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CHAPTER I 

INTRODUCTION 

I. HISTORY 

The absorption or emission of electromagnetic radiation from 

15 p to 1000 y is caused by energy changes in the rotations or the 

skeletal vibrations of molecules. This wavelength range is known as 

the far infrared spectral region and has in recent years become the 

object of e"tensive experimental activity. Much of the activity may 

be attributed to an increased awareness of the need for information 

which cannot be obtained elsewhere; to improved instrumentation and 

techniques; and to a natural desire to bridge the gap between the 

infrared and the microwave regions . 

A bibliography of the far infrared compiled by Palik (1960 ) 

impressively indicates that the early history of the long wavelength 

region, from 18 9 5  to 192 0 , is the history of the investigations of 

Heinrich Rubens and his co-worKers. Their efforts were directed 

toward the determination of wavelengths, reflection, and transmission 

factors, index of refraction measurements, and polarization studies 

on a wide variety of materials such as quartz, mica, fluorite, rock

salt, crown glass, and sulfur (Rubens and Nichols, 18 97) . Many of 

their results were immediately applied to new instrumentation and 

used for further research. For example, the discovery of suitable 

l 



2 

window materials while using the bolometer as a detector made possible 

the replacement of the bolometer by the more sensitive torsion radiometer . 

Following Rubens a host of investigators led by Czerny, Badger, 

Cartwright, Strong, Randall, and Barnes further developed and improved 

the art of instrumentation; extended the applications; and refined the 

theory of the far infrared. Present day research is devoted to many 

kinds of physical phenomena such as the vibrations of long chain mole-

cules found in polymers and organic substances, optical constants of 

liquids and solids, properties of semi-conductors, and magneto-optic 

effects in semi-conductors. These are in addition to extensive inves-

tigations on the pure rotational bands of gases . 

Two of the most important examples in early years of observa-

tions on pure rotational spectra are those of U. Czerny (1927) on the 

hydrogen halides and R .  M. Badger and C .  H. Cartwright (1929) on 

ammonia . The first observations of hydrogen fluoride lines in the far 

infrared were reported in the paper by Czerny. Three lines were found 

lying between 45 p and 125 f· These lines were assigned to transitions 

in the ground state vibrational energy level between the rotational 
' 

energy levels designated by the quantum numbers J (l) -+ J (2 ) ,  J (3) � 

J (4) ,  and J (4) � J (5) . The pure rotational spectrum of HF then lay 

dormant until D. F. Smith and A. H. Nielsen (1956 )  concluded observa-

tions on lines corresponding to transitions originating with rotational 

levels J (lO) through J (l5) lying between 15 )1 and 25 P· Their fre-

quency data were used in conjunction with data by Kuipers (1956) ,  



obtained in the fundamental vibration-rotation band, to determine the 

rotational constants of the hydrogen fluoride molecule. 
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For a few molecules such as NH3 and OCS, studies have been made 

in the microwave region of intensities, shapes, and widths of lines 

in pure rotational spectra (Bleaney and Penrose, 1948; Johnson and 

Slager, 1952 ) . The tremendous resolving power of spectrometers work

ing in this region makes possible the direct determination of true line 

shapes. Investigations recently completed in this laboratory (Herget, 

1962 ) have demonstrated that with high resolution and a precisely 

measured slit function it is possible to measure directly the shapes 

and widths of individual lines of the HF fundamental band in the near 

infrared. 

II. THE PROBLEM 

Complementary to the work of Herget it was felt desirable to 

extend the investigation of HF intensities into the far infrared by 

making exploratory measurements on the individual lines of the pure 

rotational spectrum. Such measurements are inherently more difficult 

in the long wavelength region than in any other because spectrometers 

with resolution comparable to that obtained in the microwave or even 

the near infrared are not presently possible--primarily due to the 

minute amount of energy available for detection and the relatively 

few grating lines which can be illuminated. Further development of 

the interferometric method may, however, make possible resolution 

equal to near infrared in the future. 



The purpose of the present investigation was to determine the 

frequencies, the ground state rotational constants, the intensities 

and the widths of as many of the pure rotational absorption lines of 

hydrogen fluoride as could be measured. 

The experimental problem was two-fold: 

l. The development of a far infrared spectrometer with which 

to carry out this and future long wavelength investigations at The 

University of Tennessee. 

4 

2 .  The mea.surement of the transmittance of the hydrogen 

fluoride pure rotational band as a function of frequency and pressure. 

The frequencies of 17 pure rotational lines were measured, and 

from them the ground state rotational constants B0, D0, and H0 were 

evaluated. Equivalent width measurements resulted in intensity and 

half-width values on seven lines. In addition, lines arising from 

transitions between the higher J levels were examined for pressure 

dependence of their center frequencies at pressures varying from 15 

em Hg to 1 2 0  em Hg. 



CHAPTER II 

TECHNIQUES OF THE FAR INFRARED 

I. GENERAL CONSIDERATIONS 

The experimental examination of the far infrared spectral region 

is primarily an optical problem and consequently involves many of the 

techniques of focusing, directing by mirrors, dispersing, and detect

ing of electromagnetic radiation which have been developed for the 

near infrared. There are, however, several important differences in 

spectrometers designed for the two regions. These differences are the 

direct result of attempts to solve the difficulties which beset the 

investigator of a region in which: (a) there is no satisfactory radi-

ation source having the maximum of its energy distribution in the 

region of interest; (b) there is a shortage of materials of desirable 

physical and optical properties for use as windows and filters; and 

(c ) the existing detectors do not have performance comparable to that 

of the best detectors of other regions. 

The radiation sources presently available emit an extremely 

small amount of energy in the far infrared in comparison with the 

radiation emitted in the shorter wavelength region, Even a black 

body emits little energy beyond 30 r· and band sources in which the 

radiation eitlitted is limited to the long wavelength region awa.it de

velopment. The sources most frequently used are the Welsbach mantle, 

the Globar, and the high pressure mercury arc. The first of these is 

5 
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essentially a hot filament coated with thoria. Originally the filament 

was a close mesh envelope of silk heated to incandescence by a gas 

flame; today it may be a strip of mesh platinum or even the quartz 

envelope of a mercury lamp. (Robinson, 1959) . The mantle is most 

useful as a source at wavelengths less than 100 r· 
A second source which is useful below 100 f is the Globar. It 

is a silicon ca.rbide rod of about 1/4 inch in diameter and 2-1/2 inches 

long which is generally operated at 1500°K . The rod is sturdy and pro-

vides a stable source but it does require enclosure in a water jacket 

(Strong, 19 39 ) . 

High pressure mercury lamps are presently the most suitable 

sources between 100 J and 1000 ? (McCubbin, 1952 ) .  In these lamps 

the arc is in a fused quartz tube operating at several atmospheres 

pressure. Ultraviolet and visible radiation are intense from the lamp 

and the lamp should be shielded to protect the eyes of observers . The 

lamp is simple to mount and convenient to use and does not require 

cooling although the circulation of nitrogen about the electrodes will 

a.dd to the life of the lamp (Plyler, 1958) . 

Two major problems arise as a result of the inadequacy of these 

sources: the acquisition and conservation of the energy in the region 

of interest; and the elimination of the intense short wavelength ra.di-

ation. The solutions to these problems occasionally appear to border 

on art rather than science. For example, a reasonably efficient fil

ter can be made by properly depositing a thin layer of turpentine soot 



onto a suitable thickness of paraffin or even tissue paper and intro

ducing it into the beam at a position where it will not melt or burn. 

II. THE MONOCHROMATOR 

7 

The monochromator of a far infrared instrument must be either a 

grating or an interferometer because no suitable prism materials are 

available as dispersing elements beyond 50?· The interferometer offers 

the advantage of permitting the use of extremely wide slits thus ac

quiring a large amount of the available energy. It is also simple and 

relatively inexpensive 1n itself, but it requires a computer as an 

auxiliary tool because the output must undergo a Fourier transforma

tion before a spectrum can be displayed. The fact that there is no 

direct presentation of spectra is often considered a disadvantage . 

Diffraction gratings are more frequently used in the infrared 

and may be either the transmission or the reflection type. Much of 

the early work in the far infrared was done with wire transmission 

gratings (Barnes, 1 934). Most modern instruments, however, are de

signed around a reflection monochromator in which the principal 

element is a plane diffraction grating in either a Littrow or an 

Ebert mounting. Such gratings are invariably of the echelette type 

in which the groove is flat and inclined at such an angle that the 

radiation examined is specularly reflected in the order of the dif

fraction used. Radiation of the wavelength studies is diffracted 

through a fixed angle and the spectrum is scanned by rotating the 

grating. Commercial gratings are available in sizes ranging from 
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2"x2" to 6"xl0" and may be either precision replicas or originals. 

The original or master gratings are usually ruled with a diamond cutter 

on aluminum coated crown glass although gratings for the fa.r infrared 

are frequently ruled on other metals such as polished blocks of mag-

nesium . The replica gratings a.re formed from master gratings by mold-

ing the grooves in a very thin layer of clear plastic adhering to the 

surface of a glass backing plate and coating the optical surface with 

aluminum . For the longer wavelength regions ( ,\ > 300 p) sufficiently 

accurate gratings may be ruled on a. milling machine by a competent 

machinist. Three gratings are presently in use in the Tennessee in-

strument . Two of these are original rulings and one a replica. 

III. THE FILTERING PROBLEM 

The use of a plane diffraction grating in a far infrared spec-

trometer satisfactorily solves the problem of dispersing the radiation 

with the greatest possible resolution. However, without proper fil-

tering it introduces intolerable amounts of unwanted radiation into the 

detector section of the instrument through the process of overlapping 

orders. 

The frequency of the radiation reflected at a given angle from 

a plane grating may be determined from the grating equation, 

V= nk 
sin 8 

where V is the frequency in wave number; 

n is the diffraction order, taking on integral values; 



k is the grating constant; 

8 is the angle from central image. 

It is evident from this expression that the radiation observed at a 

particular angle 8 is not monochromatic but consists of a multiple 

of frequencies each of whose values depend upon a different order 

number n. If, for example, black body radiation is incident upon a 

grating set at a pa.rticular angle 8, then the radiation reflected 

through the exit slit and into the detector section of the instrument 

is not of the single frequency \l, but includes as well radiation of 

frequencies 2 \( , 3 V, etc. If it is radiation of frequency \l that 

one wishes to examine, then the higher order frequencies, 2 V, 3 V , 
etc. must be eliminated. 

Although the problem of overlapping orders is not restricted 

to the far infrared, it is certainly more pronounced and its solution 

is much more difficult and less precise than in the short wavelength 

region, !·�., (\. c( 15 y· Consider a source which is a l000°K black 

body obeying Planck's radiation law. If it is desired to examine 

radiation at 4 J in the first order, then the higher orders must be 

filtered . Second order light at 2 p has about the same relative in

tensity and third, fourth, and higher orders are relatively less in-

9 

tense than the desired 4 )1 energy so that the problem is one of filter

ing out radiation which is of comparable intensity to the wanted 

radiation . Suppose; however, that it is desired to examine radiation 

at 100 J in the first order from this same source. The ratio of the 

unwanted to the wanted radiation may then be a.s high as 1 00, 000 to l. 



1 0  

The reduction of this unwanted radiation until it produces only one per

cent as much signal from the detector as the 100 u places spec ial de

mands upon the f iltering system. 

When work ing in the near infrared, two methods of filtering of 

overlapping orders are commonly used. Either a prism or a suitable 

array of band-pass transmission f ilters may be placed in the optical 

path restr icting the illumination of the grating to radiation of a fre

quency range so narrow that it does not contain overlapp ing orders. 

Since each of these methods depends upon favorable transmission proper

ties of materials, neither is at present satisfactorily adaptable to 

the long wavelength region. 

Another filtering technique useful to the near infrared and 

which future research may make available to the long wavelength is the 

princ iple of interference which is widely known and used in optics. 

Interference is to be expected whenever a beam of radiation is trans

mitted through a film of thickness comparable w ith the wavelength; 

radiation reflected by such a film may also show evidence of inter

ference between components reflected by the front surface and those 

which suffer successive reflections at each surface. 

The high reflection of metals is assoc iated with absorption. 

Transparent dielectric films can be used, without absorption loss, 

to furnish high reflecting coefficients (Conn and Avery, 1960 ) .  A 

stack of quarter wave films each alternately of high and low refrac

tive index ensures that beams reflected by the interfaces are all in 



1 1  

phase. The increased reflection is naturally associated with a sharpened 

spectral response. 

Such interference filters have extensive application in the in

frared. The great merit of these filters is that little radiant power 

is lost by absorption. There is no doubt that there are many applica

tions in the infrared region for isolating a particular spectral region 

or in combination with gratings for replacing the foreprism. 

When a wave passes from a dense medium to a less dense medium, 

total internal reflection takes place at the critical angle, and at all 

angles of incidence greater than this. If the less dense medium is a 

thin film less:than a wavelength thick, and is in turn backed by a 

layer of higher refractive index the internal reflection is ''frus

trated. " Thus a filter can be constructed. The merit, compared with 

the visual interference filters, is that only three layers are re

quired to furnish a very narrow band pass. The characteristics depend 

on the angle of incidence and the state of polarization. Thus the 

pass band may be shifted, modestly, by altering the angle of incidence; 

such an arrangement has two pass bands, one polarized perpendicular 

to the plane of incidence, and the second at shorter wavelength, 

polarized in the plane of incidence. 

IV. FILTERING TECHNIQUES 

l. Transmission Filters 

There are very few materials studied to date which selectively 

transmit long wavelength radiation. Those which do make simple and 

I 
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invaluable filters. They are frequently placed in the optical path as 

windows--either of the cell or of the detector or as optical connec

tions for separated parts of the spectrometer. Table I lists several 

of the more commonly used transmission filters and the approximate 

wavelength beyond which they transmit more than 50 per cent of the in

cident radiation . 

2. Reflection Filters 

These provide the most effective means of reducing unwanted 

radiation in a far infrared spectrometer. Three classes of reflection 

filters are in general use; they are reststrahlen crystals, gratings, 

and scatterplates. 

Rubens (1897) described a method by which he obtained a fairly 

homogeneous long wavelength radiation by successive reflections from 

surfaces of a given crystalline material. Since this early applica

tion of a reststrahlen isolation, investigators have leaned heavily 

upon this technique of obtaining pure spectra . The method is based 

on the fact that crystals reflect as if they were metals in the spec

tral region where they absorb strongly, 2:·�·· at the frequencies of 

their fundamental and secondary lattice vibrations; all other fre

quencies are randomly scattered. A partial list of reststrahlen 

crystals together with the wavelength of the maximum reflectivity 

is given in Table II. 

An echelette grating, when used as a plane mirror, provides an 

effective means of removing short wavelength light from a beam containing 



TABLE I 

TRANSMISSION FILTERS 

Substance 

1 mm Polyethylene 

1 mm Paraffin 

Diamond 

Quartz 

Teflon 

Mica 

Short Wavelength 
Transmission Limit 

()l) 

15 

2 0  

20 

45 

75 

2 00 

13 
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TABLE II 

RESTSTRAHLEN 

Wavelength of Useful Wavelength 
Maximum Reflection Interval 

Crystal cr) Cy) 

MgO 1 5. 5  12- 18 

LiF 25 20- 33  

NaF 35 25-45 

BaF2 45 32- 55 

NaCl so 43- 60 

KCl 63  55-77 

KBr 80 60-100 

KI 90 75-1 0 5  

CsBr 125 90-140 

KRS- 5 175 1 00-200 
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infrared radiation of all wavelengths . As pointed out by White 

(1947), such a beam incident upon a grating contains radiation be

longing to two wavelength regions: that in which the wavelength is 

short compared to the groove spacing, and that in which the wave

length is longer than the distance between the grooves. If a flat 

mirror is replaced by a grating, the radiation belonging to the 

shorter region is diffracted out of the beam and into the various 

orders of the dispersed spectrum by the grating, but the long wave

length light is specula.rly reflected by the grating into the same 

image that would be formed by the mirror. These filters offer the 

advantages of sharp cutoff frequencies, application over a wide range 

of frequencies, and if properly selected, very little attenuation of 

the desired radiation. They have the disadvantages of being expensive 

unless milled in a machine shop, of requiring efficient baffling, and 

of being restricted to a few possible positions in the beam. 

Along this same line but not as efficient is the method of fil

tering by scatterplates. Lord Rayleigh. (1901) showed that rough sur-

faces reflect long infrared rays almost as well as polished ones, and 

Strong (1931) applied the phenomenon to the reduction of short wave

length radiation in a light beam by roughing the surface of a mirror 

from which it was reflected. Continuous sets of filters from such 

scatterplates are frequently used. They are simply made by polishing 

flat pieces of aluminum and then grinding with various grades of emory 

or carborundum in a trial and error fashion. Beyond 1 00 p coating the 

aluminum with a thin layer of turpentine soot makes the filter more 

effective. 
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3. Crystal Choppers 

Since infrared detectors respond to changes in energy which they 

see from moment to moment, it is advantageous to have the detector look 

alternately at the source and at an opaque shutter of near zero in.:.. 

tensity. In the early days of spectroscopy this was done manually in 

point by point spectral scans. The application of this procedure to 

filtering was suggested, and Czerny (192 3) described a shutter which 

was transparent throughout the near infrared. Short wavelength radia

tion was transmitted by the shutter and simply acted to give zero de

flection since the detector was exposed to it continually. With the 

advent of ac amplifying systems the shutter became a chopper and now 

many times each second the detector could be alternately exposed to 

the source and to a null. By rectification it became a simple matter 

to ensure that only "chopped" radiation would be amplified and thus a 

great deal of troublesome background energy was eliminated. Firestone 

(1932) first applied the transparent shutter to this alternating 

current system and thus introduced an extremely effective filter for 

use in the far infrared. Since an amplified signal is produced only 

for that radiation to which the chopper is opaque, all other radia

tion is effectively filtered out of the beam. Thus, for example, 

when looking at 50 f light, the use of a chopper transparent to 30 y 
would eliminate all overlapping orders. A small amount of short wave

length radiation is not transmitted but is reflected from the face of 

the chopper and must be compensated for by placing one or two wire 

spokes in the open sector. 
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The blade of the chopper is normally one of the alkali halide 

crystals although conceivably it could be any material sufficiently 

transparent to the shorter wavelengths. Table III lists some possible 

materials and the transmissions limit of their usefulness as choppers. 

4 .  Focal Isolation 

The optical properties of quartz make it a unique and useful 

filter for the elimination of wavelengths shorter than 1 00 P· The 

index of refraction of quartz is about 1. 5  for the near infrared and 

about 2 . 1 for wavelengths greater than 1 00 Jl· Positioning a thick lens 

of quartz in the beam results in the long waves being brought to a 

focus near the lens and in the short waves being focused so far from 

the lens as to be considered divergent. Furthermore a thick lens 

will be nearly opaque to all radiation between 5 f and 1 00 r· 

5. Christiansen Filters 

In these filters a transparent powder is placed in a fluid con

tained :tn a parallel sided cell. For any wavelength for which the 

powder and the fluid have the same index of refraction the cell acts 

in the same way as a plane parallel plate. For wavelengths for which 

the two substances have different indices, a beam of light passing 

through the cell will be scattered in all directions with an effect 

that becomes greater as the difference in the indices increases. In 

the infrared advantage is taken of the fact that the alkali halides 

have regions of anomalous dispersion in which the index of refraction 

passes through unity. For this reason air is used as the fluid, and 
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TABLE III 

CRYSTAL CHOPPERS 

Transmission Limit 
Crystal Cp) 

LiF 5. 5 

CaF 1 2  

NaCl 1 5  

KCl 19 

KBr 25 

CsBr 35 

Csl 45 
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the cell, filled loosely with powdered salt, acts as a filter trans

mitting as much as 50 per cent of the light in the region of anomalous 

dispersion, becoming opaque rapidly on either side. Table IV lists 

several salts and their transmission peaks . 

The above discussion by no means exhausts the possibilities of 

filtering. Indeed the problem is such that new schemes and materials 

are constantly being tried. For example, Moller (1963)  recently de

scribed a set of transmission filter gratings for the far infrared. 

These are thin replicas of molded polyethylene, and filter by dif

fracting short wavelength light out of the beam in the same way as 

the reflection grating filter. They have the advantages of being in

expensive and easily made and can be placed anywhere in the beam .  Like 

many long wavelength pass filters, however, they cannot be used when 

one wishes to study light in higher orders. 

Before describing the application of the methods, materials, 

and components of far infrared spectroscopy to the development of a 

spectrometer at The University of Tennessee, mention must be made of 

two items of general interest--detectors and the elimination of water 

vapor . 

V. DETECTORS 

Infrared detectors may be classed as either selective or non

selective (Conn, 1960 ) .  Selective detectors, which are solid state 

devices, are sensitive over a limited range of wavelengths in the 

near infrared. Non-selective detectors are thermal devices which 
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TABLE IV 

CHRISTIANSEN FILTERS 

Transmission Peak 
Salt (p) 

NaCl 32 

NaBr 37 

Nai 49 

KCl 37 

KBr 52 

KI 64 

RbCl 45 

RbBr 65 

Rbi 73  

CsCl so 

CsBr 60 

TlCl 45 

TlBr 64 

Tll 90  



respond rather uniformly throughout most of the infrared spectrum . 

Consequently, only thermal detectors can be used in the far infrared. 

These non-selective detectors measure the incident infrared radiation 

as a function of a change in temperature of their sensitive surfaces. 

The temperature change may be measured by the thermoelectric effect 

as in the thermocouple, by the change in electrical resistance as in 

2 1 

a bolometer, or by the expansion of a gas as in the Golay cell . An 

important feature of these instruments is the "blackening" of the re

ceiving element to ensure that power is absorbed at all relevant wave

lengths . Selective blackening is in fact practiced so that it is 

possible, for example, to construct thermocouples which are particu

larly sensitive to certain regions of the far infrared (Reeder, 1 9 63) . 

Most far infrared spectrometers today employ either the thermo

couple or the Golay cell . The sensitivity of the Golay detector is 

almost uniform from the visible through the entire infrared spectrum 

and on into the microwave region . For studies between 500 p and 1 000  

P• the Golay cell is the only choice for today's laboratory instruments 

and it is frequently the preferred detector down to 100 p· Despite 

its usefulness it is a delicate instrument requiring careful handling 

and caution must be exercised to protect the cell from excessive 

illumination . Furthermore, Golay cells, except for specially con

structed models made in England, are seldom used in a vacuum for long 

periods because of the gas which they contain. 

Thermocouples have recently been designed to equal the per

formance of the Golay cell out to 300 f· The advantages of the thermo-
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couple are that it is mechanically and optically rugged and can be used 

with impunity in a vacuum. 

