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CHAPTER 1
INTRODUCTION

The infrared spectrum of molecules is investigated in order that
the physicist may learn more about intramolecular and intermolecular
forces., The first involves propsrties of the isclated molecule while
the latter involves those propertiss which give rise to the spectral
line breadth. The spectral line shape is also a property of the long
and short range forces, the paths, and the velocities of wmolecules
colliding with ons another. The purpose of this work is to study one’
of the propsrtiss of spectral line shapes, namaly 7, a quantity defined
on pags 20,

One observes experimentally that spectral lines are not sharp but
have a spread or breadth about a central point or line center. This
spread depends on various paramsters, including the pressure of the
absorbing gas. In the pressure rangs in this study, this spread was
found to be approximately proportional to the pressure, or equivalent,
to the collision rate. It has been found convenient to write an expres-
sion for the spectral line in terms of the absorption coefficient, «,
which i{s related to the fractional transmission, T, by the expression
T .-al.
where L is the path length, It has also bﬁon found that the spectral
line shape may then be represented by the Lorents expression
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the parameters of which will be fully described later., It is sufficient

for continuity to point out that the absorption coefficient, and thus

the spectral line shape, has a fundamental dependence upon frequency.
The sources of spectral line broadening are:

1. Natural Broadening. This type of broadening is always present

and depends on the internal structure of the molecule, It may be inter-
preted classically as due to radiation damping, or quantum-mechanically
as dus to the Heisenberg Uncertainty Principle., A limitation to the

time a molecule spends in an energy laevel results in an uncertainty of
that level, which in turn results in an uncertainty in frequency absorbed.
Since the average lifetime is large, the uncertainty in the energy is
swall, and thus the line breadth is small, Natural broadening is negli-
gible compared with the widtn due to other causes,

2, Doppler Broadening. Broadening of this sort occurs when a

molecule has a velocity component parallel to the direction of propa-
gation of the radiation being absorbed, The molecules of the gas being
investigated have a Maxwellian distribution of wvelocities, and thus the
breadth will vary with the square root of the temperature divided by
ths molecular weight. For the pressures used in this work, the Doppler
effect is completely masked by pressure broadening.

3., Pressure Broadonini. Disturbances dus to interactions be-

twaen molscules are the cause of pressure broadening. It is sometimes

called collision broadening when the collision time is short compared



with the time between collisions and the molecules involved are suf-
ficiently far from other molecules to be considered as free. In this
cass, the collision may be considered as binary. Pressure broadening
is the main cause of broadening in the pressure rangs in this study.

4, Statistical Broadening. This typs of broadening is actually

pressure broadening where the pressures are high enough that wmolecules
may not be considered fres. At high pressures, the molecules are always
under the influence of intermoloc\;lar interactions, even though thease
may be weak, and the frequency absorbed depends on the amount of inter-
action occurring when absorption occurs. The term statistical broaden~
ing {s not applied to the range of pressures used in this experiment.

5. Instrumental Broadening, Instrumental broadening has nothing

to do with molscular interactions, but is due entirely to the finite
width of slits, imperfections in the optics of the spectromster, and
the diffraction patterns of the optics. This leads to a discrspancy
between the measured shape of a line and its true shape. The measured
line appears to be more intense in the wings and less intense in the
canter than the true line, One may correct for this effect by using
a method developed at The University of Tennessee. This correction is
necessary only at low pressures,

6. Temperature, Temperatures play an important role in the
shape oi spectral lines, A change in temperature will affect most of
the types of broadening mentioned above. This work was perforwmed at a
constant temperature (100°C), and thus no changs was observed or ex-

pscted,
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In the continued study of spectral line shapes being performed
at the Physics Department at The University of Tennessee, it was desired
to study lines that would readily yield information. These lines should
be intense and far apart. The lines should be intense in order that the
lines be fairly sharp at low pressures and far enough apart to prevent
too much contribution from adjacent lines for the pressures, tempsrature,
and path lengths used. Investigators at The University of Tennessee
have found that hydrogen fluoride (HF) is ideally suited to fit these
requirements, It also has the added advantags of being a diatomic mole-
cule which simplifies thaorotica(l calculations., Howsver, HF has many
undesirable chemical properties, It is very reactive at STP, and there
are strongly absorbing spectral lines dus to water vapor in the region
of the spectrum in which HF was investigated. However, techniques and
equipment have been developed in the Physics Department of The Univer-
sity of Tennessee and at the Oak Ridgs Gaseous Diffusion Plant which
permit the study of HF,

