the wide sl1it of the two foreprism slits,
the wavelength which was passed by the instrument would
depend on the coupling between the two monrnochromators as
well as on thelr exact wavelength settings. With the slits
arranged with the prilmary sllit The wide one as ls the case
with thils instruwent, no such requireuwent exists onr the
coupling between the two monochromators. This is fortunate,
sluce the wavelength cealibration can then depend only upon
the setting of the grating, and the grating mounting 1is
by far the most precise element in the system.

In general, a potassium bromide prism is used bLecause
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of its wide wavelength range which corresponds closely to
that of the echelle grating. In the event that its rela-
tively low dispersion and high scattering should become
cbjectionable at short wavelengths, prisms of sodium chlor-
ide or gless are avallable. Each prism is mounted ou its
individual table. The potassium bromide prism ioble is
adjusted for height and tilt with adjusting screws ln the
optical bench.. When these screws zre set, screws in each
of the other two prism tables are adjusted to conform tTo
the potassiuc bromide table. In thls way each table can
be Individually adjusted, wnile the more precise adjust-
rents in the optlcal bench can be left set for the potas-
sium bromide prism.

Ideally, each prism should be rotated about the
vertical axis to produce minimum deviation at the midpoint
of 1ts wavelength range. It has been found more convenient
to make this adjustment using the wmercury green line. This
can be done visually by obtserving the position of the green
line and rotating the prism until the line is at its max-
imum deflectlion. The loss of resclutlon due to this is

negligible.

MECHAKNICAL DETATLS

The grating drive incorporates a sine screw wechaulsm
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to produce a movement of the grating table proportional

to the sine of the movement of the drive shaft. This resulis
in a scale which is linear in wavelength without the use of

e canm (figure 5). The sine screw mechanism consists of 2
flat surface attached to a nut which travels on a very
precisely-made screw. The flat is orlented on the nut so
that the plane containing its surface passes through the
axis of the grating table when the nut is in the zeroc pos-
ition. This condition is necessary and sufficlent for
producing the sine function.

The mechanism worked well for an echelette grating
where the angular range 1n whilch the grating 1s used is
small, but, for the echelle-type grating to be descrived
below, a longer range 1s required. A second range slightly
overlapping the first and extending to larger grating angles
was consequently added by making the followlng changes
(figure 5)t A second flat was attached to the sine-screw
nut, facing the first, and making an angle of about 40°
Wwith 1t. The original ball follower was replaced by &
barrel-shaped roller with its axis vertical. It could be
caused to bear alternatlively on either flat. The roller
is counected to a pinion which meshes with a rack on elither
flat to insure that the roller actually rolls on the flat

and does not slide. The clearances are such that the roller
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rests on the {lat, and the rack and pinion mechanism merely
turns the roller. With some care the rack and pinion can
be engaged so that the same portion of the roller 1s used
each tTime. This arrangement has the additional advantage
that the rubblng of the ball on the flat is eliminated and
callibration should not change on account of wear at this
point.

To correspond to the angle which the two flats make
with each other it was necessary to provide for two alter-
native locations of the grating and its holder on the grat-
ing table, differing by a rotation through this same angle.
Since the grating holder 1s mounted in kinematic fashion
with three feet resting in appropriate cavities in the
face of the grating table, this was easlily accomplished by
providing the grating holder with three sdditional feet.

It was mentloned 1n the paper describing the original
instrument that 1lrregularities exist in the screw. To
investigate these a Bayleigh interferometer was set up on
the grating table as shown in figure 6. As the table ro-
tates, the path lengths through the two plates change rela-
tive to one another, causing the fringes to move across the
field of the microscope. The plates ideally should have
beveled edges so they can be placed close together at the

apex. This type of plate was not available and the rectan-
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gular plates used made it difficult to obtain conslstent
fringes. One would observe several well-defined fringes
followed by a reglon in which the fringes were elther very
poorly defined or missing altogether. This condition could
be alleviated to some extent by very careful adjustment of
the 8lits with respect to the flats. BRecause of the poor
quality of the frirges, the results obtained should be re-
garded as indlcatlons rather than preclse measurements.

It was assumed that, for small differences in table
position, the number of fringes passing the fileld of the
wicroscope was proportional to the angle of rotation of the
table. A typical set of results is shown in figure 7. The
Veeder-Root counter which glves the position of the grating
drive was observed, and the number of counts corresponding
to ten fringes passing through the fleld of the observation
microscope was recorded. This was repeated untll about two
turns of the drive screw nad been completed. The number
of counts for each observation was averaged for the full
two turms of the screw, end the deviation of each obser-
vatlon from thls average was computed. These deviatlons
are plotted as the ordinate in figure 7. The abscissa is
the rotation of the screw.

The data in figure 7 are the average of several experil-

rents made on the same portion of the screw (about two reve-
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lutions). The deviatiornec between separate experiments

dere small erougl to assure one that the errors observead
were characteristic of the screw and not due to statis-
tical fluctuatlions. The most obvlious feature in fipure 7
1s the cemplex form of the curve. It is certainly not
periodic in any irtesral number of revolutions as might be
expeclied 1f the irregulsrities were due to some defect 1iu
tre lathe on which ihe screw was cut. One can mske an
estinate of 0.06 counts for an averare error. This cerres-

~L

ponds to an error of §A/A =3 x 107" which is satisfactory

for routine reasurements. For more preclse measurements

an interferometer unight be incorporated in the grating
monochromator te produce calibration fringes on the recorder
tracing. Attempts to eliminate this error by calibration
with known spectral lines are apt to be frustrated by the
small perilod of the error in cowparison with the spacling

cf sultable calibration lines.

“he grating drive shaft passes through an "C" ring
seal An the vacuur casing to a geartex. The grating drive
voter is wounted, together with its redvction gear, on
vibrationless mounts on top of the vacuum casing, and is
conriected to the gearbox through universal Joints. At
trhe nighest drive speed, no effect is discernible in the

output of the spectrometer due to vibration from the drive



wotor. ﬁhe motor is & 3-phase synehrorous motor rurmir]
at 1£00 ror. keductior ratios of 2° are avallable where
18 1,25.00490. Using tie nighest speed, the spectrum can

ve scarned at the rate of 0.5 A4/min. 2t the lowest speed

tre drive scars ore wicrorn in & nr. 32 win.

L1 interlock systen is provided to prevent overrunulng
the wechenical limits of the grating screw. This is actlva-
ted Lty two mlcroswiiches wounted at either end of the screw.

ranual override is provided to returm the rut past the
actvuatlon polirt of the switch when reversing dlrectlon.

L nipner system is nrovided for keeplng track of the
grating nesitior on tre recorder crart. A swltch ls momen-
tarily closed or eaclh revolution of the grating drive shaflt.
i second switch is arranged to either open or close on each
fenth revelution. These two switcres are cormected in
series with a vattery aud potentlometer. When both switches
are closed the potentiometer =dds a smell negatlve signal
to the output of the detector amplifier. “hus, a series of
negative pips appecr on the recorder tracing. Deperding
on tie cornection of the second switeh, elther a plp appears
ior eaclh revolution except the tenth or for each tentn
revolutlon.

Lae redesimed slit mechanism for the intermediate arnd

exit slits 1s showr in fipgure €. “he glits are mounted on
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the ends of two bars pivoted to form a scissors mechaulso.
“he sclssors are operated by & cam actirg on followers atl
one end of the arms. ‘The developwmeut of thls cam 1s an
isosceles triarvgle whick is wrapped around the clrcunference
of a wheel and thus moves each arm equally. The individual
Jaws are attached to their supports by screws passiug through
er.larged holes to allow for adjustumernt.

The drive shafts for the slit mechenism and for the
Toreprisc Littrow mirror pass through "C" ring seals in
the vacuum casing to the gear box. The gear box contains
the mechanical and electrical comporents of the electiric
can systems which synchronize the foreprism and slit drives
with the grating drive.

in electric cam performs electrically exactly the saume
function as & mechanical cam--imparting a motlion in a slave
mechanism which is some rathewatical functioun of the nove-
ment in a mester mechanism. Mechanical caus are difflicult
and expensive to bulld and, once finished, cammot be easily
read justed. 4n electric cam can be bullt easily from stand-
ard components, and 1s easily adjusted. In additlon, tue
function gererated can convernlently be shifted or multlplied
by & constant fzclor. This can only be accomplished necharl-
cally bty complicated linkages.

A slmplified diagrax of an electric cam is shown in
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fipure $. Lhe amplifier 1s conunected so that any simal
appearing tetween the two movable contacts of the potention-
eters will be auplified aund applied to the wotor 1in proper

phose te drive the slave potentiometer to decrease the

i

sigral. <1he wotor wWill ruxn until the input to the ampli-
filer 1s below some threshold deperding on the galn of ihe
amplifier, and tren stop.

without the loading retwork ihls would operate as a2
rorzal follow-up, the slave drive reproducing the master
drive noverent. «with the loading network, however, the
voltage avove jreund on the movavle arm of the slave po-
tentiometer can te wade to closely approximate any continu-
ous monotonic function of the wovement of the arm. The
only requirement is a sufficient number of legs in the
loading netwerk. Since the amplifier and wmotor still tend
to Zeep tie voltages on the two wmovable arms equal, tThe
slave drive will move an smount which is a function of the
master drive movement. This furnctlon depends on the settlng
of the lcadlag networxz, and car e varied at will. By
placing varyling reslistarnces between a potentlometer and
cround a counstant factor can te added to the drive functlon.
By changlrng trhe total voltage across the loading network
ard slave potentlometer, a swall portion of the slave can

be wade to correspound to the euntire lergtnh of the wmaster,
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and thus the drive function can be multiplied by a constant
factoer.

The circuit dlagram for the slit cam 1s shown in
figure 10. As can be seen, the function is linear. The
absolute slit opening is controlled by the two variable
resistors in the slit potentiometer circuit. The rate of
opening 1s controlled by the switches in the master poten-
tiometer circuit. This, of course, 1s only a very rough
approximation to the required function, but has been found
adequate.

The prism cam (figure 11) has a drive function corres-
ponding to the prism dispersion. It is provided with a
six-position switch for adjusting the relative voltages on
the two potentiometers. At present, four positions are
used--three for the lower range of grating travel in first,
second, and third grating orders, and one for the high
range in first order.

The loading network consists of a series of potenti-
ometers connected to two busses by fixed resistors. The
taps of the network are taken from the variable arms of the
potentiometers. The total resistances in the slave potenti-
ometer and the loading network are chosen so that approxi-
mately 170 times as much current flows in the loading net-

work as in the potentiometer. This has the effect of making
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tie 1ndiviaual e¢ Justments of tiue loadliag netwWork wore
independent. It clso serves to protect the petentloueler
from Lighn currents.

‘he two servo sxmplifiers are practically identlical Lo
tue Drown poteutiometer recorder amplifier. A copy of tne
Zrown clrcult was npade frow staudard components with one
excepltlon. It was found that any standard irput travs-

H

former gave far Loo much pickup froow stray fields ln the
laboratory. When Trown input transformers were substituied,
the circultl worked well.

“ne irpub eircult is siichtly differernt frow the Brown
circuit. “her the car circults are operated on alterualliy
currernt there is no need for the chopper common to potenti-

creter recoriers. “hnis was omitted from the prisu amplifier

a DC volisz,e proportionel to thie total intensity falling,
on the detector. It would he convenient to subltract tiils
voltage frem a fixed voitage ond apply this aifference Ce
the sl11it servo amplifier. Ihis would :Lave the effect of
malntalring the irtensity in the system coustant. Lo pro-
vide for suci. epplications, the slit amplifier was bulll

te accotitcdate & sinehrornous chopper whern desireéd. For
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operationr on alterrating current, the chopper is removed
gnd & shorting plug which rakes the necessary circult
changes substituted 1n the socket. A second plug on which

& mounted an on-ofi ard a reversing switch can be sub-

stituted tc provide for manusl operation.

ADJITEl

|
i
2
Le®
b

XTI

OCEDURE

FAgy 4¢]

s

Ir selting up the lunstrument, the grating monochrom-
ator was alifmed first. The collimator was adjusted as
well =s possible visually about the transverse axls {the
horizontal axis perpendlcular to the long dimeunslon of the
carriage). Tlext, a plurb bob was susperded over the center
of the grating table end its icere observed in the colll-
mator. The filnal &adjustment of the collimator atout its
vertical axis was wade by causlﬁg the plumb bob and itis
irage to coincide when viewed from approximately cne meter
behind the grating table.

4 flat was then ilnstalled on the grating table and iie
table set at zero. The flat was carefully adjusted te lie
in a vertlcal plare with the ald of a spirit level. The
image of a mercury lamp was focused on the exit slit. The
collizator was then glven a final adjustwent about the trars-

verse axls to 1lllucinate the grating. It was noted at thls
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point tuat the beams golng away from ard toward the colli-
metor colnclded in the verticel direction and that the
illurinated portions of the Yewtonlan mirrors had the sane
elevation. These two observations were taken as final evi-
dence {or the correct adjustment of the collimator mirror.

“he iewiculan prisc was glven its final edjustument
about the lengitudinal axis by demandirg that the 1llumi-
nated porticn of the entrance slit correspord in a vertiical
directlon with the illuminated portion of the exit slit as
measured with a2 scale. Finally, a second lamp was focused
on the entrarnce slit, and the Yewtonian prisc was adjusted
aboult the vertical axis to nroduce a symmetrical patternm
ocn ithe collimator.

#1tn the grating wonochromater properly adjusted, th
wirrors of the foreprisnc were adjusted. FS was installed,
and tie grating exit slit i1llumirated. A card was then
used to follow tiae 1light patlh througn the wmonochromator.
~he mirrors were adjusted until a spectrum was obtalned at
trie entrance pupll of the foreprism.

“he collimator was adjusted to bring the spectruxm to
a focus at the poliut calculated for the primary slit. ¥With
thls preliminary adjustrent rade, the image of the {lat
replacing tie zgrating was cbserved visually at the entrance

pupll. The various mirrors of the foreprisz monochromator
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were adjusted until this image was not cut off by any object

in the foreprism. Finally, the first Newtonian, M,6, was

1
adjusted to place the entrance beam in a horizontal plane

and perpendicular to the carriage of the instrument. With
the instrument in the casing, the entrance slit was installed
and adjusted to conform to the spectrum.

The above adjustments must 2ll be made with the exit
optics removed in order to illuminate the exit slit. With
the entrance slit adjusted and the exit optics in place, a
beam through the foreprism can be obtained for lining up
exterior optics by removing the grating and focusing the
image of a mercury lamp on the intermediate slit with the
grating collimator. The prism Littrow mirror is then adjus-
ted to place the green line on the entrance slit.

The grating monochromator was calibrated with the wide_
range grating described below. A light from a mercury lamp
was focused on the intermediate slit and the grating scan-
ned throughout its range. The lines listed in Table 1(8)
were used for the calibration. They could be observed,
except where overlapped by other lines, in all orders of
the grating range. From the spacing of the lines on the
tracing and the grating constant, the grating angle could

be expressed as a function of grating driveshaft rotation.

The function was linear within experimental error in the
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lover range, uwul required & szall secoud order

nigher reuge.

The exterlor oplics were inteunded to e as {lexible a

W

possible To accommodate different experimental set-ups.
Lasically 1t is only necessary to illuminrnate the entrance
811t with radlation modulated zt the smplifier frequercy.