VI. ELIMINATION OF WATER VAPOR 

The far infrared spectral region is distinguished by the abundance 

and strength of the pure rotational absorption lines of atmospheric 

water vapor . This absorption must be reduced or eliminated before spec

tral studies can be ca.rried on in this region. The most satisfactory 

solution- -indeed the only one which is completely effective--is evacu

ation of the spectrometer. However, this course is not to be set upon 

lightly; it can be both expensive and fraught with difficulties, but 

it will eliminate the water vapor spectrum. 

If evacuation of the instrument is not practical or desirable, 

one then faces the problem of dehumidifying the air enclosed within 

the spectrometer in an effort to reduce the intensity of the water 

lines to a tolerable level. This may be accomplished by one or a com

bination of the following methods: (l) drying agents such as drierite 

CCaS04) .  or P20s may be placed within the enclosed instrument; (2) the 

air enclosed in the instrument may be circulated through external tanks 

of drying agents such as alumina (Al203) ;  (3) the spectrometer may be 

flushed by a water-free gas such as oil pumped nitrogen; (4) the water 

vapor may be frozen out of the air by allowing liquid nitrogen to boil 

off through coiled tubing passing within the enclosed instrument. 

The elimination of the water vapor spectrum background has also 

been attempted in both the near and the far infrared regions by using 
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a double beam spectrometer. When such an instrument is used in conjunc

tion with one of the above drying methods the results are satisfactory. 



CHAPTER III 

DESCRIPTION OF THE SPECTROMETER 

I. DESIGN CONSIDERATIONS 

The minute amount of energy available places special demands 

upon the spectrometer to be used in the far infrared . However, it 

has been demonstrated by both Plyler and Acquista (1 956) and Lord and 

McCubbin (1 957)  that small gratings are capable of collecting enough 

energy to be useful in recording spectra in the region between 2 0  p 

and 200 f· The instrument to be discussed here was built to cover 

the range from 25 ? to 250 ?· 
Part of the reason that small gratings do collect enough 

energy can be found by examining the equation governing the amount 

of energy falling on the detector of a grating spectrometer as was 

done by Strong ( 1949 ) .  For simplicity assume the source emits accord-

ing to the Rayleigh-Jeans distribution law, 

l!ib\ ":\ -4 B 1'-- = Bo � f\ (watt [cm2 steradian em] -l) 

the energy through the exit slit will be 

W = TB � s£ � t. (\. , ... F2 (watt ) 

where T is the transmission or efficiency of the grating 

s is the physical slit width 

� is the slit length 
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A is the area of the collimated beam and equals the grating 

area 

F is the focal length 

D. A is the wavelength range embraced by the slit 

A/F2 is the solid angle subtended by the grating. 

Observing that for narrow slits s/6.� is the linear dispersion and is 

given by the product of the focal length and the angular dispersion, 
d8 
d/\ 

, one may replace s by 

s··= de 
d(\. 

Fil "?-.. , 

and then the energy reaching the detector is given by 

A 
F (watt) .  

It is irrnnedia.tely evident from this expression that the larger the 

grating area the more energy reaches the detector . However, the un-

favorable area of a small grating could be compensated if it had a 

large angular dispersion, high reflectivity, and large aperture and 

if the instrument were suitable for use with bright light sources 

and sensitive dectectors. 

With these factors in mind it was felt that a Perkin-Elmer 
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Model 12B prism spectrometer available in the laboratory could furnish 

a satisfactory basis upon which to construct a medium-resolution far 

infrared grating instrument capable of examining the spectrum between 

- 1  1 400 em and 40 em- . The design provides for as much flexibility 

as possible so the interchange of components and the move from one 

spectral region to another can be effected easily. 



I I. PHYSICAL FEATURES 

2 6  

The overall physical features of the completed spectrometer and 

its auxiliary equipment are shown in the photograph of Figure 1. The 

system is made up of four components: the spectrometer proper, the 

drying apparatus, an enclosed relay rack containing the electronics, 

and the gas handling system . 

The spectrometer is mounted on an aluminum framework mobile 

platform . Leveling jacks at the base of the platform provide a firm 

foundation when the instrument is in operation . The instrument rests 

on a wooden table fitted to the top of this platform and its under

neath side is accessible through a hole in the table . The entire 

spectrometer, including the source and the chopper, Ls enclosed by a 

single cover . This necessitated extending the deck of the spectrometer 

several inches on each side by bolting to it an aluminum rim cut from 

a single sheet of 3/8 inch metal . A liquid metal seal then made air

tight the extension upon which the chopper was mounted . The cover is 

a galvanized box soldered to a 1/4 inch brass rim matching the outer 

edge of the extended base . A plastic molding is embedded in the brass 

and the cover is sealed to the base by machine screws . 

With the single enclosure a simple and satisfactory drying 

arrangement is possible and there is no longer an air gap between 

the source and the enclosure . Three windows have been eliminated 

from the original arrangement . This results in improved transmission 

and eliminates a polyethylene window which was directly in front of 



Figure 1. View of the Far Infrared Spectrometer and Auxiliary Equipment . tv 
'I 
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the 1500°K source. Furthermore the sample area has been increased to 

accept a 12 em cell in the converging beam immediately in front of the 

entrance slit . 

The spectrometer is not a vacuum instrument. The drying system 

consists of a. pair of 4 inch diameter pyrex cylinders 3 feet tall con

taining pellets of activated alumina (Al203) (Kuipers, 1 956 ) .  Provision 

is made for reactivating the alumina when it has become saturated with 

water vapor by blowing through it air which has been heated to 200°C. 

The pair arrangement makes possible the reactivation of one cylinder 

while the other is being used to dehumidify the spectrometer. The 

drying system is connected to the cover of the spectrometer by 1-1/2 

inch diameter radiator hose . When the cover is sealed to the base, 

the entire system made:up of drying cylinder, hose, and spectrometer 

is an air tight closed loop. A small electric fan continuously cir

culates the air in this system from the enclosed spectrometer, through 

the absorbing alumina and back to the spectrometer. This procedure, 

after overnight drying, results in the el imina.tion of all but the 

strongest water lines and the reduction of those to below 2 0  per cent 

of their original intensities. Such an a.rrangement is frequently to 

the investigator's advantage because it provides sharp, fairly well 

spaced water lines for calibration. Figure 2 illustrates the effec

tiveness of the drying . The top scan shows three strong water lines 

in the 325 cm-l region after a few minutes drying . The second scan 

shows the same region after several hours drying. Two of the strong 

lines have been reduced to about 15 per cent of their earlier 
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Figure 2 .  - 1  Scans of the 32 5 em. Region Showing Effectiveness of Drying . 



absorption; the third has been elimina.ted . The water absorption is 

shown by dotted lines beneath the recorded HF J(7)  line . 

In connection with the drying it should be pointed out that 

once the instrument is sealed and the removal of water vapor started 
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a variety of gases over a fairly large spectral range can be examined 

without opening the instrument and interrupting the drying process . 

This is possible because provision has been made in the design of the 

instrument to reposition the grating, to select a suitable filter, and 

to admit gases into the cell by outside controls . 

It was decided for purposes of instrumental mobility and elec

tronic stability to mount the amplifier, recorder, control panel, and 

power supplies in a relay rack separated from the spectrometer proper . 

The outmoded Model 5 1 amplifier and mechanical rectifier which accom

panied the original instrument were considered to be unsatisfactory 

for the uses to which the new instrument would be put. Consequently, 

the electronic circuitry was completely redesigned and rebuilt around 

a more powerful and stable system consisting of a pre-amplifier, the 

Perkin-Elmer Model 1 04 amplifier, and a Leeds and Northrup Speedomax 

recorder. There are two preamplifiers: one for the thermocouple and 

one for the Golay cell. They are mounted directly beneath the detec

tors on the spectrometer table to reduce pickup in the input cables. 

The power supply system for the Globar source is mounted in 

the relay rack and consists of a 2 50 watt Sola constant voltage trans

former, a 12 0  volt variac, a voltmeter and an ammeter . A General Elec

tric 100  watt stabilized transformer furnishes the power and the 
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ballast for the mercury arc source, and a second 250 watt Sola provides 

stabilized power for the amplifier and controls . These too are mounted 

in the relay rack . In an additional effort to avoid power fluctuations 

the entire electrical system is fed regulated voltage from a master 

Sorensen Regulator . 

In addition to providing storage space for the power supplies 

and amplifier, the relay rack contains the recorder whereon the spectra 

are displayed and the control panel . The panel contains the main power 

switch and on-off switches for the chart drive, pen motor, chopper, and 

source power supplies. The start and stop microswitches and automatic 

cut-off relay for the grating drive are also located on this panel. 

The gas handling system has been previously described by Herget 

(1962 ) . It was designed and constructed of monel to transfer and 

measure corrosive gases . Accurate pressure measurements up to 1 28 em 

pressure can be made with a Taylor Differential Pressure Transmitter 

(Model No . 399RF) . The system is connected by monel tubing to the cell 

in the spectrometer through a fitting in the base of the instrument, 

and a measured quantity of gas can be admitted or withdrawn from the 

cell without opening the spectrometer. 

1. Grating 

III. OPTICAL SYSTEM 

The optical system of the grating spectrometer is shown in the 

ray diagram of Figure 3. The layout is a conventional Littrow-mounting 

arrangement . Chrome-aluminum front surface mirrors direct the radiation. 
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Freedom of the mirrors from chromatic aberration makes it possible to 

focus the spectrometer with visible light and have it also in focus 

in the far infrared . The radiation from the source at position l is 

chopped by the crystal chopper at 2, reflected from the filter at 3 
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and focused onto the entrance slit of the monochromator by the spherical 

mirror M1 . The sample cell is placed in this convergent beam just in 

front of the entrance slit . The parabolic mirror M2 collimates the 

light for the grating G and focuses the light reflected from the 

grating onto the exit slit by means of the flat mirror M3 . The light 

emerging from the exit slit is collected by the toroidal mirror M4 

and focused onto the entrance window of the Golay detector . When the 

thermocouple is used a flat mirror takes the position of M4 and a 2 

inch ellipsoid gathers the light and focuses it onto the detector 

window. The photograph in Figure 4 presents a close up of the optical 

components. 

The distinguishing feature of this instrument is the presence 

of the grating . It is mounted on the Littrow mirror spindle in a 

holder specifically designed to facilitate the interchange of the 

three gratings presently available for the instrument . This mount is 

designed to permit small adjustments of the grating position about two 

horizontal axes through the center of the grating parallel and per

pendicular to the plane of the grating . The gratings are approximately 

squares 7 em on the sides and are blazed in first order for 33  ?• 85 P• 
and 1 63 f enabling one to examine the spectral region between 2 0  � and 

25o Y· 



Figure 4 .  Closeup View of the Far Infrared Spectrometer. 
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The Littrow drive in the original Perkin-Elmer equipment was 

considered to meet satisfactorily the conditions of smoothness and re

producibility required of a grating turntable and every effort was 

made to retain it. Unfortunately this drive is limited to an angular 

range of 1 0° and this is not very useful in the far infrared. To 

remedy the situation provision was made to reposition manually the 

grating in 9° steps from beneath the spectrometer. An angular inter

val of 45° can be examined in overlapped stages without interrupting 

the drying of the instrument. 

An ll o off-axis parabolic mirror M2 replaces the 18 ° off-axis 

mirror which was used in the prism instrument. This is required be

cause the grating is closer to the slits than was the prism. The 

parabola is approximately a 7 em square having a 27 em focal length. 

Straight entrance slit jaws replaced the curved ones with which the 

monochromator was originally equipped. 

The plane mirror M3 which directs light onto the exit slit was 

originally a part of the prism table and now requires a mount of its 

own. The mirror is fastened permanently to a shaped piece of aluminum 

having a slotted base which can be fastened to the monochromator deck 

by a single machine screw. When the filtering demands it this mirror 

is replaced by a reststrahlen crystal or a scatterplate each of which 

is a permanent part of its individual mount. 

2.  Filter Components 

As discussed earlier the elimination of all but a single order 

of radiation is a major problem in a far infra.red spectrometer. Since 
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this instrument was to be used in making intensity measurements spectral 

purity was most important . The filtering has been quite effective and 

the stray light is reduced to less than 2 per cent throughout most of 

the range of the instrument. 

The heart of the filtering system is the crystal chopper at posi

tion 2 and the filter wheel at position 3 (Figure 3, page 32) . The 

chopper is KBr made of two 90° sectors fitted together to form a semi

circular blade 1/8 inch thick . The sectors are fastened to a 1 - 1/2 

inch diameter brass disk by machine screws and epoxy cement . The 

screws are necessary because during runs of 24 hours or more the cement 

softens in the heat of the source. Two thin brass rods having weighted 

lead tips are secured in the open sector of the chopper opposing the 

KBr crystals . The chopper is balanced statically and dynamically and 

rota.tes smoothly at 1 3 cycles per second. The brass rods offer not 

only mechanical balance but optical balance as well by deflecting as 

much short wavelength radiation in the open sector as the KBr surface 

reflects in the bladed sector. Space is provided for the insertion of 

more compensating spokes if they are required. 

The filter wheel shown in Figure 5 provides for the selection 

from outside the spectrometer of one of three previously chosen re

flection filters. The filter holders are mounted vertically on a shaft 

which extends through the deck of the instrument and which can be 

rotated manually from beneath the table . The filters are optically 

aligned with the instrument open . The wheel is so positioned that 

when the filters are properly placed in the holder and rotated into 
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the beam they are automatically aligned to give the best possible image 

on the entrance slit. Thus alignment of a filter with the spectrometer 

closed is accomplished simply by rotating the filter wheel to maximize 

the energy on the recorder with the grating at central image . 

Although the filter wheel can accept reststrahlen plates, 

scatterplates, or even small gratings, only the reststrahlen plates 

are used on it at the present. With the exception of MgO and BaF2 

the crystals listed in Table II, page 14, are available for rest

strahlen filtering. 

With the exception of scatterplates which are occasionally 

placed in the positions of mirrors M3 and M4--particularly when the 

thermocouple is used--the only other filtering is done by selective 

transmission. The thermocouple has a quartz window which is opaque 

between 6 f and 45 r· The Golay detector has a diamond window which 

is opaque below 6 f· Filtering through quartz occurs when using the 

mercury lamp because the arc is enclosed in :a-quartz envelope. At all 

times there is at least 0. 1 inch of polyethylene in the beam in the 

form of cell windows. This greatly reduces radiation below 1 5  p· 
Teflon filters are available and are used effectively beyond 1 00 y· 
Table V is a compilation of the complete filtering system for each 

spectral region as used in making the measurements of the present 

work . 

3. Sources 

Either a water cooled Globar or a General Electric HlOO A-4 

high pressure mercury lamp when mounted in position 1 (Figure 3,  



TABLE V 

FILTERING SYSTEM FOR EACH S PECTRAL REG ION 

S pect ral Reg ion T ransmiss ion Ref lect ion G rat ing 
(,u) F il te r  F i lte r Chopper ( l ines/mm) 

( 1 )  2 0- 30 3 polyethyl ene L iF KB r 30 

( 2 )  30-45 3 polyethylene NaF KBr 30 

( 3 ) 45- 5 5  2 polyethylene NaC l  KB r 8 ( 2nd 0) 

(4)  5 5- 7 0  2 polyethy lene KC l KB r ' 8  
1 quartz 
1 s catte rpl ate 

( 5 ) 7 0- 1 00 2 polyethylene KB r KBr 8 
1 quartz 
1 s c atterp l ate 

( 6 ) 1 00 - 140 3 polyethy lene CsBr KBr 8 
1 quartz 
1 tef lon 

( 7 )  2 00-2 50 3 polyethylene KRS- 5 KB r 3 
1 quartz 
1 tef lon 

B l aze 
( cm- 1 ) Source 

300 G l ob ar 

300 G l obar 

1 2 0  G l obar 

1 2 0  Hg Lamp 

1 2 0  H g  Lamp 

1 2 0  Hg Lamp 

61  Hg Lamp 

S l it W idth 
(mm) 

0 . 7  

0 . 8  

1 . 0  

1 . 0  

1 . 2 

2 . 0  

3 . 5  

w 
\0 
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page 32 ) p rovide s a source of cont inuous radiat ion for the ins t rument . 

Al though the i r  use ful reg ions ove rl ap , the G lobar is normal ly used be

tween 25 f and 1 00 f and the me rcury l amp beyond 100 r· The mount ing 

for the me rcury l amp is such that the l amp is supported f rom above in 

the s ame ve rtical axis as is occupied by the G lobar when it is in pos i-

tion . Consequent ly , the two s ource s c.an be inte rchanged without re

focus ing the inst rument . 

4 .  Detectors 

Al though two de tectors are avai l abl e , a the rmocoupl e  with a quartz 

window and a Gol ay c e l l  with a diamond window , it is p robable that only 

the Gol ay ce l l  wi l l  be used regu l arly .  Neve rthe l e s s  p rovis ion has been 

made for the exchange to be effected as eas ily as pos s ible . Electron;., 

ical ly this means the removal of three p l ug s and the insert ion of th ree 

others . Opt ical l y  the job i s  more comp l icated s ince each detector has 

its own mirrors and focus ing must take p l ace . The the rmocoup le c an be 

used f rom 5 0  f to 1 5 0  )l ;  the Gol ay ce l l  is useful throughout the range 

of the inst rument . 

IV . PERFORMANCE 

The spectrometer has been in ope rat ion for ove r a year and , ex-

cept for minor ope rat ing problems , has been re l at ive ly f ree of t roub l e s  

during this t ime . The most bothe rsome aspect o f  ope rat ion is the int e r

chang ing of f i l te rs and g rat ing s when mov ing f rom one spect ral reg ion 

to anot he r .  Even this is not too time consuming , and once set up , the 

inst rument require s  very l ittle attent ion . 
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The actual pe rfo rmance of the ins t rument is ind icated in F ig ure 

6 ,  whic h s hows a scan of the atmos phe r ic wate r vapor sp ect rum between 

2 3  f and 30 )l· This spect rum was made fol l owing a. s hort d ry ing per iod 

and s hows about 80 per cent absorpt ion fo r the st ronge st l ine s .  The 

re solut ion in this reg ion is such that l ines l e s s  than one wave numbe r 

apart are ident i f iable even with this much water  vapor in the  path . 

Two l ines at 399 . 8 9 cm- 1 an d 398 . 9 7 cm- 1 show sp l itting and three l ines 

at 3 7 6 . 2 6  cm- 1 , 3 7 5 . 38 cm- 1 , and 3 74 . 54 cm- l are def in ite ly ind icated . 

The two l ines a.t 358 . 44 cm: 1 and 35 7 . 2 7  cm- 1 are c l e arly separated . 

This deg re e  of re s olut ion i s  at tainabl e throughout the range of the 

ins t rument . 

The cent ral images s hown in F igure 8 ,  p age 5 8 ,  g ive some ind ica-

t ion of the opt ical al ignment and the degree to which it is  maintained 

when components are inte rchanged . A l l  are symmet rical and t ri angular 

and show app roximately the s ame b readth of hal f  he ight . The spect ral 

. . - 1 s l �t widths throughout the range of the �nst rument run between 0 . 5  em 

- 1 and 0 , 8  em . 

The opt ic al f i l te ring e f fect ive l y  ensures purity of spec t ra and 

in gene ral unwanted radiation i s  reduced to l e s s  than 3 pe r cent . The 

ins t rument is usual l y  ope rated with a noise to s ignal rat io of about 

1 to 1 0 . 



•• .,-•• �" • •  , . . . . . . . . . . . . . . . . .... .. 0"0" - � � 

+ I 

"' . . . .  t . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  

F igure 6 .  Scan of the Atmosphe ric Water V apor Spect rum Between 2 5  )l an d  3 0  )l ·  

- · --
1 

� 1\.) 



CHAPTER IV 

EXPERIMENTAL MEASUREMENTS 

As a. part of the expe rimental problem measurement s were made 

of the t ransmitt ance as a. funct ion of f requency and pres sure of s even

teen l ines in the pure rotat ional absorpt ion spectrum of hydrogen 

f l uo ride g as .  The f irst ten l ine s in the s e ries , that i s , those iden

t i f ied by the rot at ional quantum numbe rs J=O th rough J=9, we re ob

served on the f ar inf rared g rat ing spec t rometer de sc r ibed above . The 

othe r s even , having highe r J numbe rs , occu r in the f requency range 

650 cm- l to 400 cm- 1 and we re obse rved on The Unive r s ity of Tennes see ' s  

high resolut ion vacuum g rat ing s pec t romete r .  The procedu re s  in obta in

ing the se two sets  of measurements wil l  be des c r ibed in the fol l owing 

sect ions . 

I .  THE FAR INFRARED SPECTROMETER 

1 .  Inst rument al D i f f icult ies 

This inst rument was de s igned part ly for the purpose of mak ing 

the measurement s on hydrogen f luoride , and consequently modi f icat ions 

to it were not nece s s ary . 

Change £!: spect ral regions . The most annoying feature of the 

ins t rument is t he l imited spect ral range of any g iven f ilte ring sys tem . 

The ten abso rpt ion l ines of HF which we re ob s e rved f al l  into seven 

diffe rent f i l te r ing reg ions . This means that for  nearly eve ry l ine 

4 3  
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measured at least one and sometime s as many as f ive opt ical components 

had to be changed . This was ant icipated in the des ign of t he inst ru

ment and an e ffort was made to fac i l itate the inte rchange of component s ;  

for examp l e , mos t  opt ical part s can be fitted into the inst rument in 

only one pos ition and when in that po sit ion require no real ignment of 

the beam.  Many of the l ine s were obse rved with the the rmocoupl e  be

cause the Gol ay ce l l  was not avail able . The change f rom one to the 

othe r is a tedious and t ime consuming p roject ; but fortunate ly , with 

the instal l at ion of the Golay ce l l  the re should be no fu rthe r need for  

changing detectors . 

