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ABSTRACT .-

The static field induced absorption spectrum of
‘hydrogen has been investigated at high resolution and with
reliable frequency calibratidn over -the density range from
1.5 amagat to 28 amagat. Ffequencies have been extrapoléted
to zerovdensity in'order‘td obtain»moleculér constants for
‘the isolated molecule. Line profiles have been compared
with varioﬁs fﬁnctions and theisimple dispersion prqfile
seems to fit the data best over the density range.sfudied.
The linewidth, however,.decreéées with.degsity until it
reaches a minimum at about 2.5 amagat below which it starts
 to increase again. The minimum Width is about 4 times 1less
‘than the width of the classical doppler line. This behaviour .
of thé line width is consistent with ﬁhe phenomena of =
"collision narrowing'" in the infrared., From the intensities
of the lines we obtain thé isotropic pqlarizabiiity»

3

(X ) = 1,21 cm~.
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INTRODUCTION

The spectrum of the hydrogen molecule has béen
extensively investigated in the ultraviolet and the infra-
red regions as well as by the Raman efféct° In spite of this
it was deemed worthwhile to reinvestigate the infrared spectrum
of hydrogen because new techniques_havé made it possible to
measure the frequencies and shapes of spectral lines with
considerably higher precision than was before poséibleu
Indeed this inyestigation has borne fruit: in addition to
.obtaining highly precise frequencies for the hYdrogen molecule,
the phenomenon of collision narrowing of spectrél lines has

been studied in the infrared region for the first time.

The hydrogen molecule poséesses a centre of
symmetry and consequently the matrix elements of the electric
dipéie moment between different vibrational states equal
Zero. 'The molecule therefore does not display a "normal"
infrared spectrum. An infrared spectrum due to quadrupole
absorption is allowed, however, and has been observed using
aulong absorption path. An absorption in the fundamental
frequency baﬁd also arises because of electric dipole
moments induced in colliding pairs of moleculéé; tﬁis absorp-
tion spectrum is characterized by very broad spectral
features and is not suitable for the determination of
molgcular‘frequencies, although it is of much importance in

the study of intermolecular forces,



The hydrogen molecui@ can be made to exhibit an
infrared dinle spectrum if it is placed in a static électric
field which polarizes'the molecule. This effect was first
predicted by Condon (1932) and demonstrated experimentally
by Crawford and Dagg'(1953) and more recently by Crawford '
and MacDonald (1958), Terhune (1959), Church (1959) and
Foltz et al (1966). It is this phenomenon which hasvbeep
exploitea in this work because the absorption is much
stronéer at easily realizable electric field sfrengths than is
the quadrupole absorption., Thié means that an absorption
Spectrum can be measured at pressures of one atmosphere or
less in an absorption cell of modestvsiée, and an ~extrapola-—

tion to zero g

s

s density of the observed absorption fre-
guencies may be carried out with confidence. It was because
measurements at this low density were possible, that the

existence of collision narrowing was revealed.

The spectral measurements were carried out using

a twd-beam interferometer of one meter maximum path differ-

¢

ence. This permitted measurements to be made with a limit

of resolution of approximstely 0.006 cm'l, and line centres

have been determined to within better than 0.002 cmnl;



l. Experimental Procedure

A schematic drawing showing the overall experi-
hental'procedu;e is shown in Figure 1. Light from an
 incandescen£ lamﬁ is péssed through aApolérizer and a special
optical filter WHich selects bands of radiation in the
vicinity of the hydfogen absorption lines. This radiation
_passes throﬁgh the absorption cell where a static field is
_impressed'on the gas, and it then enters a two beam inter-
ferometer. An infrared detector measures the intensity on
the exit side of the interferometer; this intensity varies
as the optical path difference in the interferometer is
changed and gives rise to a signal which we call the inter-
ferografn° Tﬁé interférogram is proportional to the auto-
correlation function of the electric field of thevradiation
incident oh the intérferometer,Aand it is hence propcrtional
to the Fourier Transform of the spectrum.* The optical path.
difference is monitored with interference fringes}produced
.5y light froh a He-Ne laser whiéh also passes through the |
interferometer. The interferogram is recorded on magnetic
£ap¢; this réCord is then read by an I.B.M. 360/67 computer
“and fhe Fourier transform is evdiuéted.numerically{ The
ratio of two spectra, one obtained with the static field
switched off, and one with it switched on, yields the absorp-

* A considerable literature exists on the subject. See for
example a lengthy review paper by Vanasse and Sakai (1967) ..



FIGURE 1

Block diagram of experimental arrangement.
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tion coefficient in which we are interested. In what follows
is a detailed description of the various parts of the

apparatus, and the numerical analysis.

1.1 The absorption cell

In the course of the ihvesfigation three different
absorption cells were employed. In each case the electric
field was generated by applying a high vbltage across two

parallel plate electrodes bordering the light path.

In the first cell the absbrpfion path was 100 cm
loﬁg which provided adéquate absorption o&er the pressure
range from 4.5 atm° to 30 atm. at an applied field strength
from 30 to 80 kvo/ém° The cell is of the "light guide" type
where two of the walls of the light guide are formed by the

electrodes,:separated by 3 mm (see Fig. 2a).

It wés found that the.use of copper electrodes
allowed the application of relatively high electric fields
without sparking even in the event that a spark had previous-
ly contaminated the electrode surface. As the pressure of
the gas is reduced, the maximum”allowable voltage that can
be applied without causing sparking 1is reduced. - Because the
~amount of absorption is proportional to the density and to
the»square of the applied field the usefulness of a cell bf

fixed length decreases rapidly towards lower pressure.