“ne two set-ups used by the author in the study of N-methyl
forrmamide are shown ir figures 12 ard 13. The {irst uses
en absorption cell cousisting of & steel tube 4" in dlaweter
end 3€" long. .~ bulkhead in oxe erd suppofts tire windows
which are aCl. A shroud extends beyond the wludows to
protect them frox drefts, tc confine the altrogen used To
flush eway atmospheric molisture and 602, and to support
the 450 oirrer. The chopper and source wWere mounted at Lle
end of a short 7/8" tube soldered in tre side of the shroud.
L plate on the opposite end supports a 40 cr. conucave uirror
and prevides & clean-out port. The entire cell, lncluding
tue shiroud, 1is heated by & resistance winding lnsulated
wlth asbestos paper. The virror end of the cell is glven
additlonal heat Ly a2 1000 ml. healtlng mantle to prevent

»

condensation on the mirror. The window portion is wound
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more closely than the main portion to prevent condensation
on the windows.

The second set-up was built when wore preclse tempera-
ture and pressure control became important. A glass tube
was used with a single potassium bromide window on the end.
ihis fitted into a steel tube wound with a resistance wire
for a furnace. An auxiliary tube heated and protected the
window, and a heat lamp heated the mirror. The mirror was
held by & brass {itting clamped to a flange on the end of
the glass tube. Contact with the glass was made by "O%
rings to allow for differences in expansion. Gases were
admitted and removed through a glass tube passing through @
seal in the end plate and through a hole in the center of
the concave mirror.

The source, chopper, and exterior part of the optlcal
path of both set-ups were enclosed by & polyethylene fllm,
the interior of which was flushed with nitrogemn. With the
steel tube, passing dry nitrogen first through the shroud
and then out through the 7/8% tube to the interior of the
polyethylene enclosure practically removed the effects of
atmospheric absorption bands. The strongest water line in
the 7 e bend gave 95% transmission as opposed to 5% with-
out flushing. Because of poorer nitrogen flow, the glass
cell did not give this performance.
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CONCLUSION

The instrument with its modifications is shown in
figures 14 and 15. It is believed that the task of bring-
ing the instrument up to date while retaining its advan-
tages of high resolution, flexibility, and freedom from

atmospheric interference has been accomplished.
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A STUDY OF H-METHYL FOBMAMIDE VAPCE IX THE INFRAEED

INTRODUCTION

Tnis section of the thesls will present a study of
N-methyl formamlde in the vapor phase. The purpose of Ul¢
study 18 to slucidate certain features in the structure and
infrared spectrun of wmolecules in the vapor phase which con-
tain the N-substituted amide group. It is important to do
. thiis for two reasons: In the first place, the identifli-
catlon and characterization of the amlde group in a welecule
by chemical means is 4ifficult. On the other hand, 1t has
been shown(g) that the infrared spectrum due toc this group
in & molecule is one of the wost stable and renroducible
in the condeused phases. In the vapor phase of the l-sub-
stituted amides, one might expect the spectrum to be quilte
different, but 1t is not clear exactly what the difference
#ill be. Thus, an uwnderstanding of the infrared spectrum
of a molecule containing the -substituted amide group in
the vapor phase is important frow an enalytical standpolint.

Cf even greater importance is the understanding of the
structure of the N-substituted amide group in terms of 1its

blological significance. A protein molecule consists of

amino acids linked together through peptide linkages. The



simplest molecules containing the peptide linkage are

the l-substituted amides. Certain features of the infra-
red spectrum have been shown to be common to the condensed
phases of the N-substituted amides, the polypeptides, and
the proteins. The presence of these features in slmple
molecules greatly facilitates the understanding of the
same features in the more couplicated molecules. For this
reason, there has been a great deal of effort devoted to
the study of the condensed phaeses of the N-substituted
amldes.(lo'IB) While the understanding of the condensed
phases may be sald to be quite far advanced, this is by
no wmeans true of the vapor phase.

It certalnly 1s not to be argued that the structure
of the N-substituted amide group in the vapor phase has &
direct biologlcal significance. One very definlte beneflt
can be expected, however, from a thorough study in the
vapor phase of a small molecule containing the group. As
will be brought out below, the basis for the present under-
standing of the structure of the amide group in the liquld
phase and in solution is not nearly as well established as
some authors seem to believe. Many of the previous experi-
ments, which were intended to establish certain features of
the structure, were based on faulty reasoning and need to

be re-examined. It is hoped that informaetion obtained frouw



45—

this study, and from other studies which it may suggest,
will facllitate thls re-examination, and thus contribute
to the understanding of blological problems which involve
the structure of the peptide linkage.

This study, then, is directed toward obtaining a
better understanding of the infrared spectrum and structure
of the N-substituted amide group in the vapor phase. This
understanding will be helpful in extending the usefulness of
Infrared techniques tc the qualitative and quantitative an-
alysls of molecules containing the amide group in the vapor
phase, and in improving ﬁhe understanding of the condensed
phases of molecules containing the peptide linkage.

The dlscussion will begin with a review of the current
understanding of the amide group, with particular emphasis
on the lN-substituted amide group, in each of the three
phases. Experiments will then be described which were
performed with the vacuum grating spectrometer described
in Seetion I. Finally, a discussion of the results of
these experiments in terms of the position, envelope, and
behavior with changes of temperature of the varlous bands
will lead to the conclusion that the N-methyl formemide

molecule exists in two isomeric forms in the vapor phase.
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THE AMIDE GEOUP

The isolated amide group is comronly represented in
elementary texts as having the structure shown in figure
16A. Ou the basis of this structure, barring steric hind-
rance, one would expect the molecule to be pyramidal aboutl
the nltrogen atom in a mamner siwiliar to ammonia. One
would expect the carbon-nitrogen distance to be approximately
1.47 R on the vasis of X-ray data frow crystals of other
compounds containing a carbon-nitrogen single bond.{lu)
The most relisble data with which to check these predlctlions
come from X-ray studies of crystalline compounds contalning
the amide group. Coreycls) reviewed this fleld in 1948.
The carbon-nitrogen distence in the amide linkage in &
crystal is found to be much closer to 1.30 £. The configur-
ation of the atoms about the nitrogen atom 1s planar, or
nearly so, rather than pyramidal. The literature which has
appeared since Corey's review does not make any essentlal
change in thils picture, although, in a study of formamlde,
Ladell and Post‘ls) found a deviation from planarity of
around ten degrees.

The above discrepancy between the predictions based
on figure 16A and the observations on crystalline couwpounds

(17)

were reconciled by Pauling with the suggestion that a
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second form of the group, shown in figure 16B, makes an
appreciable resonance contribution to the structure. A
contribution of the structure shown in figure 16B would
have the effect of making the molecule more planar about the
nitrogen atom and of shortening the carbon-nitrogen bond
distance. This contribution would alsc have the effect of
greatly hindering rotation about the carbon-nitrogen bvond.
(Figure 17). If the two groups attached to the nitrogen
atom (B in figure 17) are different, this hindered ro-
tation will result in two geometrical isomers of the
molecule being possible. In the N-substituted amldes, it
is customary to refer to the two isomers as cis and trans
according to whether the N-I and the C-0 bonds are in roughly
the same, or in opposite directions, respectively. (Figures
18 and 19). o

The X-ray data referred to above show that in the
crystalline state, molecules having the N-substifuted
amide group all exist in the trans configuration. The
molecules are linked together in long chains through hy-
drogen bonds between the carbonyl oxygen of one molecule
and the amlde hydrogen of the next.

If the structure of the linkage is understood in the
crystal, and if suitable force counstants can be obtalned,
it should be possible, in principle, to calculate the



normal wodes of the linkage. With information regarding

the dipole moment as a function of bond distance, the change
in dipole moment due to the molecular vibration in a glven
normal mode could then be calculated. This informatlon
could be correlated with infrared polarization data on actual
crystals, in order to obtain the orientation of certaln
bonds in the crystal. This would be particularly useful

in delfermining the positions of hydrogen atoms, which can-
not be located 1u the crystal with the use of X-rays. A
great deal of work has been done along these 11nes.(18—20)

Because of the lack of suitable data on which to base
the calculations outlined above, most of this work has been
done using an empirical approach. Directions of change 1in
dipole moment are mweasured experimentally for simple struc-
tures which have been determined accurately, and then an
attempt 18 made to transfer this data to other more com-
prlicated structurss.

The problem 1s complicated by the fact that the normal
modes of the peptide linkege are by no meens the simple
ones one would expect from a consideration of the positlous
of the bands in an infrared spectrum of a molecule contain-
ing the linkage. For example, there is a band near 1500 emt
which one would ordinarily assign to the carbon-nitrogen

stretch. It is observed, however, that the direction of the
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transition woment is not along the carbon-nitrogen bond,
but 1s inclined at some angle to 1t in molecules contain-
ing this linkage. In addition, if the nitrogen atom ls
deuterated, the band shifts markedly in frequenGY:(zl)
indlcating a contributlion of the hydrogen berd to the
normal mode of the band.(EZ)

Two studies have been reported which attempt a guen-
Citative discussion of the normal modes of the amide 1link-

age. A Japanese grOup(23-2“.25)

attempted to calculate
the normal modes and their frequencies by transferring
force constant data from other molecules. Some objections
can be made to this work, and these are discussed in detall
below. The best data on the normal modes seem to be those

(26) ,1th the aid of & mechanical wodel.

obtained by Eadger
The force constants of springs linking steel spheres rep-
resenting the atoms of the linkage were sltered so as to
produce a set of modes whose frequencles bore the saue
relations to each other as the frequerncles observed in the
Infrered spectra of molecules contalining the linkage.

It is hoped that this study will iwprove the under-
standing of the normal modes. With a detailed knowledge
of the normal modes and of the electronic structure of

the molecule, it should be possible to make theoretical

predictions regarding the direction of change in dipole
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moment for the varlous Infrared bvends, and thus to make
more useful the polarized infrared studies on proteins.

In the 1liguid phase, the existeace of hindered ro-
tation about the C-} bond has been established by nuclear
magnetic resonance studles. The difference 1in energy levels
between the two pcssltle spin states of a hydrogen atom in
a nagnetic field 1s of the order of radlo freguencies. If
hydrogen atous are placed in a sultable magnetic fleld, 1t
is found that energy will be absorbed at the frequency cor-
responding to the transition from one spin state to the
other. This frequency 1s accurately known for a free hydro-
gen atom, but, in general, is different in a molecule. OUne
effect which changes the frequency in a molecule 1s the
shielding by the remainder of the molecule of the fleld
seen by the proton. 7This results in a shift of the fre-
quency of resonance in a gilven fleld which is known as the
chemical shift. This shift can be shown to be proportlonal
to the applied magnetic field.(27)

Consider a dl-methyl amide. The six wmethyl hydrogens
will all show the same resonance except for the effect of
the carbonyl oxygen atom on the three which are close to
the oxygen atom. If the three hydrogen atoms are near the
oxygen atom for an appreclable periocd of time, the effect

wlll be a small splitting of the wethyl hydrogen peak. If
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there 1s rapld exchange of the hydrogens, as, for example,
due to free rotatlion about the C-Y bond, each of the slx
hydrogen atoms will see the same average field and there
will be uo splitting. Phillips(2€) ana Gutowsky end Holm(29)
have studled dl-methyl formamide and have observed the
fleld-dependent splitting. Phillips calculsted from the
wagnitude of the splitting that the exchange rate for the
two methyl groups could be no greater than 38 sec.” 1.

It has been shown(3°’31) that molecules contalning the
unsubstituted amide linkage exist in solution as dlimers.
These dimers contain eight-membered rings formed by two
hydrogen bonds rather than long chalins formwed by many hy-
drogen bonds. This does not seem to be the case with. wole-
cules containing the lN-substituted linkage. Hulsgen and

(32,33) i
have done the most significant work on this

Jalz
point. They report a study of lactams contalining varlous
numbers of atoms in the ring. A lactam 1s & molecule con=-
taining the amlde linkage in which the group attached to
the carbonyl carbon 1s also attached to the nitrogen, thus
forming a ring. If the ring 1s swall enough, the molecule
must have the cls configuration about the carbon-nitrogen
bond. In sclutlons of lactauws, these workers observed a

marked change in the behavior of dielectric constant with

dilution and a change in the infrared spectrum as the length
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of the ring reached nine atoms. These changes were iu-
terpreted as resulting from the conversion from the cis
form in the small ring compounds to the tramns form in the
large ring compounds. The reason for this conversion seems
to be the preference of the compound to exist in the trauns
form when free to do so.

A similar preference for the trans forum seems to exist
in 811 N-substituted amides in the liquid and in not-to-
dilute solution. The best evidence for this preference
1s the similarity in behavior of these compounds to the
large ring lactams observed by Huisgen and Walz. There
are many other works in the literature, of more or less
merit, whichk support this contension.

Leader and Gormley(3u) studied the dlelectric constant
of liquid amides. They found & large difference between
the dlelectric constant for molecules which they belleved
to have the cis formr and molecules which they believed to
have the trans form. The latter included the N-substituted
amides. Their work with N-methyl formamide 1s open to soue
criticlsm. They ncted that samples of thlis compound hLad
abnormally high conductivities which they attributed to the
presence of methyl ammonium formate. Using & resin colummn,
they converted the methyl smmonium formate to formic acid.

On the basgis of an observation on acetic acld in formanide
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solution, they Lelieved this would have no effect on the
dielectric censtant of the N-methyl formamide.

Mizushima and co-workers(EB) report a study of X-
methyl acetamide using several different methods. They
compared the position of the absorption in the ultraviolet
of N-methyl acetamide to the position of the siumilar absorp-
tion of acetone. Thelr argument was that, if only the
structure of figure 16A made an appreclable contribution
to the structure of the molecule, the position of the ul-
traviolet absorption due to the carbon-oxygen double bond
should coincide with a similsr sbsorption in the spectrum
of acetone. Experimental observation showed the absorption
tc be shifted toward shorter wavelengths in N-methyl acet-
amide. This would indicate that the form of the linkage
in figure 16B contributes to the structure of the wolecule,
end thus implies hindered rotation about the cerbon-nitrogen
bond in the liquid. Only in highly acidic solutlons, in
which only the presence of the form shown in figure 16C
was postulated, did the ultraviolet absorption coincilde
with that of acetone.

These workers reasured the dipole woment of li-uethyl
acetamlide and found it to coincide with the value which
they calculated for the trans form of the molecule, but

not with the value calculated for the cis form. This



-55-

portion of the work i1s highly questionable. In the first
place, the messurement of the dipole moment involves the
extrapolation of the data to infinite dilution. This ex-
trapolation is en extrewely difficult one to make because
of its nonlinearity. In the published work no comment is
made on how, or with what accuracy the extrapolation is made.
Further, 1t is stated that a2 "simple vector calculation®™ was
used to obtain the calculated values of the dipole moments.
No detalls were given of this calculation. In particular,
1t is not explained how the partlal double bond character

of the carbon-nitrogen bond is taken into consideration.

The dipole moment of such a bond 1is certainly not tabulated
in lists of bond moments(f5) which are usually used for such
calculations. Finally, it is stated that the contribution
of the solvent to the dipole moment is one Debye. o very
good reason 1s given for this estlimate, and one can only
notice that it 1s exactly one Debye which is needed to make
the value of the uncorrected dipocle woment correspond to the
observed value.

The Japanese group studied the infrared and hKaman
spectra of li-methyl acetamide. These were coumpared teo
normal coordinate calculations wade for both the cls and
trans form, and it was shown that the correspondence be-

tween observed and calculated frequencies was closer for
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the traus form than for the cis form. The normel co-ordi-
nate calculatlon was done assuming the methyl end the NH
groups to be polnt maesses. This approximation can scarcely
e justified in view of the contribution of the NE bend to
several of the‘amlde modes.