Wat e r  absorpt ion . One of the most s e r ious impediments to ob

taining intens ity measu rement s arises  f rom the pre sence of atmos phe r ic 

wate r vapor in the opt ical path . The d ry ing p roce s s  is st arted at 

l eas t 24 hours before making measurement s .  Every e ffort is made to 

seal the inst rument against air leaks . The cove r i s  bol ted to the 

base of the spect romete r pre s s ing the inne r pl ast ic s eal t ight around 

the perime t e r .  As an add it ional p recaut ion Ap ie zon Q is app l ied at 

the seam of the base and the cove r as wel l  as a.round al l the el ect ri

cal and tubing ent rances to the inst rument . Howeve r ,  even after the 

drying l imit is reached many of the s t rong l ine s of the wate r vapor 

spect rum s t i l l  ind icate as h igh as 15 pe r cent abso rpt ion . It has 

been found that the dry ing is accompl ished more quickly and more 

effec t ive ly if the c i rcu l at ing air is he ated s l ight ly . One must be 

care ful , howeve r ,  to avo id heat ing the air too much o r  mois ture wi l l  

be p icked up in the alumina bed and carried back into the spe ct romete r .  
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Fortunate ly many of the hydrogen f l uoride l ine s we re re l at ive l y  f ree of 

unde rlying wate r vapor l ines and point by po int s ubt ract ion re sul ted in 

re asonably pure l ine s with the wing s l e s s  s at is f actorily determined 

than the shoul ders and l ine cente rs . 

S c atte red l ight . S t ray , unwanted radiat ion cannot be to l e rated 

in intens ity measurements . It  mus t  be e l iminated or compens ated for 

if e rrors are to be kept to a min imum. 

The ove ral l effec t ivene s s  of the f i lte ring c an be demonst rated 

in two ways . F i rst , the spect rum c an be examined throughout the 

angul ar range of the g rat ing . In eve ry case whe re this was done the 

recorde r showed no t ransmiss ion f rom cent ral image to the reg ion whe re 

the re s t s t rahlen c rys tal began pas s ing radiat ion into the monochromator , 

and the d if f e rence in t ransmi s s ion with the s l it s  open and with them 

c losed was not detect abl e .  Second , a t ransmiss ion reg ion c an be made 

opaque by p l ac ing suffic ient g as in the opt ical path to absorb 1 00  per 

cent of the rad iat ion re f l ected f rom the g rat ing at a g iven ang l e . In 

al l ins t ances whe re this was done the d ifference in the pen de f lect ion 

for 1 00 per cent absorpt ion and for s l it s  c l osed was l e s s  than 2 p e r  

cent . Error was furthe r redu ced in the me asurements by taking the 1 00 

per cent absorpt ion l ine and not the s l its  c l os ed l ine , as the re f e rence 

1 ine for zero t ra.nsmis s ion . 

The f i l te r ing sys tem by itse l f  is not suf f i c ient to e l iminate 

s t ray l ight ; baf f l e s  are a nece s s ary and e f f i c ient ad junct and the i r  

pos it ioning i s  f requent ly a matte r o f  t rial and e rror . The detecto r , 

the monochromator and the s ample - s ource sect ion are sep arated f rom one 
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anothe r by baf f l e s . The Gol ay de tector in part icul ar is almost ent i rely  

enc l os ed in  an  al uminum box within the spect rometer with only the back 

left open for the c i rcul at ion of dry air .  The choppe r is  a constant 

sou rce of unwanted rad iat ion and requ i red spec ial  b aff l ing . P ri:or to 

prope r  baffl ing the chopper re f l ected s cattered l ight into the detector 

180 ° out of phas e . The effect of this on intens ity measu rement s is  

evident . The effect on the ope rator i s  st artl ing whe� , for example , 

the re corde r pen g ives st rong de f in ite ene rgy deflections on the wrong 

s ide of the z e ro t ransmis s ion l ine . The pen deflection in the wrong 

d irect ion al s o  occurs when too many compens at ing spoke s are pl aced in 

the choppe r .  In this case the detector re sponds to intense short 

wave l ength rad iat ion 1 8 0 °  out of phase . 

The effect of st ray l ight i s  most evident at the b l aze of the 

grat ing and this is part icu l arly t rue of the grat ing b l azed at 1 63 f·  
Howeve r ,  the addit ional f i ltering requ i red in this c ase t o  reduce the 

bl aze ene rgy to one -third its value doe s not reduce the off-bl aze 

ene rgy by more than 1 0  pe r cent . 

Fogg ing of the chopper c rystal s reduces the i r  effect ivene s s  as 

filters and consequent ly permit unwanted rad i at ion into the mono

chromato r .  Ove r a pe riod of seve ral weeks the atmosphe ric wate r vapor 

s lowly fogs the c rystal reducing its  t ransmis s ion and re sul t ing in more 

sho rt wave l ength radiat ion be ing chopped . Add it ional spoKe s wi l l  com

pensate for this , but they wi l l  reduce wanted radiat ion too ; conse -

quent ly , it i s  bette r to remove the chopper f rom the s haft and pol ish 

the c rystal  with ethyl alcoho l . 
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Heat ing . The heat ing of the choppe r bl ade s is a l so a source of 

t ransmis s ion reduct ion . The choppe r heats bec ause it s its  only 3/8 inch 

f rom the 1 50 0 °K source . S ince the detector l ooks a l t e rnately at the 

chopper b l ade and the source and re sponds to the difference in the i r  

rad iat ion , i t s  re sponse wil l  consequent ly dec rease a s  the choppe r heat s . 

This effect was pronounced when us ing the me rcu ry l amp and because it 

was used for on ly the l ast two l ines measured no arrangement was made 

to cool the choppe r .  The chopper bl ades coul d be cooled s imp ly by 

pa.s s ing them between water-cooled p l ates du ring the hal f  cyc l e  they 

are out of the beam . 

Ove ral l heat ing with in the smal l enc l osure of the spectrome t e r  

is a p roblem which is  ext reme ly apparent when t h e  me rcury l amp is  used ; 

the cove r become s almost hot to the touch . Th i s  heat ing causes the 

detector to become noisy , int roduce s  st ray radi at ion throughout the 

system thus reduc ing effect ive s ignal , and s of tens the polyethy lene 

windows of the ce l l .  Although the heat ing is not s uff ic ient to cause 

the windows to col l apse , it does al l ow them to be more eas ily f l exed . 

This deformat ion defocuses  the l ight pass ing th rough the windows to 

the s l it and re sults  in l e s s  ene rgy on the detecto r .  This phenomenon 

has been observed when g ases  a re admitted to the ce l l  at pre s su re s  of 

50 ern of Hg . The effect was ins ign ificant at p re s sures of 1 0  ern or 

le s s  at which most of the d at a  we re t aken . A pos s ible sol ut ion woul d  

be to cool the c i rcul at ing a i r  a s  it enters the spectromete r .  Al so 

cold p l ates  should be pl aced at var ious po int s th roughout the ins t ru

ment , p art i cu l arly on the motor of the choppe r  and pos s ib l y  on the 
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detector . The se are made by d ri l l ing water p as s ages through smal l sol id 

blocks of coppe r or bras s and fastening them in f i rm cont act to me t a l  

su rface s .  Cool water f rom an exte rnal source is then c i rcul ated through 

the blocks . 

Misce l l aneous . Occas ional ly the system become s ve ry no isy ; the 

pen wil l  make random f luctuat ions at twice the normal ope rat ing noise 

leve l and even swing rapidly f rom one s ide of the chart to the othe r . 

This i s  usual ly t raced to noise in the powe r supp ly c i rcuit of the 

Gol ay l amp and i s  corrected by mak ing bette r contact with the battery 

terminal o r  reduc ing the vol t age of the l amp which ope rates mos t  

quie t ly and s at i s f actorily a t  2 . 4 to 2 . 5  vo l t s . 

The Gl obar has been a surpris ing ly s t abl e  source of ene rgy . 

Its powe r i s  stabil ized by a Sol a constant vol tage t ransforme r and 

when new the G l obar has g iven seve ral months of s at isf actory s e rvice 

without too many random fluctuat ions . 

The ove ral l s ignal to noise rat io is neve r quite s at isfactory 

but it is tole rable . The noise whi l e  somet imes l a rge is usual ly fairly 

constant in amp l itude and can be ave raged out . The Gol ay detector i s  

normal ly ope rated a t  a gain o f  1 5  and a re sponse of 3 o n  a Perkin-E lme r 

Mode l 1 04 ampl if ie r .  The the rmocoup l e  c an be ope rated at g ain 2 1  and 

re sponse 3 .  The se values o f  cou rse vary f rom detector to detector and 

amp l i f ie r  to ampl ifie r .  



2 .  G as Handl ing Sys tem and Abso rpt ion Ce l l s  

The g as hand l ing and pressure me asuring sys tem , which was de

s igned and const ructed to cont rol the ext reme ly co rros ive hydrogen 

f luoride , is ideal ly suited to the type of measurements which we re 

requ i red in this invest ig at ion- -namely , backg round runs with no g as 
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in the ce l l  and me asuring runs with the samp l e  g as in the cel l .  The 

opt ic al p ath is ident ical in each c ase except for the p re sence o r  

absence of hydrogen f luoride i n  the cel l .  I t  might be argued that be

cause the windows f lex s l ight l y  an ine rt g as should be p l aced in the 

ce l l  at the s ame p res sure as the s ampl e  gas when mak ing b ackground 

runs , but this was not cons ide red nece s s ary because of the l ow p res

sure s involved . 

The absorpt ion ce l l  windows are of polyethy l ene . The few 

mate rial s which we re known to t ransmit in the f a r  inf rared we re con

s ide re d .  Polyethylene wa.s chosen because o f  i t s  h igh t ransmitt ance 

in the s pect ral reg ion of int e rest . It  was tested for its abi l ity 

to withstand HF and found to be vacuum t ight and non- react ive to 

smal l s amp l e s  ove r pe riods of seve ral weeks . The weakne sses  of poly

ethylene are evident . F irst , its l ow- -me l t ing point prohibits heat ing 

the ce l l  above 45 °C . S econd , it is a f lexibl e  material ; th is makes 

d if f icult the accur ate dete rminat ion of the d is t an ce between windows . 

When a vacuum is pul l ed on the ce l l  the window s t retches 

s l ight ly and bows in ; when the vacuum is re l eased the window remains 

s l ight l y  bowed in . After seve ral days use the windows are st re tched 

to shape and pos i t ion and there is l ittle  change in the distance between 
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them the reafter if the s amp le p re s s u re s  are kept be l ow 1 0  em Hg . The 

amount of bowing c an be me asured and the ave rage d i stance between the 

windows ove r the illuminated area can be e st imated to within a f rac-

t ion of a mi l l imete r .  To avoid unnece s s ary fl exing and pos s ib l e  

l e akage the s amp l e  pre s sure was always kept be low 60  e m  o f  Hg . 

Two absorpt ion c e l l s  we re used in these measu rements . They are 

s imilarly cons t ructed cyl inde rs , one of bras s the othe r of mone l , and 

d if f e r  p r imar i ly in path length . The b ras s ce l l  is 9 .  695 em long and 

the mone l 0. 3 7 6  em . A d rawing of the l arge r ce l l  is rep roduced in 

F igure 7 .  The re is no gasket ; the 0. 040 inch polyethyl ene window i s  

pres sure s ealed d i rectly t o  the met al and he ld i n  p l ace b y  a V and 

g roove embedment around its perimete r .  The ce l l  re sts  on a wooden 

cradle inuned iate ly in f ront of the ent rance s l it .  It is  he ld f irmly 

in pos it ion by the monel tubing which is  f astened to a f itt ing in the 

base of the table and conne cts to the gas handl ing sys tem out s ide the 

spect rome te r .  

3 .  Cal ib rat ion Technique 

As s t ated in the sect ion on ins t rument al d i f f icul t ie s  the spe c t ra 

of hyd rogen f l uo ride gas and reduced atmosphe ric wate r vapor are re-

corded s imultaneously . Al though the p re sence of the wate r vapor i s  

f re quent ly annoy ing , i t  doe s p rovide a system o f  l ine s o f  known f re-

quency which c an be used for c al ibrat ion throughout the far inf rared 

spect ral reg ion . 

The f requency of a spect ral l ine , 'Y ( cm- 1
) ,  is  re l ated to the 

. 
( - 1 ) 1 grat �ng cons t ant , k em , and the angul ar d i s t ance f rom cent ra 
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image , 8 ( degree s ) , by the exp re s s ion 

'l= nk 
s in 8 

whe re n is the d if f ract ion o rde r .  Ord inarily k woul d  b e  calculated 

by knowing the f requency of a cal ib rat ion l ine and me asu r ing its 

angul ar pos it ion accurate ly . This calcu l ated value of k ,  togethe r 

with the me asured angul ar pos ition of an unknown spectral l ine , could 

then be used to dete rmine the f requency of the unknown . This pro-

cedure c annot be used with this spect romete r ,  howeve r ,  because the 

g rat ing is turned manually to the s pect ral reg ion of inte re s t  and 

thus the angul ar pos it ion of a l ine in this region cannot be measured 

accurate ly . 

The angul ar posit ions and g rat ing constant we re dete rmined in 

the fol l ow ing manne r .  Angu l ar sepa rat ions be tween l ine s within a 

g iven g rat ing region can be dete rmined to a f ract ion of a s econd of 

arc . Two l ine s of known f requency � 1 and �2 are s e l ected ; the ir 

angul ar pos it ions are s aid to be 81 and 82 = 81 + 1::. , whe re 4 is the 
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precise ly measured ang le between the two l ines . The g rat ing equat ions 

for the two l ine s are then : 

and 

'V 2 = s in (81 + I:J. )  

Assuming the diff ract ion orde rs and the g rat ing cons tant s to be the 

same , the two equat ions can be solved s imul t aneously to obtain the 



value o f  k and 81 . The f requency of any othe r spect ral l ine in this 

reg ion c an then be dete rmined f rom the g rat ing equation 

nk 

5 3  

whe re cr·  i s  the p rec isely me asu red angu l ar d if f ract ion between vl and 

The val idity of this method was checked in eve ry spect ral reg ion 

in wh ich an HF absorpt ion l ine was measu re d .  The f requenc ies of two 

known wat e r  l ines we re used to dete rmine the values of e1 and k which 

we re in turn used to predict the f requenc ie s of other water l ine s within 

the reg ion . In most cases  the p redicted val ue s  d iffered f rom the 

accepted value s by l e s s  than 0 . 05 cm- 1 . In some c as e s  the differences 

we re g reate r than this , but this is not su rp ris ing s ince the se wate r 

l ine s are ve ry p re s sure dependent an d much ove r l apped by othe r l ine s . 

It  is bel ieved that if c are i s  taken to s e l ect for cal ibrat ion two 

water l ine s which s how no s igns of inte rfe rence f rom othe r l ine s , then 

the unknown f requency of the HF 1 ine c an e as il y  be determined to 0 .  0 5 

4 .  D at a  Taking and Hand l ing 

S c anning technique . Each HF absorpt ion l ine for which dat a  we re 

obt ained was recorded at l e ast three t imes for eve ry p re s sure and ce l l  

length used . Us ing the gas - in , g as-out technique discus sed in the s e c-

t ion on the g as hand l ing system , backg round records we re made before 

and afte r e ach set of runs . Al l dat a  we re t·aken us ing the technique 
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of automat ical ly and cont inuous ly scann ing through the s pectral reg ion . 

Thi s  method should give s at is factory re sults  as l ong as the respons e  

o f  the system is f ast enough to record the ene rgy change occu rr ing . 

When c ompared to a po int -by-point manual scan techn ique no diff e rence 

was apparent . A l l  measurement s we re made driving the g rat ing at 3 .  3 7 5  

minute s  o f  arc p e r  minute of t ime , which i s  the s l owes t  scanning speed 

ava i l ab l e . 

Dete rminat ion of l ine cente r .  The angul ar pos it ions of al l 

spect ral l ines are dete rmined directly on the chart p ape r .  A smooth 

f ree-hand cu rve penc iled through the cu rve d rawn by the pen on the 

chart paper ave raged out the noise as we l l  as pos s ib l e . This was done 

for both the measuring curve and the backg round curve . The backg round 

curve was then superimposed on the me asuring curve and a point- by-point 

subtract ion of the water  vapor spectrum made . The re sul t ing curve was 

judged a reasonabl e  rep re sentat ion of the de s i red HF absorpt ion l ine . 

The l ine cente r was dete rmined by measuring the width of th i s  abs o rp -

t ion l �ne at s eve ral pos it ions and mark ing the midpoint . A st raight 

l ine is then drawn through the midpo int s pe rpendicu l ar to the edge o f  

the chart p ape r .  The pos ition of t h i s  l ine then dete rmines the angul ar 

pos it ion of the cent e r  of the s pect ral l ine . 

Dete rminat ion of base l ine and z e ro l ine . Afte r a spect ral l ine 

has been reco rded by the spec tromete r a base l ine and a zero l ine have 

to be dete rmined before t ransmittance measurements can be made . The 

base l ine is the l ocus of a l l  po int s on the chart pape r corre spond ing 
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to 1 00 pe r cent t ransmiss ion . The z e ro l ine is the l ocus of  al l points 

on the chart pape r corres ponding to zero pe r cent t ransmis s ion . 

The f irst s tep in dete rmining the base 1 ine was to scan a g iven 

spectral reg ion, with the ce l l  evacuated and the d ry ing of the inst ru

ment completed , to dete rmine the background . Thi s  usual ly proved to be 

a smooth cu rve inte rrupted at po int s by weakly abs orb ing water l ines . 

The re was always suf f i c ient dis tance between these we ak wate r l ines 

that points of the curve midway between them could reasonably be t aken 

as points of 1 00 per cent t ransmi s s ion . The se points we re connec ted 

by a smooth curve . The backg round was then superimposed on the meas

uring curve in such a fashion that corre spond ing water l ines co inc ided 

through the points of the ir maximum absorpt ion . This c ompens ated for 

the s l ight l os s  of t ransmiss ion occu rring ove r a seve ral hour period 

as discussed in the sect ion on heat ing . The backg round l ine was con

s ide red s t raight ove r a spect ral reg ion of 1 0  cm- 1 to 12 cm- 1 and no 

ove r l ap of ad j acent HF l ines was as sumed for such smal l p re s sure s . 

The f inal base l ine was a st raight l ine drawn f rom one wing to the 

othe r of the spect ral l ine in quest ion . 

As discussed in the sect ion on scatte red l ight , the z e ro l ine 

cannot be dete rmined s imp ly by c l os ing t he s l its . For l ines that ab

sorb 100  per cent the z e ro l ine was evident an d indicated by a f l at 

port ion of the spect ral l ine that extends through the l ine cent e r .  

Line s which d id not absorb 1 00 pe r cent a t  the de s ired pre s sure c ould 

be scanned ag ain at a p re s s ure h igh enough to make the l ine absorb 

1 00 pe r cent . This latte r scan dete rmine d the z e ro l ine for the forme r 
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sc an . I n  othe r instance s it was more convenient t o  s can a de s i red l ine 

and then at the same inst rument sett ing scan a nearby water vapor l ine 

that abs orbed 1 00 per cent ; again the l atter scan dete rmined the re-

quired zero l ine . It was found that the zero l ine ove r  l a rge reg ions 

was a s t raight l ine paral l e l  to the edge of the chart pape r .  

Inst rument al broadening . Ins t rumental b roadening of spe ct ral 

l ine s re sults  primarily f rom impe rfect opt ics  and the use of f inite 

sl its  which a l l ow the p as s age through the inst rument o f  a frequency 

inte rval  rathe r than monochromat ic rad i at ion . The effect on the re-

corded l ine shape is an inc rease in absorpt ion in the wing s and a 

dec rease in absorpt ion at the l ine cente r as c ompared with the t rue 

l ine s hape . 

A fo rmal ism for the appl icat ion of s l it correct ions has been 

given by Dennison ( 1 928) . He def ines a funct ion /V' ( l?) as the l ight 

intens ity fal l ing on the detector when inc ident l ight of f requency � 
i l l uminates the ent rance s l it of the spect romete r when �i i s  the 

computed f requency sett ing of the spect romete r assuming inf inite s imal 

s l its . The expe r imental t ransmitt ance is  then re l ated to the t rue 

transmittance , T ,  by the equat ion 

= T ' v .  l. 

. aO 
fo {JI/i T 

liP ( fJ'? . d ) o l. 

d l? 

An effort was made to dete rmine a s l it funct ion for each spec-

t ral reg ion in wh ich an HF l ine occurs by s c anning th rough the cent ral 

image with the s ame opt ical condit ions of s l it width , f i l te r ing component s 
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and g rat ing speed in which the HF l ine its e l f  was scanned . It is 

re as oned that a monochromat ic source of l ight through the f inite s l it s  

would re sult in a l ine o f  the s ame shape as the cent ral image . S eve ral 

such central image s  are shown in F igure 8 .  They are symme t r ic al , t r i

angul ar , and rounded at the peak and the bottom edge s . The b readth of 

the l ine at ha l f  he ight for each central image was measured and is 

shown in the p icture as the spect ral s l it width.  Earl ie r work in  the 

l aboratory on the fundament al vibrat ion- rot at ion band of HF (He rget , 

1962) ind icated that a s l it correct ion method did not g ive acceptab l e  

re sul ts  when app l ied to spect ral l ines that were more narrow than l ines 

about three to f ive time s as wide as the s l it funct ion . In tllost in

stances the l ine s measured in the pre sent work we re l e s s  than three 

t imes as wide as the s l it func t ion and so we re cons ide red too na.rrow 

to be corrected . 

As shown by Kostkowski and Bass  (195 6) the e rror int roduced 

by us ing dat a not s l it-corrected for intens ity measurement s is only 

about 2� per cent even when the spect ral s l it width is more than four 

t ime s as l arge as the l ine half-width . The b roaden ing of the abs o rp

t ion coeff ic ient l a rge ly c ompens ates  for the dep re s s ion of the peak 

thu s keep ing the area nearly constant . 

Ope rat ing condi tions . The measurement s on the f ar inf rared 

s pect rometer were made at app roximate ly 30°C when the Globar was used 

and 35 °C when the me rcury l amp was in use . The se tempe rature s a re dif

ferent f rom room tempe rature because of  heat ing by the sources of the 

sma l l  vol ume within the spect rometer enc losure . The ce l l s  we re not 
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heated for the purpose of e l iminating the polyme rs s ince to do so would 

have me lted the polyethyl ene windows . No polyme r  absorpt ion was iden-

t if ied near any of the HF l ines measured and no correct ion to the p re s -

sure me asurements for the pre sence of polyme r was made s ince the polyme r 

is be l ieved to make up less  than 2 pe r cent of the gas . 

Many of the l ine s we re me asured at s eve ral  p re s sures and at two 

diffe rent path l engths . The p re s sures varied f rom 0 . 7 5  em Hg to 2 0 . 0  

em Hg both f rom l ine to l ine and for a g iven l ine . 

I I .  THE VACUUM GRAT ING SPECTROMETER 

The HF pu re rot at ional l ine s lying between 1 5  p and 25 f we re 

obse rved on The Un ive rs ity of Tenne s see ' s  h igh resolut ion vacuum g rat ing 

spect rometer which has been de s c r ibed p reviously  by He rndon , et al . 