The second cell was also of the 1ight guide type,



FIGURE 2a,b,c

Absorption cells.
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but the electrodes were mounted on the outside of a glass
tube‘so that sparking could nof take place and hence a
higher field strength could be maintained at 1owér pressures
(see Fig. 2b). The electrodes were 40d cm long thus
providiﬁg fouf times the absorption path of the first cell.
In order to reduce ligﬁt losses due to many reflections off
the glass walls of the pressufé vessel, the cross section

was increased from 3 x 3 mm, as 1t was in the first cell,

"to 10 mm diameter. In this way the solid angle of the light

cone entering the cell could be feduced while maintaining
the same total incident flux of light. This cell provided
adequate absorption spectra over the pressure range from

1.7 atm° to 4.5 atm.

The third cell used was a "multipass" or "White"
cell. éy meané of three spherical mirrors, arrangea at
either end of an absorption cell as shown in.Fi§,42c, the
incident light can be made to traverse the space between the
mirrors many times without loss of light due to the diver-
gehce of the incident beam. In order to-retain a reasonably
high field s@rength‘using existing high voltage power
supplies, the electrodes were. placed 2.5 cm apart and this
fixed the maximum height of the mirrors. Mirrors 2 and 3
(see Fig. 2c) were 2.5 cm x 5.0 cm in size with a radius of
curvatﬁre of 50 c¢m. With such small mirrors, to make the
light gathéring ability of the cell compatible with thét of

the interferometer, the images of the source formed at



mirrqr 1 should be at least 5 mm»in diameter.,

In Fig,_éc the position markings labelled with

- Roman numerals are the locations of the centers of curvature
of the corresponding mirrors. Mirror'l.élways images the
surface of mirror 2 on mirror 3 and vice versa. Mirrors 2
_éﬁd'3 tfansfer images of the entfance aperture (source) back
and forth'écross the surfacé of mirror 1 until finally, after
»'many.transfers, the number of which is determined by the

" positions of centres II ana III, the ihage spills off

mirror 1 into the exit apertﬁre as shown in section A-A of
Fié. 2¢c. The maximum path.attained with the multipass cell

" was 44 meters, using gold coated mirrors.

1.2 The Interferometer

The optical arrangement of this interferémeter has
'beén described in the literature previously (Buijs and Gush,
1967), but for the sake of completeness the schematic
$diagram of the optical path and a scale drawing of the
mechanical arrangement have been.repeated in Figs. 3 and 4
respectively°‘ The optical pafh differepce between the two
'séparated beéms is changed»%y di§placing the two prisms

parallel to the light path, the increase in péth difference

 being f@ur times the displacement. Small rotations of the
prisms have nb effect on the state of interference, which
makes'possible.large dispiaceménts of the prisms without

severe requirements on the precision of the slide ways.



FIGURE 3

Schematic diagram of optical path through Interferometer
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FPIGURE 4

Scale drawing of mechanical arrangement of Interferometer
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Thevinétrument wasAdesigned to operate over a fange of
obticél path difference from -4 cm to +103 cm. Two outpuf
beams are available for detection, and two input channels
are availablevfor sources. FEach of the output and input
:béams is provided'With an off axis paraboloid mirrof of

50 Cm.focal length so that localized fringes may be formed
at their focai planes. Appropriate diaphragms are placed in
tﬁese'focal planes in order to isolate that portion of the
fringe pattern.used for observation. The path difference in
the interferometer is ﬁonitored by means of mono-chromatic
5fringes produced by the lighf of a highly stabilized single
mode He-Ne laser. The fringes are converted to a train of
pUises which command the A-D converter used to measure the

infrared interferogram.

It is esséntial in thé analysis to knqw accurately
the zero path difference location of the infrared interfero-
gram,'.Ifithe spectral width of the bands of radiation under
study is small, the zero path difference location is not
obvious from the interferogram. It is thus nécessary to
-illuminate the interferometerawith an auxilliary white light
source and détect white light fringes with a third detector
placed off axis. The signal of this détéctor defines approx-
imately the locatién of zero path difference. Duriﬁg a scan
the path difference‘is varied continuously. The prism
carriage is driven by a spring steel wire which is guided

“arcund pulleys at either end of the displacement path. One



of the pulleys is driven by a regulated d.c. motor through
a set of reduction gears. The speed of the carriage was
found to fluctuate by about + 15% due to backlash in the

various links from the motor to the carriage.

1.3 Detectors and signal conditioners

" The interference fringes obtained from the radia-
tion'passing through the absorption cell and the interfero-
"meter are characterized by large swings in intensity near
zero path difference, and very weak fringes on top of a
large background flux of radiation away from z.p.d. It'is
imperative for the successful analysis of the information
that the radiastion intensity be converted linearly into an

electrical signal, finally expressed in numerical form.

Tﬁe most likely source of noh—linearity was the
detector; a lead sulphide cell. Two electrical circuits
were tried as pre-amplifiers, shown in Figs. 5(a) and (b).
In fhe former:the detector is operated at constant current
'vand performs as a voltage sogrce, whereas in the latter the
detector operates at constant voltage and is essentially ai
- current source. Both circuits performed well.for uncooled
detectors, but for cooled detectors, only circui£ 5 (b)
gave adequétely 1ineér performanée° The detectors were
maﬁufaétured by Infrared Industries Inc. For room temper-
ature operation the type R3 detector.was chosen with an area

. 2 ‘ ~
cof 1.5 x 1.5 mm~, and for dry ice operation the type Tl was



- 2
used, of area 0.5 x 0.5 mm

In thé circuit shown inAFig° 5, the input opera-
tional amplifiér is a‘high gquality bF.b.T.-input type having‘
“a very low input current noise, in’ and low input voltage
noise e, . These sources of hoise contribute to the output

signal for circuit (a) as follows:

(e ) = e

eout n" 7 Tn Rdet,/Rin

Cout (ln) = 1y Rdet,

Input voltage noise can be controlled by choosing Rin
sufficiently large, buE input current noise cannot be con-
trolled in this mannér° In order to limit the noise butput
predominantly to detector generated noise, it was found
necessary to pass a relatively high current through the
detector by extending the bias voltage of the detector to
béyond the output swing of the amplifier. This was éccom—
plished by means of the insertion of a zener diode and
current supply as shown in Fig. 5. Any noise signal created
by the zenér diode will, by virtue of the feedback,. appear
at the Qutput of the operational amplifier, and only a

portion equal to (e R,

nz oeto/ARin) will appear at the hlgh

voltage side of the detector (A is the open loop gain =
50000). For this reason the signal is taken from the high

voltage side of the detector.

In circuit (b) the sources of noise contribute to


http://cannot.be

FIGURE 5

Schematic of detector electronics
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the output signal in -a manner similar to that of circuit (a):

®
I

e Rf/

out n n Rdet,

Again the ratio Rf/R is made small to reduce the effect

‘ det
of voltage noise and at the same time allow a high voltage
across the detector without requiring an excessive voltage

-at the output of the amplifier.

" For the same total flux of incident radiation it
is weli known that greater detectivity is obtained from a
lead sulphide detector when the area is a minimum. For this
reason the eﬁit aperturé defining the central fringe of the
infrared interference pattern was imaged on the détector'by
a three element germanium condenser having a speed of f/l.o
‘and a demagnification factor of é. The condenser elements
were anti-reflection coated for optimum transmission at
X=:2.4 . fhe condenser also éerved automatically as a
filter to reject radiation of wavelengths less than about
2 pe

It is customary when using a;PbS cell to employ a

chopper to intefrupt the light siégal periodicallyj the
A alternaﬁing signal'from thé éell is then synchronoﬁsly
demodulated to yield a voltage proportional to the light

intensity. This was not necessary in these experiments

because the interference fringe frequency during scanning



was;typicélly about 35 seb_l which falls in a freguency band
where PbS detectors perform reasonably‘well° A simple
amplifier was thus.used after the preamplifier with a low
frequency‘cut off'in the range of £ 2 éop.,s° and a high
frequency half power point at 70 CePoSo (see Fig. 5). Phase
Ashifts were kept to a minimum to avoid undesirable phase
éhifts in the interferogram introduced by fluctuations in

the scanning speed.

' When the electrical noise éenerated by the detector
becomes comparable to the smallest increment of the A-D
converter, the detéctor ﬁoise is no 1bnger the detefmining
factor in the signal to noise ratio of the spectrum. The
resolution of our A-D converter is one part in 20000 of the
full scale signal excursion. When used in conjunction with
the two light guide absorption cells, the r,mos; noise of
the room temperature detector was about 1/5000 times the
signal excﬁrsion at z.p.d. However, the amount of light
transmitted through the White cell was about ten times leés
than through the light guide cells and hence‘a cooied
detector with a smaller noise was used to improve the
.spectrum.“ Because of the considerable imprévement in signél
to noise ratio of the cooled detector it was found advan-
tageous to increase the amplifier gain by a factor of 5 at
- a selected path difference so that the large fringes at
Z.p.d. will not saturate the A-D converter while at the same

time a more accurate digital representation of the low level



signals is provided. The gain change 13 computationally
restored, but the accuracy of the spectrum depends on the

precision with which the gain change is known.

1.4 Source and Freguency synthetizer

In absorption spectroscopy, as the name implies,
one studies.the radiation absorbed from some continuum-
source by the sample under study. In case there are only a
few narrow spectral lines, the total intensity absorbed is
only some very small fraction of the incident inteﬁsity°
This is troublesome in Fouriler transférm spectroscopy because
the detector is "loaded" with a large signal coming from
radiation in spectral regions between the lines under study,
which is essentially of no interest.  It is fhen necessary to
restrict the spectrum of the continuous source to only those
spectral regions in which absorption lines are being.studied.
Enough of the continuum must be left, naturally, to obtain
precise line profiles, but apart from that one rejects as
much of it as possible. In the present experiment‘this has
been achievéd with a '"frequency synthetizer". To further
increase the fraction of 1ight absorbed a polarizer was
employéd to pick out that component which is maximﬁlly ab-
sorbed in the static field cell. " However, even with all
these precauﬁions, in a typical case less than about 1.6 x 10’—4
parts of the incident flux was absqrbed by the hydrogen gas

when the electric field was applied° 



The radiation source was a small tungsten filament
lamp operated at its maximum allowable temperature from a

regulated d.c. supply ("Hanimex" projection lamp, 8 volts,

50 watts).

The polarizer, which immediately followed the source,
Was constructed as shown in Fig. 6, and opérates by means of
reflecting the radiation from a silicon slab at the_Brewsfer
_angle. Due to the high index of refraction of silicon, the
polarizer has an efficiency of about 80% over a wide spectral

range.

The fadiation is restricted to narrow bands centered
at.the various absorption fregquencies by means of an optical
frequehcy synthetizer which is.shown schematically in'Fig; 7.
The instrument éonsists of a grating spectrometer in wﬁich
the diffracted rays in the "exit ﬁlane" are selectively
reflected‘back to the»entrance slit by means of a mask and
a set of small spherical mirrors.* The incomingvand oufgding
rays may be separaﬁed iﬁ front of the entrance slit with a
beam splitter, but here it was more convenient to make an
éngular separation of the two light beams, using different
parts of the grating for the incoming and outgoing rays.