The infrared spectrum of hydrogsn fluoride has bsen extensively
examined at The University of Tennessee and at the Oak Ridge Gaseous
Diffusion Plant, The work up to 1956 was well described by Kuipers (1).
Since then Kuipers (1), Smith (2), and others have shown that HF way
be readily handled, Herget et al, (3) measured the line positions and
determined the line shapes of uny4o£ the lines in the fundamental
band, They also determined many of the line positions in the first
overtone. The effects of polymer absorption and foreign gas broaden~

ing were studied by D, P, Suith (2). The line positions of wmany of the




pure rotational lines wers determined by Mason (4),

Herget et al, found that the Lorents expression for the shape
of a pressure broadened line was found to f£it the trus line shape quite
well if the power 17 of ths distance from the line center was allowed
to vary, He found that the power varied from an averags of 1,85 for
wide lines to an averags valus of 2.0 for narrow lines, He also con-
cluded that the changs of )| did not depend upon pressure but appeared .
to depend upon the half-absorption half-width (¢ /), which is the dis-
tance in wave numbers, from line center (em"l) to where the per cent
absorption is one-half the maximum per cent absorption, The aim of
this investigation was to deterwine where this change of ) takes place

for a specific line, R (4), for various o V.



CHAPIER 11
EXPERIMENTAL DETAILS
I. THE SPECTROMETER

The high resolution, vacuum-grating spectrometer at The Univer-
sity of Tennessee has been described adequately by Herndon and Nielsen
(5), Various modifications and additions to the spsctrometer, which
have improved the resolution and thus increased the usefulness of the
spectrometer, have been described by Hergst et al. (3). The following
equipment was used to obtain the data for the thesis:

A Bausch and Lomb grating (6,5 in., x 8,75 in,) with 15,240 lines
ruled per inch, used in first order,

A germanium band pass filter passing about 80 per cent of the
radiation between 2,0 ) and 2.8 P substituted for the prism wmono-
chromator,

An Bastman Kodak uncooled Ektron lead sulfide detector, operate
ing into a 13 cps Perkin-Elmar chopper-amplifier system,

A Kinney pump to evacuate the tank, housing the spectrometer,
to a pressure of about 40 P and

Various batfles introduced to minimize stray light.

Under these conditions, the spactromster fs easily capable of resolving

1

lines separated by 0.1 cm™" at 4000 a1,



11. THE ABSORPTION CELL

The absorption cell used in this work was 9,78 em in length and
was constructed of brass., The window holder is shown in Figure 1. HF
reacts slightly with brass but soon surface fluorides are formed which
prevent further reaction, ‘

This experiment was done in coopsration with L, Eldreth (6) who
had originally planned to examine the temperature depsndence of the line
shape parameters (a, and A V). Since temperatures beyond the melting
point of teflon would necessarily be required, it was decided that metal
O rings would be used to obtain a seal betwsen various components of
the cell, These O rings were of stainless steel tubing 0,094 inches in
diameter with 0,006 inch walls, They were pressure filled and were
plated with 0,002 inches of gold. An effective seal could not be ob-
tained, and this part of the experiment was abandoned. Teflon gaskets
were then used, and an effective seal obtained,

Sapphire cell windows wers used ‘i.n this experiment since they
transmit wmost of the 2.5 )1 radiation without the appearance of "window
bands" and since they resist HF corrosion sufficiently well at moderats
pressures,

The cell was mounted on a selsyn-driven rack and pinion which
allowad the cell to be raised from or lowered into the infrared beam

from outside the spsctrometer tank,
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Figure 1, The window holder for the 9.78 cm cell.