A palr of papers published later, one by Miyazawa,
Shimanouchi, and Mizushima(zu) on the trans from of N-
wethyl acetamide, and cne by Eiyazawa(zs) on the cis form,
atteupts to correct this objection to the normal co-ordi-
nate calculations. In these papers, the prbblem is treated
es a six-body problem, ounly the methyl group being treated
as a peint mass. It seems likely that even this is too
great an approximation. The question is whether the wethyl
frequencies mix with the frequencies of the remalinder of the
molecule. While one does not like to state flatly that the
stretching frequencies of the methyl group will, or will
not, wix with the frequencies of the remainder of the mole-
cule, it seems probable that the methyl deformation fre-
quencies wlll definitely mix with the skeletal modes of
the amide linkage. This fact in 1tself would open this
work to serious criticism.

The calculetions themselves could have been improved.
In constructing the potential function for the molecule,

three force constants were considered: the stretching force



constant between two atoms, the bending force constant
wnich tends to malntain the angle between two adjacent
bonds constent, end 2 repulsive force constant whlch acts
between atows at the far ends of palrs of adjacent bonds.
As 1s usual in these problems, the values for these force
constants were taken from other molecules for which ncrmal
co-ordinate calculations have been made, and which bear
some resemblance to the structure of N-methyl acetamide.
In some cases the resemblance was faint indeed. For ex-
ample, the bending and repulsive force constants for the
group C-N-C' (i.e., the angle between the bonds from the
nitrogen atom to the carbonyl and the methyl carbong) ard
for "-C~-C" are taken from the propane molecule and the
acetate lon, respectively, neither of which has a nitrogen
atom.

A normal co-ordinate calculation was first made for
di-forumylhydrazine which can be regarded as two formamide
molecules Joined together by a bond connecting the two
nitrogen atoms. This 1s a simpler problex because of the
higher symmetry of this molecule, and the results could
have been useful in choosing values of the force counstants
for the calculation of the normal modes of N-methyl acet-
amlde. To be useful, the force constents used in the calcu-

latlon for the di-formylhydrazine problem should have been
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corrected to prlng the observed and calculated values for
the normal modes of this molecule into closer agreement.
It was evidently felt that this was not necessary, for the
compent was made that the force constants were transferred
wlthout correctlons, despite the fact that some of the de-
viations vetween calculated and observed f{requencies were
nearly 100 cm. "t

The question of the structure of the di-formylhydra-
zine molecule also arises. The statement was made that
this mdlecule hag the trans structure and is planar. The
evidence for this statement cawe from X-ray data cbtalined
from crystals. The environment in the liquid phase, and
also possibly the structure, could be quite different.

It cennot be said that the structure of the N-substi-
tuted amide group in the 1liquid phase or in solutlion has
been definitely established, although in view of the work
of Hulisgen and Walz, 1t 1s highly probable that the mole-
cule exists primarily in the trans configuration. From a
conslderation of the evidence for the two resonance forums
of the molecule, it is probable that the amide group 1is
nearly planar. Nevertheless, these statements must be
regarded as only probatle.

Whlle there may be some justification for saying that

the ligquid phase and the solutions of the amides should



resemble the crystalline phase, which is falrly well char-
acterlzed, nothing at all can be said on this basis about
the structure in the vapor phase. Here the effects of inter-
molecular hydrogen bonding which are so lumportant in the
crystal and in the liquid are completely absent, and each
wolecule acts independently. A consideration of the cils
structure in figure 19 suggests that the intramolecular
hydrogen bond might stabilize this structure enough to
permit its exlstence in the vapor. Such a situation has
been observed for ortho-chloro phenol.(35'37)

The work in the literature devoted to obtalning a
better understending of the amide group in the vapor phase
is disappointing. One exception to this is the paper by

Costain and Dowling(BB)

on a microwave study of gaseous
formamide. By obtalning the rotational constents for the
molecule with ten different combinations of isotopes they
are able to determine quite accurately the internuclear
distances and bond angles. The C-N bond is found to be
somewhat shortened due to partial double bond character.
A deviation from planarity about the nitrogen atom of around
ten degrees 1s observed. It is interesting to compare these
results to those of lLadell end Post on crystalline formamlde.
In a study of the N-substituted amides in the vapor

phase, the loglcal molecule to choose is N-methyl formemide,
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because of its relatively low molecular welght end hign
vepor pressure. Nost of the studies reported iz the 1ii-
erature nave dealt wilth this molecule. Evans(39) studied
I-methyl formamide in connectlion with his graduate work at
the Unlversity of Wsles. Eubalcava, *9) in his PhD thesis
subuitted to the California Institute, reports a study of
N-pethyl formamide in the vapor phase. Some vibrational
assignwentes were glven by him. DeGraaf and Sutherland(al)

and DeGraaf(ua)

report studies in the vapor phase, but
nelther of these works is particularly useful except as a
background for wmore extensive work. Jones(uB) has made the
most serlous attempt to reach an understanding of the struc-
ture in the vapor. This work will be discussed at greater
length below, but here it may be sald that he erroneously
assigned the cis structure to the molecule largely oun the
vasis of a faulty interpretation of the eunvelopes of varl-
ous bands.

The structure of the N-substituted amides is best
understood in the case of molecules in crysfalline form
for which X-ray data exists. A number of papers have been
published supporting the trens planar structure in the llg-
uld and in solutlon. With the important exception of the
two papers by Hulsgen and Walz, none of these can be sald

to establish & structure for the group. In the vapor phase,



the work by Costaln and Dowling is important in outlining
the problem for the -substituted emides, but cammotl an-
swer the questicn of the structure of the M-substltuted
group directly.

In view of this situation, 1t wes thought that a

-

- study of an N-substituted amide in the vapor phase might
be a useful first study for the spectrometer described in
Sectior I. An important resson for the cholce of thls 1ln-
strurent lies in Jones' work. FHe basedé his hypothesis of
tre cls structure on a study of the ernvelopes of those
bends in which he weas able to distinguish 7, G, and R
brancres with his prisw Instrument. With the grating
spectrometer, the band envelopes could be studled with
nigher resclutilon, thus increasing the chances of resolv-
ing their structure. In addition, those bends lying 1lu
reglions of atmospheric interference could slsco be studled
with greater facllity. M-methyl formamide was selected
for this study because cof its relatively high vapor pres-
sure for an amlde, and its low molecular weight whlch in-
creases the llkellliood that the structure of the varlous

bards could Lte resolved.
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Eastran U-zethyl formamide was used as obtalred. The
only evidence of impurities was the appearance of extra
water absorption upon allowing the vapor tc stand for more
than one hour at temperatures above 100° C. Presumably
thils was accoupenied by other decowposition products, but
these were not frund.

The two absorption cells used sre described in Section
I. Thermococuples were embtedded in the windings of each
abtsorption cell to measure the temperature of the gas on
the inside. In several of the runs with the steel absorp-
tion cell, the pressure in equilibrium at a glven teuwper-
ature was determined as follows: The rate of flow of alr
into the systeuw through & small leak ir the packing of valve
D (refer to figure 20) could be balanced against the rate
of removal of alir from the system by the vacuum pump. Ihis
allowed one to maintain the manometer at any desired pres-
gsure. ‘The cell was completely evacuated, the liquid intro-
duced, and the pressure allowed to come to eguilibriuxw with
valve A closed. The leak was a2djusted to maintain the ma-
nometer at the approximate pressure of the vapor inside the
cell, and valve A was opened momentarily. The procedure

was repeated, and the pressure on the ocutside of the cell
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was adjusted with valve E untll no change was observed on
the manometer upon opening valve A. The final mancmeter
reading was taken as the vepor pressure at the given tem-
perature. It is estimated that the pressures are accurale
to within 5 mm. of wmercury at teuperatures below 50° c.

The data obtained 1n this way were used along with
the one datum of D'Alelio and Eeid(u“) to comstruct a Cox
chart(45) from which the pressures at other temperatures
could be read. The Cox chart is shown in figure 21.

3lnce the autcmatic prism and slit drives on the
grating spectrometer had not been installed at the time
this work was done, it was inconvenient to make long survey
scans on the grating instrument. The glass cell was used
on the Beckman IR7 spectrometer to make a rapid survey of
the spectrux to assure that there were nc bands present
which had not previously been reported. The optlcal sysfem
used 1s shown in flgure 22. Due to maladjustments in the
optics, extra reflections, and scattering frow the cell
window, the energy in the semple beam was less than 10%
of that in the reference beam. Accordingly, a screen with
transmission of 107 was placed in the reference beam. With
this screen, the energy in the two beams with the cell emnpty
could be balanced, and the scale caused to read directly in

absorption or transmission. This was, however, done at the
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expense of Introducing a great deal of noise. A 30 secon
time constant was used and the spectrum wes run at the low-
est possible speed.

ihe difference in path length through the atmosphere
resulted in the superposition of the carbon dioxide and
water spectra on the N-methyl formamide spectrum. Thls,
of course, could have beern avoided by using an ldentical
cell in the reference beam. It was not felt, however, that
the added trouble was Justified for obtalning & survey spec-
trum. 7The desired result was obtained with thils arrangement,
narely, that there were no unreported bands in the speciuen
of N-methyl formesmide being used.

The work on the grating spectroneter was done with
the two absorption cells described in Section I. In a
typical run, the foreprism was set at approximately the
center of the desired region of the spectrum, and the grating
wag adjusted to the grating engle calculated from the re-
rorted position of the band to be studled. The prism was
scanned across the region of the bend to assure that over-
lapplng grating orders were not present, Finally the prisum
was adjusted to glve maximum intensity. The slit was ad-
Justed te glve the desired resolutlon, and the gain and
time constent on the CGolay aumwplifiler were adjusted te give

the desired gain and signal-to-nolse ratio.



“he polyethylene envelope was thoroughly flushed with
dry teunk nitrogen and a swall stream set to glve a positlve
pressure within the envelope. The cell was evacuated and
the background measured by scamning the grating across the
region of the band with the prism fixed.

Avout 2 ml. of liquid N-wethyl formamlde were then
added to the cell and flushed inside with a small amount of
altrogen. The cell was slowly heated and spectra run con-
tinuously. Usually ebout tern spectra were run as the cell
heated from 25° to 150° C. The temperature reported for
each spectrum was that observed upon passing the center of
the bend.

Upon reaching 150° €, if e temperature effect was to
be studied, the grating was set on the middle of the band.
The gas was pumped from the cell until the absorption had
fallen slightly below the level recorded earllier for the
lower of the two temperatures at which it was desired to
study the vand. The cell was allowed to come to equilibrium,
and the procedure was repeated. Due to the excess liquid
usually present at the teginning, this procedure had to be
repeated at least three times to assure that finally only
vapor was present. When the intensity had remained constant
for at least 30 winutes, the high temperature scan was run

three times, and the cell was allowed to cool down to the



selected lower temperature. The spectrumr &t this tewpera-
ture was run three times, and the cell was pumped out and
flushed thoroughly with nitrogen. Finally, the background
spectrun was repeated.

In & successful run, the two backgrounds agreed to
Wwithin 3%. In a1l bub four bands, which are discussed
below, the scan at high and low Temperature agreed to
within 3%7.

In a few instances, 1t was desired to scan & longer
region then the pass-bvand of the foreprism would allow. Iu
tiiese cases, & program of prism settings was determined which
allowed the foreprist to be malntained in synchronizetlon
with the grating. The program was followed by making the
adjustments wanually during each scan. Care was taken to
insure that the spacing between individual adjlustoents
was such that the effect of each adjustment was not notice-
abtle on the recorder tracing.

Of the two cells, the steel one was bullt and used
first. It proved tc be more convenlent in reglons of atmos-
pheric avsorption due to the shroud around the exterlor
optical path. This made flushing with dry uitrogen much
wore efflcient. It soon became evident, however, that it
would not be convenlent to do temperature effect studies

in thils cell because of lte large thermal mass ard several



small leaks. The glass cell was desimed and bullt To
overcome these difficulties, but it proved difficult ©o
flush the exterlor completely with nitrogen 1 order to
renove atuosplieric molsture.

2ecause of the error-curve shape of the foreprisc
pass=-Land endé occasional Wood anocslies, the background
of ten made 1t difficult to determine the shape of weak
bands. With each baund, the background and spectrum were
plotted polnt-bye-point on semi-logarithmic paper. The
dlstance between the two curves was taken off by dividers
and plotted at closely-spaced wavelength intervels. This
results in a plot of logarithmic absorption rather than
percent transmission. In some of the spectra this absorp-
tion plot was used, and in sore, whern the shape was espe-
cially clear, a tracing of the recorder chart itself was

usead .

EESULTS AND DISCUSSIOX

i. Observed Spectra

he observed spectra are presented in figure 23, The
experimental conditions for each are summarized in Table II.
Table III presents the 17 bands observed iu this study to-

gether with the assignwents given by Rubalcava, Jones, and
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NOTES FOR TABIE II
B.L. 18 Eausch and Lomb echelle grating; J.H. 18
7500 lines/mm. echelette ruled on the Jolmns Hopkins
engine.
These bands are traced directly from recorder charts.
All others are taken from logarithmic plots described
in the text.
These spectra were run with manuslly adjusted prism.

These gas samples were mot in equilibrium with liquid.

Teuperature effects were studied.
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NOTES FCR TABLE IIIX

A, By, and C refer to three, two, or one branches,

respectively.

See figures 24 and 25 for meaning of atomic symbols.

Not observed.

Predominantly C character, but shows some structure.
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this study. In general, the assignments of this study

agree with those of Jones. A number of previously unresolved
bands can be seen from this study to have the PQR structure
wlth approximately the 20 cm.”1 p-R spacing found by Jecnes

in the bands at 1201 and S46 cm. *

These include 3491,
2845, 2748, 1704, 1490, 1294 and 746 om.”l The observa-
tion of & Q brench in the 129% cm.”! band supports the
assignment by Jones of this band to the waggling mode of
CHB' At the same time, the lack of such a structure in
the bend at 1411 cm.”1 makes 1t difficult to asgign this
band to the symretrical methyl deformation as Jones did.
A much better assignment, because of the similarity of its
shape to that of the asymmetrical methyl stretch at 2945
cm.7l is to the asymmetrical methyl deformation. Such &
frequency is not unreasonable in view of the work by
Deschamps, Forel, Fuson, and Joslen.(ué’u?)

Three bands were ocbserved in this study whlch heve
not been previously reported in the literature. These
are at 2420, 2125, and 746 om.”! The first two have also
4€) e 746 cm.=1 vena

1s discussed below. The 2420 and 2125 cm. + bends are

recently been observed by Jones.

likely the first overtones of 1215 and 1059 cm.'l
The presence of the band at 1490 cm.~! (amide IIa)
is worthy of coument. Badger,(23) in his study of the
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nermal modes of the amide group done with the aid of the
mechanical wmodel, found the nature of this vibration in
the cis form of the linkage to be such that 1t would
probably be of very low intensity in the infrared spec-
trum. Thls was because of the cancellation of opposing
dipole mwoment changes. Hulsgen, Erede, Walz, and Glogger(jo)
in their study of large ring lactams found this band mis-
sing in the spectra of smaller ring molecules to which they
assign the cis form, but present in the larger ring mole-
cules which they believed to have the trams form. In the
molecule with a unine-membered ring, they found evidence of
both forms. In the spectrum of this moleople. the amide
ITa band showed an intensity change corresponding to the
change in relative concentration of the two types. It is
belleved that this band would be wissing in the N-methyl

formamide spectrum if it were of the cis form.
2. Tand Envelopes

4 couplete determination of the structure of lL-methyl
formamide is not practical from an analysis of the rota-
ticnal spectrum in the rotation-vibration bands. It would
not be possible to resolve the rctational spectrum in the

infrared because of the high molecular weight znd the con-
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sequently large values of the moments of inertia. Even 1if
the rotatlonal spectrum could be resolved, end the rotational
constents obtained, several different combinations of 1so-
topic substitutions would have to be studled to obtain the
complete structure. In their study of formamide, Costaln
and Dowling studled ten different specles. Several more
would be required in the case of N-methyl formamide. Be-
cause of this, one must consider, instead of the rotatiomal
gpectrum, the gross envelopes of the bands to obtain siuilar
information. The information obtained from such a consld-
eration, of course, will amount to much less than a com-
plete structure determination.