( 1 9 62 ) . Ray d iag rams of the opt ical sys tem are shown in F igure s 9 and 

10 . F ront surface aluminum mirrors are used through the inst rument . 

The source rad iat ion is b rought through the s ample  area and focused 

on the ent rance s l it to the fore prism by the sphe r ic al mirrors M1 , 

M2 , and M3 , and the f l at mirror M4 . The mirrors M6 and M7 and the 

prism P comprise a bas ic Pe rk in-E lme r inte rchange unit .
* 

M i rrors 

Ms and Mg a.re twin off - ax is parabo l o ids . The l ight is  col l imated for  

the g rat ing by mirror M1 0  wh ich is  a parabol a  with a 4 8  inch focal  

length . M1 1  i s  a f l at mirro r  with a 2 inch s quare hol e  cut in its 

cente r .  L ight leav ing the monoch romator is brought to the detector 

*
D rawing No . 02 1 - 0 7 0 1 , Perk in-E lme r Corporat ion , Norwalk , 

Conne ct icut . 
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by the f l at H12  and the e l l ipso idal mi r ror 1'11 3 · 

1 .  Mod if icat ions 
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The f l exibil ity of the spect rometer made it unne c e s s ary to mod ify 

app rec iably the opt ical s y stem . A few change s we re made , howeve r ,  and 

the s e  w i l l  be d iscus sed . 

Choppe r .  The meas uremen ts in the vacuum inst rument we re made 

with the ce l l  he ated to 2 2 5  °C . At this tempe rature it was fe l t  that 

the hyd rogen f luoride emis s ion l ine s might app rec iably affect the ab

sorpt ion spect rum wh ich was to be ob se rved . In its  no rmal pos it ion in 

this inst rument , the chopper  i s  p l aced between the s amp le ce l l  and the 

detecto r .  I n  this pos it ion the choppe r int e r rupts not only the rad i a

t ion emitted by the sou rce but that emitted by the gas in the cel l as  

we l l . S ince al l chopped rad iat ion f a l l ing on the detector i s  amp l if ied , 

much of the emi s s ion spect rum , as we l l  as the absorpt ion spect rum ,  

would be amp l i f ied with the chopper in its usual pos it ion . Thi s is  

unde s irable be cause the ove ral l re sult would be to attenuate the ab-

sorpt ion spect rum . For this reason the choppe r was repos it ioned and 

p l aced immed iately in f ront of the s ou rce whe re it would no longe r 

chop , and the de tector could no longe r amp l ify , the radiat ion be ing 

emitted by the cel l .  

S ince the chopper  was to be moved , it was dec ided to rede s ign 

it to take advantage of the f i l te r ing p rope rt ie s of c e rtain mate rial s . 

With the spect ral reg ion of int e rest  ly ing between 1 5  f and 25 )l• it 

woul d  have been advant ageous to const ruct the choppe r b l ades of some 
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crys t al such as BaF2 or CaF2 which would be t ransparent to most of the 

radiat ion hav ing wave l ength shorter than 12 f· Unfortunate ly , howeve r ,  

the 4 .  6 7  ? - band of carbon monoxide was to be used for cal ibrat ion and 

consequently the chopper must be opaque to this rad iat ion if it was to 

be obs e rved . For this reas on , it was dec ided to make the choppe r b l ade 

of g l as s .  Thus cons t ructed , the chopper was t ransparent to wave lengths 

shorter than 2 . 7  f· A two- fold reduc tion in s t ray l ight re sul ted . 

F irst , the peak radiat ion f rom the Nernst glowe r was not chopped and 

con sequent ly made no cont ribut ion to the s ignal . �Second , the g l as s  

bl ade d id not become as hot a s  woul d  have a s imi l arly p l aced met al 

choppe r ;  consequent ly the emis s ion f rom the choppe r itse l f  was kept to 

a min imum in the 4 f to 8 f range - - second and third orde r radiation to 

the reg ion o f  int e re s t .  

E l evator.  Highe r o rde rs of  the fundament al absorp t ion band of 

carbon monoxide were used for c a l ib rat ion .  Because the windows o f  the 

CO ce l l  would furthe r reduce the al ready l imited ene rgy at 20 f it was 

des i rable not to mount this ce l l  permanent ly in the beam .  An arrange 

ment was des igned for introduc ing the C O  ce l l  into the beam and s imul

taneous ly removing the HF ce l l  v ia an e l evator moved by a s l ave sel syn 

within the vacuum chambe r and ope rated f rom the spect romete r cont rol 

panel by a master s e l s yn .  The ce l l s  we re mounted on oppos ite s ides of 

the e levator- -the CO ce l l  inte rcept ing the beam between mi rrors M1 and 

M2 and the HF ce l l  between mirrors M2 and M3 . The CO ce l l  was suspended 

on a g l a s s  rod to reduce as much as pos s ib l e  the conduct ion of heat to 

it f rom the HF ce l l . 



F i lte r ing . Although the g l a s s  choppe r p rovided some f il t e ring 

of the intense rad iat ion at the peak of the emis s ion cu rve , effec t ive 

separat ion of orde rs was s t i l l  required to obt ain a s at is factorily 
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pure f irs t o rde r spect rum between 15 f and 25 f· Unfortunately no b and 

pass f ilter  exists for this region and the 60 ° KB r prism avail able re 

duced the intens ity cons ide rably in the l onge r wave lengths . P re l iminary 

runs we re made , the refore , us ing a g rat ing as a re f lect ion f i l te r  as 

de s c r ibed in Chapter II. W ith the p rism removed a 2800 l ine s-pe r- inch 

grat ing was p l aced in the Lit t row mirror pos it ion and specul arly re 

f lected rad iat ion beyond 9 f·  Th is g reat l y  reduced second and h ighe r 

orde r rad i at ion and gave a reasonably pure but s l ight ly attenuated 

spect rum between 15 f and 25 J· The g rating was such an ef fect ive 

f ilter  that the 4 .  6 7  jl CO band was al l but e l iminated- -certainly re

duced beyond the po int of usefulne s s  as a cal ibrat ion st andard . 

The f i l te r ing problem was s at is f actorily solved with the ac 

qu is it ion of a 15 °  KBr p rism .  When this was p l aced in the normal 

prism pos ition with the Litt row mirror , it prov ided suf f ic ient d i s -

pers ian t o  separate the f i rs t orde r f rom t he h ighe r o rde r radiat ion 

and al l owed a maximum t ransmi s s ion in the reg ion of inte rest . The 

prism also p rovide s a c onvenient mechanism for alternate ly examin ing 

the rad iat ion of two or more o rde rs in the same angu l a r  r:eg ion of the 

g rat ing . Such a procedu re i s  nece s s ary when cal ibrat ing with ref e rence 

l ine s that occur in highe r orde rs in the s pect ral reg ion of intere s t . 



N it rogen coo l ing system. P rovis ions were made for c ool ing the 

windows of the heated HF ce l l . Copper tubing led f rom a cy l inde r of 

oil  pumped n it rogen into the spect rometer through a vacuum connect ion 

in the bul khead . In the samp le area the tube was so arranged that a 

sp ray noz z l e  pro jected onto each w indow when the ce l l  was pos it ioned 

in t he beam.  A g as regul ator leaked nit rogen f rom t he cyl inde r at a 

pres sure of 3-5 l bs . pe r sq . in . The n itrogen expanded through the 

tubing into the spect rometer and st reamed ac ros s  the windows of the 

ce l l  at an est imated tempe rature o f  20 °C . The vacuum of the spec'-' ,: 

t romete r was ma intained at 200 mic rons Hg by cont inuously pump ing 

the rel eased n it rogen f rom the inst rument . 

2 .  Experimental D i f f icul t ies 

65  

The problems encounte re d at this  s t age of the invest igat ion c an 

be summed up in n ine words- -he ated ce l l , p re s sure , s i lve r chlo ride 

windows , tef l on g askets , and vacuum . Any of these items by it s e l f  i s  

a pos s ible source o f  trouble . Taken togethe r they can c ause such a 

comp lex of inte r- re l ated problems that it i s  d iff icu l t  to iso l ate a 

s ing le problem and dete rmine its cause . F requent l y  it was found that 

c l earing up a prob lem only exposed to v iew othe rs which had been 

masked by it . 

Te f l on g aske t s . I t  is we l l  Known that AgC l is co rros ive in 

contact with base metal s .  For this reason tef l on 0- ring s separated 

the window f rom the ce l l , wh ich was bras s , and f rom the window hol de r s . 

The rim of the c i rcul ar window was separated f rom the me t al by a 1/8 
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inch air  gap . E ight machine sc rews f astened each window hol de r  to the 

ce l l , c l amp ing the window f i rmly in p l ace . The cel l  was he ated and 

the window holde r t ightened into pos it ion unt i l  the ce l l  was vacuum 

t ight . W ithin seve ral days the ce l l  began leak ing . When t aken apart 

and examined it was dis cove red that the window had softened and f l owed 

under t he heat and p re s su re unt i l  the r im cont acted the inn e r  edge of 

the c e l l . The react ion of the AgC l and the bras s  deve l oped seve ral 

p in hol e s  in the window as we l l  as pits  and shal l ow channe l s  in the 

met al . Thereafter  a te f l on r im as we l l  as 0- r ing s bec ame a part of 

the g asket set , and a new ce l l  was cons t ructed of mone l , an a l l oy 

fairly res istant to AgC l corros ion . 

This initial  expe r ience with the react ion between s i lver chlo

ride and metal s ,  howeve r ,  resul ted in de l ay ing the p rimary inves t iga

t ion for a c ons ide rable t ime wh i l e  an e ffort was made to obt ain a 

vacuum seal with tef lon g askets  in a ce l l  he ated to 300 °C . For re l a� 

tive ly short pe riods the ce l l  woul d  remain vacuum t ight but eventual l y  

the t e f l on gasket would f low and l e aks deve l op .  I t  was dis cove red 

that app roximately 1 60 ° C  marked the l imit of dependab il ity of t e f l on 

although its me l t ing point is much highe r .  U l t imately it was c onc l uded 

that , co rros ive act ion or not , the te f l on g asket s could not be used . 

Aware that monel  was l e s s  react ive than b rass  to AgC l , the dec i

s ion was made to el iminate gasket s ent i rely and pl ace the window in 

d irect c ontact with the met al  surf ace s .  The window was p ressure sealed 

to the heated ce l l  by putt ing it in pos i t ion and t ightening the window 

hol de r f i rmly against it , Late r examinat ion showed that the p re s sure 
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o f  the hol de r  had intruded the window into the c e l l  prope r .  This p ro 

cedu re re sulted in a ce l l  wh ich rema ined vacuum t ight t o  400 °C and 

deve l oped no le aks during a month of use . When the ce l l  was d is 

mant l ed , the window showed only s l ight s igns o f  dete riorat ion f rom 

the chemic al act ion between it and the mone l .  A d iag ram of the manne r 

in which the window was held in pos it ion is shown in F igure 1 1 . 

Effect of sou rce on windows . Exposu re of s i lve r chloride to 

ult raviolet rad iat ion causes the c rystal to c hange color s l owly , be 

come l e s s  t rans p a rent , and eventual ly darken to opac ity . Howeve r ,  the 

window cont inues to transmit s at is f actorily in the inf rared for some 

t ime even after becoming opaque to vis i ble l ight . The use of AgC l 

windows in the vacuum acce le rates the d a rkening p roce s s . In  the atmos 

phe re windows p l aced 4 inche s from a Ne rnst g l owe r ope rat ing at 100  

watts showed only a s l ight purp l e  discolorat ion after  40 hou rs . In  

the vacuum , windows p l aced f ive t imes as far f rom the g l owe r showed 

deep d isco lorat ion throughout the ir volumes afte r on ly a few hou rs . 

To reduce the damage of the sou rce u l t raviolet rad iat ion an 

Eastman Kodak 2 2 0  long wave length pass f i l te r  was pl aced between the 

ce l l  and the source . This f il t e r  is opt ical ly pol ished s il ver chlo

ride coated with s ilve r sul f ide . Afte r a few hours ope rat ion in the 

vacuum with the heated ce l l  on one s ide and the hot sou rce on the 

othe r ,  the t ransmiss ion of this f i l te r  was reduced 75 to 80 per cent 

and it had to be removed . There afte r the source effect was kept to a 

min imum by expos ing the wind ows as l ittle as  pos s ibl e .  When it was 

not nece s s a ry f or radiat ion to pass th rough the ce l l  it was l if ted 
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out of the beam by the e levator . Pe rhaps the most s at isfy ing s ol ut i on 

to t he p roblem wo'Jld have been to pos i t ion the ce l l  in the beam beyond 

the p rism sect ion aft e r  the u l t raviol e t  radiat ion had been f il t e red 

out , but this was not poss ible with the exist ing opt ical path . 

Effect � CO � the windows . The advant ages of a vacuum ins t ru-

men t  are of ten f ine l y  balanced ag ainst the p roblems its use engende rs . 

A vacuum t ight c e l l  is mandatory when working with a corros ive g as 

l ike hydrogen f luo ridE:: . Us ing a ce l l  in t he atmosphe re a minute l e ak 

might go undetected and be of no cons equence as l ong as the s amp l e  g as 

is kept be low 70 em of p ressure . W ith the ce l l  p l aced in a vacuum 

chambe r ,  hmveve r ,  no leaks can be tole rated . A p rocedure involv ing 

the use of c arbon monoxide was p ract iced for test ing the cel l .  It was 

t ime c onsuming but s at i s f actorily insured a s afe c e l l . Howeve r ,  the 

windows us ual ly bec ame opaque to the inf rared before it  c ou l d  be used 

for l ong . I t  was not unt i l  the effect of source radiat ion on the 

windows had been c l e ared up that it  became apparent an addit ional 

effect was con tr ibut ing to window opac ity . I t  was dis cove red that the 

carbon monoxide g as was apparently unde rgo ing a chemical react ion with 

the s i l ve r  chlo ride of the windows and pepos it ing on the i r  inne r sur-

faces a dark g rey powde r not t ransparent to the inf rared . This was a 

sur f ace e f fect and could be removed by sc rap ing with a knife . The 

coat ing was thicke st and b l acke s t  in a smal l spot most immediate to 

the N2 nozzle  t,vhe re the gas was mos t l ik;e l y  to condense against the 

co ol window ; otherwise the inner surface was cove red uniforml y .  
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The se windows we re retu rned to t ransp arency in the following 

manne r :  the powde r was gent l y  sc raped off with a knife edge ; the window 

was washed in soap and water ; this wa.s fol l owed by pol ishing with Ce02 

and al cohol and buff ing with a soft c l oth.  

Effect of pres sure and tempe rature on windows . These  top ics 

wi l l  be d iscus sed togethe r because it was not pos s ible to sep arate 

the ir consequence s .  The manifestat ion of the i r  e f fect was a mos aic 

on the window seeming ly caused by dis locat ions of mol ecul ar blocks of 

surf ace AgC l . The optic al re sult was a diminished transmiss ion and a 

de focused beam .  

Upon pl ac ing a ce l l  with c l ear,  highly pol ished s i lve r  chl oride 

windows into the part ial ly evacuated spect rometer the fol l owing sequence 

of events occu rred . As the ce l l  was heated to 2 0 0 °C the windows began 

to assume a ge l at in- l ike appe arance , particul arly near the edges . As 

the tempe rature inc reased the effect became more p ronounced and the 

window began to g row t rans l ucent . S il ve ring of the out e r  surf ace of 

the window began occurring near 300 °C . (This was l ater  part ial ly re

moved by wip ing with al cohol . )  

I f  for any reason these hot windows we re exposed to a pressure 

of 25 em Hg or more -- part icu l arly in the presence of moisture- -the 

window took on a sp ide r-web appearance which deve l oped rap idly into 

a wrinkled and pockma.rked surf ace . This blotching of the su rface 

looked l ike dry c racked mud in an evaporated l ake bed . The effect was 

greatest if the spect rometer was opened to the atmosphe re . Then , in 

addit ion to the bl otching , the out e r  surface of the window became 
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concave . Examinat ion of dismant led ce l l s in this c ase usual ly showed 

the inne r surf ace of the window to be smooth , unmarked , and f l at .  The 

conc l us ion : the wrinkl ing mos aic e ffect is the d irect consequence of 

expos ing the hot s i lve r chloride window to moisture and pressure . Once 

the p roblem of the leak ing gaskets was s olved and it was no longer 

nece s sary to open the spect romete r to the atmosphe re so f requent ly the 

magnitude of this e ffect was reduced cons ide rably- - al though neve r 

el iminated . 

I n  this conne ct ion , the cool ing of the windows by st reaming 

nit roge n  ac ross them was discont inued for three reasons : ( l )  the 

mirrors became coated wit h oil  f rom the oil pumped n it rogen ; ( 2 )  the 

p resence of the nit rogen or its  a.s soc i ated oil  vapor caused the Nernst 

glowe r to be e rratic and bu rn out af ter onl y  a few hou rs ope rat ion ; 

(3 ) the only not iceable ef fect of the actual cool ing was that it may 

have been furn is h ing a condens at ion s ite for the hot g as re sul t ing 

in the powde r coat ing on the inner surface of the window . 

Othe r heat ing effects . Although it was initial ly p l anned to 

heat the hyd rogen f luoride to 400 °C , the f inal temperature at which 

the me asurements we re made '.vas 2 2 5  °C . Above this temperature the 

windows deteriorated too rap idly to al l ow l ong record ing periods . 

The re are s e r ious object ions t o  p l ac ing a p iece of hardware 

of the cel l ' s  volume within the spect romete r p rope r and then heat ing 

it . Even though tte ce l l  is within a vacuum it diss ipates heat to 

it s surroundings by radiat ion and by conduct ion through the support 
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upon which it is mounted .  After 24 hours the tank in which the in

st rument is enc losed became hot to the touch . After a 30 hou r record

ing run it was necess ary to open the ins t rument and c ool it . The 

immediate resu l t s  of this he at ing were to me l t  the g lyptol seal on 

the CO ce l l  and reduce the e f fect ivene s s  of the detector.  The re

sponse and sens it ivity of the the rmocoup le we re reduced and the noise 

inc re ased cons ide rabl y .  Fol lowing exposure to high ambient tempera

ture the the rmocoup le did not regain its previous pe rformance leve l 

even upon c ool ing . Furthe rmo re , it is  pos s ible that the he at may have 

a det r imental effect upon the g rat ing . The p l as t ic of the rep l ic a  

g rat ing re s t rict s i t s  use t o  environmental tempe ratures o f  le ss than 

50 °C .  

3 .  Ope rat ing Cond it ions 

The obse rvations of the l ines J ( l O )  through J ( l 6) we re made 

with the vacuum inst rument pumped down to approximate l y  1 5 0  microns 

pre s sure . The g rat ing was driven at 1/2 deg ree per hour wh ich in 

this reg ion corre sponds to abou t 15 cm- l  pe r hour . This was con

s ide red s low enough to permit use of re sponses 3 and 4 on the ampl if ie r .  

T ransmittance measurement s we re made on the hydrogen fluo r ide 

at f our p re s s ures - - 1 5 , 30 , 60 , and 12 0 em Hg . The gas was cont a ined 

in a 1 7 . 65 3  em ce l l  of mone l having p�essure sealed s ilve r  chioride 

windows . A diag ram of the ce l l  s howing the detail  of the w indow mount

ing appe a rs in F igu re 1 1 , page 68 . The HF was admitted and withdrawn 

f rom the c e l l  through heated mone l tubing connect ing the ce l l  with the 

pressure t rans fe r and g as hand l ing system out s ide the vacuum chambe r .  
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The hydrogen f luoride was maintained at 2 2 5 °C .  A 2 5 0  wat t cal

rod unit was wound about the body of the ce l l  and p rovided suffic ient 

heat to raise the c e l l  tempe rature to 300 °C if de s ired .  The tempe ra-

ture was contro l led by a variac and measured with a potent iometer 

mounted bes ide the spect romete r .  

4 .  Cal ibrat ion 

The s pect ral reg ion between 1 5  p and 24 f was cal ibrated us ing 

carbon monoxide as a secondary standard . The thi rd , fourth , and f ifth 

orde rs of  the 4 . 6 7 f fundament a l  band have the i r  band centers at 1 4 . 0 1 . 

p ,  1 8 . 68 r ,  and 2 3 . 35 J , re spec t ive ly . The third and f ifth"orde rs 

bracket the seven HF l ines measured ; the fourth orde r l ie s  between the 

two HF l ine s J ( l 2 )  and J ( l 3 ) . 

W ith this spect romete r ,  as with the f ar inf rared inst rument , it 

is not pos s ible to measure accu rate ly the angu l ar d is t ance between 

central image and any l ine further than 1 7 °  away . Consequently the 

grat ing constant and an ang le are dete rmined by the s imul t aneous solu-

t ion of two g rat ing equat ions as de s c ribed in the cal ibrat ion sect ion 

of the f a.r inf rared spect rome te r .  Ideal ly , one would prefe r t o  re 

strict this method to a sma l l  angul ar range because K mus t  be assumed 

constant throughout the range . S ince this res t rict ion could not be 

app l ied in this case , the worst pos s ible s ituat ion was chosen . U s ing 

l ine s of known f requency f rom the third and f ifth orde rs of CO , a 

g rat ing constant , K ,  was cal cul ated for the ent ire reg ion . This g rat ing 

constant toge the r with a known ca.rbon monoxide l ine f rom the fourth 

orde r of the fundament al  band was then used to dete rmine the l ine 
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pos itions and f requenc ies of the unknown l ines of hyd ro gen f l uoride . 

The just ificat ion for us ing the same g rat ing constant ove r such 

a l arge spectral reg ion is that it gave sat i s factory re sults . U s ing 

it as de s c r ibed , it was pos s ible to predict the f requency of eve ry 

carbon monox ide l ine in the fourth orde r to within 0 . 02 cm- 1 of the 

val ue given by Rank , Guenthe r ,  S aksena , Sheare r ,  and Wigg ins ( 1 9 5 7 ) . 

Also the CO l ines of the f ifth order could be dete rmined with a s imil ar 

accuracy . The procedure was furthe r ve rif ied by correctly p red ict ing 

mos t  of the l ines of the 1 5  p C02 band to within 0 , 0 3 cm- 1 of the val ue 

dete rmine d by the Ohio State g roup ( Ros sman , Rao , and N ie l sen , 1 9 5 6 ) . 

Thus ve rif ication of the cal ibrat ion system was secu red th roughout the 

spect ral range in whi ch the HF l ines we re ob served . 