I11. PRESSURE AND TEMPERATURE MEASUREMENTS

Hydrogen fluoride was introduced into the ¢ell at proper pres-~
sures by using the gas handling system described by Herget et al, (3).
The system is constructed of monel, nickel, and stainless steel, Some
of the wmore important pisces of equipment are:

A Taylor Differential Pressure Transmitter which accurately
weasures up to 128 cm pressure,

A Bourdon gauge, equipped with a wmonsl Bourdon tube, used for
rough measuremsnts, usually above 128 cm pressure, and

A Hastings thermocouple gauge used to measurs vacuum,.

Vacuum in the spectrometer tank was measured by using a Hastings
thermocouple gauge and a Bourdon vacuum gaugs, the vacuum gaugs being
used for initial rough msasurements,

The temperature of the sample cell was maintained by a calrod
heating elemsnt wrapped around the cell and connected to a variac
located outside the tank, The manifold and the gas handling system
components were heated with strip heaters and asbestos-covered heating
wire., The temperature of the cell was measured with a Leeds and Northup
thermocouple-potentiometsr system. The thermocouple wire was iron-
constantan matched by Leeds and Northup to £ 0,02°C, The experiment
showing that msasuring the temperaturse of the outside surface of the:
1l gave an accurate msasuremsnt of the temperature of the gas in the

cell wvhen the cell was in a vacuum was described by Eldreth (6).

i AR it i oSO i o
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IV. INTERPRETATION OF THE DATA

The experimental results of the investigation of the infrared
region of hydrogen fluoride are in the form of curves drawn by the
machine on chart paper. The following items are read from the chart
paper and are necessary in the determination of the results:

Zero Line - The position on the chart paper corresponding to
Zero psr cent transmission or 100 per cent absorption,

Bass Line - The position on the chart paper corresponding to
100 per cent transmission or zero per cent absorption, and

Line Value - The position on the chart paper of ths curve drawn
during the experiment,

These values are illustrated in Figure 2, The line value was read
directly from the chart paper at equal, small intervals, measured along
the chart,

The zero line was obtained by recording the valus of the line
value near line center at high pressures, where the absorption was
essentially 100 psr cent., It was observed that this valus was a con-
stant, The base line was determined by scanning the portion of the
spsctral regions to be investigated with no HF in the sample cell, The
resulting curve is the zero per cent absorption curve and was found to
ba 2 straight line. Consequently, only a reading at the beginning and
end of the spsctral region was required., A simple calculation, per-
formed by the computer, gave ths value of the base line for sach inter-

val,
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Spectral lines measured at low pressures require a correction
for instrumental broadening. The correction is called “slit function
correction” and has been described by Hergst et al. (3). Sinece there
was a possibility that a slit function wmight be required, Dr, N, M,
Gailar and Mr, Van McCombs, of The University of Tennssses, rewrote
the slit function computer program in order that it may be used in
FORTRAN II programming. The spsctral lines observed in this work re-
quired no slit correction and thus the program was not used,

The method for determining the valus of |V - V°l was ons in which
the chart paper was used as a "ruler”. The method, along with the de-
termination of its accuracy, is described as follows, The ! aif.
ference betwsen two consecutive HF limes was divided by the number of
chart units separating them. This gave a valus of cn-1 per chart unit,
averaged over the interval, The number of ! per chart unit was used
to £ind the value of several distances from line center in ca~l. This
was done by counting the number of chart units and then multiplying by
the number of cm-! per chart unit., These distances from line center

were also found by using the formula

Ve oms

where K is the grating constant and ¢ is the distance from central

imags, 1In the spectral region covered in this experiment, the difference

between the two methods was found to be less than ths accuracy of messure-

went, Thus it was determined that the method of using chart units was

suitable,
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V. OVERIAPPING OF SPECTRAL LINES

The contributions of adjacent spsctral lines to the per cent
absorption of a spectral line were determined using the following wethod,
The value of the absorption coefficient, a, of adjacent lines in the

spsctral region examined was found by use of the Lorentz expression

ag (4 V)2
e V-Vl + (aV)2

where ao {8 the maximum valus of the absorption cosfficient and is weasured
at line center ( V,), and the quantity AV is the Lorentz half-width of
the spectral line and is equal to IV— Vol weasured where a is equal to
one-half g,. The values of ap, Vo, and AY were those determined by
Hergst et al. (3). For this determination, the value of X was taken to

be 1.8, A slight variation of this valus did not appreciably change the
size of the correction. The contribution of the absorption coefficisnts
of adjacent lines was found to be nearly a straight line in the desired

spectral range and thus only the value of the end points were necessary,
VI. COMPUTER PROGRAM