From previous discussion of the amide group, it 1s
probably correct to say the structure of the N-methyl
formamide molecule in the vapor phase is nearly planar
and is composed of the two resonance forms shown in fig-
ures 16A and 16B. On this basis, it is possitle to make
some new proposals regarding the structure of the mole-
cule based oun the envelopes of the various bands.

As pointed out in more detall below, the shape of the
envelop of a vibration band depends on the moments of iner-
tia of thé molecule. The approach here is to calculate the
woments of inertia of each form of the N-methyl formamide

molecule from the best available inforuation on bemd lengths
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and bond engles. These moments of inertia will then be
used to obtain the predicted band envelopes for each form
of the molecule. These band envelopes will then be com-
pared to observed envelopes.

Two significant differences can be expected between
the band envelopes of the two forms of the wmolecule. In
the first place, the trans form of the molecule is signifi-
cantly different from a symmetrical rotator, while the cils
form 1s nearly symmetrical, and could be expected to glve
rise to bands not greatly different from those of a sym-
metrical rotator. In the second plece, while none of the
bands on elther model are pure A or B type there are some
significant differences to be expected in the relative cou-
trivution of A and E character for some of the corresponding
normal modes in the two forms of the molecule. For example,
the -H and C-H' stretches in the cis form should probably
glve changes in dipole moment more nearly parallel to the
intermedliate axlis than in the trans form, and thus give
rise to a band more nearly pure B type.

The molecular parameters used in the calculation of
thne woments of inertia for the two forms were based on
those found by Costailn and Dowling for formamide. The
results of this calculation, together with the atomic co-

ordinates used for each molecule, are shown in figures



24 end 25 for the trans and cis form respectively.

Two approaches will be used in obtalrning the predlcted
envelopes of the bands. First, actual wolecules can be
found whose moments of inertia have nearly the sesme ratlos
as those of the two forms of N-methyl formamide. 3ince the
shape of the band envelope depends only on the ratic of the
moments of inertia, and not on the absolute woments of in-
ertia, the vends of a model molecule can be compared with
the observed bends of N-methyl formamide. It 1s necessary
te make & change in the frequency scale of the band to cor-
rect for the difference between absolute moments of inertla.
The molecules selected for comparison in this study are
shown in Table IV.

Table IV glves the Radger-Zumwalt asymmetry parameters
for each molecule.'*?) These ere defined in Appendix I, but
here it may be said that they are a measure of the relatlive
esymmetry of & meclecule. Band shapes will be similar in
molecules with similer Badger-Zumwalt parameters. Table IV
glves the observed spacing btetween the P and E branches for
each molecule topether with the spacing corrected for the
change in frequency scazle for ll-methyl formamide. This
spacing 1s a useful quantitative expression for the shape
of & band. The observed spacing and the spacing calculated

by the Badger-Zuuwalt method described below are 2lso glven
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for voth forms of I-rethyl formamide.

“he second approach to obteining the predicted band
envelopes 1s to calculate thnew from the moments of inertila.
Band envelopes for symmetrical rotators were {irst calcu-
lated as functions of the moments of inertia by Gerhard and
' nnison.(50) The expresslon for the intenslity of a rota-

tlonal line 1in a vibration band(51) is given by

(1)

7 ZZLIA\[}J%?‘E_Q/K”TJ
Here 1L is the oscilllator strength of the vibrational transi-
tion, A 1s = factor involving the wmatrix elements for the
particular rotational transition being considered, and the
factor in brackets gives the number of molecules in the ro-
tational state from which the transition is belng made. This
is the product of i, the total number of molecules present;
r, the rotational partition function; g, the degeneracy; aund
the factor gt t where € 1s the energy of the original |
rotational level.

If, as 1s the case here, comperisons are to be made
between identical bands in two structures, 1L, N, and r may
be neglected since they only contribute to a change 1ln
scale. The energy € of the initial rotational level for

a symmetrical rotaztor can be written
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where
_ A
T 8 kT8

and - A 7L /
/9"8W7‘KET'(;4 -7
L and B are the unigque and equal momwents of inertla, respec-
tively. The value of & 1n this study is equal to g/ in
the paper by Gerhard and Demmison. It is convenlent To com-
bine the expressions for A and g into one expression A'.
Values for A' are given in the paper by Cerhard and Dennison
for the symmetrical rotator, and Appendix I for the unsym-
metrical case.

When substltutilons are made for A' eand € , equation
1 becoumes a function of the quantur numbers J and K. In
general, for a given value of the wavelength, there will
be several combinations of J and K. In principle, one
would sum equation 1 over all values of J and K which cou-
tribute to the intensity of the bvand at a given waveleugtih
and divide by the spacing between rotation lines at the
civen wavelength to get the average absorption coefficient
in the glven spectral region. When this 1s done over the

entire band, the result is the envelope of the absorption



coefficlent for the band. For heavy wolecules and not-
too-low temperatures, it is Justified, and also much easler,
to make approximations which become valid when J and X are
much larger than one. The expression for the total inten-
sity at a particular wavelength is also simplifled Ly the
approxication thaet the appropriate sums can be replaced by
integrals. The resulting expressions for the absorptlon
coefficlent envelopes of the parallel and perpendicular
bands of a2 symmetric rotator are given by Gerhard and Den-
nison. It should be noted that the effects of Coriolis in-
teractions in the perpendicular degenerate vibrations were
ignored in thelr paper. Consequently, the results for the
perpendlculer band aepply only to an accidentally syuwmetrical
rotator which does not have degenerate vibrations.

An approach similar to this was used by Eiohardson(él)
in the snalysis of Raman data. Here the problem 1s the
same except for the values of A which are different for
the Raman case. ERlchardson did an exact calculation on 2
digltel computer. The results were helpful in the assign-
ment of indlividual Ramen lines to thelr correct transitlons.
They were also useful in the refinement of the wmolecular
parameters. In using the exact summations instead of the
approximate 1ntegrals of Gerhard and Demnison, Rlchardson
introduced the problem of determining the exact point at
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which to break off the summations. DIroderson has pube-
l1ished lmproved criteria for the discontinuance of these
sunmations. Boyd and Edwards‘éB) have also reported a com-
puter program designed to solve the problem of the envelopes
of the bands of a symmetrical rotatoer.

“he extenslion of the wethod of Gerhard and Dennison
to unsymmetrical rotators was wade by Sedger and Zumwalt(kgj
with the introduction of certain epproximatiocns regarding
the energy le ks and transition probabilities. For any
ungymnetrical wolecule, the energy levels corresponding to
a glven J were divided Into two reglons. The energy levels
end transition probabilitles for the higher energy levels
are adequately represented by one symmetrical rotator approxl
mation. In a fairly small intermediate trensitlon reglon,
both approximations faill badly, but this was 1gnored in the
sadger-Jumwalt theory. An abrupt discontinuity bvetween the
tWwo reglons above mentlioned was assumed. 7The cases actually
caelculated by Cadger and Zumwalt appear to be in reasonablet
agreement with observation, but are for very uusyzmetrical
rotators and cannot be directly compared with N-methyl
forwaumide, nelther form of which 1s highly unsymmetrical.

The epproximate expressions for the energy levels re-

ferred to above were obtalined from an approxlmate solutlon

of the secular determinant of Wang.(éa) If ay, by, and ¢ are



the reclprocals of the three mouwents of inertls A, Z, and
Cy respectively, where A< RZ£ ¢ then the upper energy levels
cen be regarded as corresponding to a symmetricel rotator
whose two like reciprocal morments of inertia are equal to
the mean of b and c, and the lower levels to a symmetrical
rotator whose two like reciprocal woments of inertla are
equal to the uween of 8 and b. The final expressions for
the energy levels are identical to the corresponding oues
for a symwetrical rotator except for correction factors

* which multiply &~ and @ . The approximate expressious
for the factors A are taken directly from the expresslous
for the eppropriate symmetrical rotator.

“hese approximations sre convenient for making calcu-
lations in that the resulting expressions for the eunergy
levels and the factors A' involve J and X in exactly the
sane manner as the same expressions for the symmetrilcal
rotator. Thus, 1t 1is possible to substitute directly 1in
the formulae of Gerhard and Demnnlson once the correctlon
factors for the energy levels are obtained. The calculatlions
themselves are summarized in Appendix I. The results are
presented in figure 26.

The values of the asymmetry paraneters S and o for
the two forms of N-methyl formaxzide are too far removed

from any consldered by Badger and Zumwalt to allow sny very
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significant comwparison. One can only note such things as
the decreasing importance of the A J=0 branch of the A
bends in thelr peper as S decreases and A increases. The
bagluning of the appearance of intenslty in the center of
the B type band and in the A J=0 branch of the C band is
noticed in their figure 5. These features docinate the
snhape iun the present calculation.

In comparing these calculations with the models of
. actual meolecules mentioned above, one sees that, whlle the
£ and C type bands agree with observation falrly satisfsac-
torily, the spacing between the two maxima in the B band is
consliderably greater as calculated than as observed.

The only sign of a B type band in the observed spectra
of N-methyl formamide is the two shoulders on the side of
the i-H stretch at 34%1 cm.~! The speecing of these shoul-
ders agrees nicely with the two model molecules for the
cis form. The agreement with calculation is poor. Xo
explanation 1s offered for thils fect. It is only noted
that the molecules under consideration here are much more
symnmetrlical than any consldered thus far by the Badger-
Zumwalt method.

In his paper proposing the cis structure for the vapor
phase of N-methyl formemlde, Jones used the approach out-

lined above. Fe calculated the moments of inertia, cbtalined



the band contours, and finally compared these to the experi-
mentally observed envelopes. Unfortunately, several errors
were made 1ln the procedure. In the first place, the calcu-
lations for the moments of inertia were made assuming point
wasses for the -H, C-H, and CH3 groups. This made the cis
form of the molecule seem wmuch more symmetrical than it
actually is. It was felt that, since it was nearly a sym-
wetrical rotator, 1t would be a Jjustifiable approximation
to use the method of Gerhard and Dennison for calculating
the envelopes of the bvands of the cis form. It is not
stated how thre envelopes of the trans form were obtalined.
One ilmagines that it was by sowe sort of an extrapolation
from the data of Dadger and Zumwalt. Both the calculations
made here and the observatlons made on model molecules show
that the work was inadequate and gave erronecus results.

The first thing one notices about the bend envelopes
cbtained in this study, either from model molecules or
from the calculations, is the difficulty of making a de-
clislon between the two ferms of the molecule on the basis
of band envelopes alone. The differences between the two
sets of bands are much too small to permit a definite de-~
clsion betweern the two forms to be wede on this basls alone.
It 1s necessary to consider s8ll1 the avallzble data, and

choose the form of the molecule which corresponds most



closely to the entire vody of informatlioun.

Cne more comment about the envelopes of the cls bands
needs to bLe made. Although the approximations wade here
predict a smooth shape for the E band, the low moments of
inertia allow one to predict that the envelope will show
some structure. 1 the basis of the calculated moments of
inertia, ore would predict that sub-bands spaced about
2.95 cw. "t apart should appear. The failure to notice any
suck structure in any observed band is evidence that the
cls form does not predominate. On the basis of this fact,
es well as the observation of the amide ITa band and the
comrents made below regarding the ¥-H stretch, it is con-
cluded that the trans form of the molecule predominates in

the vapor.
3. Tlanarity of the Molecule

In view of the work by Costain and Dowling, it was
cne of the eslms of this study to investigate carefully the
evidence for or asgainst the planarity of the molecule about
the nitrogen atom. The best evidence would seem to come
frow the H-H out-of-plane bending vibration. On the basls
of deuterstion data, this vibration is attributed ¥} to
& band at 714 cm.”! in the liquid. With the absence of the



effects of hydrogen bonding one might expect it to be shlf-
ted to lower frequencies provided there are no significant
structural changes in the vapor. It seems probable that 1t
18 the btand observed at around 500 cm.~! in the vapor as
proposed by Jones, but 1t would be interesting to nave
deuteration data on the vapor to confirm this.

Suppose that the wmolecule 1s nonplanar ebout the nitro-
gen atom, and that this 1s due to a smwall potential barrier
in the center of the N-H out-of-plane vibration. Thls was
the conclusion reached by Costain end Dowling for formamide.
The effect of the potential barrier would be to lncrease
the energy of the even-numbered vibrational states, while
leaving the odd-numbered states relatively constant. The
effect would be largest on the lower states, and would soon
dlisappear as higher states are reached. The effect of thils
shift of energy levels on the vibration frequencles would bLe
to shift the fundamental (0-1) to longer wavelengths and to
shift the first "hot vand" (1->2) to shorter wavelengthls.
“he hot band would then be found in the region studied here,
wWhlle the fundemental would be found at longer wavelengths.
Eecauge of the low energy of the first exclted level, it
would have an abnormally high population, and this would
contribute to an abrormally high inteusity for the hot band.
Thus, it 1s quite possible that the band at 500 cm.” 1 (or
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another band nearby) is not a fundamental, but a hot band.
If thils were the case, 1t would be evidence for the non-
planarity of the molecule.

If the 500 cm.”! band were a hot bend, it would be
expected to show an increase in intensity with increasing
temperature. This would reflect the increasing population
of the first excited state. A careful investigation of a
possible temperature effect in this band was made, but none
could be found within experimental error. Experimental
error is estimated at around 5% of the total intensity.

The reason for this large experimental error lies in the
fact that this band had to be scarmed by manually adjusting
the prism at intervals throughout the scan. To allow for
the possibility of an error in indentification of the N-H

out-of -plane vibration, the bends at 750 and 746 cm. "1

were
also investigated at different temperatures. Temperature
effects were observed in each of these bands, but were of
the wrong sign to account for a hot band. The explanation
for this 1s given below.

The 500 cm.'1

band 1s very broad and diffuse. It
stretches from 420 to 640 cm. ! with an 111-defined cen-
ter at 533 cm.”! Some of the structure in the point-by-
point plot in figure 23 is undoubtedly due to the rotational

spectrur of water. The water lines 1in this region are shown



in the plot. 63) Jones ascrives the broadness of this bend
to the hindered rotation abtout the C-N bond. This seeums
unreasonable in view of the high potentlal barrier expected
for thls rotation of the basis of the resonance structure

for the molecule.
4., The Cis Isomer

From the standpoint of new information which this
study is able to contribute, the most interesting band in
the spectrum is the band centered at 3481 om.”! This can
only be assigned to the N-H stretch mode. Three peaks and
two shoulders can be observed in this band. All but the
single most-long-wavelength shoulder have been observed by
Jones since his paper wes published.(ue) In two spectres
run on the same specimen of vapor at two different tempera-
tures, the three peaks remained the same intensity, whlle
the two shoulders increased in intensity with temperature.
The three peaks are at the proper wavelength intervals to
correspond to the P, 4, and R branches of an A band of elither
molecule. It 1s true that the intensity distribution be-
tween the three peaks is unusual, but this could easily be
explained by a hot band superimposed on the peak at 3481 cm.-1

If the two forms of the molecule are in equilibrium,
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cne expects the trens band to lie slightly to the short-
wavelength side of the cis band. The reascn for thls con-
cerns the intra-molecular hydroger bonding which the mole-
cule can be expected to undergo in the cis form. (See fig-
ure 1%.) This has the effect of weakening the N-H bond and
shifting this band to a 8lightly longer wavelength than the
corresponding trans band in the vapor. The N-E stretch
band should be much more nearly a pure B type band than the
trans. This explalins the absence of a Q branch if the two
shoulders are assligned to the cls form of the molecule.