The carbon monoxide used for cal ibrat ion was p l aced in a 1 0  ern 

g l a s s  cel l at a p ressure of 2 0  em Hg . Sodium ch lor ide windows we re 

vacuum sealed to the ce l l  with glyptol and the c e l l  mounted on the 

el evator within the spect romete r as p reviously de sc ribe d .  The c al i 

brat ion l ines we re reco rded a t  the same time a s  the hyd rogen f luoride 

l ines in the fol l owing manne r .  The grat ing was turned to the 1 5  f 
spect ral region by the pos it ion ing drive prepa.ratory to a recording 

run and the CO ce l l  raised into the rad iat ion beam . The rot at ion of 

the g rat ing by the s c anning d r ive was then st arted and the third o rde r 

CO l ines recorded . When the g rat ing rot ated to the reg ion of an HF 

l ine - -which had p reviously been located du ring pre l iminary high speed 

scans - - the HF ce l l  was l owe red into the beam and the l ine recorded . 

As the g rat ing cont inued to rotate the othe r hydrogen f l uoride l ines , 



as we l l  as the fou rth and f if th orde rs of the c arbon monoxide funda-

ment al , we re recorded in turn . In this way HF and CO l ines we re 

p l aced �n sequence upon the chart p ape r during a s ing le , cont inuous 

rotat ion run of the g rat ing . Because the s c anning d r ive of the in-

st rument is  capable of an ext reme ly h igh deg ree of rep roduc ibi l ity , 

it is also  pos s ib l e  to move rap idly between the HF l ine s , which are 

- 1 approximately 40 em apart , and then to scan s l owly ac ros s  the l ine 

of int e rest . The difference between this techn ique and that of the 

cont inuous s l ow speed scan in dete rmining l ine pos it ions was we l l  

with in expe rimental  e rro r , and both methods we re used . 

Dat a  Taking and Handl ing 
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The techn ique for the determinat ion of l ine cente rs , base l ines , 

and zero l ines has been de scribed in the sect ion on dat a  handl ing in 

the f ar inf rared spect romete r .  The s ame procedure was us ed on the 

l ines measured with the vacuum ins t rument . The base l ine varied 

throughout the spect ral reg ion , app roaching the zero l ine at the 

longe r wave l ength end . The z e ro l ine , howeve r ,  remained fairly con-

stant ind icat ing a min imum of st ray l ight reach ing the detector . 

Instrumental broadening is a p roblem in this inst rument as in 

the f ar inf rared spect romete r .  The s l its must be opened wide r than 

is p refe rred for high re s ol ut ion stud ie s , p r imar i ly because of the 

poo r t ransmis s ion p rope rt ies of the s ilver chloride windows about 

20 J · The phys ical s l it-widths varied f rom 0 .  7 nun for J ( l 5 )  to 1 . 5  

mm for J ( l O ) . 
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I f  the g rat ing equat ion i s  diffe rent i ated the re sul t ing exp re s-

s ion is 

'Vs cot e 
2 f  

whe re s i s  the physical s l it width and f i s  the focal l ength . � � 
yie l ds a measure of the spect ral s l it width for a g iven reg ion of the 

g rat ing and a g iven phys ical s l it width . These widths result in theo

ret ical �e ctral s l it-widths of the orde r of 0 . 35 cm- 1 throughout the 

reg ion . W ith s l its this wide an experiment al s l it funct ion coul d  not 

be s at i s f actorily determined . As in the case with the l onger wave-

length l ines , it was felt that the se high J l ine s we re too narrow t o  

be corrected f o r  ins trumental broaden ing . 



CHAPTER V 

ABSORPTION FREQUENC�ES 

I .  THEORY 

The wave equat ion f"O r the rot at ion and vib rat ion of a d iatomic 

molecule has the form 

1 
M2 (W - U ( r) ) 1f/ = 0 ( 1 )  

in which ¥f is the wave funct ion for the nuc lear mot ion and U ( r) is 

the e lect ron ic potent ial ene rgy func t ion . A det ailed sol ut ion of 

this equat ion as car ried through by Paul ing and W i l son ( 1 9 35 ) , g ive s 

the ene rgy leve l s  of the diatomic molecule . I f  cubic and highe r orde r 

te rms in t he potent ial function a re taken into account (Herzbe rg , 1 9 50 ) , 

the rotat ional t e rm values in a g iven vibrat ional l eve l are found to 

be 

(2 ) 

For the l owe st vibrat ional  state , v = 0 ,  the rotat ional constant s B0 , 

D0 , and H0 are obtaine d d i rectly f rom the pure rot at ion spectrum . 

I f  t he molecule we re a rigid rotor the t e rm BvJ (J+ l ) , whe re B 

is inve rsely p roport ional to the moment of ine rt i a ,  would be the 

comp lete sol ut ion of its wave equat ion . Howeve r ,  the mol ecule is 

cap able of vibrat ing along the axis join ing the two nuc l e i  and is  

the refore bette r rep resented as  a rot at ing sys tem cons ist ing of two 

ma.s s points connected by a mas s le s s  sp ring . In such a system as the 

7 7  
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rot at ion of the molecul e  inc rease s ,  the internuc l e ar distance , and con-

sequent ly the moment of ine rtia , inc reases a l s o .  The second te rm ,  

DvJ2 (J+ l ) 2 , arises f rom this ·cent rifugal  s t retching of the molecule . 

The f inal term ,  HvJ 3 (J+ l )  3 , arises in part f rom the Corio l is 

force which is  due to the inte ract ion of the  vibrat ional and rot at ional 

mot ions of the molecule . As the rotat ing d iatomic molecule s t retche s 

it s rot at ion is  s l owed down and as the molecule cont ract s its rot at ion 

is speeded up by Corio l is f orce s . Normal ly this term i s  not nece s s ary 

in the analys is of a rotat ion spec t rum , but in the c ase of hydrogen 

f luor ide it is required for the co rrect pos it ion ing of l ines aris ing 

f rom trans it ions between the highe r energy leve l s .  

Accord ing to quantum theory the absorpt ion o f  e l ec t romagnetic 

ene rgy produce s a t rans it ion f rom a l owe r to a h ighe r ene rgy l eve l .  

The f requency of the absorbed rad iat ion is 

E '  
tiC 

E = F (J ' )  - F (J )  ( 3 )  
he 

for t rans it ions between rot at ional leve l s . In orde r to calcu l ate this 

f requency it is neces s a ry to know the se lect ion rule for the rot at ional 

quantum numbe r J .  This selection rule is obtained by eval uat ing the 

mat rix e lements of the dipole moment . In the p resent case if f is t he 

constant dipol e  moment of the rotor the mat rix e lements in sphe r ical 

coordinates are 

fx (J '' M ' JM) = f } if*
J ' M '  s in � cos f 'l/J JM ? 1;' 

fy (J ' M ' JM) = f J 7/f *
J ' M '  

s in � cos f ?fJJM { L  ( 4) 

Jlz (J ' M ' JM) = t l7/f *
J ' M ' cos � 7jf JM d i:: 
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It is evident that these mat rix e lements wi l l  b e  diffe rent f rom z e ro- -

that is , absorpt ion by the rotor can occur- - only when the molecu l e  

po s s e s s e s  a pe rmanent dipole moment ,  f· A more de tailed examinat ion 

of the s e  integrals  (Herzbe rg ,  1 9 5 0 )  shows that the y vanish except when 

J '  = J :!: 1 ( 5 )  

S ince J1 re fe rs to the uppe r state only Ji = J+ l need be con

s ide red for absorpt ion and the wave numbe r of the abs orbed l ight 

quantum is 

V=  F (J+ l )  - F (J )  . 

Subst itut ing in the ro tat ion t e rm values for the vib rat ional ground 

state , the abs o rption f requency is f ound to be 

y> (J)  = 2Bo (J+ l )  - 2 ( 2Do - H0 ) (J+ l ) 3 + 6H0 (J+ l )
5 

I I .  LINE POS IT IONS 

( 6 )  

( 7 ) 

The cente r f requenc ies of seventeen abs orpt ion l ines in the pure 

rot ationa l spect rum of hyd rogen f l uoride we re measured . Ten of the s e  

l ine s - - de s ignated by the rot at ional quantum numbe rs o f  the in itial 

states and l is ted as J ( O) th rough J ( 9 ) - -we re obse rved on the f a r  in

f ra red spect romete r .  The othe r s even , J ( l O)  through J ( l 6 ) , we re ob-

se rved on the vacuum ins trument . The me asurements we re made of J ( O)  

th rough J ( 9 )  at 3 em p re s s u re in a 9 . 69 5  em cel l .  The l ines J ( l O) 

through J ( l 6 ) we re me asured at 30 em p re s sure in a 1 7 . 65 3  em ce l l . 

A l l  measurements we re pe rformed a min imum of three t imes . 

A l l  f requencies are l i sted as vacuum wave numbe rs . The se l ine s 

measu red on the vacuum spect rometer  needed no co r rect ion , but the f i rst  



ten l ines we re measured in air  and required correct ion f or the wave -

length variat ion with the index of re f rac t ion of air .  Whe re pos s ib l e  

wate r l ine f requenc ies g iven i n  vacuum wave numbe rs we re used for 

ca.l ibrat ion . This p rocedure al so re sulted in me asured HF l ines which 

required no corre ct ion to vacuum wave numbe rs . This was possible on 

J ( O ) and J ( l ) whe re the water l ine s measured by Yaros l avskii and 

Stanevich ( 1 9 5 8 )  we re used for cal ib rat ion . It was furthe r pos s ib l e  

on J ( 6 ) , J ( 7 ) , J ( 8 ) and J ( 9 )  where the wate r l ines reported by Rao , 

Brim , S innett , and W i l son ( 1 9 62 )  we re used as standard s and on l ines 

J ( 2 ) , J ( 3) , J ( 4) , and J ( S ) which we re cal ib rated by the wate r l ines 

reported by Randal l ,  Denn ison , G insburg , and Webe r ( 1 9 3 7 ) . 

8 0  

A rotat ional analys is o f  the seventeen absorpt ion l ines , forrnu-

l ated on the theory di scus sed above , was carried out . The obs e rved 

f requenc ies we re f itted to equat ion ( 2) by the me thod of l e ast squares 

prog ramed on an IBM 1 62 0  compute r  at The Un ive rs ity of Tenne s see ' s  

Comput ing Cente r .  Table VI l ists the obse rved and c al cu l ated l ine 

centers for  t he pure rotat ion spectrum of hyd rogen f l uoride . In Table 

V I I  the l ine cent e r  pos it ions obse rved in this work are compared with 

the posit ions reported by othe r worke rs . 

Sepa rate measu rements on the l ines obse rved w ith the vacuum 

sp ect romete r showed ag reement within :!: 0 .  04 crn- 1 . Thi s  p re c i s ion was 

not achieved on the far inf rared inst rument , howeve r .  There measured 

l ine cente rs showed f requency variat ions of the o rde r of tenths of 

- 1 
ern ' s .  This is att ributed to the use of atmosphe r ic wate r vapor for  

a cal ib rat ion standard . The water l ines are so p re s su re dependent and 



Trans it ion 
( J )  

0 

1 

2 

3 

4 

s 

6 

7 

8 

9 

10 

1 1  

1 2  

1 3  

14 

1 S  

1 6  

TABLE VI 

VACUUH WAVE NUMBERS OF THE PURE ROTATI ON SPECTRTJ}1 
OF HYDROGEN FLUORIDE 

Obse rved Calcul ated 
C cm- 1 ) ( cm- 1 ) 

41 . 08 4 1 . 1 1 

82 . 1 9 82 . 1 8 

1 2 3 . 1 S 1 2 3 . 14 

1 64 . 00 1 63 . 9 S 

2 04 . 62 2 04 . SS 

244 . 9 3 244 . 9 1 

28S . O l 2 84 . 9 6 

324 . 6S  324 . 66 

3 6 3 . 9 3 36 3 . 9 6  

402 . 82 402 . 8 1 

44 1 . 1 3 441 . 1 7 

4 7 8 . 94 4 7 9 . 00 

5 1 6 , 2 0 5 1 6 . 24 

5 S 2 . 8 5 5 5 2 . 8 5 

588 . 82 588 . 80 

624 . 0 7 624 . 04 

658 . 54 658 . S 3 
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Obs . -C a l c . 
( cm- 1 ) 

- . 0 3 

. 0 1 

. 0 1 

. OS 

, 0 7  

. 02 

. OS 

- . 0 1 

- . 0 3 

. 0 1  

- . 04 

... . 0 6  

- . 04 

. 00 

. 02 

. 0 3 

. 0 1  
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TABLE VII  

COLLECTED VALUES OF HF PURE ROTAT ION LINE CENTERS 

Trans it ion Rothschild a N ie l sen and Smith P resent Work 
( J ) ( em- I)  ( cm- 1 ) ( cm- 1 ) 

0 41 . 30 41 . 08 

1 82 . 35 82 . 1 9 

2 1 2 2 . 8 3 12 3 . 1 5  

3 1 63 . 9 7 1 64 . 00 

4 204 . 5 9 204 . 62 

5 245 . 0 9 244 . 9 3 

6 28 5 . 14 285 . 0 1 

7 324 .  7 5  324 . 65 

8 364 . 1 7  363 . 9 3 

9 40 3 . 0 6 40 2 . 82 

1 0  441 . 2 8 441 . 2 1 441 . 1 3 

l l  479 . 00 478 . 94 

1 2  5 1 6 . 2 7  5 1 6 . 2 0 

1 3  552 . 8 5 

14 588 . 90 588 . 82 

1 5  624 . 1 3  624 . 0 7  

1 6  658 . 54 

aPrivate commun ic at ion . 
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subjec ted t o  oo much ove r l ap and inte rference that even unde r con

t rol led condit ions of p re s su re and tempe rature they woul d  not be the 

most suitable standard for h igh precis ion wo rk . In the p re sent work , 

water vapo r remain ing in the inst rument after a short d ry ing period 

furnished the cal ibrat ion spect rum . In dry weathe r the 1 ines we re 

sh arp and re l at ive ly f ree of inte rfe rence ; in humid weathe r  this was 

not true . Even in the be st of c ircumst ances it was difficult to att ain 

the exact conditions of wate r vapor p re s sure and tempe rature to re .., 

produ�e p rec isely the spect rum of an e arl ie r day .  In spite of these 

dif f icu l t ie s , howeve r ,  and bec ause t he measurements we re many t ime s 

repeated ove r a ten month pe riod , the l ine cent e r  values f inal ly 

arrived at are be l ieved to be co rrect to within 0 . 0 7 cm- 1 • 

It should be noted that the pos itions of J ( 6) and J ( 7 ) we re 

part icu l arly d i f f icult to dete rmine p reci s e l y .  The se are strong , 

sharp l ine s re l at ive ly f ree of water and yet ove r a pe riod of a month 

the i r  f requencies varied by as much as 0 . 2  cm- 1 • Inc reas ing the pres

sure of the HF to 30 em pressure uniformly reduces the t ransmittance 

as much as 5 0  pe r cent throughout the region of the se l ines . The 

cause of this ene rgy attenuat ion is not known at this t ime . Two pos

s ib l e  exp l anat ions have been cons ide red : ( i) st rong polyme r absorp 

t ion may occur i n  this reg ion ; o r  ( i i)  the HF may react with t h e  poly

ethy lene window to form a surface f l uoride which absorbs s t rong ly at 

the se f requenc ies . Ne ithe r exp l anat ion is c omplete l y  s at i s f actory 

and furthe r inves t igat ion is ind icated . This app arent absorpt ion may 

account for  the cente r f requency shifts obse rved at l owe r pres sures . 



I I I .  S PECTROSCOPIC CONSTANTS 

The coeff icients of the rotat iona l ana lys is performed on the 

absorp t ion l ine centers have been discus sed a bove . The se rot at ional 

cons t ant s , t oge the r with the value s  obtained by othe r worke rs a re 

l is ted in T abl e VI I I . It w i l l  be not ed that the B0 value is s l ight ly 

l a rger than that reported by He rget ( 1 9 62 ) . His  value is an ave rage 

of two v a lues - - 2 0 . 5 609 cm- 1 for the 0 - l t ran s i t ion and 2 0 . 5 5 5 7  cm- l 

for the 0 - 2 t rans it ion .  The pre sent value agre e s  w ith the val ue de

te rmined in the fundament a l  band . 

IV . PRESSURE SHIFTS 

84 

The s even spectral l ine s me asured on t he vacuum ins t rument we re 

examine d for t he effect of pre s su re upon the pos ition of t he l ine 

cente r .  F ive of the l ines , J( l l) through J ( l 5 )  were me asured at p re s 

sure s  o f  1 5 , 30 , 60 , and 1 2 0  em Hg . N o  me a sured effect upon l ine 

cente r pos it ion was obse rved f o r  this rangeuof p re s su re s . 
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TABLE V I I I  

THE : ROTATIONAL CONSTANTS OF HYDROGEN FLUORIDE 

P re s e nt Wo rk He rget , et a 1 . RothS:ethild 
Const ant ( cm- 1 ) ( cm71) - ( cm- 1 ) 

Bo 20 . 5 6 1  20 . 5 5 8  2 0 . 5 6 7  

Do 0 . 002 1 3  0 . 002 1 5  0 . 0 0 2 08 

Ho 1 . 4 1 8  X 10 - 7 1 . 7 5 x 1 0- ra 

8Ku ipe rs ( 1 9 5 6) . 



CHAPTER VI 

L INE INTENS IT IES 

I .  THEORY 

1 .  Gene ral Cons ide rat ions 

In many app l icat ions of spec t ros copy it is info rmat ive to de

sc ribe an abs o rp t ion l ine by the parameters of l ine s t rengt h , shap e , 

and width . The l ine st rength , which i s  re l ated t o  t he quantum mechan

ic al t rans it ion p robabi l ity , is  part icul arly useful in s tudying popu

l at ion d is t ribut ions in g as e s . This t ogethe r with a knowledge of the 

shape and w idth of a spect ral l ine may l ead to info rmat ion conce rn ing 

int e rmo l ecul ar force s .  

The ideal way of examining t he s t rength , s hape and width of a 

l ine woul d  be to empl oy a spect rome t e r  of suf f i c ient l y  high re s olving 

powe r tha.t the t rue s hape of the 1 ine could be observed d i rect l y . S uch 

resolut ion is avai l able only in the mic rowave reg ion . Howeve r , seve ral 

methods have been devised for obtaining the l ine p arameters in s p ite 

of the ins t rumental mod i f ic at ions to the t rue l ine shap e . The b as ic 

p rocedure u sed in the p re sent work and out l ined be l ow has been d is cu s s e d  

i n  det a i l  b y  Bened ict , He rman , Moo re , and S il ve rman ( 1 9 5 6 ) . 

2 .  L ine S t rength 

The ene rgy absorbed f rom an inc ident beam of rad i at ion of one 

cm2 cross  s ect ion is 

8 6  



whe re �JJ ' is the dens ity of the inc ident beam 

NJ is the numbe r of molecu l e s  pe r cc in t he l owe r s t ate 

BJJ • is t he Einstein t rans it ion probab i l ity of abs o rpt ion 

t:. � is the th ickne s s  of the abs o rbe r 

h is P l anck ' s const ant 

c is the ve l oc ity of l ight 

'{JJ ' is the frequency of the t rans it ion . 

The E in s te in t rans ition p robabil ity is d irect l y  p roport ional t o  the 

square of the mat rix e lement of the d ipole moment and is g iven by 

BJJ ' = l p CJ ' M ' JM) I 2 
• 
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( 1 ) 

( 2 ) 

It is s hown by He rzbe rg ( 1 9 5 0 )  that the numbe r of mol ecul e s  in a g iven 

rot at ional s t ate i s  

NJ = N hcB 
kT 

( 2J+ l )  - BJ (J+ l ) hc/kT e ( 2 a) 

JJ ' ,0 Let 10 = c .../ JJ ' be the intens ity of the inc ident rad iat ion ; then 

JJ ' 
1abs 

JJ ' /) = - I o t:.# 

The abs orpt ion coe f f ic ient , k \? , is d e f ined by t he re l at ion 

dl = - k \( I d l  , 

which s t ates that the amount of rad i at ion removed f rom the beam is 

( 3 ) 

( 4 ) 

p roport ional t o  the p roduct of t he total  rad i at i on intens ity and the 

path length through the abs orbe r .  U s ing equat ion ( 3 ) , 

= 
s rr' 3 

3hc 
( 5 )  

Thus f a r  it has been a.s sumed that the inc ident beam is monochromat ic 
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and the t rans it ion pe rfect ly sharp with ? JJ , a s ingle f requency . 

This is not t rue , howeve r ,  and k '{ mus t  be rep l aced by an integ rated 

absorpt ion coe f f ic ient ove r al l f requenc ies at which abso rp t ion occurs . 

Furthe rmore , the degene racy of the rotat ional ene rgy l eve l s  of the d i-

at omic molecule int roduc es a f actor of ( 2J+ l )  so that the exp re s s ion 

for the ene rgy removed f rom the beam becomes 

""" 

fo k � d '? 8 77'3NJ I{JJ ' I p CJ 'M ' JM) I 2 ( 6 )  = 
3hc (2J+ l )  

This equat ion def ine s the integ rated absorpt ion , S , of a l ine whe re 

( 7 ) 

For g as e s  at l ow dens it ie s S is d i rectly p roport ional t o  t he numbe r o f  

molecul e s  o f  the absorbe r in the optical p ath . Thus 

s = s � -=t S 0P ( 8 )  

yie l d s  the l ine s t rength , S 0 ,  whe re P i s the p re s sure in atmos phe res . 

3 . Equ ivalent W idth and Work ing As sumpt ions 

Integrat ion of equ at ion ( 4 )  g ive s Lambe rt ' s  l aw 

= e -k ..l ( 9 )  

whe re I0 i s  the intens ity o f  the inc ident rad i at ion , I i s  the int ens ity 

of t he t ransmitted radiat ion , and _,t is the p ath l ength through the 

abs orbe r .  The rat io I/I0 is c a l led the t r ansmittance and is des ignated 

by the symbol T .  

T = 
I 
Io 

= e 
-k � � ( 10 )  

The t ransmittance i s  me asured dire c t ly f rom the d i s p l ayed spect ral l ine . 
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The equiv alent width , W ,  is  def ined b y  the re l at ion 

oO 

w = f ( 1  - T )  d \? 
0 

( 1 1 )  

wh ich i s  the integ ral of the f ract iona l  ene rgy removed f rom the inc ident 

rad iat ion- - o r  in othe r words , the area under the absorp t ion curve . The 

range of integrat ion shou l d  inc l ude al l f requenc ie s for which ( 1  - T )  

is d i f f e rent f rom zero . When this range cove rs onl y  a s in g l e  l ine , W 

is t he equ ivalent width of that p art icu l ar l ine . For hyd rogen f l uo ride 

the d i s t anc e s  between l ines is app roximately 40 cm- 1  and for the p re s -

sures used i n  the p re sent work t he as sumpt ion was made that there i s  

n o  l ine ove r l ap so that W i s  indeed the equival en t  width o f  a part ie-

ul ar l ine . 