The R (4) line of hydrogen fluoride observed at low pressures
sometime requires a slit correction, depending on the pressurs, As a
result, the author became familiar with computer programming. As a
direct result of being familiar with programwing, it was apparent that
all the data obtained could be processed from start to finish entirely
by the computer, A program was written for this purpose and is shown

in Appendix A, The reference in the program to "slit correction made”



1
is the slit correction program developed by Dr. N, M, Gailar and Mr,
Van McCombs of The University of Tennessee. Various switches are avail-
able on the IBM 1620 Computer that allow the operator to include or ex-
clude certain parts of a computer program. If the data are first pro-
cessed by the slit correction program, the results are used in the pro-
cessing program with switch 1 on, 1If the slit correction is not neces-
sary, as was the case in all the curves investigated, the data are fed
directly into the processing program with switch 1 in the off position.
The computer language demands that data be identified to the computer
by code names., For this program, the required input data, along with

their computer names, were as follows:

Values of the base line TOP
End points of the zero line BASEA and BASEB
End points of the a correction for
adjacent lines ALPA and ALPB
Value of qq ALPO
Pressure P
Path length of the cell PL
Number of values of the line valwe N

The spesctral lines were drawn on the chart paper in such a manner that
the direction toward the right was the direction of increasing angle
from central imags, The valuss of BASEA and ALPA were taken on the
left-hand side of the curve and the values of BASEB and ALPB were taken
on the right-hand side of the curve, The processing program provided
the following information:
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1) per cent absoerption (net corrected for adjacent lines)

2) absorption coefficient, a (corrected for adjacent lines)

3) square root of ((¢q - a)/a)

4) 1n ((ap - a)/a)
Item 3 is plotted against the chart units and deteruines ths lins center
(Pigure 3). Item 4 is plotted against the logarithm of the distance
from line center, ln 'V- Vo I. and the slope of the resulting line {is
the value 7 (Figure 4). Table I is the values of items 1, 2, 3, and 4

computed for the pressure used in Figures 3 and 4,
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CHAPTER I1I

RESULTS AND CONCLUSIONS

1. EXPERIMENTAL RESULTS

The IBM 1620 computer at The University of Tennessee Computing
Center was used to perform all ths calculations required in this work,
The values, for each curve, of TOP, BASEA, BASEB, ALPA, ALPB, ALPO, P,
PL, and N, described in the Computer Program section of Chapter 1I,
were fed intoc the computer along with the Computer Program listed in
Appendix A, The computer calculated the following for each point on
the curve,

Distance from base line to line value x 100

P —
1) Per Cent Absorption (ABS) = Distance from base line to zero line

' ABS
2) Absorption Coefficient = 0-1n (1 - yup)
Path length

3) ANsA = |/ 2222

4) ANSB = 1n (9—"—}'5)

The values of the per cent absorption of the spectral line R (4)
for each pressure are listed in Appendix B, The valuss of the per cent
absorption are taken one chart unit or 0,09567 cn'1 apart., The line
center for each curve was found by plotting ANSA as a function of chart
units, The intercept of the straight line drawn through these points
is the line center, Figure 3 is a typicsl exawple of the described methed,

19
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The valus ) from the Lorentz formula for the absorption coef-

ficient
ao (V)2
(V- B+ V)T

was determined in the following manner, The correspondence between
chart units and distance from line center (in cm~l) was calculated,
The value of 1ln IV- \70| was calculated for each point, and a plot of
ANSB as a function of 1n IV— Vo' was made for each curve, A best
straight line was fitted to each curve and the slope of each line cal-
culated, Note that the curves are not necessarily straight lines at
either end. The reason is that small errors in the regions greater
than 80 per cent and less than 20 per cent absorption becoms large
errors in the valuses of ANSB, As a result, the curves deviate from
the straight line in these regions. The plot of ANSB as a function
of In ‘V— Vo‘ is shown in FPigure 4, The value of the slops of the
line is the value X, the coefficient in the Lorentz formula, Finally
a plot oi 7 as a function of & V', the half-absorption half-width, is
illustrated in Figure 5,