In a similar experiment the band at 790 cm.”1 showed
a decrease in intensity with increasing tewperature. This
could be explained as due to the conversion of some of the
trans form to ols with increasing tewperature, the corres-
ponding band for the cls form being eilther far removed from
this one, or too weak for observation. On the basis of this
assumptlon, a simple calculation using the Boltzmann expres-
sion glves an energy difference for the two forms of 1.4 keal.
per mole and en equilibrium mixture at 300° K of 10% cis and
90% trans.

One other band showed a similar temperature effect.
Thnis was observed at 746 em.”! No band has been reported

(&40)

in this location by other workers. ERubalcava showed

a tracing of the vapor spectrum in this reglon which shows
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a small shoulder or the NaCl absorption as 1t beglns to
obecure the spectrum here. Jones(u3) reports a weak band
at 715 cm.”! which wes not observed in this study. Oune 1s
tenpted to assume that these are the same bands. Joues
assigned the band to the second overtone of the CO out-of-
plene bend, which seems & reasonable assipgunment. The PGR
structure of the band argues for its assignment to either
an in-plane vibration or an even-rumbered overtone of an
out-of-plane vibration. The most convenient choice 1s the
overtone due to CC.

The 790 cm.'l

band shows the Caussian error curve shape
expected for a C band, and can only be assigned to the CH out-
of -plane bend. It shifts very little on deuteration in the
1iquid where it ic observed at 778 s T (&1) Such behavior
is expected for the CH out-of-plane bend, and this seems &
reasonable assignwent. It is difficult, then, tc understand
what becomes of the corresponding band in the cls form of
the molecule. There seeums no very good reason why 1t should
not be quite close, and may indeed overlap the trans band.
The above 1s the evidence for the coexlstance of the
two forms of the molecule. If it is assumed that only the
N-H stretch band of the cis form of the wolecule 1s 1lnteuse
enough for observation under the conditions of this study,

a consistent case can be made for the coexistance of a secoud
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specles with an energy level 1.4 kecal. above the more
abundant specles. From the appearance and behavior wltih
temperature of the band at 3481 cml'l, it can be concluded
that the more abundant species is trauns.

It 1s interesting to consider some observations of
RBussell and Thompaon(éé) in this commection. They report
seelng a splitting of the N-H stretch band in dilute CCl,
solutions of a considerable number of N-substituted amides.
In the case of N-methyl formamide, the malin peak was at
3466 cn.”! and a much weaker subsidiary one at 3429 cm, L
Such 2 subsidiary Y-H is common in peptide and amide spectra
and a unique interpretation is 4difficult. In thls case,
Bussell and Thoupson attribute the satellite band to a cls
amide molecule, though they attempted no observatlions on
temperature effects and offer no reelly convincing proof.
Thelr interpretation, however, receives support from the
present study.

Taking into consideration an expected shift to shorter
wavelengths on vaporization, the frequency shift observed Ly
Bussell and Thoumpson is not in unreasonable agreement with
the present observation. In particular, the shift of the
bend assligned to cis is less than that of trans, as expected
on the basis of the hydrogen bonding considerations given
above. It may be mentioned that Miyazawa(;ﬁ)made a calcu-
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lation using Jones' (incorrect) moments of inertis and the
relative abundance given by BRussell and Thompson. He ar-
rived at a value for the energy difference of 1.6 kcal./mole

and a relative abundance of 0.14 at 200o s

5. The CH Stretch Eegion

The higher resolutlon available in this study makes
possible a better understanding of the bands in the CH stretch
reglon. Three bands are observed in this region. The first

1

is the C type band at 2945 cm. = This 1is due to the asym-

metrical stretch of the methyl hydrogens. Forel et al.(ué’u7)
reported a study of the methyl vibrations ir & large number
of molecules. In each molecule the short wavelength band
is due to the asymmetrical stretch. When the molecule has
lower syometry than CBv' this is split into two bands by
the 1ifting cof the degeneracy by the lower symmetry of the
rest of the molecule. The splitting in an N-substituted
amide might be expected to be of the same magnitude as that
in a methyl ester, which was found to be around 30 om.”!

The out-of-plane component is always the higher f{requency
component and has the greater intensity. 1In the present
case it seems likely that the band at 2945 cz.” ! 1s the out-

of -plane asymmetrical methyl stretch vibration and that there
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is an unobserved band near 2915 cm.”! due to the in-plane
component of the asymmetrical stretch.

The bend at 2845 cm.”! is reasonably essigned to the
CH' stretch due to the hydrogen attached to the carbonyl
carbon. It shows the expected PGR structure for an in-
plane vibration of predominantly A charscter. It is quite
near the corresponding band (2880 em.~1) in formamide.(uo)

The band at 2748 cm.”! presents & problem. Jones'
assignment to the symmetrical methyl stretch seems unrea-
sonable on account of the low frequency, particularly in
view of the work by Forel et al. At the same tlme the as-
signment by Rubalcava to the combination tone of 1508 +
1270 om. "} cammet be correct in view of deuteration data
in the liquid. This band shows little shift upon deu-
teration, while the 1508 om.”! bana shifts from 1543 to

1 (41)

1436 cm.” ~ upon deuteration. Overtones of wethyl

(L46,47) but

deformations have been observed in this regilon
there is no positive evidence for such an asslgnment. A
study of N-methyl formamide with a deuterated methyl group

would be very interesting in this counnection.



CONCLUSIONS

A study of lN-methyl formamide in the vapor phase has
been made. High resolution was used, and the band envel-
opes examined in detall. The assertion of Jones that the
cis form 1s required to account for the observed envelopes
has been shown to be fallacious, both by a calculation of
the band envelopes and by comparison with spectra of known
molecules. Indeed, it 1s concluded that for nearly planar
molecules which do not deviate greatly from symmetrical
rotators, it is not easy to estimate the degree of asym-
metry from the band envelopes alone.

While these observations cannot provide conclusive
proof that the predouminant form of N-methyl formamide 1s
the trans form in the vapor phase, they are consistent
with this conclusion and would be difficult to account for
in toto in terms of the cis form. Evideuce for the trans
form consists of (1) the presence of the amide IIa band,
(2) the absence of strong bands of predominantly B type,
(3) the fallure to resolve rotational structure in any of
the bands, and (4) the behavior with temperature of the XNE
stretch reglon.

OCbservations of the effect of temperature on the bands

in the NH stretch region indicate the exlstence of two 1so-



meric forﬁs in equilibrium. Both band contours and fre-
quencies indicate that the predominant form is trans, wille
the winor form 1s cis. Consideration of the quantitative
changes of intemsity with temperature in the 750 em. ™t
region indlcates that the minor form 1s approximetely 1.4
kcal. above the wmajor form.
Evidence for the nonplanarity of the molecule was

sought, but none was found.

Cu the basis of the higher resolution cbtalned in tThis

study, it was found necessary to reassipgn several bvands.
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SECTION TII
PROPERTIES OF AN ECHELLE GRATING IN THE INFRARED

Because of its high cost and limited availability,
the diffraction grating was for a long time neglected as a
dispersive element in infrared spectrometers. In 1949
Strong(67) pointed out the advantages of the grating over
the prism in a spectrometer in which the performance 1is
energy limited rather than diffraction limited. Recently,
high quality replica gratings have become available, with
the result that commercial instrument makers now offer, or
have announced their intention to offer} infrared spectrom-
eters employing these replicas.

While a small group of spectroscopists have built up
a considerable amount of experience in the use of diffraction
gratings for high resolution work in small regions of the
spectrum, there has been 1little effort devoted to the prob-
lems involved in extending the wavelength range of grating
spectrometers. In order to compete commercially, a com-
mercial grating instrument must be able to match the wave-
length range of existing prism instruments --two to sixteen
microns in the case of rock salt. Successful operation of

a grating over such a wide wavelength range is far from the

trivial problem it might seem. Let us consider first some



characteristics of diffraction gratings.

The simplest grating consists of an array of parallel
line scatterers separated by the grating spacing. The
efficiency of such a grating in its various orders can be
calculated using Huygens' oonstruction(és) with the result
similar to that shown in figure 27. Such a grating shows
1ts maximum efficiency in the zero order, i.e., the order
in which 1t behaves as a plane mirror and shows zero dils-
persion. The efficiency of the higher orders drops rapidly
with ilncreasing order number, making it difficult to achieve
high resolution with such a grating, since 1t is the higher
orders which must be used for high resolutionm.

Michelson(ég)

developed the echelon in an effort to
overcome this problem (figure 28). This instrument is de-
signed to be used in a very high order, and thus gives ex-
tremely high resolution. Because the echelon can be used
so that the individual scatterers tehave as tiny mirrors
with angle of incidence equal to angle of reflection, quite
high efficiency is also possible. The difficulty is that,
because the instrument is used in a high order, the angular
separation of mneighboring orders is small. This makes the
echelon most useful in applications where an interferometer

might be used--where the high resolution is necessary and

another dispersive element can be used to separate the
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closely spaced orders.

What is needed for infrared spectroscopy is a compromise
between the simple grating and the echelon. In the course
of a study of the effect of groove shape on intensity dis-
(70)

tribution; Wood discovered such a compromise, the echel-
ette grating. This grating has its grooves ruled in steps
and shows the intensity distribution shown in figure 29.
Because 1t achieves its maximum efficiency at a fairly large
grating angle where 1t also has fairly good resolution, the
echelette grating is the grating which is the most widely
used at the present time in the infrared. The echelette
grating will show its maximum efficiency at the grating
angle at which the long sides of the grooves are perpen-
dicular to the bisector of the angle between the incident
radiation and the diffracted radiation. This grating angle
i1s referred to as the blaze angle of the grating. It is an
unfortunate characteristic of echelette gratings that the
efficiency falls off rapidly as one departs from the blaze
angle. As a rule of thumb, the width of the useful region
about the blaze angle in microns is equal to the wavelength
of the blaze angle in microns.

A number of methods are used to overcome this rapid

fall-off in efficiency. The grating in the Beckman IR7 is

used over as wide an angle as possible. The grating order
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is then changed to bring the grating back past the blaze
angle. This may be satisfactory if the slits are programed
to give constant intensity during these fluctuations, and
if the user is aware of what is happening to the resolution
during the excursions of the slit width. Some workers use
a series of gratings, changing from one to the other as the

spectrum is scanned. Conn(71)

has suggested that two
gratings could be used to advantage by alternating from
one to the other and changing orders at the same time.

No matter which solution for the problem of varying
efficiency is adopted, some mechanical means must be pro-
vided to manipulate the grating through its various orders,
or to change gratings during the scan. There has been no
practical mechanical device made which is capable of doing
this, and still maintains the precision demanded of a
grating mount in order to achieve the wavelength accuracy
inherent in the grating.

Even if a practical mechanical deviée could be worked
out which would preserve the wavelength accuracy of the
grating while it manipulated the grating to provide a long
scan, another problem exists. One often wishes to make
comparisons of spectra taken in different parts of the spec-
trum, and wishes to do so under identical resolution con-

ditions. It is well known by users of prism instruments
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that this 1s impossible with a prism because of the widely
varying dispersion of prism materials. It is also impossible
on instruments using present-day gratings because of the
varying efficiency.

Martin(72) has pointed out that if the dispersive ele-
ment in a spectrometer had constant efficiency and dispersion
with respect to wavelength, then to the extent that the
Rayleigh-Jeans law is obeyed, a spectrometer using movable
entrance and exit slits would give constant wavenumber
resolution. The argument proceeds as follows: In the
instrument contemplated, the energy passing through the
instrument 1is proportional to the square of the width of
the two slits. It is presumed that the entrance and exit
slits both have the same width. Since the Rayleigh-Jeans
law predicts a decrease in energy from a black body radiator
which is proportional to the fourth power of the wavelength,
the slits must be opened at a rate proportional to the square
of the wavelength as the spectrum is scanned to maintain
constant energy at the detector. From » = 1/~ one has
v = —A™EX. But §A is proportional to the slit width,
so &V = KAX*ihere k is the constant relating 8A to the
s1lit width. The wavelength thus cancels out of the expres-
sion for the wavenumber resolution leaving the resolution

constant with respect to wavelength.
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From the result of Martin, it is seen that a grating
with a wildely varying efficiency will not show constant
wavenumber resolution in a spectrometer. Only when con-
stant efficiency is achieved over a large range of grating
angle will the ideal of constant wavenumber resolution be
attained.

This portion of the thesis will deal with the two prob-
lems Jjust mentioned--the problem of making a long scan while
maintaining wavelength accuracy, and the problem of achiev-
ing the ideal of constant wavenumber resolution during this
scan. Both problems would be solved if one had a grating
which showed constant efficiency with respect to grating
angle. The echelle grating tec be described here closely
approaches this ideal. Instead of a single blaze angle,
1t shows a blaze region, a region where the efficiency is
nearly constant, and is at the same time high enough to be
useful. The discussion will begin by presenting some back-
ground which shows an echelle grating to be a logical choice
to show the blaze region. Next, three experiments will be
described which support the contention that the echelle
should show a blaze region. Following this two mathematical
analyses will be presented which predict the blaze region
instead of a single blaze angle. The first analysis, based

on the Kirchhoff theory, gives a deeper insight into the



physics of the blaze region, while the second, based on
the Rayleigh theory, makes some predictions regarding the
polarization characteristics of the grating.
Both the echelon and the echelette achieve their high-
est efficiency when they are used in such a manner that a
geometrical optics approximation would predict that light
is being specularly reflected from planar scatterers. The
implication 1s that highest efficiency is achleved when a
single scatterer would specularly reflect light coming from
the entrance slit to the exit slit. This implication is
supported by simple theory. The Huygens' construction
argument(éa) expresses the intensity of diffracted radiation
as the product of a term characteristic of the periodic
properties of the grating and a term describing the Fraun-
hofer diffraction pattern of one of the individual scatter-
ing elements. The Fraunhofer diffraction pattern of a
planar reflecting scatterer reaches its maximum in the direc-
tion predicted by geometrical optics for specular reflection.
There exists an optical element for which the geomet-
rical optics approximation predicts that incident 1light
will be reflected in the same direction regardless of the
angle in which it is used. This is the roof mirror shown
in figure 30. It can be seen that the incident 1light is

reflected back parallel to itself. This is very nearly
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the geometry used in the Littrow grating mount. The effi-
ciency of a roof mirror scatterer will be nearly constant
with respect to angle through a considerable angular range.
Thus, one might expect that a grating constructed of scat-
terers shaped like roof mirrors would show nearly constant
efficiency in any order when used in a Littrow mount, so
that incoming and outgoing beams nearly coincide.

Figure 30 implies a process in which 1ight is being
doubly reflected in the roof mirror. In an element as small
as a scattering element in a grating, one certainly does
not expect reflection to take place in the geometrical op-
tics sense. Nevertheless, the term "double reflection”
will be retained to describe a scattering oprocess in which
two surfaces participate, as opposed to a2 process in which
only one surface participates. The latter process will be
termed "single reflection”.

The groove shape of an echelette grating resembles a
roof mirror, but when the grating is used in its customary
mermer with the long side of the groove doing the scattering,
the geometry is favorable for the double reflection of a
roof mirror to take place over ounly & narrow angular range.
If an echelette grating, on the other hand, is used on the
"wrong" side, i.e., with the narrow side of the groove

doing the scattering, the conditions for double reflection,
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similar to that in a roof mirror, are favorable over &
much wider angular range.