An a s s umpt ion was a l s o  made c oncern ing the s hape of the spect ral 

l ine . Near the l ine cente r ,  �0 , the absorpt ion c oe f f ic ient is gene r a l l y  

cons ide red to b e  rep resented b y  the Lorent z l ine shape fo rmul a 

s = rr ( 12 )  

whe re 1 L i s  the Lo rentz hal f -width . I t  has been f ound in pract ice 

(He rget , 1 9 62 ) t hat an actu a l  l ine bette r  f it s  a mod if ied fo rm of this 

exp re s s ion . Howeve r ,  s ince t he measurements in this p re sent work d id 

not extend into the far wings o f  the l ines , it was as s umed that the 

l ines we re t ruly Lorent z i an th roughout the reg ion in which t hey we re 

meas ured . The half  width is p roport ional to the f requency of c o l l is ions 

and hence to a good app rox imat ion p roport ional to the total p re s s ure o r  

dens ity of a pure gas , so 
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( 1 3 )  

The c ol l is ion f requency , and hence 1° , i s  dependent upon t he spec i f ic 

inte rmole cul a.r forces of t he g as in que s t ion . 

I t  was fu rthe r a s s ume d t hroughout the se intens ity studies that 

Dopp le r b roadening made on cont r ibut ion to the l ine breadth . He it l e r  

( 1 944) s hows that the hal f-width o f  a Dopp l e r  b roadened l ine is 

[2kT (ln 2JMc 2]� ( 14 )  

S ince He rget ( 1 9 62 )  found no e ffective Dopp l e r  b roaden ing i n  the funda

ment al b and of hyd rogen f luoride at about 4000 cm- l , it appe ared reason-

able to expect no contr ibution at the much l owe r f requencies of the 

pu re rota.tional l ine s . 

4 .  The Method o f  Equ ival ent W idths 

For l ines with the Lo rentz shape the equival ent width is g i ven 

by the Landenburg- Re iche equat ion (Landenburg and Re iche , 1 9 l l ) , 

name l y  

W = 2 11' lL (( x) / ( 1 5 )  

f ( x) = xe-x [J0 ( ix )  - i J 1 ( ix )J ( 1 5 a) 

X = s,£ ( 1 5 b )  

whe re J0 ( ix )  and J1 ( ix) are the Be s se l  funct ions of order 0 and 1 .  

F rom equat ion ( 1 5 )  it i s  evident that the equivalent width , W ,  

is d i rect ly p roport ional to the p re s sure th rough the Lorentz hal f -

widt h .  T h i s  p re s s ure dependency i s  i l lust rated in F igu re 1 2 , which 

s hows the HF absorpt ion l ine J ( 3) at t hree p re s sure s . I n  e ach c as e  

whe re the p re s sure is doubled the measured area unde r the absorpt ion 



Figure 1 2 .  Variat i on of per cent absorpt ion , abs orpt ion are a ,  and half width. of J( 3)  with 
pre s sure . 

"' 
...... 
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curve is al s o  doubled.  For a pure gas , s ince bot h  S and JL are p ropor-

t ional to t he p re s su re , the quant ity x is independent of p re s sure and 

can be varied only by vary ing t he path length . Consequen t l y  to dete r-

mine both 8 °  and J 0  for a. part icu l a r _  l ine , it is nece s s ary to dete rm ine 

W at more than one p ath l ength . For values of x < 0 . 5  the " l inear 

reg ion" of the cu rve is app roached whe re 

f ( xJ � X ( l  - X/2 + • • •  ) ( 1 6 )  

and 

( l 6a )  

Thus measurement s o f  equivalent widths at val ues of x suff icien t l y  smal l  

s o  the second t e rm in equat ion ( 14 )  may be neg lected y ie l d  the l ine 

st rength d i rec t l y . 

At l arge values of x the " square - root reg ion" is app ro ached whe re 

and 

,.../ ;;: f ( x) = ( 2X/rr' ) 2 ( l  - 1/Bx + • • •  ) ( 1 7 ) 

. ) ( l 7a) 

The correct ion te rm can usual l y  be neg l ected s o  that the p roduct S0J 0 

is obt ained d i rect l y . 

In the expe r iment al dete rminat ion of the equival ent width the 

abs orption is measu rably above t he no i s e  ove r onl y  a re l at ive smal l f re-

quency range near the l ine cente r whi l e  the wings of the l ine s actual l y  

extend f ar f rom the l ine cent e r s . The extent to which the wing s of t he 

l ine s reach out f rom the l ine c ente r is s hown in F igu re 1 3 .  He re t he 

wat e r  vapor b ackground abso rpt ion is dotted in and is seen t o  j o in 

nat ural l y  the HF scan f a.r f rom the cent e r  of the HF l ine . The reg ion 
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Figure 1 3 . Scan of J( l )  a t  2 . 5  ern Hg showing inf l uence of wing ab s orpt ion .  ID 
VI 
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between l ine center and inte rsect ion with H20 backg round is pushed up 

by HF absorpt ion . The photograph shows , al s o , how the reg ion of ab-

s o rpt ion extends much furthe r f rom the l ine cent e r  as the p re s su re of 

the abs o rbing gas is inc reased . Even this measurab l e  wing , howeve r ,  

does not inc l ude al l of the w ing abs o rpt ion . I f  the as sumpt ion is made 

that the l ine in que stion has the Lorentz s hape at al l f requenc ies , then 

the unmeasured wing cont r ibut ion has been shown to be 

(1 - + • • • ) ( 1 8 )  

whe re g ( cm- 1 ) is the d i s t ance f rom the l ine center to which the meas -

urements have been carried . For l ine s in the l inear reg ion the t rue 

value of W is re l ated to the me asured value , W ' , to f i rs t  orde r by 

and in the square- root reg ion 

w � w ' ( 1  + w ' /2 -;rJ g )  

( 18a) 

( 1 8b)  

A wing correct ion wa.s app l ied to al l the l ine s measured in the p re sent 

work . 

I I .  DATA REDUCT I ON 

1 .  Gene ral 

The expe rimental abs orpt ion l ine s are d is p l ayed as curve s d rawn 

on chart p ape r .  Three items are measured d irec t l y  on the chart pape r 

in arbit.rary unit s : 

Z e ro l ine - the pos it ion on the , chart p ape r corre sponding t o  z e ro 

pe r cent t ransmi s s ion . 
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Base l ine - the pos it ion o n  the cha rt pap e r  corre s pond ing to 1 00 

pe r cent t ransmis s ion ; and 

L ine va lue s  - the pos it ions on the chart pape r of points on t he 

spe c tral curve t aken at s e l ected inte rva l s . 

The s e  th�ee items , togethe r with the p ath length through the a b

sorbing gas , we re then p rog rammed fo r t he I BM 1 62 0  comput e r  at The 

Unive rs ity of Tennes see Comput ing Center . For each l ine t he c omput e r  

eva l uated : ( i) the pe r cent absorp tion at p redetermined interval s 

a l ong the sp ec t ra l  curve ; ( i i )  the are a  unde r the f ract ional absorpt ion 

curve - -wh ich is W ' , the equival ent width unco rrected for wing cont ri

but ions ; ( i i i )  the absorpt ion coeff ic ient k t? ( f rom the re l at ionship 

k\? = - .£ - l ln T )  at inte rval s  al ong the s pe c t ral l ine ; and ( iv) the 

are a under the absorpt ion coef f i c ient curve -- that is , the integ rated 

abs o rpt ion S .  The a re as unde r these two curves we re in a rbit ra ry uni t s  

and we re conve rted to t he co rrect un its by mul t ip ly ing the numbe r o f  

inte rva l s  invo lved in t h e  summat ion by a wave numbe r pe r int e rval s c a l e  

me a s u red and ve rified o n  t h e  chart in t h e  reg ion of t he spectral l ine 

of inte re s t . 

The equ ivalent widths we re then corrected for wing cont ribu t i ons 

by e quat ion ( 1 8 )  and d ivided by the p ressure in atmosphe re s of the a b

sorbing gas to g ive a va lue of W0 for e ach l ine . F rom equat ion ( 1 6) 

for l ine s in the l inear reg ion , W 0  gave di rect l y  t he s t rength of the 

l ine 

From equ���n ( 1 7 )  for l ine s in the squ a re root reg ion , W 0  g ave t he 

product 

( l 9 a )  
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( l 9 b) 

In add it ion to these values obtained f rom the equivalent widths , the 

integ rated absorpt ion , S ,  calcu l ated by the compute r  was d ivided by 

the pressure in atmosphe re s to y ie l d  a value of the l ine s t rength s o  

for e ach l ine . Equation ( l 9 b) was then divided by this value of S 0  

to g ive 

( l 9c)  

Table IX  l ists the ave rage values o f  the l ine parameters ob-

tained by this p rocedu re . 

2 .  Equ iva lent Widths 

The o bserved values of the equivalent width , W 0 , although much 

large r than one might have expected f rom s imilar me asurement s in the near 

inf rared , are be l ieved t o  be within 15 per cent of the i r  t rue values . 

The se value s  are obtained direct ly f rom the computer as c a lcul ated a reas 

under the absorpt ion curve s �nd are c orrected for area losses in the 

wing s . The l a rge st source of e rror in dete rmin ing the equivalent width 

arises in reduc ing the comb ine d HF and water vapor absorpt ion to a 

s ing le HF spect ral l ine . 

As can be seen in equat ion ( 1 5 ) , theory pred icts that the equ iv-

alent width , W ,  shou ld be direct l y  p roportional to the p re s s ure for 

any g iven l ine . This was ve rif ied in the p res ent work . Obse rvat ions 

of l ines aris ing f rom t rans it ions in the l owe r ene rgy leve l s  were made 

with pre s s ures rang ing f rom 0 . 7 5 em Hg to 2 0 . 0  em Hg . For the l ines 

J ( l l )  through J ( l 5 )  pressures we re varied in dou bl ing rat ios f rom 



TABLE IX 

LINE PARAHETERS 

T rans it ion Equivalent Width P roduct Line S t r:ength Hal f W idth 

: J , VJ 0 ( cm- 1/atm) 8 °/ 0  ( cm- 1 ) 3/atm2 S 0 ( cm- 1 ) 2 I atm /0 ( cm- 1 ) /atm 

2 69 . 4 3 1 24 . 43 1 2 . 12 1 0 . 2 6  
3 72 . 43 1 35 . 2 9 9 . 2 0  1 3 . 44 
4 58 . 1 5 8 7 . 1 95 8 . 9 6  1 0 . 9 5 
5 2 5 . 64 1 6 . 9 6 1  3 . 40 4 . 94 
6 1 6 . 5 6  7 . 0 7  2 . 80 2 . 7 5 
7 9 . 70 2 . 43  1 . 2 6  1 .  9 3  
8 4 . 8 3 0 . 60 0 . 58 1 . 0 3 
9 2 .  72 0 . 1 9 0 . 30 0 . 63 

1 0  5 . 42 0 . 42 0 . 5 3 0 .  79  
1 1  2 . 0 6  0 . 0 6 0 . 2 5 0 . 24 
1 2  1 .  38 0 . 2 7  0 . 1 1 0 . 24 
1 3  0 .  7 7  0 . 0084 0 . 0 5 7  0 . 14 7  
1 4  0 . 43 0 . 00 2 6  0 . 02 9  0 . 09 1  
1 5  0 . 1 8 0 . 0005 0 . 0089 0 . 0 5 6  
1 6  0 . 1 3 0 . 0002 5 0 . 00 7 6  0 . 0 3 3  

NOTE : The t rans it ions J( 2 )  - J ( 9 ) we re measured i n  a 9 . 69 5  e m  ce l l  a t  30 5 °K .  

The t rans it ions J ( l O )  - J ( l 6) we re measure d  in a 1 7 . 6 5 3  em ce l l  at 500 °K . 

\0 
'J 



1 5  em Hg to 1 2 0  em Hg . The var iat ion of the equiva lent width with 

pressure is il lust rated in the g raphs of F igures 14 and 1 5 . These 

f igures show also  the dependency of the equivalent width upon the 
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trans it ion . For l ow J values the change in equiva lent width with pre s-

sure is ma rkedly evident . As the J values inc rease , the amount of change 

in the equ iva lent width with the pressure is reduced . F inally , at the 

highest t rans itions observed the change in the equ ivalent width is s o  

sma l l  that i t  c an hardly b e  measu red- -even f o r  l a rge p ressure chang e s . 

In a l l  the se cases , howeve r ,  t he equ ivalent width doubles as the pres -

sure doubles . 

3 .  Linear Reg ion 

The reg ion of the Landenburg-Re iche cu rve in wh ich one make s 

measurements is governed by the int e r- re l at ions of the l ine st rength , 

the half -width , and the path lengt h .  I n  general the u s e  of a long 

ce l l  prec lude s the poss ibil ity of mak ing observat ions in this region . 

Howeve r ,  examinat ion of J ( l 5 )  measured in the 1 7 . 65 3  em ce l l  shows 

by equation ( l 5b)  that 

X = 
2 .,., r 

= . 0089 X 1 7 , 65 3  
2 Tr x . 0 5 6  

= • 3 6 7  . 

S ince fo r  values of x < 0 . 5  the l inear reg ion is app roached , J ( l 5 ) 

measurement s may be cons ide red l inear . On this bases  the l ine s t rength 

is g iven by equat ion ( l 9a)  as 

Re fe rring to Table lX , page 9 7 , this value of S 0  is s een to be in 

reasonable ag reement with the value of the l ine s t rength determined 
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d i rectly f rom the measured value o f  the integ rated absorpt ion . 

If  J ( l S )  is in the l inear reg ion , it is expected that J ( l 6 ) would 

be also because of its smal l e r  l ine s t rengt h .  App ly ing the above 

c rite ria , x is found to be 0 . 645 for J ( l 6) wh ich would p l ace J ( l 6 ) out 

of the l inear reg ion ; but a c al cu l at ion of the l ine st rength by equa-

tion ( l 9a)  y ie lds s o  = . 00 74 in excel lent ag reement wit h the me asured 

value ; so that J ( l 6) may also  be cons ide red to have been me asu red in 

the l ine a r  reg ion . 

A s imilar  examinat ion of J ( l4)  p l aces it also  on the borde r-

l ine but y ie l ds a va lue of s o  = . 024 ca lcul ated by the l inea r  reg ion 

calculation compared to s o  = . 02 9  me asured expe r imental ly . 

4 .  The S hort Ce l l  

In a n  e ffort to make obse rvat ions in the l ine a r  reg ion for 

trans it ions between some of  the l owe r lying ene rgy leve l s , a 0 . 3 7 em 

ce l l  was p l aced in the beam . Me asu rement s we re made with this ce l l  

by Young ( 1 963)  on l ines J ( 7 )  and J ( 8 ) , and the fol l owing value s we re 

obta ined : 

J X 

7 6 . 7 3 7  . 408 0 . 8 1  

8 2 . 2 1 2  . 2 6 7  0 . 48 

It is seen that although J ( 8 )  sat is f ies  the c r ite r ion and is in the 

l inea r  reg ion , J ( 7 )  is just out s ide .  Neve rthe l e s s  the l ine st rength 

of J ( 7 )  obtaine d here ag rees quite we l l  with that obta ined by anothe r 

method to be exp l a ined l ate r ;  c ons equently the l ine a r  reg ion approxima-

t ion appears to be s at is f actory for J ( 7 )  also . 
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Short ce l l  me asu rement s cou l d  not be obt a ined on other l ine s at 

this t ime for s eve ral re asons . The re s u l t s  of me asurement s made on 

J (  6) we re t ot a l l y inconc l us ive . The l ine re ached 100 pe r cent abs o rp 

t ion before values of pe ak absorpt ion o r  half width coul d  b e  obta ined 

and is thus completely out of the range of the l ine ar reg ion when a c e l l  

length o f  0 . 3 7 em i s  used . I t  is a remarkable comment ary on the need 

for a variety of ce l l  l engths when one cons ide rs that a ce l l  length of 

0 . 3 7 em is a " l ong" path for a st rong l ine l ike J ( 6) wh i l e  a l ength of 

l 7 . 653 em is a " short" ce l l  for a weak l ine l ike J (  1 6) . S ince meas u re

ment s could not be made on J ( 6 ) with the 0 . 37 em ce l l , no attemp t s  we re 

made on t he s t ronger l ine s of J ( 5) through J ( 2 ) . 

An even shorter ce l l  was not emp loyed on the s e  l ines at this 

t ime bec ause o f  the l ack of rigid window mat e r i a l s  which a re both 

tran s p a rent in the reg ion and imp e rvious to hyd rogen f l uo r ide . 

Effort s  we re made to examine J ( 9 ) us ing the short ce l l , but the 

l ine could not be obs e rved . Ag ain , l ack of a suitable window mate r i a l  

fore s t a l led furthe r  obse rvat ions for t h e  p re sent . I t  appe ars that 

pre s sures we l l  a bove an atmosphe re wi l l  be needed t o  look at J ( 9 ) in a 

ce l l  of length suff ic ient l y  s hort to put its spect rum in the l ine a r  

reg ion . 

5 .  �quare Root Reg io!2 

The values of the l ine s t rength , S 0 , for the ro tat ional l ines 

may be dete rmined by eva luat ing the equat ion for the integ rated l ine 

intens ity 
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foP a d V 
0 

= 
3hc ( 2J+ l )  

( 6 )  

I n  this evaluat ion the value of the pe rmanent dipole moment was known 

and the d ipole moment mat rix e l ement was dete rmined by us ing r igid 

roto r  wave func t ions . NJ , as g iven by equat ion ( 2 b) , y ie l ds the numbe r 

of molecules in the Jth rotat ional ene rgy leve l  for a gas at atmosphe ric 

pressure and tempe rature T. The val ues of S 0 , so obta ined , are dis -

played in Tabl e  X as  S 0  calcu l ated .  For comparison , the values o f  S 0  

as c a lcul ated by the computer f rom the areas unde r the absorpt ion co-

eff ic ient curve s , a re also  l isted in Table X- - as S 0  measu red .  I t  is 

evident that there is ve ry l ittle resembl ance between the two sets of 

val ue s . The measured S 0 1 S  are gene ral ly much l owe r than p redicted by 

the t heory fo r t rans it ions J ( 2 )  through J ( 9 )  and much h ighe r than p re -

dieted for t rans it ions J ( l O )  through J ( l 6) . It mus t  be conc luded that 

the se l ine s t rengths , dete rmine d by measuring the a rea unde r the ab-

sorpt ion c oeff ic ient cu rve , g ive l ittle , if any , ind ic at ion of the t rue 

l ine strength . This is not surp ris ing in view of the f act that mos t  

o f  the spect ral l ines we re showing a n  apparent abso rpt ion of 70  t o  1 0 0  

pe r cent and n o  co rrect ion was app l ied f o r  ins t rumental broaden ing o f  

the l ine s . The co rrect ion o f  the o bse rved l ine by app l ic at ion of a 

suit able s l it func t ion wou l d  imp rove the s ituat ion but s t i l l  might not 

g ive a t rue value of S 0  bec ause the l ines are s how ing so much absorp-

t ion . These  measurements would be more sat i s f actorily made with l ines 

showing l e s s  t han 50 per cent absorp tion . 
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TABLE X 

COMPARISON OF LINE STRENGTHS CALCULATED FROM RIGID ROTOR APPROX I��T I ON 
WITH LINE STRENGTHS MEASURED UNDER ABSORPT ION COEFF IC IENT CURVE 

Trans it ion S °  C a l cul ated S 0  Me asured 
J ( cm- 1 ) 2/ atm ( cm- 1 ) 2/atm 

2 1 2 0 . 0  1 2 . 1 2 

3 89 . 6  9 . 2 0 

4 48 . 5  8 . 69 

5 2 1 . 3  3 . 40 

6 7 . 3  2 . 80 

7 2 . 04 1 . 2 6  

8 0 . 45 0 . 58 

9 0 . 08 6  0 . 30 

1 0  0 . 36 0 . 5 3 

1 1  0 . 1 1 0 . 2 5 

1 2  0 . 02 6  0 . 1 1 

1 3  0 . 0 0 64 0 . 0 5 7  

14 0 . 00 1 3  0 . 02 9  

1 5  0 . 0002 0 . 0089  

1 6  0 . 00004 0 . 00 7 6  



1 0 5  

Kostkowsk i  and Bas s ( 1 9 5 6) have employed a me thod o f  deter

min ing the e rro r made in the direct me asurement of l ine parameters when 

no correct ions for inst rume ntal  broaden ing have been app l ied . They 

succe ssfully apply the method to l ines whose apparent absorpt ion is 

around 30 per cent . S ince the p rocedure involve s  the determinat ion 

of the rat ios of the half -widths , 11 , at two p re s s u re s , its app l icat ion 

to the p resent work seemed natural . Efforts to use it , howeve r ,  we re 

not succe s s ful . The co rrect ions result ing f rom its  app l ic at ion we re 

sma l l  and made only minor changes in the measured l ine s t rengths . He re 

ag ain , the f au l t  is be l ieved to be with the fact that the se l ines we re 

measured at such a high pe rcent age of absorpt ion that only a prec ise ly 

dete rmined experiment al s l it funct ion would be effect ive in correct ing 

them to the i r  t rue shape s . 

Although the st rong abs orpt ion made impos s i ble the dete rmina

t ion of the t rue cu rve of the abso rpt ion c oe f f i c ient , it d id make 

eas ie r the task of measu ring the area unde r the absorpt ion curve itse l f . 

Bec ause of this , the p roducts of the l ine s t reng ths and the hal f-widths , 

S 0/0 , are be l ieved to be val id . In an effort t o  make use of the se 

products and g lean some inf ormat ion c oncerning the ind ividual l ine 

s t re ngths , it was o bse rved that , if values could be o bt ained for the 

hal f-widths , the l ine st rengths could be immed iate ly dete rmined . The 

fol lowing sect ion de scribes the procedu re by which this was accomp l i shed . 