The plot of ANSB as a function of I1n lV— Vo\ also yields in-
formation about the Lorentz half-width (a}’). The intercept of the
straight line with the lins drawn through In IV— VOI = 0 gives the
value corresponding to -2 In (AY ). Figure 6 is a graph of the value

of A V as a function of pressure.
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II. CONCLUSIONS

Herget ot al, (3) found that the Lorents expression for the shape
of a pressure broadened curve fitted the trus line shape quite well it
the power ){ of the distancs from line center was allowed to vary. He
found that the Lorents exponent, ){, appeared to depend on the half-
absorption half-width, V. He also found that ) was dependent on the
distance from lins oenter, |V— Vol- His determinations were based on
evaluations of many lines at pressures of 5 cm, 50 cm, 1 atm, and 5
atm, !

This work was performed on one spectral line, R (4), for many
pressures, From the results obtained, it may be concluded that the
lorentz exponent is a function of the distance from line center., It
must be pointed out that Herget was correct in his conclusion that the
dependency appsars to bs on the half-absorption half-width, SV. The
connection betwsen o ¥ and IV- Vol fs that X is measured over a very
short rangs of IV - V’o‘ which centers about JV. In this very small
region, ) appesars to be a constant and thus appears to be dependent
upon o Y. The values of N for various pressures and corresponding
o V's are 1listed in Table II and are accurate to * .03, This value
of accuracy was obtained by evaluating the maximum and minimum slope of
the curves, '

The graph of X plotted as a function of o Y is showm in Figure 5,
In addition to showing the points obtained in this work, the figure also

shows the results obtained by Herget. Both results agres remarkably



TABLE 11

LORENTZ EXPONENT FOR VARIOUS PRESSURES OF HYDROGEN FLUORIDE

Pressure Y Lorentz Exponent
(cm) (em-1) (/)
10,0 0,65 2,00
15,0 1,17 2,00
20,0 1,73 2,00
27.0 2,01 2,00
30.0 2,40 1.97
32,5 2,55 1,94
35.0 2,75 1.92
37.5 2,92 1,88
40,0 3.30 1.84
42,5 3.35 1,81
45,0 3,50 1.82
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well in both the rangs of variation of ) and in the slope of the result-
ing curve, The fact that there is agreement whan ons observes many lines
at few pressures (Herget's points) and when ons observes one line for
many pressures strongly indicates that the dependence exists in the range
shown, In addition, the fact that changing many parameters yislds the
sams results strongly indicates that the dependence is on the distance

from line center,
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CHAPTER 1V
SUMMARY AND SUGGESTIONS FOR FUTURE WORK
I. SUMMARY

The aim of _thln investigation was to determins experimentally
the valus of the Lorentz exponent, 77, for various half-absorption half-
widths of the R (4) spectral lins in the hydrogen fluoride fundamental
band,

All data were taken on the high resolution vacuum-grating spec-
trometer at The University of Tennessee. The R (5) line of the first
overtons of CO was used to determine a slit correction function but
was not used by the author,

The 1line shapes of R (4) were takan for various pressures, and
a determination of the Lorentz exponent was mads for each line. The
exponsnt was found to be a function of the distance from line center

and was found to vary in the range observed by Hergst et al. (3).
I1. SUGGEBSTIONS FOR FUTURE WORK

1. The dependence of the Lorentz exponent upon the half-
absorption half-width should be measured for other spectral lines in
the fundamental band,

2, The tempsrature dependence of the Lorentz paramesters should
be measured,

26
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3. The slit correction function should be tested on several

spsctral lines for various low pressures.