Wiﬁh a 600 B/mm diffractioﬁ grating, 10 cm high # 13 cm wide;A
and an entrance aperture of 3 x 3 Mm, the synthetiéer has a

* Mirrors are spherical in order to image the collimator
each on itself.
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light gathering power compatible with the interferometer.
The actual spectral bands obtained with the instrument are .

shown in Fig. 8.

1.5 Data Collection

As we’have already mentioned the infrared inter-
ferogram is measured at discrete points of optical path
_difference in order that a numerical Fourier transform may
~be carried out. The electrical signal from the detector is
\measured with an analog~digital converter which is triggered
by pulses generated from the laser reference interferogram.
The measurements of the A;D converter, or "words'", are stored
on magnetic tape, which can be read by a large high speed

computer. We describe here this data acqguisition system.

The analog to digital converter is an "Eeco" type
760-A having an output of four decimal digits and sign. The
instrument can operate at an aéynchronous rate of up to
30000 measurements per second, and haé a_built—in sample
‘and hold unit with an aperture time of less than 1 Jsec
(aperture time eguals the time required to look at signai
for purpose of measurement).- The settling time of the sample
and hold unit, that is, the waiting period, after a large
signal change has taken place, before an‘accurate measurement
_can_be taken, is about 10 psec. These properties allow the
A-D éonverter to follow a full scale sinusoidal voltage of

’frequency'V With an acturaéy of 1 part in 20000 for ¥ less



! l i Qe | |
QuSY ) @) | 1L Qals) S(0) S
(2
1 l l
T AODO , 4100 4200 43200 4400 4500 4600 o 4700
_ p—

TSPECTRAL

" CONTENT OF '‘ourRce! |

SHOWING ALSO LOCATION OF ABSORPTION IM H,

-4 800



~ than ébout 150 séc_l, In conjunction with thé trigger pulses
derived from selected crossovers of the laser fringes, and
" the fast sampie aﬁdlhold unit, digital measurements cén be
obtained at precisely known values of path difference despite

scanning speed fluctuations.

The digital informationiis recorded on magnetic
tape'in‘a‘fﬁrm suitable for further processing in a large
digitél computer. The tape-transport is an Ampex model
-TM7211 which is coupled to the A-D converter via a buffer
membry and control logic uni£° The control logic unit
contains all the functions.required to generate I.B.M.

compatible tape.

The buffer memory, constructed by thé author,
consists of 2 chains‘of integrated circﬁit "shift registers":
one, 4 bits wide by 80 bits long which can étore 80 binary
coded decimal (B.C.D.) digits, and the other 1 bit wide by
20 bits long to hold 20 sign bits. The output of the A-D
éonverter appears-simultaneously on 17 output wires; 16 wires
for the four, four bit digits, and the 17th for the sign.

As éach measurement is-taken, the four digits are '"pushed
.iﬁto" the shift register sequentially while all existing
v'information is moved up 4 vositions, and the sign is pushed
into its registef° When the shift registers are full, (after
20 measurements) the tape—transport is started and the content
of the registérs is quickly ”pushed'oﬁt” onto tape. There

“are two modes of operation providing two speed ranges forf



the rate of taking measuremen*s

1) the tape tranoport is turned on after the 20th
measufement, in which case it is not possible to enter a new
g meas&rement into the registér for 15>ms° after the 20th
measurement hés_been-entered (5 ms; for data transfer to
tape, and 10 ms. start time of tranqurt); Considering that
the A-D converter can keep one measurement at its output
until a new measurement is taken, the time between two
"measurements must be greater than 7.5 ms. giving a range of
from 0 - 130 measurements/sec, A

2) tbe tape transport is furnéd on after the 19th
measurement: In this case the 20th measurement must occur
Within 10 ms. of the 19th, and the time between measurements
cannot be less than 5 ms. thué giving a range of from 100 -

200 measurements/sec.

By virtue of the size of the buffér memory,

‘"physical téée records" are 20 measurements (words) long
dccﬁpying about 0.1" of tape. The stopping and starting
between records requires 0.75" of tape. Thus every record

of 20 words»;equifes'O.BS” so that a reel of 2400' holds .

- about 678000 measurementé; A 3600f‘r¢e1 holds a maximum of
flO6 words. If a record isl"unreadéble" during later proces-—:
sing, only 20 wdrds'of information are lost (and are later
replaced by zeros to retain thé-phases df subsecuent informaé
tion); this compensates'somewhat for the inefficient use of

‘tape. The digital recording system was planned tooperate at



a reliability level sufficiently high to be able to record
interferograms éf.106 measurements with only a small proba-
blllty of error. In ratro vect, there has never been a
vnolble indication of an error, not even the loss of informa-

tion due to unreadable records.®

1.6 Data Analysis

Once an interferogram haé been recorded in digital
- form.one proceeds to the Fourier Analysis. If the inter-
ferogram is a stmetric function of the path difference (this
- is assumed in our analysis, and confirmed by measurement)
.the spectrum can be obtained by a césine transform only,
starting the integration at zero path difference, and proceed-
ing to the maximum path difference. The zero-path'différence
point must be located to within a small fractioén of the
shértest~wave1ength contained in the spectrum, otherwise the
spectral lines will not be symmetric. The procedure to find

Z_op,d° is outlined below.

A seéond procedure to be carried out is the reduc-
£ion of the numbef of samples'on the interferogram to the
. minimum value éonsistent with the width of the spectrum
studied. In our proceduré_more points are actually measured

than is absolutely necessary to define the spectrum. The

* except for one occasion during which, for good reason, the
parity generator of the digital taoe transport failed, and
an experiment had to be rerun. : -
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number: of points is reduced by a numerical filtering
! i : '

procedure which has been designed especially to fit the
hydrogen spectrum. In Fig. 9 is shown a block diagram

indicating the various steps in the data analysis.