It was in connection with the "wrong" side of an
echelette grating that a wide blaze region was first observed.
Wiggins and Saksena,(?B) in 2 note on the relative disper-
sion of one-pass and two-pass spectrometers, remark that
Their grating showed a wide blaze region on the opposite
side from that on which it was designed to be used, i.e.,
the side on which the short groove sides were doing the

(74) later observed a wide blaze region

scattering. Bautian
under these conditions and gave a theoretical discussion
similar to the Kirchhoff treatment given below to account
for it. Both of these studies were made in the visible,

and neither of the authors seems to have noticed the appli-
cation of such a grating to an infrared spectrometer. Prob-
ably because of the poor optical quality of the short sldes
of the grooves in these gratings, the wide blaze region in
both cases was of much less intensity than the blaze on the
opposite side, and would not have suggested itself as use-
ful when the other was available.

In an effort to improve on the echelon, Harrison(75)
proposed the echelle grating. This is similar to the

echelette, but is blazed at an angle greater than 600,,and

is Intended for use in a high order in visible light. Two
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facts about the echelle are of concern here. First, the
echelle 1s intended for use with the light reflected from
the short side of the groove. Second, this grating is in-
tended for use in the visible where the requirements of
groove perfection are more stringent than in the infrared.
Since greater care must be taken to rule such a grating,
there is a good chance that, for the first time, one has a
grating with two good groove sides at his disposal. One
might expect, then, that an echelle showing a good secon-
dary blaze (from the long side of the groove) near $0° from
the primary blaze will behave as an assemblage of very
narrow roof mirrors and show a wide blaze region rather
than a single blaze angle as is the case with the echelette.
To recapitulate, the intensity characteristics of
gratings suggest that a condition in which the geometrical
optics approximation would predict specular reflection
taking place in the scattering element of the grating is
important in achieving high efficiency. A grating with
the scattering elements shaped like roof mirrors fulfills
this condition, and at the same time should show constant
intensity of scattered light with respect to grating angle.
An echelette grating, when used on the "wrong"” side, should
approximate such a grating. Two papers have been published

describing a blaze region which was observed on the "wrong"
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side of echelette gratings. Probably because of poor

groove shape, this blaze region was in both cases weak and
not useful. The echelle grating, since it 1is intended to

"be used in the visible region, should have grooves of higher
quality, and might be expected to show a much stronger

blaze region. The following section which describes ex-
periments made on an echelle grating shows this to be

indeed true.
EXPERIMENTAL

The echelle used was obtained from Bausch and Lomb.
It is a replica of a master which was ruled 80 lines/mm.
over an area 194 x 104 mm. The primary blaze is in the
List order of the mercury green line and is observed visu-
ally at 63030'. A secondary blaze is observed visually near
27° and is found to correspond to the -15th order of the
mercury green line. The experiments described here were
done with the spectrometer discussed in Section I.

dnen one examines the grating from near elther blaze
angle, one sees an image such as might be seen from a very
poor-quality mirror. This is similar to the same observa-
tion made on an echelette grating. This grating, however,

shows a distinctive effect when viewed from a2 direction



nearly perpendicular to its face. From this direction one
observes a large amount of light being reflected, but, in
this case, no suggestion of an image can be seen. When
mounted in the spectrometer, a strong zero order is obser-
ved. These observations are not unexpected in view of the
discussion given above of a grating of roof mirrors, but it
is of some interest that there was no image in the perpen-
dicular direction. It is in this direction that the double
reflection in the roof mirror is taking place.

The purpose of the experiments to be described is to
test the hypothesis that a grating of roof mirrors will
show a broad blaze region. The experimental procedure 1is
to measure the efficiency of the grating as a function of
grating angle. While such an experiment is gquite simple
in principle, it is extremely difficult in practice. The
procedure is to use the grating in the spectrometer with a
radiation source of known temperature and to measure the
intensity of light at the detector as a function of wave-
length. From the temperature of the source the intensity
of incident light is calculated using Planck's formula.
Thus, the efficiency of the grating can be calculated. The
difficulty is that several corrections must be applied to
the data to obtain the true efficiency.

The corrections which must be applied are as follows:



~-122~

First, the globar used as a source is not a black bedy, SO
the energy emitted as calculated from Planck's formula
must be corrected using the emissivity of the globar.
Second, the mirrors in the spectrometer do not have unit
reflectivity. Instead, their reflectivity varies as a
function of wavelength. Thus, the light observed at the
detector is diminished by the value of the reflectivity of
aluminum for each single reflection in the spectrometer.
Third, the light must pass through two potassium bromide
windows at the entrance and the exit of the spectrometer
and through a potassium bromide prism in the foreprism
monochromator. Thus, the data must be corrected for the
absorption of potassium bromide. Fourth, the light passing
through the slits is a function of their width. Thus, the
data must be corrected for the slit width. Fifth, the
energy as calculated from Planck's formula is expressed as
proportional to the wavelength interval observed. This
interval may be a function of the slit width and of the
dispersion of the two dispersive elements. A dispersive
element of high resolution spreads the spectrum out over &
wider area than one of lower dispersion. With the same
energy input, the output through the exit slit will vary
with the dispersion of the dispersive element. Thus, the

data must be corrected for the dispersion of both the prism
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and the grating. Finally, there are two ways of expressing
the efficlency of a grating. The first is to express the
efflciency in terms of an infinite grating illuminated by

a finite beam of light. In this case, all of the light
reaches the grating regardless of grating angle. The second
way of expressing the efficiency is in terms of a grating
of fixed size and a somewhat larger beam of light of fixed
size. 1In this case, the amount of 1light falling upon the
grating depends on the aspect which the grating presents

to the collimator. This latter method measures the effi-
ciency of the grating in a spectrometer. For a detalled
discussion of these corrections, Strong(67) and Conn(71)
may be consulted.

In the first experiment, the corrections described
above were cancelled out by averaging the data. The pro-
cedure was to measure the intensity of each order of the
grating for a number of different wavelengths. The avallable
lines in the infrared spectrum of a mercury lamp were used
where possible. At longer wavelengths, an artificial band
which was the pass-band of the foreprism was used. The
intensity of a line was taken as proportional to the
height of the line at its maximum on the recorder tracing
when the line appeared to be narrow with respect to the

slit width. When a2 line became of a breadth comparable to
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the slit width, it was not used. The intensity of an arti-
ficial band was taken as proportional to its area as measured
on the recorder tracing with a planimeter. When changing
ranges on the spectrometer a correction had to be made for
the change of length on the chart paper for unit wavelength.
This was determined by measuring a portion of a band which
appeared in both ranges.

For each wavelength observed, the average was deter-
mined of the intensities in all of the observed orders.

The intensity of each individual order was divided By this
average. In a series of measurements of different orders

of the same wavelength, the only factor varying is the
grating angle. Each of the corrections described above can
be expressed as a factor which multiplies the observed inten-
sity. Upon dividing each observed intensity by the average
of intensities for that wavelength all correction factors
which do not depend on grating angle, therefore, cancel out
of the problem.

The only correction which may depend on the grating
angle is the correction for the dispersion of the grating.
This correction does not apply to this particular experil-
ment for the following reason: As explained above, the
correction to be applied is a function of the wavelength

interval observed. Because of the way in which the intensity
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is determined, the wavelength interval observed depends
solely on the width of the line in the case of the obser-
vations of the mercury spectrum, and on the pass-band of
the foreprism in the case of the observations on the arti-
ficial band. Thus, the ratio of the observed intensity of
an order to the average of all orders observed at the same
wavelength is proportional to the efficiency of the grating
when mounted in the spectrometer.

Such a procedure depends on the observation of a large
number of orders for each wavelength and for thls reason 1s
best at shorter wavelengths. It tends to ignore such isola-
ted effects as Wood anomalies or atmospheric bands in a
single order. These effects would tend to average out 1if
a large nunber of orders were observed, but can become gquite
troublesome at long wavelengths where few orders are obser-
ved. The value of the ratio for the first order is plotted
in figure 31.

In the second experiment, an attempt was made to evalu-
ate each of the corrections discussed above. A background
spectrum was observed in a single grating order over the
complete range of wavelength avallable to the spectrometer.
The energy variations encountered over this range are so
great that a single slit width would give variations in

observed intensity which are too large for measurement.
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Therefore, the slits were varied as required to give a
satisfactory level of intensity at the detector at all times.
The intensity observed, together with the slit width used,
was recorded at closely spaced wavelength intervals. When
these intensities are corrected properly, they are propor-
tional to the efficiency of the grating.

The corrections to be applied are as follows:
1. The intensity 1s divided by the square of the slit
width to obtain the intensity for a slit of urnit width.
2. It is divided by the absorption of potassium bromide
to correct for the absorption in the windows and prism.
3 It is divided by the reflectivity of aluminum to the
fifteenth power to correct for the fifteen reflections in
the spectrometer.
L, The intensity is divided by the linear dispersion of
potassium bromide.
5. For the same reason it is divided by the cosine of the
grating angle to correct for grating dispersion.
6. It is divided by the intensity of a black body at the
temperature of the globar, as measured with an optical
pyrometer, to correct for variation in source intensity.
P Finally, the intensity is divided by the emissivity of
the globar to correct the black body intensity to that of

the globar.
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The corrections are presented in Table V and the results
are plotted in figure 31. Figure 31 represents the per-
formance of the grating in a spectrometer using a Littrow
mounting and does not contain the correction for aspect
angle. These results are each dlvided by the average value
of the efficiency over the entire range in order to express
them on 2 basis similar to the results of the first experi-
ment.

Both of the above experiments rely heavily on correct-
ions and approximations for their interpretation. Another
experiment was performed which is much easier to interpret.
It gives less information about the grating itself, but does
gilve a clearer picture of the performance of the spectrometer
as a whole. In view of Martin's results discussed above
one would expect the echelle grating to give constant wave-
number resolution over some broad wavelength region. The
wavenumber resolution was measured as follows: Some con-
venient intensity level at the detector is selected. As
the spectrometer is adjusted to various wavelengths through
the spectrum, the slit is adjusted to give the selected in-
tensity at the detector. The resultant slit width is used
to calculate the resolution at each wavelength and this
resolution is plotted as a function of wavelength. If the

intensity selected were the minimum intensity which the
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NOTES FOR TABLE V
Potassium bromide absorption(Té)
Aluminum reflectivity(77)
Potassium bromide dispersion(78)
Cos® © (caculated)
Black body intensity at source temperature (calculated)

Globar emissivity(Tg)

Total correction (:AxB15xCxDxExF)

Observed intensity is corrected for slit width and

divided by G.

Entries in parentheses are estimated.
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spectrometer could measure, the resolution data would repre-
sent the resolution limit of the spectrometer. The minimum
Intensity which the spectrometer can measure is a somewhat
subjective term, since it depends upon such things as the
response time one is willing to tolerate in making the
measurements. For this reason, some arbitrary higher inten-
sity level was chosen. In this case the resolution observed
is proportional the resolution limit of the spectrometer.
Such an experiment was performed with the echelle
grating and vacuum spectrometer as well as with an echelette
grating and the Beckman IR7 spectrometer. This echelette
grating is somewhat smaller than the echelle and is ruled
75 lines/mm. and blazed at 12 microns in the first order.
The Beckman spectrometer uses a Nernst glower as a source,
and consequently has a higher source temperature than was
used with the vacuum spectrometer. For this reasocn, it
must be emphasized that the comparison to be made here 1is
between spectrometers and not primarily between gratings.
In addition, because of the selectlion of the arbitrary
intensity level, absolute resolutions cannot be compared
between different instruments. The significant result is
the shape of the resolution curve as a function of wave-
length. The smaller size of the grating in the Beckman

spectrometer would tend to lower its resolution limit,
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while the higher source temperature would tend to increase
it. Since the constants of the grating in the Beckman spec-
trometer correspond most closely to those of the echelle

in the second order, an experiment was also performed on
the echelle in the second order. The results of these
experiments are presemted in figure 32. Besolution for

the observed slit width is plotted against wavelength.

THEORETICAL

Twersky(eo)

has given an excellent review of the liter-
ature on the theory of diffraction and multiple scattering.
While the theory is well understood in its principles, there
are not satisfactory mathematical methods for applying these
principles. Because of this one must make approximations
regarding the magnitude of some of the parameters in the
problem with the result that the theory will apply only

to certain ranges of these parameters. Calculations apply-

ing to the intensity distribution of the diffraction pattern

of a grating which have been reported in the literature are
nearly 211 (712 74,81-84)

(85)

based on an analysis presented by
Rowland. (Analyses pertaining to Wood aznomolies are
not included.) The Rowland theory is in turn based on the
Kirchhoff theory developed here, but some authors do not

seem to be aware of this fact. Any grating used in the
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first order is in a wavelength range dangerously near the
limit of validity of the Kirchhoff theory. At a grating
angle of thirty degrees in a Littrow mount the wavelength
actually becomes greater than the grating spacing. As will
be seen below, this evidently does not completely destroy
the validity of the results, but one should be aware that
the theory on which they are based no longer applies. Three
papers have appeared based on other analyses. The first is

(74)

the one by Rautian which uses the same method as that

given below for calculating the diffraction pattern of a
roof mirror. The second two are the papers by Meecham(86’87)
on which the Rayleigh theory analysis given below 1is based.
Two mathematical analyses are given here. They differ
in the approximations made and the range of validity. The
first is based on Kirchhoff's formulation of the Fresnel-
Huygens diffraction theory which assumes that the wavelength
is much less than the grating spacing. In this analysis,
each scatterer is treated separately and the resulting 4dif-
fraction patterns finally added to obtain the pattern for
the grating. The second is based on Rayleigh's dymamic
theory(88) and assumes that the depth of the groove 1s
much less than the wavelength. This analysis treats the

grating as a whole. One expects that the Kirchhoff analysis

will be most valid at short wavelengths and that the Rayleigh
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aazlrsls wlll Le test at long wavelengths.

IT is difficult te finud ir one place in the literature
a couplete treatment of thils theory as applied to diffrac-~

; 8¢
tilon gratings. 7The one bty Born and wolf( g)

is the wost
complete, but there z2re gaps in thig as applied to the gra-
ting provlem. It is hoped that this arnalysis will correct
this deficliency. 7The analysis will begin with the wave equa-
tion. The derivation of ¥irchhoff's integral by Creen's
theorer will be presented, and this integral will be applied
to the case cof Fraurhofer diffrasction by a single slit.
“his nmuch of the theory 1s 1r standard texts, and is pre-
sented here to erphasize the approxirations rade. YVezxt an
intuitional idea of diffraction by the roof mlrror will be
obtained Ly considering diffraction from two separate sllits
and adding the amplitudes of the resultirg waves. Squaring
these ampllitudes and sultably normalizirg the resultirng in-
tensity will then glve the deslired results.
Following BDorn ard wWolfl ore begins witnh ithe wave
equation
4 2
Vz?’s:a/‘:a —;——Ié;‘. (2)



as derived from Maxwell's equations. Fere @ 1s one of

the scelar components of either the electric or magnetic
vectors. Ideally, equation 2 should be a vector eguation,
but to the extent that the waves under conslideration can
be regerded as plane waves, & single scalar compounent will
adeguately represent them. If ﬂ5 fulfills the conditions

(90)

of the Fourler integral theoren, as 1t does in this

problem, then
P :
¢(5¢)=V.27r %)(73) Clw}ta/c:a) (3)
-
where W refers to the angular frequency. By the Fourler

inversion feormulse
40w

Vo, R)=vam [ AR 2)e " oz (&)
- oQ

Since @ satisfiles equation 2, 7 will satisfy

(v2+k2) ¥ = © K= L (5)
If 7("/9.130 satisfies equation 5, then, by Green's
theorem, (91

[(7@ Y = v w )

e .?_f/_ ¢ ¥ (6)
" (VB =35,

where V and S are a volume and its enclosing surface,



respectively, within which Yo and # 7 fulfill the cornditions
for Creen's theorem. Here 9797 denotes differentiation with
respect to the lnwerd mormsl to S . Since both i and ¥~

satlsfy equation 5, the left side of equation & vanlshes and

Srdl - d s = 0

Now consider the situation in figure 34k. P 1s the
point at which the effects of an incident beam originating
at 7, erd falling upon aperture A will be calculated. Take
VY= g-/e#%X5 where s is the distance from P to the point
at which Yes 18 to be evaluated. This function has a
singularity at P which must be eliminated from the reglon
of integraetion. This 1s done by enclosing P in a sphere
S' with center P and radius € which is smell. The value
of 77’ 1is now substituted into equation 7 end the limit
as €-o taken. The integral over S' becomes ¥ 7r %(/D))

and equation 7 becomes

Yalt): g [TVed (B0~ S5 15, @

In equation 8, Yeu is cnly one of the monochromatic
componients of & . To get the complete expressiou for & ,
substitute equation € inte equation 3 and change the order

of integration:



oA

FIG. 35
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B(P2)= ?5/? SV’; )‘2,[ (b)-£2 23] giocz- 5

(X-5/¢)
- e‘ws J }d/co J,SI (9)

xf ¢ is substituted for lts value on the right hand slide

of equation 9 using equation 3,
A _ ° (L) - _L 25 /G
¢(F,‘i)— “ gfs)t 5/:)’;“;,(5) Cs,;n['a—;?-_ »:R-5%

-F[22en] . d 5. (10)

The similarity bvetween @ and the well-known retarded

Q
(2) is to be noted here. If, lnstead of choosing

potential
a component of one of the wave vectors for ¢5 in egquation
2 one had chosen the scalar potentizsl, P(s,t-s/c) would
represent the potentiasl at a distance s due to & wave prop-
agating with the veloclty c¢. This 1s the starting poiut of
many treatments such as this one.