27
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APPENDIX A

COMPUTER PROGRAM

c HARDT ALPHA PROGRAM
SW1 ON ,SLIT CORRECTION MAIB
500 IF (SENSE SWITCH 1) 400,300
DIMENSION CURV(150)
DIMENSION ABS(150)
400 READ 70, ND,P,PL,N,TEST
70 PORMAT (14,F12,5,F12,5,14,F12,5)
PUNCH 70,MD,P,PL,N,TEST
DO 10 1=1,N
RBAD 21, J,ABS(1)
21 PORMAT(14,F14.6)
10 CONTINUE
READ22,ALPA ,ALPB ,ALPO
22 FORMAT (¥10,5,F10.5,F10,3)
AN=N
XC=(ALPB-ALPA)/(AN-1,)
GO TO 401
END OF CORRECTED INPUY
START OF NON-CORRECTED INPUT
300 READ 2,ND,TOP,BASEA ,BASEB ,ALPA,ALPB,ALPO,P,PL,N
2 FORMAT (13,F5.2,P5.2,FP5.2,F7.5,F7.5,F7.3,06.2,F5.2,13)
READ 3,(CURV(1),1=1R)
3 FORMAT (7F10.2)
AN=N
XA=(BASEB-BASEA ) /(AN-1.)
XC=(ALPB-ALPA) /(AN-1,)
PUNCH 73,NP,P,PL.N
73 FORMAT (13,F10,2,F10.2,15)
401 CONTINUE
DO 4 1=1,N
1P (SERSE SWITCH 1) 402, 301
301 DIFFsCURV(1)-BASEA
TOT=TOP-BASEA
BASEA=BASEA+XA
ABS(1)=(DIFF/IOT)*100,
402 CONTINUE
Q2=ABS(1)/100,
1r(Q2-.99)12,12,13
13 Ql=,99
GO T0 15
12 Q1=Q2

il
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ALP=0,-LOGF(1.-Q1)/PL
ALP=ALP-ALPA

ALPASALPA+XC

IF (ALPA-ALP)27,27,26
ANSA=SQRTF( (ALPA-ALP) /ALP)
ANSBsLOGF( (ALPO-ALP) /ALP)
PUNCH 8,1,ABS(1),ALP,ANSA,ANSB
FORMAT(13,4X,F10,2,4X ,F10,4,4X,F10.4,4X,F10.4)
CONTINUE

PAUSE

GO TO 500

END

32



APPENDIX B

TABIE 1I1

PER CENT ABSORPTION FOR R (4) SPECTRAL LINES MEBASURED AT 100°C
IN THE 9,78 CM CELL

Pressure and Per Cent Absorption

Value of 77 0.09567 cm~! Intervals

10,0 em 8.99 24,60 99,84 4,70

2,00 9.u46 27,12 100,00 31.07
10,09 29.81 100,00 28,70
10,41 32,96 100,00 25,70
10.88 36.90 99.84 23,50
11,51 41,79 99.84 21.60
11,98 46.68 97.79 20,18
12,30 52.36 9%, .16 + 18,76
12,77 59.46 88.64 17.35
13,24 66,71 80,75 16,08
13,72 73.97 73.65 14,82
14,35 82,17 66,08 14,03
15,61 88.64 58,99 12,61
17.19 94,00 52,68 11.82
i8.61 97.00 46,84 11,04
20,34 98,58 41.95 10,56
22,39 99,52 38,32

15,0 cm 20,37 56.46 100,00 56,88

2,00 21,60 60.49 100,00 53.11
22,82 64,99 100,00 49,49
24,20 69.65 100,00 46,33
25,57 74,31 100,00 43,51
26,80 79.14 100,00 40.83
28,33 83,80 98,90 38.46
29,71 88,31 97.02 36.25
31.40 92,03 9% ,52 34,03
33,25 9,85 91,55 31.98
5.4l 97.35 87.94 30,23
37.72 99,22 83.71 28,33
40,20 100,00 79.01 26.59
43,13 100,00 74,31 25,31
46,23 100,00 69,60 23,88
49,48 100,00 63,05 22,60
53,05 100,00 60,81 21,33

33
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Pressure and

TABLE III (CONTINUED)