The connection between the interferogram and the

spectrum is through a Fourier Integral: ~
’ L
w i
B (C) = XI.(S}COS{ZT\"U §)ds
L -
where I(§) is the intensity as a function of path differ-
ence 3 , and @’ is the frequency in waves per cm. When the
~interferogram is not measured continuously, but is sampled 4
at discrete points, eqgually separdted, the integral above is
replaced by a sum: _ _
t:J .
B (0°) =) hl(nh)cos(2na nh)
nz-N i

The spectrum B(C’)' is represented by a Fourier series, and
is heﬁce periodic of period U= 1/h. :Thé true spectrum B(C)
and the periodic spectrum B (0*) will coincide in a certain
domain of the frequency axis only if the interval h is
sufficiently small, and if.B(G“) is non zero only in either
-one finite domain, or in a finite number of finitg domains.
The total number of points N required to represent the
spectrum is then markedly'dependent on the actual form of
B((@'). Because the hydrogen lines lie in distinct regions

of the spectrum it has been possible to reduce the number of

points required on the interferogram below that usually stated



FIGURE 9

Block diagram of data analysis procedure
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in the sampling theorem: h < 1/2¢C @* __ being the highest

max’ = max
ffequency in the spectrum., This procedure is outlined below.
The spectral»content of the anélog signal is shown
in»‘E"ig»° 105; where the'actual spectrum of the inf:ared source
Ais.shéwn along with the r,m}s° noise, spectrum genérated by
the detector and electrcnics (the latter has also béen drawn
- on é wave number scale, obtained by multiplying the electrical
frequency by a suitable coefficient depending on the velocity
of the moving mirror). The r.m.,s. noise spectrum is assumed
“to be positive and the infrared éource spectrum is symmetric
by virtue of the fact that the interferogram ié éssumed
symmetric about its origin° The spectrum for a sampled inter-
ferogram is shown in Fig. lOb;rthe repetitions of the spectra
are called aliases. Accofding»to Fig. 10a, a sample freéuehcy
of about 20000 c:m"1 would completely avoid overlapping of
aliases° However, by selecting a sample frequency of
7901.54 cm—l, which corresponds to one sample per two complete
laser fringes, the noise in a band ffom 3000 to 3950.72 cm_;
becomes adaed to the region from 3950,72 cn™! to about
4900 cm”l, which covers the region of interest. Thus by
;allowing a Heterioration of signel to noise ratio in going
from analog to digital information by é factor of JE
(incoherent addition of two: equal noise components) a saving:
_ofva factor of 2% is obtained in the number of measurements
:eéuiréd, At this sample freqﬁency-SOO,COO data points

represent an interferogram of 100 cm path difference.



FIGURE 10

R

Spectral distributions arising during various

steps of the analysis
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In ofdér to reduce the above number of data points
'prior to Fourier transformation without.further‘deterioration
of the signal to noise ratio, the noise band outside the‘ _
pegion_of interest (see Fig. lob) is removéd by means of é
humerical filtéring operation perfbrmed while the data is
being read by the computef,. Because of the large Quantity
ofbdata-involved, the "pulse‘fesponse" function of the filtér
Dband must be represented by as few data points as péssible,so
‘that the numerical filtering operation will consiét of very
few operations per input point. By using a Gaussian band pass
filter function and by not attémpting to interpolate the
data points to include th2 zero path difference point in this
filtering operation, it was possible to reduce the number of
operations (essentially one multiplication and two additions
per operation) to four per input point. The resulting inter=
ferograﬁ has a frequéncy content as shown in-FiQo 10(c) and
.can now be sampled at a frequency of 1975 cm_1 (one quarter
the previous.sample frequenéy) withQﬁt overlapping of aliases. .
Thus in the initiel numerical filtering operation the number
éf measurements is reduced from 800,000 points to 200,000
Having a spéetral content as shown in Fig. 10(d). These
200,00d points are stored on magnetic tape in a'highly
compressed form. This tape is kept for future reference,

while the laboratory generated tape is reused.

About 4000 measurements are made along a typical

interferogram before z.p.d. occurs. Using some of these -



measurements along with about an egual nﬁmber after z.p.d.,

a lqw resoiution spectrum is calculated using Fourier cosine
and sine transfofmations and using the heasurement singied
out by the white light fringeé as the-assﬁmed center of the
interferogram. Then by calculating the phase angle*

( {P"" taw‘[Asm/AcoS] ) associated with spectral ampli-
tudes at different freguencies it is possible to find the

distance in path difference of the assumed center of the

. | ¢ A . .
‘interferogram to the true center (A::jfg‘)o In this way it
is.possible to locate z.p.d. to within L 0.3% of a sample

interval.

In a second computer program, a new interferogram
is éalculated from the intermediate interferogram (répresented
by 200000 data points) by means of anotherbnumerical filtér;
ing operation. 1In this case, however, the pulse response of
the filter function is calculated at such phases so tﬁat the
first point in the new filtered interferogram occurs exac£ly
at z.p.d. During this filter operation more regions in the
spectrum are set to zero.allowing still closer aliasing and
consequently a further reduction in the number of required

sample points. .

* ¢)is determined to within a multiple of 27, but by draw-
ing a straight line through a plot of $ v.s. frequency
the absolute value of @ is obtained from the fact that
¢ = 0 at zero frequency. Dispersion would cause a non-

~linear relationship between ¢> and frea. making the
above procedure difficult.