6 Determination of Line S t re ngths and Ha lf  W idths 

The half-widths of the a bsorpt ion l ine s of the fund amental  band 

of hyd rogen fluoride have recent ly been measured in this l aboratory 
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( He rget , 1 9 62 ) . Examinat ion o f  these  hal f-widths reveal  that they have 

about t he s ame nume rical values on bot h  s ides of the band cent e r  for 

l ines of the s ame m (whe re / m / = (J+ l )  for the R branch and l m l = J 

for the P branch) . This suggests  that the hal f -widths are re l at ive l y  

f ree o f  t he v i brat ion- rot at ion inte ract ion and depends p r imar i l y  on 

the rot at ion level alone . If  this we re t rue , then the rat ios of the 

ha l f  widths f rom l ine to l ine in the fundamental band would be the s ame 

as -the rat ios between co rresponding 1 ine s in t he pure rot at ion spect rum . 

As suming this as a work ing hypothe s is , it then bec ame nece s s ary to de-

te rmine the value of only one hal f -width in the pu re rot at ion s pe c t rum 

and the othe rs wou ld be known a l so .  I t  was pos s i ble t o  obtain a value 

of 1° for  J ( 8 )  in the fol lowing manne r .  

The l ine s t rength , S 0 , was me asured for  J ( 8 )  in the 0 . 3 7 em c e l l  

and found t o  be 2 . 2 1 2  ( crn- 1 ) 2 atm- 1 . S ince the S 0  values are inva riant 

to ce l l  length , the J ( 8 )  l ine s t rength must have t he same value , 2 . 2 1 2  

( crn- 1 ) 2 atrn- 1 , i n  the 9 . 69 5  ern ce l l . The value o f  the product S ol o  

for the longe r c e l l  i s  known f rom the equivalent width measurement s . 

Thus lo  of the l ine me asured in the 9 . 695  ern ce l l  c an be determined 

by d iv id ing this S 0l 0  produc t by the val ue of S 0  obta ined in the smal l 

ce l l .  The re sult ing value of l o  is 0 . 2 7 1  crn- 1  atrn - l . The half -widths 

of t he rot at ional spect rum , l0 rot . , we re then obta ined for t he l ine s 

J ( 7 )  - J ( 2 )  by the re lat ion 

rvR CJ+ 1 ) 

rvR c .:n 
= 

r rot . ( J+ l )  

r rot . ( J )  
( 20 )  
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The l ine strength , S 0 , o f  e ach of these l ines can now be found 

by d iv iding the p roduct, S 0/ 0 , obtained f rom the equivalent width me as 

urement s ,  by the prope r  / 0  just o btained . Tabl e XI l ists  these re su l t s , 

togethe r wit h the half widths f rom the fund ament al band . 

Compa rison of the l ine s t rengths dete rmined he re with those cal

cu l ated f rom t heory and those measured directly under the abso rpt ion 

coeff ic ient cu rve c an be made by re ferring to Table X ,  page 104 . These 

are seen to c omp are favo rably with the cal culated values although l a rger 

in eve ry c ase . F igure 16  shows the variat ion of l ine s t rength , s o , with 

t rans ition , J ,  for the three methods of dete rmining S 0 •  The l ine 

strength f rom measured areas unde r the absorpt ion c oeff icient curve 

appears as a dotted cu rve at the bottom of the page . It  appe ars to 

have no re l at ion to the othe r two curves . The curve obta ined by cal

cu l a t ing S 0  f rom the r ig id rotor approximat ion appe ars t o  h ave its maxi

mum at J ( 2 )  as indeed it shou l d .  The curve o bt a ined f rom evaluat ing S 0  

in the manne r  des c r i bed above has g reater values at eve ry po int than 

the theore t ical cu rve and has the maximum sh ifted to J (  3) . The cause 

of this diffe rence may a r ise f rom the g reat anharmonic ity of the HF 

molecule ; it is far f rom a rigid roto r .  Even though the value s  of S 0  

for J ( 2 ) , J ( 3 ) , and J ( 4) are c l ose togethe r ,  it is be l ieved that the 

shift ing of this max imum l ies  out s ide the range __ of expe riment al e rro r 

and furthe r invest ig at ions into the exis tence and the c ause for this 

shift is indic ated . 

The l ine s t rengths o bta ined by the above procedure yield re s u l t s  

wh ich s how approximate ag reement with the theo retical  values and are 
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TABLE X I  

LINE STRENGTHS AND HALF W IDTHS FOR SOME PURE ROTATI ONAL LINES 

Hal f-W idth Hal f-W idth 
T rans it ion Fundamental Rot at ion s o)' o s o 

J crn- 1/atrn crn- 1/atrn ( crn- 1 ) 3/atrn2 ( crn- 1 ) 2/atrn 

2 . 479  1 . 2 3 6 1 2 8 . 9 3 1 04 . 7 7  

3 . 408 1 . 0 5 3  1 2 3 . 63 1 1 7 . 40 

4 . 31 0  . 800 8 3 . 84 1 0 3 . 5 5 

5 . 240 . 620 1 6 . 9 6  2 7 . 35 

6 . 1 6 6  . 428 7 . 68 1 7 . 94 

7 . 1 35 . 348 2 . 4 3  6 . 98 

8 . 1 0 5  . 2 7 1 0 . 60 2 . 2 1 
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be l ieved to have more val idity than the l ine s t rengths measured d i rectly 

f rom the absorpt ion coe fficient curve . 



CHAPI'ER VI I 

SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH 

I .  SUMMARY 

In many ways the expe r iment al  effort de s c ribed in the preced ing 

chapte rs was of an exploratory n atu re . When t he work beg an , it was 

not known if t ransmittance measurement s  cou ld be made ac ros s  the 

breadth of an absorpt ion l ine in the f ar inf rared ; c e rt a inly there 

was l ittle  real ization of the ext reme s t rength of these l ines . The re 

was even a quest ion as to the ava i l abil ity of window materia.ls which 

could res is t  the att ack of the h igh ly corros ive hyd rogen f luoride and 

at the same t ime be t ransparent in the far inf rared . This work 

raises seve ral que st ions that ind icate the need for  fu rthe r research . 

Be fore d i scus s ing them , howeve r ,  a rev iew of this work wi l l  be p re 

sented . 

1 .  A spectromete r has been cons t ructed with whic h t o  make 

obs e rvat ions in the far inf rared spectral reg ion between 2 0  p and 

2 50 Jl ·  This inst rument was used in the pre sent research and has p roven 

sat i sf actory for work requiring re s olut ion no g reater than one wave 

numbe r .  W ith mod if icat ion the resolut ion may be imp roved and the 

range extended . 

2 .  I t  has been p roven feas i bl e  to make t ransmitt ance me asure

ment s ove r st rong l ine s in the far inf rared with a l ow re solut ion 

spect romete r ,  and it has been s hown t hat the p robl ems of handl ing 

1 1 1  
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HF are only s l ightly more dif f icult than with the more f amil iar ne a r  

infrared techniques .  

3 .  The vacuum wave numbe rs of the l ine centers of t he f i rst 

seventeen l ine s of the pu re rot at ional spect rum of hyd rogen f l uo r ide 

have been measured . These l ines map t he reg ion between 4 1 , 08 cm- 1 

and 658 . 54 cm- 1 . 

4 .  A rot at ional analys is of these seventeen l ine s has y ie lded 

the g round st ate rot ational cons t ants B0 , D 0 , and H0 in the agreement 

with values o btained in the fundamental band . 

5 .  Examinat ion of the f ive l ine s J ( l l )  - J ( l S )  for shifts of 

the ir l ine centers with p re s su re change s revealed no pre s s u re s h if t s  

within t he range of exper iment a l  e r ror f o r  p res sure s  between 1 5  em 

Hg and 1 2 0  em Hg . 

6 .  The equ ivalent widths for f ifteen l ines , f rom J ( 2 )  through 

J ( l 6) , we re me asured at seve ral d iffe rent pre s s u re s . 

7 . The variat ion of equ ivalent width with p re s su re w as measu red 

for 12 l ine s - -J ( 2 )  through J ( 8 )  and J ( l l ) through J ( l S ) . The equiva

l ent width was found to be d i rectly p roport ional to the p re s sure ove r  

the range of me asurement . 

8 .  The l ine s t rength , 8 ° ,  was me asured by c al cu l a t ing the area 

unde r the absorpt ion coe f f ic ient curve for J ( l4) , J ( l S ) , and J ( l 6 ) . 

The value s o bt ained we re in ag reement with values obtained by measuring 

the equ iva lent widths of these l ine s in t he ne ighborhood of the l owe r 

reg ion o f  the Landenburg-Re iche curve . 
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9 .  T he half-widths for the l ine s J ( 2 )  through J ( 8 ) were det e r

mined by as suming them to vary f rom l ine to l ine in the same ratio as 

do the hal f widths of t he l ine s in t he fundame nt a l  band . 

1 0 .  The l ine strengths of the l ine s J ( 2 ) through J ( 8 )  we re de

te rmine d f rom the me asured equivalent widths and the rat io dete rmined 

ha l f -widths . These l ine st rengths we re in app roximate ag reement 

with t hose p redicted by the rig id roto r  approx imat ion . 

1 1 .  Evidence .- was found t o  ind ic ate that the intens ity dist ri

but ion cu rve has its maximum at J ( 3) rathe r than at J ( 2 )  as p red icted 

by the rig id rotor theory . 

I I . SUGGESTIONS F OR FUTURE RES EARCH 

Bec ause of th e exp lo ratory nature of this work , avenues of 

att ack which we re not open at the beg inn ing c an now be taken and othe r 

app roaches have been b locked . The measurement s of hal f-widths and 

intens it ies are only approximations t o  the t rue values and the work 

can ce rt ainly s t and re inve st igat ion- -p refe rably with a highe r res olu

t ion ins t rume nt . An effort needs to be made to determine the val id ity 

of the apparent shift of the maximum of the intens ity d i s t r ibuti on 

curve f rom J ( 2 )  to J (  3) . C e rtainly a wider variety of ce l l  lengths 

and p re s s u re s  should be emp l oyed . But , this requires in itial rese arch 

for s t ronge r ,  more rigid , better t ransmitt ing window mate rial s  which 

can withs t and the rigors of hyd rogen f l uoride and h igh tempe rature s 

and pres sures . 
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S ince it has been e s t ab l ished that intens ity me asu rement s in 

the f ar inf rared can be made on a l ow re solut ion spectrometer as de

scribed here , the re are seve ral molecules which lend themse lve s to 

such measurements within the range of the present ins t rument . In par

t ic u l a r  mea.su rements on DF are indicated . 

High p re s su re measurements on the l ine s above J ( 9 ) might p rove 

ve ry worthwh ile  in the direct determinat ion of the s t rengths of these 

h igh J t rans itions . In addit ion to the se l f- broaden ing me asurements , 

the re i s  the whole f ie l d  of fore ign gas broaden ing to be cons ide red . 

I n  add it ion to the above inve s t igations of d iatomic molecu l e s , 

o bservat ions on the ske letal vi brat ions of polyatomic mol ecules c an 

now be undertaken . Long chain molecu l es of the man-made polyme rs 

are of part icu l ar inte res t  in this reg ion . Along this s ame l ine 

the l ong organ ic molecu l e s  assoc iated with p rote ins and viruses l end 

themse lve s  to spectral examinat ions in the f ar inf rared . 

The s tudies of c rys t a l s , semiconductors , and many sol id s t ate 

devic e s  offe r other pos s i bi l itie s  for t he use of this inst rument . 

Improvements to the inst rument its e l f  shou l d  al so be cons ide red . 

Part s in the inte r ior of the spect rometer need t o  be cooled . The in

strument s hou l d  be made more a i r- t ight and more e f fect ive dry ing p ro

cedure s instal l ed .  The grat ing d r ive should be mod if ied so that the 

g rat ing can be rot ated more s lowl y and the scale des ignat ing its pos i

t ion be read more p recise ly . 

F ina l l y , e f forts shou l d  be made to imp rove the cal i brat ion avai l 

able f o r  this reg ion . St andards , which a re not s o  p ressure dependent 
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as the wate r vapor spect rum , need t o  be e s t a b l i shed . Pe rhap s the add i

t ion of an ext e r io r  cal ibrat ing s ource might p rove e f fective . 
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TABLE X I I  

SPECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND k 
T rans it ion : J ( 2 )  L ine Cente r :  1 2 3 . 1 5 cm- 1 

F req . Interval : 0 . 1 1 1 0  cm- 1 per unit 
Pre s sure : 3 . 0  em Hg 

Per Cent Abs orpt i on k Per Cent Absorpt ion k 

• 1 2 . o o o  94 e 96 • 308 
• 1 1  . oo o  94 e 95 • 3 07 
e 36 . oo o  94 . 93 e 3 07 
e 35 . o o o  93 e 72 e 285 
e 6 1  . o o o  9 l e 3 0  · 25 1  
e 87 . oo o  88 e 27 • 22 1  

1 e l 3 e O O l  83 e 7 0  • 1 87 
1 e 93 e 00 2  7 7 e 60 e l 54 
2 e 4 7  e 0 0 2  69 e 0 3  • 1 2 0 
3 e 28 e 0 0 3  60 e 0 9  • 0 94 
4 e 1  0 e 0 04 5 l e 1 0  • 0 73 
4 e 93 e 00 5  4 2 e 67 e 0 57 
6 e 0 3 e 0 06 36 . 33 • 0 46 
7 . 1 4  e 0 0 7  3 l e 8 1 • 0 39 
8 e 25 e 008 2 7 . 25 • 0 32 
9 e 93 e 0 1 0  2 3 e 9 1  • 028 
9 e 23 e 009 2 l e 48 • 0 24 

l l e 62 e 0 1 2  1 9 e 0 4 • 0 2 1  
1 3 e 60 e 0 1 5  1 7 e 2 0 • 0 1 9 
1 5 . 87 e 0 1 7  1 5 e 99 • 0 1 7  
1 7 . 87 e 02 0  1 4 e l 3  • 0 1 5  
2 0 e 4 5 e 0 23 1 3 e 53 • 0 1 4  
2 3 e 89 e 028 1 2 e 29 • 0 1 3  
2 7 e 64 e 0 33 l l e 36 • 0 1 2  
3 1 e 69 e 0 39 l O e l O  • 0 1 0  
36 e 34 e 0 46 8 e 83 • 0 0 9 
4 2 . 73 e 0 57 7 e 88 • 008 
50 . 3 1  e 0 72 6 e 92 • 00 7 
5 7 e 65 . o a8 5 e 3 1  • 0 05 
64 e 46 e 1 06 4 e 0 1 • 00 4  
7 1 e 02 · 1 2 7  3 ·1 0 3 • 0 0 3  
74 e 7 1  e l 4 1  2 e 0 4 • 00 2  
8 l e 63 e l 74 l e 3 7  • 00 1  
86 e 2 5 . 2 04 e 70 • 000 
8 9 e 4 3 e 2 3 1  e 36 • 00 0  
92 e 05 e 26 1  e 3 1  • 000 
94 e 09 e 29 1  . oo • 00 0  
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TABLE X I I I  

S PECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND k 
T ran s it ion : J ( 3 ) L ine Cente r :  1 64. 00 cm-1 
F req . Inte rva l :  0. 2 122  cm-1  pe r un it 
P re s sure : 3. 0 em Hg 

Per Cent Abs orpt ion k Per Cent Abs orpt i on k 

e l 6 . o o o  76 e 3 1  · 1 48 

e 32 . o o o  78 . 95 • 1 60 

e 3 1  . c o o  78 e 95 • 1 6 0  

. 4 7 . o o o  75 e 8 0 • 1 4 6  

e 2 8 . c o o  70 e 89 • 1 27 

e 26 . c o o  64 e 0 6 • 1 05 

. o 7 . c o o  56 e 36 • 0 85 
e 29 . c o o  65 e 3 0  • 1 09 

e 48 . c o o  56 e 3 7 • 0 85 
. as . o o o  3 2 . 38 • 0 4 0  

l e 22 . o c t 2 7 e 3 1  • 0 32 
1 e 58 . o o 1  22 e 4 2 • 0 26 
2 e l 3 e 0 0 2  1 8 e 4 0  • 0 20 
2 e 4 9 e 0 02 1 4 e 39 • 0 1 6  
3 e 2 1  e 0 0 3  l l e 78 • 0 1 2  
3 e 76 e 0 0 3  9 e 69 • 0 1 0  

4 e 4 7  • 0 0 4  8 e l 3  • 008 

5 e 1 9 . o o s  7 e 0 9 • 0 07 

6 e 0 9 e 0 0 6  6 e 2 3  • 006 

6 e 63 e 0 0 7  5 e 55 • 00 5  

7 . 87 e 0 08 5 e 0 4  • 0 0 5  
8 e 94 e 0 09 4 e 53 • 004 

1 O e 1 9 • 0 1 1 4 e 0 2 • 0 0 4  
l 2 e 1 4  e 0 1 3  3 e 68 • 0 0 3  
l 4 e 43 e 0 1 6  3 e 0 0  • 0 0 3  
1 7 . 4 3 · 0 1 9  2 e 49 • 0 02 
2 1 . 49 . 0 24 l e 9 8  • 00 2  
2 6 e 2 4 e 0 3 1  l e 65 • 0 0 1  
32 . 57 e 04 0  l e l 4 • 0 0 1  
3 9 . 4 3 e 0 5 1  e 8 1  • 00 0  
46 . 8 1  e 0 65 e 4 7 • 000 
56 e 1 2 e 0 84 e l 4  • 000 
64 . 90 e l 08 e O l  • 000 
7 l e 22 e l 28 . o o • 0 0 0  
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S PECTRAL LINE IN TERMS OF PER CENT ABSORPT I ON AND k 
T rans it ion : .1(4) . , L ine Cente r :  204 . 62 cm- 1 
F req . Inte rval :  0 . 07614 cm:� l pe r unit 
P re s s u re : 3 . 0  em Hg 

Pe r Cent Abso rpt ion k 

1 • 1 1  e O O l  
l e 34 . oo t  

l e 57 e OO l  

2 e 0 5 e 00 2  

2 e 53 e 0 0 2  

3 e 0 1  e 00 3 
3 e 5 0  e 0 03 
3 e 98 e 00 4  
4 e 73 e 00 4  

5 e 47 . 0 0 5  

5 e 97 e 0 06 

6 . 72 e 0 0 7  

7 e 23 . 00 7  

7 . 73 . o o8 

8 e 24 . o o 8  

9 e 0 1  e 0 09 

9 e 53 . o t o 

1 0 e 30 • 0 1 1 

1 0 e 57 e 0 1 1 

l l e 35 e 0 1 2  

1 2  e l 4 e 0 1 3  

1 3 e 1 9 . 0 1 4  

1 4 e 5 2  . 0 1 6  
1 5 . 32 e 0 1 7  
1 7 . 44 e 0 1 9  
1 9 . 3 1  e 02 2  

2 1 e 2 0 . 024 

2 3 . 62 . 0 27 
2 7 . 65 e 0 33 
3 l e 98 . 0 39 

36 e 86 e 04 7  
4 l e 78 e 0 55 

4 8 . 0 6 . 067 

54 . 66 e 08 1  

6 1 . 56 e 098 

67 . 96 e 1 1 7 

74 . 1 3  e l 39 

79 . 5 1  e 1 63 
8 3 e 0 1  e 1 82 

87 e 36 e .2 1 3  

Pe r Cent A bs o rpt ion 

' ( 
l 

89 . 52 

9 1  • 1 5 

92 e 2 3  

92 e 77 

92 e 74 

92 e 72 

9 1 e 0 2 

89 e 30 

86 e 44 

82 e 1 5 

77 e 84 

72 e 0 7  

66 e 55 

6 l e 57 

5 5 e 7 0 

50 e 65 

4 5 e 86 

4 0 e 4 7 

35 . 32 

3 1 e 6 1  

2 7 e 8 7 

2 5 e 58 

22 e 69 

2 0 e 3 7 

1 8 e 33 

1 6 e 57 

1 4 e 8 0  

1 3 e 63 

1 2 e 1 4  

1 0 e 34 

8 e 8 3  

7 e 62 

6 e 7 0 

5 e 4 7  

4 e 85 

4 e 5 3  

3 e 9 0 
3 e 26 

2 e 63 

k. 

e 232 

• 25 0  

• 263 

• 270 

· 270 

• 270 

e 248 

• 230 

· 206 

e l 77 

· 1 55 

• 1 3 1 

e l 1 2 

e 0 9S 

• 0 83 

• 072 

• 0 63 

• 0 53 

• 0 44 

e 0 39 

• 0 33 

• 0 30 

• 0 26 

• 0 2 3  

• 0 2 0  

• 0 1 8  

• 0 1 6  

• 0 1 5  

• 0 1 3  

• 0 1 1 

• 009 

• 008 

• 00 7  

• 00 5  

• 0 05 

• 004 

• 004 

• 00 3  

• 00 2  
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TABLE XV 

SPECTRAL LINE IN TERMS OF PER C ENT ABS ORPT ION AND lit 
T rans it ion : J( S )  L ine C ent e r :  244 . 93 cm- 1 
F req . Interva l : 0 . 05 9 6  cm- 1 pe r un it 
P re s sure : 5 . 0  em Hg 

Per Cent Abs orpt ion k Per CA!nt Ab s orpt ion 'k 

e OO e O O O  70 e 49 e l 25 

e 02 e OO O  7 l e 0 1  e 1 27 

e 0 4 e O O O  7 l e 85 e 1 30 
e 0 6 e OO O  7 l e 76 e 1 30 

e 4 7 . o oo 7 1 e 66 • 1 30 
e 72 e O OO 7 l e 57 • 1 29 

e 98 e 0 0 1  7 1 e 4 7 • 1 29 
l e 52 e O O l  7 1 e 0 5 e l 27 
2 e 63 e 00 2  70 e 3.2 • 1 25 
3 e 46 e 00 3  69 . 57 e 1 22 
4 e 58 e 0 04 67 e 86 • 1 1 7 

5 e 70 e 0 06 65 e 8.2 e l l  0 

6 e 84 e 0 07 63 e 4 3  • 1 03 
8 e 26 . oos 59 e 73 e 093 

9 e l 2  e 0 0 9  55 e 68 e 0 83 
1 0 e 27 e O l l 5 1 e 93 • 0 75 

l l e 72 e 0 1 2  4 7 e 49 e 066 

1 3 e 76 e 0 1 5  4 4 e 0 1 • 059 

1 6 e 0 9 . o t s  4 1 e l 7  • 0 54 
l 8 e 4 4  e 02 1  3 7 . 98 e 049 
2 l e l 0  e 0 24 34 e 76 • 044 
2 3 . 77 e 02 8  3 l e l 8 e 0 38 

2 6 e 46 e 03 1  2 7 e 92 • 03 3  

3 0 e 0 5 e 0 36 24 . 29 • 0 28 
33 . 95 e 04 2  2 0 . 98 e 0 24 
3 7 . 29 e 0 48 1 7 e 64 e 0 2 0  
4 0 e 36 e 05 3  1 4 . 62 • 0 1 6  
4 3 e 1 4  . 0 58 1 1  e 9 1  • 0 1 3  