Per Cant Absorption

Value of X 0,09567 ca~! Intervals

20,0 om 26,57 54,62 99.39 99.53 50,35

2,00 27.59 57,02 100,00 97.85 48,01
28,77 59,58 100,00 96.46 45,97
29,79 62.29 100,00 9% ,62 43,9
30,81 65,30 100,00 92.15 41,90
31.84 68,62 100,00 89,38 39.86
33,02 71.64 100,00 86,30 38.13
34,04 74,82 100,00 83,21 36.55
35,52 78,45 100,00 79.66 34,98
37.00 81,93 100,00 76.27 33,40
38,79 85.26 100,00 73,02 31.82
40,27 88,14 100,00 69,46 30.54
42,06 91.03 100,00 66,36 29.27
43,99 93.46 100,00 63.57 28,00
45,78 95,43 100,00 60,47 26.88
48,03 97.10 100,00 57.67 25,91
50,12 98,78 100,00 55,03 24,95
52,22 99,08 100,00 52,69 * 23,98

27.0 cm 21,40 48,48 100,00 96.35 40,91

2,00 22,39 51.63 100,00 93.25 38,64
23,55 54,97 100,00 89.77 36,56
24 .54 58,50 100,00 85,93 34,68
26,07 62,56 100,00 8l1.89 32,92
27,77 66,99 100,00 77.85 31.57
29,29 71,78 100,00 73.43 30.21
30.82 76.23 100,00 69,38 28,85
32.53 80,50 100,00 65.13 27 .48
34.42 84,96 100,00 61.24 26,30
36.31 89,60 100,00 57,35 25,12
38.38 93.18 100,00 53,63 24,12
40,63 96,23 100,00 50,09 23.12
42,89 98,20 99,63 46.91 22,12
45,68 99,28 98,72 43,73 21.12
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TABIE 111 (CONTINUED)

. Pressure and Per Cent Absorption -
Valus of 0.09567 ca~l Intervals
30,0 em 22,70 49,36 100,00 99 .53 47.6%
1,97 23,53 52.18 100,00 97.99 45.42
24,51 55,30 100,00 95,67 43,50
25,35 58,73 100,00 92,73 41,42
26,48 62,01 100,00 89.94 39.65
27.77 65.46 100,00 86.68 38,03
28,91 69,08 100,00 83.42 36.42
30,35 72,65 100,00 79.84 34,79
31,94 76.26 100,00 76.41 33.17
33,53 79.72 100,00 72,36 31.54
35,27 83.64 100,00 68.45 29.92
37.02 87.57 100,00 64,69 28, .44
38,92 91,50 100,00 61,08 - 26,96
40.82 95.29 100,00 57 .47 25,49
42,72 97.72 100,00 54,79 24,01
44,93 99.24 100,00 52,10 22,21
46,99 99 .84 99,84 49,88 20,56
32,5 m. 21,89 47,49 99.69 100,00 51.38
¢ 1,9 22,58 50,04 100,00 99.34 48,56
23,55 52,74 100,00 97.38 45,90
24,53 55,62 100,00 95.40 43,91
25,37 58,94 100,00 93,24 41,73
26,50 62,29 100,00 90,08 39,88
27,91 66,25 100,00 87.05 38,38
29,33 70,09 100,00 83,83 36.86
30.90 74,25 100,00 80.59 35,33
32,33 78.59 100,00 77.32 33.97
33,92 82,51 100,00 73.85 32,59
35,52 86.91 100,00 70.19 31,57
37.13 90,00 100,00 66.84 30,17
39,03 93.11 100,00 63.11 28,76
40,81 95,49 100,00 60,05 27,33
43,02 97 .28 100,00 57.12 25,90

45,11 98.63 100,00 54,18 24,63
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Pressure and

TABLE III (CONTINUED)