It is péssible ﬁo‘calculate the puiée response of
a multiband narroQ‘bénd filter where the bands of the filter
-are chosen aangst~the various aliases as indicated in
Fig. lOd° Thén the spectral contenf of the new interfero-
“gram after calculafing very manyisamples would be as
indicated in Fig. 10e. We now sample this interferogram in
such a way that the different bands occur ‘in a completely
differentvset of aliéses° Then the "principal alias™ (near
origin of frequency scale) is made to locl as in Fig. 11,
The spectral information has not been compromised in this
final interferogram, but the frequencies of the different
parts are no longer simply related; nevertheless an exact
relationship still exiéts° The data reduction factor thus
obtained is 17/6 which means that the pulse response hugt

consist of six sets of numbers each with different phases.

» By considering that the Fourier cosine transform
is the same as the real part of a complex Fourier transforma-
tioh éarried out on a reél function, it is possible to
apply the extremely fast method of complex Fourier trans-
formation developed by Cooley and Tukey (1965). This method
vof cohplex Fourier transformatibn has been extended to larcge
.arrays of data by means of.é factoring technigue developed
by the author (bﬁijs, 1969). By means of this factoring
technique the spectrum is calculated in blocks. This block-
ing pfocedure hasbthe advantage that blocks éontainihg no

'.spectral information of interest need not be calculated, .



Speétral distribution before Fourier transformation
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which is not the case with the original program of C, and T.

In the Fourier transformation, spectral amplitudes
are calculated a£ freguency infervals equal toyéL c:m‘l
where L is the length of the single ended interferogram in'
cms. This spacing is only slightly less than the limit of
resolution, and the representation of a very sharp line in
the spectrum is just a point. In order to improve the
spectral representation for display purposes, the spectral
data is convolved with an analytically calculated repliea of
the instrumental line shepe function and the final spectrum
is calculated at four times as many frequencies as the
original one. At this point the 10garithm of the ratio of
background intensity to spectrum intensity ie plotted on a
"Caicomp" plotter above a calibrated frequency scale. The
frecuency scale on the graph corresponds to 1 cm"l = 18"
(for 0.0055 cm™ ' res.). 1In the work here, the spectral'iines

being narrow, only a fraction of a wave number near each

~ absorption line of hydrogen is plotted.

Because of the complexity of the above analysis,
if may be interesting to compare the numbers of computations

involved in the above analysis with a few simpler alternatives: .
1) Straight complex Fourier transformation of a
" double ended interferogram consisting of 1.6 X 106 data

points:



98 x 8192 x 14 x 2 22,6 X 106 (blocks of T.& C., transforms)
6 x 2000 x 196 x 2

total

]

4.7 x 1O6 (spectral assembly)

I

27.3 % 106 calculations
(this alternative Qould require double the quantity of input
data)o: | |

2) Numerical filtering reduction éf data and inter-

polation to obtain a symmetfic interferogram with known

~center:
70000 x 116 = 8.1 % 10° (numerical filtering5 _
18 x 8192 x 14 x 2 = 4.1 x»106 (blocks of T.& C. transforms)
6 x 2000 x 36 = -4 X 10° (spectral assembly)
6

total 12.6 x 10° calculations

I

3) Analysis as described above:

200000 x 20 = 4.0 x 106 (1st filtering)
70000 x 29 - 2.0 x 10° (2nd filtering)
18 x 8192 x 14 x 2 = 4.1 x 106 (blocks of T.& C. transforms)
6 x 2000 x 36 = .4 X 106 (spectral assembly)
| total - 10.5 x 10° calculations.

One "calculation" in the above comparison consists roughly

of oné multiplication and several additions and index changes.
The often time consuming auxiliary calculations (such as
evaluation of cosine functions) énd data transfer operations

have been completely ignored in the above comparison.

Most recently, spectra have been obtained using the
new I.B.M. 360/67 computer installation in the University of

B.C. computation center. Since this is a time sharing



installation, computetion tasks are evaluated in “computer
dollars" based‘on an hourly rate échédule for each of the
different aspects of the installation used. FProgram # 1

(sée Fig. 9) costs about C$ B0,00 at a priority level of

0.2 (the cost is feduced.by a factor as the priority reguired
of the task is reduced) using a very fast machine. language
tape reading subroutine. Program # 2 costs about C$ 54.00

" at the same priority level. Priority levels of 0.4 or 0.6

are commonly used. These are the costs, per spectrum.

J

1.6 Reliability of freguencies

Provided that the interférogram is sampled at
regular intervals, the spectrum resulting from a digital
Fourier transformation of this data will lie on a frequeﬁcy
scale that is highly linear. Hence the>spectrum is complete-
ly calibrated when one frequehcyvis known. The sample réfe
(frequency) in this experiment is derived from the fringes
produced by a highly stabilized He-Ne lase:, and the latter
becomes the frequency standard. The precision with which
the absolute value of the mean sample freguency can be
established depends on the accuracy with which the central
fréquency of the laser line is known, on the khowledge of
the direction of the light passing through the interféro—
.meter, and finally, since the interferomete: was operated in

air, on the refractive index , of air.