It is now necessary to obtaln the expression for 95 on

the surface over which the integration is to be performed.
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It 1s assumed that the source P° is emitting spherical waves

of amplitude unity end wavelength 30 = 2. 4 factor e<“%

wlll be removed frow the expression. Iun aperture A (figure
3k )
Lk

# = s;'— (11)

K
9% & [a k- £ ]cos(n,F),

Tne expression (n,r) represents the engle between r and the
normal n to A. It should be noted that equation 11 1is roct
strictly correct at the edges of the aperture. Thls 1s one
of the reasons for restricting the validity of this treat-
ment to wavelengths much shorter than the dimensions of A.
It is convenient to meke an assumption which causes the
integrand to venish except over A. This 1ls easily done in
the case of the screen S by assuming that it 1s perfectly
opaque. For the remainder of the surface, Born and Holf(93)
point out that the assumption that the surface lies at in-
finity 1s not adequate because of the presence of s in the
denominator in equation 10. They assume that the surface
is so large that the wavefront caunot propagate te it during
the time of an experiment. Substituting equation 11 inte

equation 10,
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; LEECHAS)
3= ""—;;-ée"s [Cos(??,SJo— cos(n,HJc/S

LR CFPS)

It will be assumed that r and s are large with respect
to k'l so that the second term of eguation 12 can be neglec-
ted in cowparison with the first. When the roof mirror is
considered, this assumption will not be strictly true. +hen
light 18 reflected frow one side of the groove to the other,
r becomes of the order of the groove width, which can actu-
ally be less than the wavelength. It will be further assumed
that the variation of the factor

Cos(?ms)-Cos (72, +) (13)
F S

is small over the range of integration and that this factor
can be taken outside the integral sign. There it will be
written cos(EVrbso where ¢ 1is the angle between the normal
to A and the llne commecting P and Po. The precise defl-
inition of r, and s, will be given later, but they are

some mean value over A of r and s respectively. Maklng

these changes, equation 12 becoues
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B, (P2 22k (R4 g 2

STk, 5

Equation 14 1s Kirchhoff's formulation of Huygens' con-
structlon. It assumes that the wave can be represented

as a scalar, that the representation in equation 11 ex-
presses the fleld in the aperture with sufficlent accuracy,
that the second terw in equation 12 can be neglected, and
that the expression in equation 13 can be removed from the
integral. No provision is made for polarization of the
light wave.

A set of co-ordinates is now defined with xy plane
lying in aperture A arnd positive z directed toward the
region containing P. From figure 35 it cau be seen that
the error in writing r=rgo+l x+m y 1s of the order of the
error in taking an angle for its sine when the angle 1s

small. Here, r_1is the distance of Po from the origin

(o)

and 1, and m  are the sines of the angles between the normel

r
to A and the x and y components of F. Treating s similarly,
(r+s) becomes r+s=ryts,+lx+my, where 1=1,+1  and w=m*m_.

Using these new varilables, equation 14 becomes

YIS

sl pEpe D
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Ir Po is regarded as the image of a source on the same
side of S as P, S as a perfect absorber, and A as a perfect
reflector, equation 15 gives equally well the fileld at ?
due to waves originating at P and reflected from a mirror
A. It should be noted that tlcf.is does not include waves
propagating directly from Po to P.

The extension to a grating 1s made by adding the effects

of a series of N identical mirrors of dimensions axb,

bra
____é“a-f LK (Fa s, <K m
#r=- gmrns,C 0 ° ) i 3; 5‘/.7
o’m./; -l)a‘m/:.
L a /,. - /2 N~)d-a
This 1s /2 P
-_A4AKcos J <K (ht30) exk?ny / g<kex ) .

- [/+ cl/Cd.f.ez.{'/Cd.*-..-}-e(N")/(.kd:I

which, on summing and evaluating the integrals, becomes
¢T ,(,A:Cos $ e‘/\:(r-p;.) =t ‘(e.(kmb/j._eA./(?»A/z)

4 Fsd
(17)
L AN
__[_ (e,"/(,ﬂa-/z_ c-.(»?fa/.z) (_/___?_‘_’___’f
K /- eJkld

The experimental quantity measured is the intensity, so
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equation 17 is wmultiplied by its coumplex conjugate to get

I _/¢ /2_ costs st (rmbid) sini(Mlas) s (TTNRA/A)
r=i7Tl = g pdsd = @rmb/a)* (mearsi> SimPmEL/A)(18)

using K2a27/A where A- is the wavelength. As N becomes
lerge, the last factor is small except for values of 1
for which 74A=d¥Z where n is an integer. This is the origin
in this theory of the grating formula. There are suall
maxima between these values, but these can be neglected
for the present purpose.

Equation 18 is the expression for a grating of K
plane mirrors of dimensions axb. It will now be used to
obtain a similar expression for the grating of roof mirrors.
The fact that it involves the product of a factor describling
the Fraunhofer diffraction of a nerrow slit,

Costé sent (rméld)  s/n*(Tla/A)

Y3252 (7embsA)* (Tr8a/A)*
and a factor characteristic of the perilodicity of the

grating suggests that the extension to another scatterer

is to be made by calculating the Fraunhofer pattern of the
new scatterer. The single roof umirror is regarded as equlv-
alent to two mirrors (figure 36). The portion of the roof
pirror involved in double reflection is replaced by a mirrer

of width a oriented perpendicular to the incoming beam
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(which 1s assumed here to be plenar). The portion involved
in single reflectlion 1s zpproximated by b whlch 1s perpen-
dicular to the extreme ray involved in double reflection
and 1s exclted by light of intensity proportional to b",
the portion of the incoming besm involved in single reflec-
tion. It must e remembered that the separate amplitudes
scatlered from these two mirrors are to be added with a
phase change equivalernt to A where A 1s twice the distance
between the wmidpoints of the two mirrors, measured ln the
direction of the incoming beam. See figure 36. It is
convenient to consider two cases separetely--that in which
b 1s a portion of the long groove side, and that in which
t is a portion of the short groove side. In the first case,
b is inclined to the direction of the collimator at such &
large angle that the radiation scattered frowm 1t to the
collimator can be neglected. The final expression for the

intensity is
1©)=2NR cosAsin & case b (152)

Teahz VR (251mAcesE )R (sim o +25/mAcasd)-
& /’71[—2_2510(54-4)5/02ﬁ
[1;6,, @+A)s/723 8]
(5o’ 4 25infcos g Ja, L IO G A 2] (15b)
[_n;_fl_ stre( PrA) Sin2P]
'COS[a/caxé (cos A- s/n A Casf)j} caseb

72 :?i‘/'[(nl SinAcor ).
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where I is a constant factor which will drop out later, A
1s the groove angle, ©7 is the angle shown in figure 36
(90°—the usual grating angle), B the reflectivity of the
coating, d the grating spacing, and P the angle (A+ @7).
The first two factors in equation 1f€ are included in I.
Equation 19 1s to be multiplied by the last factor in
equation 1€, but thls is equal to one in the center of an
order which is the case of interest.

Calculations have been wade for a grating slmilar to
the echelle used in the experimental work. A reflectivity
of 0.90 was assumed. The results are presented in figure
31. The values calculated from equation 19 at each wave-
length are averaged and each individuel calculation divided
by this average. This has the effect of expressing the
results on the same basis as the results of the first two

experiments.
2. TEE BAYIEICH THECRY

The above method deals with a single scattering element
of the greting and then adds the contribution of each scat-
tering element to obtain the scattered radliation from the

(ge)

entire grating. The treatwent by Rayleigh expands the

solution to the wave equation in a series of plane waves
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wnich correspond to the orders of the grating. The coef-
ficlents of those plane waves which propagate away from the
grating are then proportional to the amplitude of radiation
in each grating order.

Sorn and wolf(gu) point out that any solution of the

wave equation 2 can be written

¢(’59):IfC°‘) e.élff-cos(o—u)da( (20)

where the path of integration and the function f(x) are
sultably chosen. This is equivalent to saying that the
solution can.be expanded in & spectrum of plane waves, soue
of which propagate away from the grating and some of which
are exponentially damped dependling on whether the cosine
term is real or imaginary. Rayleigh's approach 1is to ex-
press the integral in equation 20 as a sum using only those
values of o which correspond to grating orders. This is
probebly e good approximation in the far field where only
discrete grating orders are observed, but we are tryling to
match boundary condltions in the groove itself. It is prob-
able that waves propagating from a groove surface to another
groove surface farther into the grating wlll be important,
particularly in the case of a grating of roof wirrors.

Such waves would not nave the convenient periodic proper-

ties of the ocutgolng waves in the far fleld, and the integral
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expression, equation 20, would have to be used to include
then.

Llppman(95)

has pointed out thils discrepancy with the
Baylelgh method, and, in an unpublished report.(gé) has
obtained an expression for the portlon of the fleld repre-
sented by waves traveling into the grating. Unfortunately,
the expression does neot easily lend itself te numerical
calculatiocus. Meecham(86) has considered this problem and
guoted another unpublished report by Lippuan as glving a
condition which 1s sufficient for the neglect of this
inward-scattered field. This condition is that the groove
depth be much less then 2 wavelength. The grooves in the
echelle grating are guite deep, but this conditlion should
be falrly well satisfied at long wavelengths. Since thils
is the region in which the Kirchhoff theory is least valld,
it seemed well to present an analysis based on the Raylelgh
theory.

The equatlions glven by Raylelgh are not easy to use.
Zhe probleu, as defined by him, consists in solving an ln-
finlte set of algebraic equations, and it is not easy to
see In wnatl memmer this set should be troken into a finlte
set which can be solved. Meecham has dilscussed encther
methnod whilch leads to a series that can be terminated at

any polint at which the results are sufficiently accurate.
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VMeechamn and Peters(87) n

eve publlshed results of calcula-
tlons made with the seriles method in which the electrilc
vector 1is parallel to the grating grooves. In additlon
experimental data are presented in this latter paper for an
echelette grating.

“wo other features of the Meecham-dayleigh approach
Wwill be useful. In the Kirchhoff theory, no distinctlon
is made beitween waves polarized with the electric vector
parallel and those polarized with the electric vector per-
pendicular to the grooves of the grating. Peters, Delbel,
Tursley, and lef(97) have reported a study which shows
that quite radicel differences can occur between these two
polarizations. The Meechaum-Rayleigh approach, in writing
down the material boundary condltions explicltly, includes
the polarizetion. Second, the Raylelgh theory predicts
the Wood-3trong anomalies which are observed in thils grating,
and which prove troublesome at times.

To begin, one writes

B Pt (21)

where ¢, is the time-independent field sought, @ 1is the

incoming wave, and ¥, the scattered field. In particular,

Py = CAK (XS5 E- BCos6,) (22)
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where the x axils is perpendicular to the grating groove and

the z axls perpendiculer to the grating surface. The bounda-

ry conditions for equation 2 are

?5[215"0‘).7: o ?//3 {23a)

. :
3—5 jz: ¢ £ ‘Lﬁ .
for the electric vector parallel to, and perpendlcular to,
the groove, respectively. Eere ff (x) is the equation of
the surface of the grating. The differentiatlon is normal
to ff . It 1s supposed that one can wrlte

#m - > ¢ Y CLhRSInos T EGos 0y (24)

D-0°

where /(:Z-;E-" and ©,1s the grating angle for the» th order

given by the grating equation
. VA
A= 7—5109_'_ (25)

In equation 25, ©; is the angle of incident radlation.
The implication of eguation 24 is that the reflected field
can be expressed as a sum of discrete waves which corres-~

pond to all real and lmaginery grating orders. Using

=l

equa-

tlon 22 and equation 24, the boundary condlitions becoue
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For a grating whose grooves have a triangular cross 8ec-

tion, the function P (x) is specified as

Plx)=cxn osxtd”’

(27)
=-c(d-x) dexnstd

where c' is the tangent of the larger groove angle (4 in
figure 36) and ¢ 1s the tangent of the other groove angle.
The value of x where the two sides of the groove wmeet 1is
d'. Clearly j"(d') 1s the groove depth. Using equatious
25 and 27, and divi&ing by a factor @<fX S48 | equation

26 becomes
D, < -
Ag AL Elly (e
(c s1ne;~ coss, )};(x_)
- OEA"(CS’”%‘CGS@,) Fo(zx)z0 o0%x2d”’
(CIS’;/@. +c¢sej_)5; (&) El g, (28v)

oo
=2 Av(clsmdotcosas)fox)yz0 4 xtd
>=/
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Here

.

g5 e<ktamess s,

. 27r .
Fuolzls @& o ¥4t %?J‘(Z}Cc’fév_, (29)

and

= (30)

the substitution belng made for convenlence in adapting
the probvlem to a computer. The AJ) then represent the
solution of the problem. Those Ap for which o5 &y £/
represent the complex amplitudes of eech propagating order,
while the remainder represent the evanescent waves.

To calculete A » Rayleigh solved the set of eguatious
28. Meecham proceded by defining a new set of functions

which are a linear combination of the F J

) |
Gic= > 1% Ee) (31)
L=



and have the orthogonality property

(Ge, Ge )= 6%. e

2
Here &t is the Kromecker delta and the scalar product ls

written

d
(5J;,):J’—0/5~h dx. (33)

The integration in equation 33 1s over only oue groove
because of the periodicity of the grating, and not because
only one groove is to be conslidered. It will be notlced
that the extra terms which the boundary conditions for the
perpendiculer polarization introduce in equation 28b can

be included in a factor which multiplies the scalar products.
Doing this has the advantage of making the remaining equa-
tions identical for the two polerizastious.