Per Cent Absorption

36

Value of 1 0.09567 cm~! Intervals
35,0 m 30,25 67.07 100,00 93,31 46,55
1,92 32,04 70.13 100,00 90,97 44,72
) 33.10 73.19 100,00 88,31 43,19
34,02 76.86 100,00 85.64 41,51
35.09 80,10 100,00 82,49 39.97
36.89 83.64 100,00 79.49 38.44
38,55 87.19 100,00 76.49 37.06
40,36 90,75 100,00 73.31 35,67
42,31 94,17 100,00 70.44 34.45
44,28 95,81 100,00 67.41 33,22
46,54 97.60 100,00 64,52 32,31
48,95 99,10 100,00 61,79 31.55
51,23 99.69 100,00 59,20 30,80
53,65 100,00 99.53 56,77 29,88
56,09 100,00 99,07 54,16 28,96
58.53 100.00 97.98 52,03 28,04
61.41 100,00 96.74 50,21 27.11
64,31 100,00 95,34 48,23 26,18
7.5 m 29,70 59.78 100,00 100,00 59.49
1.88 30,43 62,34 100,00 100,00 57.48
31,76 64,90 100,00 99.38 55.67
32,69 67 .47 100,00 97.9%4 53,76
34,41 70.04 100,00 97.12 51,85
35.54 73.61 100,00 95.68 49,9
37.27 77.39 100,00 93.41 48,02
39,00 80,58 100,00 90,93 46,09
39,9 83.57 100,00 87.42 by, 38
42,26 87.37 100,00 84,73 42,87
44,20 90,77 100,00 81,42 41,56
46,53 92,97 100,00 78,72 40,05
48,08 95,37 100,00 75.81 38.74
49,62 97,38 100,00 72,68 37.22
51,77 97.98 100,00 69.97 35,49
53,72 98,99 100,00 67,04 34,39
55,47 99,59 100,00 64,11 33,28
57.62 100,00 100,00 61,80 32,59
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st 5 A Pt i B A 3+

Pressure and

TABLE III (CONTINUED)

Per Cent Absorption

Value of 1 0.09567 ca~l Intervals

40,0 cm 31,73 63.85 100,00 100,00 62,60

1.84 32,82 66.85 100,00 100.00 60,33
34,06 69.86 100,00 99,40 57.91
35,15 72.87 100,00 98,52 55,93
36.39 75.88 100,00 96.74 54,10
37.49 78.90 100,00 9,81 52,11
39,16 81,92 100,00 92,88 50,57
40,26 84,80 100,00 90,35 48,73
41,65 87.69 100,00 87.97 47,19
43,47 90,29 100,00 85.73 45,80
45,29 92,60 100,00 83.19 44,41
47.26 9% ,77 100.00 80,65 43,01
49,09 96.66 100,00 77.95 4,76
51,06 97.96 100,00 75.40 40,36
53,33 98.98 100,00 72.85 38.96
55,59 99,85 100,00 70,15 37.70
58.44 100,00 100,00 67.44 36.60
61.14 100,00 100,00 65,02 35,49

42,5 33,29 58.82 97.86 100.00 75.51

1.81 34,01 61.04 98,68 100,00 72,91
34,90 63.43 99.67 100.00 70,65
35,94 65.98 100.00 100,00 68,39
36.99 68.38 100,00 100,00 65,94
38,36 70,78 100,00 100,00 " 63,50
39,41 73.35 100,00 99,49 61.39
40,62 75.92 100,00 98,64 59,10
41,84 78.50 100,00 97.79 57.15%
43,38 81,25 100,00 96.27 55,03
u4,92 83.68 100,00 9,23 53,07
46,46 86.27 100,00 92,35 51.46
48,01 88,55 100,00 90,13 49,84
49,56 90,83 100,00 87.74 48,57
51.12 92,62 100,00 85.51 47,12
53,00 94,09 100,00 82.93 15,67
54,88 95,56 100,00 80.35 44,39
56,61 96.87 100,00 77.76 42,93




Pressure and

TABLE III (CONTINUED)

Per Cent Absorption

Value of N 0.09567 cm~! Intervals

45,0 37.10 65.21 100,00 100,00 73,03
38,09 67.68 100,00 100,00 70,70
39,07 69.80 100,00 100,00 68.36
40,59 72,28 100,00 100,00 66,41
42,11 7,77 100,00 98.87 64,06
43,10 77.27 100,00 97.74 61.90
44,10 79.77 100,00 96.79 59,54
45,45 82,28 100,00 9s,84 57,75
47,16 84,61 100,00 94,71 55,38
48,70 87.13 100,00 93,00 53,97
50,24 89,65 100,00 91,09 51,98
51,96 92,18 100,00 89.19 50,14
53,69 94,54 100,00 87.28 48,56
55,42 96.54 100,00 85.36 46.%
57.33 97.81 100,00 83.25 46,10
59,07 99,45 100,00 80.75 45,25
60,99 100,00 100,00 78.06 43,62
62,92 100,00 100,00 75,55 42,18
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