. Irregularities in the sample interval arise from



noise.in the reference friﬁge signal andAfrom.electrical
"phase shifts due to mirror épeed fiuctuations° These fluc-
tuations are beliéved to be random and statistically in-
dependent frdm one sample to another., . Théh after taking N
measurements of-éath'differehcé‘duringthich the magnitude
‘increéses lineérly, the accumulated measurement of path |

difference will be

N : .
L_=-Z:t1h ‘- where h is the sample interval.
‘ h=1{ '

For each of the N measurements the r.m.s. deviation is

assumed to be the same (say €) then the r.m.s. deviation in

E is :
i o)
BV N \/ie" =\VN €
_ 7
and the fractional FoMoSe deviation will be

e °
N - e N/ ong) 2 26/nNA
- L

Typically €/h < .1 so that the uncertainty in the mean
sample fréquency due to random variations in individual

measurements is about 6 X 10‘“10

for an interférogram consist-
ing of 5 x lOS measurements. An additional effect of sample
“irregularities would be to reduce the signal to noise ratio

of the spectrum particularly at 1st overtone frequencies of

strong features.

The laser is a '"Spectra Physics" type 119 He-Ne C.W.
laser having‘a highly stabilized‘tunable'cavity, but without

~* This is analogous to finding the error in the slope of ‘the
best straight line which goes through a number of points.



the X;servo option,. Using a mohitoring system suggested for.
checking out the X servo operation, it was found easy to
maintain tﬁe frequency of the laser éutput to within_i 15 Mc
(particularly in the later work, aftér gaining experience)

of the transitién frequency‘of the Nezo line, with only
infrequent manuél adjustments.  The frequency of the laser
radiation was taken as O = 15798.0012 % ,0005 cm™ in

vacuum, (see Mielenz et al (1965), Engelhard (1966) and

“Mielenz et al (1968)).

The circular apértﬁre limiting the extent of the
infrared light passing through the focal plane of the colli-
mator, and the point image of the lasér light in the same
- focal plane must be concentric with each other and with the
fringe pattern in order to specify the sample interval
precisely ih terms of the wave lengtﬁ of the reference laser.
When this is the case, the average optical path difference
experienced by the infrared réys will be

. .2

= V 1 m
S.—:n}\(l—zv}f;—z-)

where n)\fepresénts tﬁe observed path difference in terms of
~ a number of laser fripges times the wavelength, T is the
radius‘of the apefture and'fc i; the focal length of the
cqllimator. bue to the smallnéSS'of the dimensions, the
above alignment can be carried out with only limited
precision and frequently the centef of the fringe pattern

may shift as a function of path difference;



f' 40 -~

Looking into the interferometer from the exit éide
' oneICbserves two coherent images Qf the source as seen
through the two arms of the interferometéro If these images
Asuperimpose exactly at zero path difference, then the center
of the‘fringe pattern will be stationary'and in the direction
of mifror motion. If the interferometer is "poorly adjusted"
the-two imagés will never superimpose, but "zero path differ-
ence'" will occur.when the images are side by side with

. respect to the direction of observation, and the fringe
centef wouid occur in a direction 90° away from the direction
. of observation. The distance of closest approach (a) of the
two images is obtained from the separation of adjacent
frihges in the focal plane of the collimator. In this inter-
ferbmeter "a" can be reduced by means of adjustment of'the
mirrors to ébou£ 30 p withoutdifficu_ltyo The path differ-
énce at the center of the inffared aperture in éase of mis-

. alignment of iaser image and aperture is

'n>\ cos eI

coseL

6:

where G;I is the angle between the center of the infrared

- aperture and the fringe‘cénter and E)L is the angle between
. . ! . o N '= v_e

.1aser image and fringe center. Now let A (9I L) LATTTUDE

(i.e. O is the angular difference between the infrared

aperture and laser image measured towards the fringe center)

'then:



cos@I cos N - sin el sin A

4

d=n\

cos £ L
< n A (1 -%~ A? - ANtan B L),but tan eL = a/n>x‘
and | §E n )\.(.Al’-%-AZ) - alA

It can be:seen that aperturé misdlignment causes.a fractional
~change in patﬁ differénce and a "constant" shift in value.
However, since A is measured in the direction towards the
:fringe center, the movement of this éenter may cause an
unprediCtable variation in [ as a function of path differ-
ence and hence both terms must be considered as uncertain-
ties in theAaverage value of the sample interval, ' The
maximum value of A can be estimated from the relative‘
positions of the aperture cenfer‘and the laser image and the
"most severe variatibn in £;.during a scan would be reversal

of sign. Thus,

By displaying a projéction of the aperture and the laser
image, magnified about twenty times, it was possible in most
~cases to align their centers to within 0.2 mm (this alignment

‘also improved with experience), For [&m =4 x 107% ang

S = 70 cm S nA(1 -4x 1078 £5.7% 1078
maxX .

r
{

hence S - nA(l - -2

2 8
£_2

-4 x 1078 ¥ 5.7 0N x 107



Ali exﬁeriments were carried out with the inter-
ferometer surrounded by the labofatory atmosphefe, the exact
temperaturé pressure andvcomposition of which was not known
during'the experiment. For precise ffequency calibration to
vacdum wavenumbers, the-index of refractiqn of air must be
known at tﬁe laser frequency and in the infrared. The
absolute value'of'the sample‘intervai in cms,. is equél to
‘two times the wavelength of the laser light measured in the

‘prevailing atmosphere plus aperture corrections;

h

, ~
2 ).Xac.L. (1 - % ?ﬂ_ - 4% 10 8
L : c?

h = )

The freguency in air of an infrared line, a relative distance

d along the frequency axis will be;

o -8 _ 22_3_____
T IR T h T 2 A'vac.L.
! : 1 me . -8
where  Ayac.L. =>‘vac‘;L., -z f2 ” 4 x 10 )
. , - {
| O @
then J° = - T
| IR vac. = npp  2AL .1, Mg
working in terms of the refractivity S= n - 1j
"‘GVIR = ch—g————'.(SL ; 1) (i - SIR + SIRZ)
. vac. vac.L. . ;
"In evaluating this product, SL SIR very nearly cancels with
2 : d o .
Sir SO that GVIR vac., = TNT (1 + St~ SIR) is g goqd

vac.L.

approximation‘up to third order in S.