4 6 e 24 e 0 64 9 e 88 • 0 1 0  
49 e 96 e 0 7 1  8 e 1 7  • 00 8 

52 e 5 1  e 0 76 6 e l 0  • 00 6  
5 5 . 37 e 08 3  4 e 7 1  • 004 
57 e 95 e 0 89 3 e 66 • 00 3  
59 . 93 e 0 94 2 · 6 0 • 002 
6 l e 93 · 0 99 l e SS • 0 0 1  
63 e 95 e l 05 1 • 1 6  • 00 1  
65 . 36 • 1 09 1 e 1 3 • 0 0 1  
67 e 09 e l l 4 e 76 • 000 

68 e 52 • 1 1 9 e 38 • 00 0  

69 e 66 e 1 23 . o o • 000 
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TABLE X.Vl 

SPECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND k 
T rans it ion : J ( 6) Line Cente r :  285 , 00 cm- 1 
F req . Interva l :  0 . 0864 cm- 1 pe r un it 
P re s su re : l O . O .cm Hg 

Pe r Cent . . 4l?so�p�ion. · k ( � Pe r Cent . . Absorpt ion · . .  · , ., k 

3 e l 2  e 00 3 77 e 49 • 1 53 
3 e 33 e 0 0 3  78 e 1 8 • 1 57 
3 e !55 e 00 3  76 e 8 5 • 1 50 
3 e 52 e 0 0 3 7 1 . 94 • 1 3 1 
4 e 2 1  e 0 04 65 e 2 0  • 1  08 
4 e l 9 e 0 04 !57 e 4 1 • 0 88 
4 e 4 0  e 0 04 4 9 e 0 5  • 0 69 
4 e 62 e 0 04 3 9 e 87 • 052 
5 e 32 e 0 05 3 2 e 96 • 0 4 1  
5 e 54 . 0 05 2 5 e 49 • 0 30 
5 e 76 e 0 0 6  2 0 e 59 • 0 23 
6 e 70 e 0 07 1 6 e 70 • 0 1 8  
7 e 4 1 e 0 0 7  1 4 e 0 9 • 0 1 5 
8 e 1 2  . o oa 1 2 e 0 0  • 0 1 3  
8 e 84 e 0 09 1 0  e 1 6  • 0 1 1 
9 e 3 1  e 0 1 0  9 e 0 9  • 009 

1 0 . 0 4 e O l O 8 e 2 9 • 0 08 
1 O e 76 e 0 1 1 7 e 4 8  • 0 0 8  
l l e 49 e 0 1 2  6 e 94 • 0 0 7  
1 2 e 4 7  e 0 1 3  6 e 39 • 006 
1 3 e 70 e 0 1 5  6 e 1 0  • 006 
1 5 . 1 9 e 0 1 6  5 e 8 2 • 0 06 
1 7 e 92 e 0 2 0  5 e 8 0 • 0 06 
2 2 . 65 e 0 26 5 e 78 • 006 
3 0 . 38 e 0 37 5 e 49 • 0 05 
3 9 e 1 6  e 0 5 1  5 e 4 7 • 005 
5 0 e 4 9 e 0 72 5 e 45 • 005 
6 0 e 88 e 096 5 e l 6  • 00 5  
68 e 82 e 1 20 5 e 1 4  • 005 
74 e 53 e l 4 1  4 e 84 • 0 05 
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TABLE XVI I  

S PECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND k 
T rans ition : J,( 7 )  L ine Cente r :  324 , 65 cm- 1 
F req . Inte rva l : 0 . 1 2 0 7  cm- 1 pe r unit 
P re s s u re :  1 0 : 0  em .Hg 

Per Cent -A.blile?!Ption • k Per Cent Absorpt ion k 

. oo • ooo 58 e 2 1 • 0 90 

. oo . oo o  4 8 e 9 0  • 069 
e l 9 . ooo 3 9 . 38 • 0 5 1  

e S l  . ooo 3 0 e 4 8  • 037 

l e 63 e O O l  2 3 e 65 • 0 27 

2 e 45 e 0 0 2  1 8 e 2 7  • 02 0  

3 e 48 e 0 0 3  l 3 e 92 • 0 1 5  

5 e 1 3 e 005 9 e 57 • 0 1 0  
7 e 6 0 . ooa 6 e 8 8  • 007 

1 1  e l l e 0 1 2  5 e 63 • 0 05 
l 4 e 62 e 0 1 6  4 e 38 • 00 4  
1 7 e 72 e 02 0  3 e 1 4  • 0 03 

22 . 0 5  e 025 2 e 3 0  • 00 2  
2 7 e 22 e 032 1 • 4 7  • 0 0 1  
32 e 80 • 04 1  e 84 • 000 

4 1 e 27 . 0!54 e 4 2  • 000 
4S e 09 e 067 e 2 1  • 000 
56 • 98 e 087 · 2 1  • 000 
66 e 4 9  • 1 1 2 . oo • 0 0 0  
68 . 77 e 1 20 

6 8 e 76 • 1 2 0 

65 e 87 • 1 1 0 
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TABLE XVI II 

S PECTRAL LINE IN TERMS OF PER C ENT ABSORPTI ON AND k 
T rans i t ion :  J ( 8 ) L ine Cente r :  363 . 9 3 cm-1 
F req . Inte rva l : 0 , 1 5 7 5  cm- 1 pe r un it 
Pre ssure : 15 . 0  em Hg 

Pe r C ent Absorpt ion .l<;  Pe r Cent Absorpt ion k 

. oo . oo o  36 e 86 • 0 47 

e 0 7 . o o o  2 6 e 77 • 0 32 

e 34 . ooo 1 8 e S7 • 0 2 1  

• 6 1  . o o o  1 3 e 94 • 0 1 5  

l e 0 6  e O O l  1 1 e 2 0  • 0 1 2  

l e 52 e O O l  8 e 83 • 009 

l e 97 e 0 0 2  7 e 22 • 00 7  

2 e 8 1  e 0 02 6 e 1 6  • 006 

3 e 83 e 00 4  S e l l  • 005 
5 e 4 3  e 0 05 4 e 6 2  • 0 04 

7 e 02 e 0 0 7  3 e 95 • 0 04 

9 e l 7 e 0 09 3 e 0 9 • 0 03 

l l e 89 . o t 3  2 e 4 2  • 00 2  

J 4 h 99 • 0 1 6  1 e 9 3  • 0 0 2  

2 3 . 0 0  . 026 1 · 4 S  • 0 0 1 

1 2 e 28 . 0 1 3  1 e l S • 00 1  

4 1  e 4 4  . 055 . as • 000 

52 e 24 e 0 76 e SS • 000 

63 . 0 3 e l 02 e 44 • 0 00 

65 . 5 1  e 1 09 e 33 • 000 

65 e 34 e l 09 e 2 2 . o o o  

!56 . 22 e 0 90 • 1 1 • 000 
4 7 . 34 . 066 . o o • 00 0  



TABLE XIX 

S PECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND k 
Trans it ion : J ( 1 0 )  L ine :cente r :  · •  441 , 1 3  . c:m- 1 
F req . Inte rval : 0 . 02 52 cm- 1 pe r unit 
P re s s ure : 1 5 . 0  :em Hg 

Pe r Cent A bsorpt io.n 

. o o 

e 0 4 

e 09 

l e 52 

3 e 1 5 

4 e 77 

6 e 4 0  

8 e 0 3 

9 e 66 

l l e 29 

l 4 e 60 

1 9 . 59 

26 e 25 

3 1 e 2 5  

34 e 57 

39 e 58 

4 4 e 58 

4 9 e 60 

52 . 94 

!56 e 2S 

59 e 62 

62 e 97 

64 e 63 

6 7 e 99 

7 1 . 34 

74 . 70 

76 e 3S 

78 e 0 5 

79 e 73 

8 1 e 4 1 

83 e 09 

84 . 78 

86 e 46 

86 e 4 5  

88 e 1 4 

8S e l 4 

88 e l 3 

. oo o  

. oo o  

. oo o  

e 0 0 1  

e 0 03 

e 00 5  

e 0 0 6  

. oo 8  

e 0 1 0  

e 0 1 2  

e 0 1 6  

. 02 2  

e 0 3 1  

e 0 38 

e 043 

e 0 5 1  

e 06 0  

e 07 0  

. o 77 

e 0 85 

e 0 93 

e 1 02 

e 1 07 

• 1 1 7 

e 1 28 

e 1 4 1  

• 1 4 8  

e l 56 

e l 64 

e l 73 

e 1 83 

e 1 94 

e 2 06 

e 206 

e 2 1 9  

. 2 1 9  

e 2 1 9  

Pe r Cent.<Absorpt iS�>n< · k. 

86 e 43 

84 e 73 

S4 e 72 

84 e 7 1  

83 e 0 1  

8 1 e 3 0 

79 . 59 

7 7 e 88 

76 e l 7 

72 e 75 

7 1 . 0 3 

67 e 6 1  

62 e 4S 

59 e 0 5 

53 e 9 1  

50 e 4 7 

4 7 e 0 3 

4 1 e 88 

3 8 e 4 3  

34 e 9S 

3 l e 52 

2 6 e 35 

2 2 e 89 

1 9 e 4 2  

1 5 e 96 

1 4 e 20 

1 2 e 44 

8 e 9 7  

7 e 2 0  

5 e 44 

5 e 3 9  

3 e 63 

3 e 58 

l e 8 1  

e 0 4  

. o o  

• 2 06 

• 1 93 

• 1 93 

e l 93 

• 1 82 

• 1 72 

e 1 63 

• 1 55 

e 1 47 

• 1 34 

• 1 27 

• 1 1 6 

• 1 0 1  

• 0 92 

• 0 79 

• 0 72 

• 0 6 :'1 

• 0 5 5  

• 0 50 

• 0 44 

• 0 39 

• 0 3 1  

• 026 

• 022 

• 0 1 7  

• 0 1 5  

• 0 1 3  

• 009 

• 00 7  

• 005 

• 005 

• 00 3  

• 00 3  

• 00 1  

• 000 

• 000 

1 2  7 
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TABLE XX 

SPECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND k 
T rans it ion : J (l l )  Line Cente r :  478 .. 94 cm- 1 
F req . Interval : Q •. 0,30 3 cm- 1 pe r un it 
Pre s s u re : 62 .. 0 em Hg 

Pe r Cent Abso rpt ion k Per Cent Absorpt ion k 

. 59 . o o o  90 e 54 • 1 33 
e 2 5 . o oo 9 0 e 5 0  • 1 33 
. 0 9 . ooo 90 e 4 7 e l 33 

2 e 84 e O O I  9 0 e 43 • 1 32 
5 e 8 1  e 0 0 3  9 0 e 39 • 1 32 

1 0 e 4 5  • 006 9 0 e 35 • 1 32 
1 l e 80 e 0 0 7  88 . 37 • 1 2 1  
1 4 . 83 e 0 09 86 e 38 • 1 1 2 
1 7 . 88 e 0 1 1 84 e 3 7 • 1 05 
22 . 63 e 0 1 4  82 . 34 • 0 98 
2 4 e 0 4 · 0 1 5  8 0 e 3 0 • 0 92 
2 8 . 85 . 0 1 9  80 e 2 2  • 09 1  
32 . 0 0 e 0 2 1  78 . 1 5 • 0 86 
35 . 1 6  e 0 24 76 e 0 6 • 0 8 1  
3 8 . 3 5 e 0 2 7  73 e 96 • 0 76 
4 1 e 56 e 0 30 7 1  e 84 • 0 7 1  
44 e 80 e 0 33 69 e 7 0 • 0 67 
4 6 e 33 e 0 35 6 7 e 54 • 063 
49 e 6 1  e 0 38 67 e 4 0 • 0 63 
5 1  e l 6 • 0 4 0  65 e 2 1  • 0 59 
56 e 23 e 046 63 e 0 0 • 0 56 
5 7 . 83 e 04 8  60 e 78 • 053 
59 e 4 3 e 05 1  58 e 53 • 0 49 
62 e 82 e 0 56 56 e 27 • 0 46 
64 . 4 6 e 0 58 56 e 0 7 • 0 46 
67 . 89 e 0 64 53 e 78 • 0 4 3  
67 . 77 e 0 64 4 9 e 35 • 0 38 
69 e 4 5  e 0 67 4 2 e 76 • 0 3 1 
72 e 94 e 0 74 3 8 e 25 • 0 27 
74 e 64 e 0 77 3 l e 55 • 0 2 1  
76 e 36 e 0 8 1  2 4 e 79 • 0 1 6  
79 e 92 e 0 90 2 2 e 2 9 • 0 1 4  
83 . 5 1  e l 0 2 1 9 e 7 7  • 0 1 2  
85 e 28 e l 08 1 7 . 2 2  • 0 1 0  
8 7 e 0 7 • 1 1 5 1 4 e 65 • 0 08 
9 0 . 73 e 1 34 1 2 . 0 5 • 0 07 
9 0 . 69 e l 34 9 e 4 3 • 00 5  
9 0 . 65 e 1 34 6 e 78 • 00 3  
90 . 62 e l 34 4 e l l  • 002 
9 0 e 58 e 1 33 3 e 66 • 00 2  



1 2 9  

TABLE XX I  

S PECTRAL LINE IN TERMS OF PER CENT ABSORPT ION AND � 
T rans it ion : J ( l 2 )  Line Cente r :  5 1 6 . 2 0  cm-1 
F req . Inte rval : 0 " 3532 cm- 1 pe r unit 
P re s sure : 62 " 0  em Hg 

Pe r Cent Absorpt ion k Pe r Cent Absorpt ion k 

. o o . o o o  8 0 e 72 • 0 93 
e 76 . o o o  8 l e 75 • 0 96 

l e 53 . o o o  82 e 78 • 0 99 
2 e 3 0 . oo t  83 e 8 1  • 1  03 
3 e 0 7 e O O l 83 e 77 • 1 03 
3 e 85 e 0 02 8 3 e 73 • 1 0 2 
4 e 63 . o o 2  82 e 6 0 • 0 99 
6 e 4 2  e 0 0 3 8 l e 4 7 • 0 95 
7 • 2 1 e 0 0 4 78 e 1 5 • 086 
a . oo e 00 4  75 e 9 0 • 0 80 
9 e 82 e 0 0 5 72 e 55 • 0 73 

1 l e 64 e 00 7  70 e 27 • 0 68 
1 3 e 4 6  e 0 0 8  65 e 78 • 060 
1 8 e 36 e O l l 62 e 38 • 0 55 
2 0 e 22 e 0 1 2  57 e 85 • 0 48 
2 3 e l 0  e 0 1 4  54 e 4 0  • 0 4 4  
27 e 0 3 e 0 1 7  4 9 e 8 2  • 039 
2 8 e 92 e 0 1 9 4 7 e 46 • 0 36 
3 1 e 85 e 0 2 1  4 2 e 84 • 0 3 1  
34 . 79 e 0 24 3 9 e 32 • 0 28 
3 7 e 74 e 0 2 6  35 . 78 • 0 25 
4 1 · 76 e 0 30 3 1 e 1 0  • 0 2 1  
4 6 e 83 e 0 35 2 8 e 65 • 0 1 9  
4 9 e 83 e 0 39 2 6 . 2 0  • 0 1 7  
53 e 90 e 04 3  22 e 5 9  • 0 1 4  
56 e 94 e 0 4 7  1 8 e 96 • 0 1 1 
6 0 e 0 0 . o 5 1  1 7 . 6 0 • 0 1 0  
63 e 0 6 e 0 56 1 3 e 94 • 0 08 
67 e 2 0  e 063 1 2 e 56 • 00 7 
70 e 3 1  e 0 68 8 e 87 • 0 05 
73 e 4 2  e 0 75 5 e l 6  • 00 3 
75 e 4 9  e 0 79 3 e 74 • 0 0 2  
77 • 56 . o 84 . o o • 0 0 0  
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TABLE XX I I  

SPECTRAL LINE I N  TERMS OF PER CENT ABS ORPT ION AND � 
T ran s i t ion :  J (l 3 )  L ine Cente r :  552 � 8 5  cm- 1  
F req . Inte rval : 0. , 0414 cm- 1 pe r un it 
P re s s u re : 62 ,0 em Hg 

Pe r Cent Absorpt ion k Per Cent Absorpt ion k 

. oo . oo o  69 e l 2  • 0 66 
e l 2 . oo o  65 e 74 e 060 
e 57 . oo o  6 l e 5 2 • 0 54 

l e 2 6  . ooo 57 e 2 8  • 04 8  
l e 96 e O O l  52 e 2 0  • 0 4 1  
5 e 93 e 00 3  4 7 e l 0  • 0 36 
7 e 4 5  e 0 0 4  4 1  • I 5 • 0 30 

1 0 e 6 1  e 0 0 6  35 e 1 8  • 0 24 
1 4 e 6 1  . o o8 2 7 e 5 1 • 0 1 8  
1 7 e 79 e O l l 1 9 . 83 • 0 1 2  
2 2 · 63 e 0 1 4  1 5 e 5 0  • 00 9 
2 8 e 3 0  e 0 1 8  1 2 e 0 1 e 00 7 
33 . 99 . 0 23 9 . 36 • 0 0 5  
37 e 2 1 . 0 26 6 · 7 0 • 003 
4 2 e 92 e 0 3 1  4 • 0 3  • 0 0 2  
4 9 e 48 . o 38 3 e 0 6 • 00 1  
55 . 22 e 0 4 5  2 e 0 8  • 00 1  
6 0 e l 4  . 0 52 l e 96 • 00 1  
62 . 59 . 0 55 . 98 . coo 
65 . 87 e 060 . o o • 00 0  
68 e 33 e 0 65 



1 31 

TABLE XX I II 

S PECTRAL LINE IN TERMS OF PER CENT ABSORPT I ON AND k. 
T rans it ion : J ( l 4 )  Line Cente r :  588 . 82 cm- 1 
F req . Inte rval :  0 . 04 74 cm- 1 pe r unit 
P re s sure : 62 . 0  em Hg 

Pe r Cent A bsorpt ion k Pe r Cent Absorpt ion k 

. o o . o oo 3 7 e Z4 • 0 26 
• 1 1 . ooo 32 e 2 7 • 02 2  

e 55 . oo o  2 7 e 28 • 0 1 8  

2 e 82 e 0 0 1 2 3 e l 0  • 0 1 4  
4 e 30 e 0 02 1 8 . 9 1  • 0  1 1  
6 e 58 e 0 0 3 1 5 e 53 • 0 09 

1 0 . 4 7 e 0 0 6  1 2 e 97 e 0 07 

1 5 e 1 6  e 0 09 1 0 e 39 • 00 6  

1 9 e 0 7 e 0 1 1 7 e 8 1 • 0 04 
2 2 e 98 e 0 1 4  6 e 88 • 0 04 
2 7 e 7 1  e 0 1 8  5 e 94 • 00 3  

3 1  e 64 . 0 2 1  4 e 99 • 0 02 

36 . 39 e 0 25 4 e 0 5  • 0 02 
4 1  e 95 . 03 0  2 e 2 7  • 00 1  

4 5 e 92 e 0 34 l e 32 • 00 0  
4 8 e 28 e 0 37 e 37 • 00 0  

5 1  e 45 e 0 4 0  e 2 4 • 00 0  
53 . 0 1  e 04 2  e 1 2  • 00 0  

52 e 1 4 e 0 4 1  . o o • 00 0  

4 8 e 84 e 0 3 7  

4 5 . 5 2 . 0 34 

4 l e 39 e 03 0  



1 32 

TABLE XXIV 

S PECTRAL LINE IN TERMS OF PER CENT ABSORPTION AND k 
T rans ition :  J ( l 5 )  Line Cente r :  624 . 0 7 cm- 1 
F req . Inte rva l :  0 , 0 358 cm- 1 pe r unit 
P re ssure : 62 , 0  em Hg 

Pe r Cent Absorpt ion k Pe r Cent Absorpt ion k 

. oo . oo o  1 6 e l 5  • 00 9  

. sa . o o o  1 2 e 46 • 00 7 
2 e 39 e OO l  8 e 77 • 0 05 
2 e 98 e O O l  6 e 30 • 00 3  
4 e 1 9  e 0 0 2  3 e 22 • 00 1  
6 e 00 e 0 0 3  2 e 59 • 00 1  
8 e 42 e 0 04 l e 96 • 0 0 1  

1 2 e 0 7 e 0 0 7  l e 3 2  • 000 
1 5 e 1 0  e 0 0 9  e 69 • 0 0 0  
1 8 . 75 . o t t e 67 • 0 00 
2 1 . 79 e 0 1 3  e 65 • 00 0  
2 3 . 60 · 0 1 5  e 63 • 000 
2 6 . 0 3 e 0 1 7 . oo • 000 
2 6 e 63 e 0 1 7  

27 e 23 e 0 1 8  

25 e38 • 0 1 6  

22 e 92 • 0 1 4  

1 9 e 23 e 0 1 2  



1 33 

TABLE XXV 

S PECTRAL L INE IN TERMS OF PE R CENT ABSORPTI ON AND k 
T r ans it ion : J (1 6 )  L ine Cente r :  658 . 54 cm- 1 
F req . Inte rva l : 0 . 0 60 1  cm- 1 pe r unit 
P re s s u re : 62 �0 em 1lg 

Pe r Cent-Absorpt ion · k Pe r Cent A bs o rpt ion · . - k � 

. oo . o o o  1 3 e 4 1  • 0 08 
e 4 7  . oo o  1 3 e 36 • 00 8 
e 94 . o o o  1 3 e 3 1  • 0 0 8 

l e 4 1  . o o o  1 2 e 2 1 • 0 0 7  
l e 88 e O O l  1 1 • 1 1 • 0 0 6  
3 e 4 1  e O O l  l O e O O • 00 5  
4 e 4 1  e 0 0 2  8 e 89 • 00 5 
5 e 4 1  e 0 0 3  7 e 2 6 • 00 4  
6 e 4 1  e 00 3  5 • 6 2 · b0:3 
7 . 4 1  e 0 0 4  4 e 5 0 • 0 02 
7 e 89 e 0 0 4  3 e 39 • 0 0 1  
8 . 89 . o o s  2 e 2 8 • 0 0 1  
9 e 90 . oo s  l e l 6 • 00 0  

1 0 . 38 e 0 0 6  . sa • 00 0  
1 1 . 39 e 0 06 . o o  • 0 0 0  
1 2 . 4 0  e 0 0 7 
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