In terms of the Gk’ using equation 28a,

-_._00 (34)
2.2 5 BuGu, 3

the B Leing defined by equation 34. A simllar equatlon
holds for eguation 28b. The advantage of using the Gk is

that the series can be terminated at any term N glving

N
¢f= Z, 8. G (35)
%=
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The B, are calculated by using the orthogonal propertles

of the Gk- Cne has, from equation 35,

(Gu, #)=(Gy 5 BaGor ),

or

G« #Y) = B, (36)

using equation 32. Using equation 31,
Bu= (5 IS Fo. 87
dﬂgggpﬁf:f@)g")‘ (37
Now from equations 31 and 35
~_ L & K
?& ::zz.éarzi [ff ;ié
£=/ £=/
NN
=2 2B i o

2=/ g=/
Ly analogy with equation 28a, this implies

N
Az): Z/ l"{:‘ B/c. (39)
A=

The 7 f are calculated(ge) by the Schmidt procedurs.
First,
Y=/
(40)

k-t L x
i %= /—a; > R (R Fe) T4 o7,

K=/

ahen the unnormealized gquantities Uf have been computed for



-157-
all /% k£, the normalization factor

Nez 5 5 8 (B )BS @)

/k,:l »=/
is computed. Dividing, one obtains
(5= 05/ VR, (42)

These are the equations necessary for the calculation
of the intensities. Cne computes the scalar products

(Fi’F ), uses them in equations 40, 41, and 42 to obtain

the Iif » calculates the By from equation 37, and finally
the A, frouw equation 39.

There are two other relations to be established which
are useful in checking the results. The first is the
energy balance. loting that the energy in the incoming
beam is unity according to equation 22 while that in the
outgoing beams is [A,/* for each real order, we have,

using the proper aspect angle for each order and canceliling

equal factors,

cos 9,4_::”2_(:05 & [As /f‘ (43)

where the summation is over all velues of &, for which

the cosine is real. Also, the wean square error in matchlung

the boundary conditions can be calculated. It is expressed

as
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R =) (G140 §d P .

Using equation 33

aP=(g-2" b8 )

f

o

I\

i L

g e = = "
0;2'¢L-1ﬁ&?e;i'¢"éﬁtfggv qZVCAZ'

Using equation 35
.... — 4 e 3 = = /
la /2:@,@);%7’[282@*a"‘%— BLGLBubrd

“(8,3)-3 BE (G, BBl ox) - Bl Ba

“(B.5)- 3 Be Bt BuBi- BB

= /- f 1B «l* (L)

&=t
The problem was programed on the Burroughs 220 digltal
The program was written for a grating with tri-

computer.
angular grooves in a Littrow mounting, but, by adding uew
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subroutines, it can be adapted to any mounting and any
groove shape for which the scalar product can be programed.
The input counslsts of the grating parameters d, c, and &Y,
the wavelength, the order in which the grating 1s to be used,
and the number of terms (up to 10) to be included in the
series. The output 1Includes the cosline of the grating angle
for each order together with the real and ilmaginary parts
of the A4v . At the option of the operater the expresslons
for equations 43 and 44 are alsc computed. Each individual
calculation takes about six minutes. The program 1s de-
scribved in more detail in Appendix II.

Calculations were performed for varilous wavelengths
in the first and second orders of the echelle grating and
are presented in figure 37. The values from the computer
output were multiplied by the reciprocal of the right side
of egquation 43 to correct for any error in energy balance,
and were divided by the average of all wavelengths to ex-

press them on the same basis as the other results.

DISCUSSION

The experiment which measured the resolution of a
spectroumeter in which the grating is used 1s the wmost
straightforward, and is therefore the most easily inter-

preted. When one considers the result of Martin it is
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quite clesr from figure 32 that the efficiency of the gratln
must e gqulte constant over a wide range of gratiug angle.
Martin, it will ve remembered, showed that, if the Raylelgl-
Jeans law 13 obeyed, a grating of constant efficliency wWill
ghow constant wavenunber resolution when used with movable
entrance and exit slits. The comparisen made in figure 32
betweern: the vacuumn spectrometer using the echelle-type
ng and the Beckman IE7 spectrormeter using an echelette
¢rating shows quite cleerly the advantages of the former
crating. Not only does one have the mechanlical zdvantage
of being able to meke a long scan without changing graling
orders, but also, durirg this long scan, the resoluilon of
the instrument is much more constant. Thls 1s a real ad-
vantage in a research instrument where the interpretation
of the spectra depends on the resolutlion.
#hile the data in figure 32 are perhaps the wost inter-

sting from & practicael standpoint, they coustitute a de-
scription of an entire spectrometer and not of a gratin
alone. C(ne can learn much more about the behavior of the
grating 1ltself from the data in figure 31. Three sets of
data are presented here-~-the data from the first experi-
nent lateled”aversz;ed orders exserimsnt”, the data from the
secord experiment laleled "corrected intersity experiment”,

nd the data from tne Firchhoff calculation. While there
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ere large individual discrepancles, the general form of each
curve is the same. The efficiency is low at the short wave-
length 1limit, but répidly increases to reach & broad maxlrum
vegluning at about £-10 wicrons. A miniwum is reached at
16-1€ microus which 1s followed by a secoud peak at 20-22
microns. This is followed by a decline in efficlency which
extends to the long wavelength limit of the grating at 25
microns (beyond the range shown in figure 31).

If one remenbers that the resclution of a spectroumeter
is inversely proportional to the efficiency of the grating,
the same general pattern can also be seen in figure 32. An
additional feature here-~the loss in efficlency at eight
microng--1s explained by absorption due to atmospheric water.

The general features pointed out in figure 31 are most
easily understcod in terms of the Kirchhoff analysis. Ee-
tWween 2 end i4 microns the portion of the grating groove
which 1g not involved in double reflection lies ou the long
side of the groove. There 1s no contribution to the effi-
clency frow this portion because of the large angle which
it makes with the radlation diffracted toward the colllmator.
The portion of the gratlng groove which is lost &5 a result
of single reflection decreases with increasing wavelength
and finally vanishes at 14 microns. This explains the mouno-

tonle (increasing) efficlency curve in the Kirchhoff results
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end also the broad maximum in the experimentsl results.
Beginning at 14 wmicrons the portion of the groove involved
in single reflection is on the short side of the groove arnd
is in a favorable angular position to contribute to the dif-
fracted intensity. DBetween 14 and 16 microns, however, its
contribution is too small to be noticeable and the efficlency
curve is still dominated by the contribution of the portion
of the groove irvolved in double reflection, which is now de-
creasing. At 16 microns, single reflection becomes dominant,
and the grating now behaves as & cenventional echelette,
approaching a maximum and then declining. The maximum ig
displaced slightly from its expected position due to inter-
ference effects between the singly and doubly reflected
light. This latter effect appears in the calculations as

a contribution of the last term in equation 19b.

Some explanations for the individual variations in the
results presented in figure 31 can be advanced. The value
for the efficlency obtained from the corrected intensity
experiment is likely to be low at the short wavelength end
of the curve. Thls 18 due to the scattering of light froum
the surface of the potassium bromide prism and windows.

This scattering was not considered in making the corrections.
A Wood anomaly at elght microns may well explain the peak

here in the esveraged order experiment which is not obegerved
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in the other sets of data. This peak results from a sirgle
observation wade at the grating angle where the third order
grezes tne surface of the grating. This 1s the necessary
conditlion for the appearance of a Wood anomaly. It was not
posslble to obtain data or either the reflectivity of alu-
mlnum or the erissivity of a glcbar beyond 14 microns. For
this reason, the data from the corrected intensity experi-
ment are 1n some question in this region. Finally, 1t oust
be remembered that the averaged orders experiuent ls expec-
ted to be less rellable at the long wavelength limit because
of fewer orders over which to average. This accounts for
the lack of detsll in the results from this experiment be-
yond 16 microus.

The data presented in figure 31 represent the perfor-
mance of the grating in a Littrow mounting in a spectroueter.
Figure 33 presents the same data used for the plot of the
corrected intensity data in figure 31, but divided by the
cosine of the grating angle. These data thus represent
the reflectivity of the grating, i.e., the performance of
an infinite grating in a finite beam of 1light. The inter-
esting feature here is the extremely large increase in effi-
clency at loug wavelengths. This increase is necessary to
compensate the decrease in efficlency of the Littrow.mounted

grating due to the cosine of the grating angle. For com~
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parison, the calculated effilciency of an echelette grating
blazed at the same angle is also presented. The difference
tetween the two gratings 1s the shoulder extending from 8-16
microns in the echelle. It is this shoulder that 1s respon-
sible for the constant resolutloun seen in figure 32.

The data in figure 33 are plotted at shorter wavelength
intervals resulting In & plot with higher "resolution”.

One can see here several Wood anomalies. These occur at
the Eaylelgh wavelengths where a grating order Jjust grazes
the surface of the grating. 4Yood anomalles are of some
interest in grating theory, because only the more sophls-
ticated theorles are able to account for them. They are

of even more prectical interest because of thelr eppearance
in the spectra vroduced by some grating instrurents.

The datea from the Rayleigh theory calculations are
presented in figure 37 together with the results of the
corrected intensity experiment for comparison. The striking
feature here 1s the relation of the experimental data to
the calculated efficiencies for the two polarizations. It
is at once clear that the efficiency for umpolarized light is
not the average of the efficlenciles for the two polarlzed
components. From 2-18 microns the experimental curve more
closely resembles the curve calculated for the electrilc

vector polarized parallel to the grooves, whlle beyond 22
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microns the experimental curve follows the curve calculated
for the electric vector polarized perpendicular to the gra-
ting grooves. It should be noticed that, as a result of
divlding eacn set of date by its average, the vertical
scales of individual sets of data may not be the same.

It is sigmificant that the point at which the experi-
nental data crosses over frow the parallel polarization
curve to the perpendicular polarization curve is alsc the
point at which the dominant contribution to the diffracted
bean changes from doubly-reflected to singly-reflected
light. The explanation is that double reflection ternds
to polarize the light parallel to the groove while single
reflection tends to polarize the light perpendicular to
the groove.

The above remark regarding the effect of double re-
fleoction on the resulting polarization is made on the basls
of a comparison between experiment and theory, and is not
supported by experimental work done on the echelle thus
far. There are deta on echelette gratings, however, that
do lend it support. Table VI presents data from the report
by Peters, Deibel, Pursley, and Zipf in which an echelette

grating 1s studled in the microwave regilon. The data show
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essentlally the same polarization behavior as is cbserved
here. PFilgure 38 shows & tracing taken by a Beckmen IR7
spectrometer with a polarizer in one of the double beams.

The two curves represent the parallel and perpendicular
polarizations. It can be seen that the perpendicular polarl-
zation is stronger in the blaze, near 600 cx.”! while the
parallel polarization becoumes more strong in the Wood anomaly
at 1100 cx."l. This again 1s similar to the results in

figure 37.

CONCLUSION

It has been shown that & grating carefully ruled with
both sides of the grooves flat and at right angles to each
other, used in a Littrow mounting, will show an extremely
wide blaze reglon. Indeed, 1t can be thought of as nearly
constant in its efficlency throughout the range of angles
in which the entire groove is 1lluminated. Such a gratling,
when used in a practical spectrometer, gives nearly coustant
wavelength resolution throughk a wide wavelength range. This
wide wavelength range is scamned in 8 single order, making
it unnecessary to change orders or to change gratings dur-
ing the scan.

Three experiments have been perforumed to determine the
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efflclency of such a grating. In the first, the correc-
tions to the observed intensity were eliminated by an
averaglng process. In the second, these corrections were
evaluated. In the third, the resolution performance of the
spectronmeter itself was observed. ©The three experiments
agree that there is a wide range of reasonably constant
efficiency.

Calculations based on two different theoretical treat-
ments have been wmade. The first treatment is based on the
Kirchhoff formulation of the Fresnel-Huygens diffractlon
theory. It is in general agreement with the experiments,
but caanot predict all details. The second is based on
Rayleigh's dynamic theory of the grating. The results of
this calculation imply that quite strong polarization exists
in most parts of the spectrur and that this polarization

changes over the range of grating angles.
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SECTION IV
AN THNFRARED DETECTION SYSTEM
INTRODUCTION

Since the infrared spectroscopist does not enjoy the
advantages of photography in recording his spectra, it is
natural that he should be more conscious of electrical de-
tectlion systems than those spectroscopists who speclallze
in the visible or ultraviolet regions. From the time the
first galvanometer was attached to a thermocouple to the
present day, one of the main parts of the infrared spec-
troscopist's endeavors has been to lmprove the detectlom
system. ILately, with the rise of spectrophotometry, the
visible and ultraviolet spectroscoplsts have also Joined
in this endeavor.

It is the purpose of this section to describe an am-
plifier which is the key comwponent of & new infrared de-
tection system. The term "detection system" will refer
here to the entire system including the detector, amplifier,
recorder, and any assoclated components. This systew coun-
bines desirable features found only in several different
systems at present. It 1s designed to use photoconductlive
detectors, but could be adapted te any detector with the
appropriate time constant. The discussion will begin with
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& description of several existing systems. It is belleved
that thls set of existing systems 1s complete from the
standpolnt of different physical principles invelved, but
no attempt has been made to cover zll possible variatliouns
of these. For a more complete discussion, the review of
Hllliams(gg) may be consulted. The discussion 1s intended
to show the position of the new system in the spectrum of
all posslble systems, end to polnt ocut its advantages over

exlsting systexs.
EXISTING SYSTEMS

The simplest detection system consists of a trans-
ducer attached to a galvenometer with an optical lever for
determining the swing. It 1s assumed throughout the dis-
cusslon that the transducer produces a voltage which 1is,
to a good approximation, proportional to the intensity of
the light falling on i1t. This is true of the thermocoupls,
Golay cell, and photovoltalc detector. In the case of the
bolometer or photoconductor, the voltage is produced across
a load resistor or bridge circuilt as the result of the
change of resistance in the detector as the light falls
uponn 1t. The effect for the purposes of the detection

system 1s essentially the same.
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“he galvanowmeter system shows several important defects.
Cne is the long time constant of the system. Because of the
low amount of energy avallable to the system from the {rauns-
ducer, very delicate galvanometers must be employed. These
take a long time to reach thelr rew rest point when a change
in current is appllied to thelr colls. Another drawback 1s
the tendency of the system to drift. Changes in source lu-
tensity, monochromator characteristics, transducer charac-
teristics, or galvanometer mounting all contribute drifts
which camot be separated from the observed data. A wore
lmportant source of drift in this type of systex lies in
the thermocouple. In order to achieve high sensitivity,
it 1s common to meke the two Junctions unsymmetrlcal. The
seusitive junction 1s made with very low heat capacity, while
the cold Junction has high heat capaclity. Consequently, i
the temperature of the surroundings changes, the two Junc-
tions wlll be affected at unequal rates and drifts will
result.

Although the drift drawback is still present, the
next system to bLe discussed represents a signiflcant advauce.
By inserting a DC amplifier between the transducer and the
galvanoumeter, sufficient energy is now wade available to
operate any indicating or recording device. The smplifier
willl llkely be a chopper-stabilized amplifier. Such ampli-
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fiers possess greater stability which 18 important here in
the ellinination of drift. What distingulshes this system
from the AC systems described below 1s the DC output of the
traunsducer.

It can be shown that the DC systexr 1s considerably
more sensitive than the AC system to be described below.
There are tlmes when the advantages of this extra sensi-
tivity will outwelgh the disadvantages of the systeu's in-
nerent drift. For example, when an experiment is severely
energy-linited, one way be content to obtain the bvest spec-
trum possible under the circumstances, and will accept a
certaln amount of drift in the background. At other tlmes,
however, the drift makes the work impossible. In a study
such as the one in Section II on N-methyl formamide, 1t was
necessary to scan the background of the region of interest
and then scan the same reglon with the vapor in the light
path. Any chenge in detector system characteristics would
be reflected as a change in intensity or shape of the par-
ticular band envelope under consideration.
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