According to Edlen (196€), effects of temperature
and pressure on the indekvof refractioﬁ of air ore Highly
wavelength independent so that thesevvariations may be applied
directly to the difference (SL e SIR)‘ Variations in the
composition ofdair are somewhat wavelength dependent and must
be computed forvS# and Sp o seoerately°

SL - SIR is directly proportional to pressure with

the pfoportionality constant given by the conditions in

standard air. Hence (5, - SIR?p = (S, - SIR)S x 0.,001388 p
where p is in torr. For p = 760 * 40 torr and
(s, - JIR)s = 364.5 x'lO-S, the variation with pressure in
IR-vac5 will be
(G ), (1 %19 x 1078y

IR vac. IR vac.

The temperature variation of the refractivity of

air is given by (SL - S1p)t L IR s

where t is in °C. The temperature in the laboratory was

)o = (S, = S__) x (1 + .00367t)"

found to be 21.5°C * 1.5°C. Then the variation of o
| IR vac.

with temperature will be
-8

+
IRvac =‘(G}Rvac)s x (1 =2 x 10

E

T )

The saturated water vapour pressure in ait at 21°¢
is about 18.6 torr (Clark's tables (1957)). Therefore
extreme changes inxrelatlve humldlty could cause a_&ariation
of 18 torr in the partial oreésure-of water vapour in the
air. A formula for the difference in refracttthy of mOlot

!

’aJr and dry air is given by kdlen (1966) as:



(nf -n) = -f (5.722 - o°0457<r2) x 10‘8

where is the freguency in p_m"l, and £ the partial .
pressure. Applying the above variation in moisture cohtent;

. - . ¢ _ : I 2 _ -
V(SL _\,)IR)f = (.)L SIR) + £ x 00,0457 (WL IR2) ¥ 10

where the éorrection term is O < AS<1.9 % 10"8 for 0« f<
18 torr.

) (1 + 1.9 x 1078
C

- OaO

- (Q

- Hence (G& ) TRva )

Rvac HZO'

According to Edlen (1966) the effect of changes
in CO, concentration normally encountered, cause a change in
the refractivity of air which is much less than that due to

water vapour changes and hence can be ignored.

In summary provided that a spectral line can be
accurately located on the frequency axis, the uncertainty

in the absolute value of this fregquency will be

. 1 %3 x 107° due to laser adjustment
, : + -8 _ :
.‘GiIRvac =(T}Rmeas : 6,X 10—8 due’ to apértu:e alignment
- o =22 x 10 7. ) due to index of air

variations.



2. Ewperimental Results

2.1 General remarks on the quality of spectra

The resultsvpresented here were obtainéd over a_d
period of about one year from September 1968 to September
1969, By analyzing the results of each run before embark-
ing upon the next spectrum, it was possible to provide use-
ful feedback and hence improve the technicgue of collecting
data and correct for problems quickly as they arose. /Also,
to make the initial observation of spectral lihes simplef,.
the measurements were started at higher density where re-
latively strong and broad lines were expected.Only gradually
was the density reduced until the lines became too wéak to
study effectively. As a result of this approach, the spectra
obtained for lower densities are generally more reliable,

because of the improved experience.

In the experimental set-up there was provision for -
the observation of six of the G, transitions (av=1, AJ= 0)
and two S, transitions (Dv= 1, AT = +2) namely; Q; (0),
'Qq (1), Qq (2), @ (3), Qq (4), 0 (5), 59 (O) and S, (1).
Of these transitions, the S; (0) line was detected in only

a few spectra with long absorption path, and the Q, (4) and

1
Ql (5) lines were always too weak to be seen. The S lines
appear to arise mainly from quadrupole transitions rather
4
than induced-dipole transitions because these lines were

present regardless of the presence of the externally applied

field. 1In order to eliminate any spectral details that



are not related to the field induced spectrum of the hydrogen
molecules the log-ratio of a spectrum with the field off to

a spectrum with the field on is studied, except in the case

of the S lines which are not seen in the log-ratio plot.

The taking of the log-ratio of two spectra in
drder to isolate the lines was somewhat complicated by the
fact that:each interferogram contained a seﬁ of '"secondary
fringes" resembling the main features of the interferogram
but reduced in magnitude by.a facfor of about 60 and centered
-at about 13‘¢m of path difference. These fringes arise from
interference due to a beam réflected from the back surface
of. the separating platé. An analysis of their effect on the
spectrum shows that they add a sinusoidal component to all
parts of the spectrum having an amplitude proportional to
the local intensity (i.e. at zero intensity no sinusoid and
at high intensity a large amplitude). This sinusoidal
comﬁonent should disappear when taking the ratio of two
Specﬁra; however, the exact location along the path differ-
ence axis of these fringes varies due to thermal expansion
of the separating plate, which in turn causes phase shifts
fin thé sinusoidal component of the spectrum. It was found
that when these secondary fringes are temporarily set to
zéro during the FoUrier,transformatibn the resulting back-
ground (spectrum without applied field) contains no sharp
features near any of the lines of interest, and conseguently

it was felt appropriate to shift the backgréund with respect -

T PP Yo —



to the spectrum a small amount in order to bring the

" sinusoidal component in phase.

In Fig,-l2 are shown small sections of a tyﬁical
spectrum along with the corresponding background. The above
mentioned sinusoidal components are not obvious in this
'figufe because of their relatively long wavelength on this
scale (A = 1.5"). These spéctra were thained from a
computer plotted gréph (Calceomp) derived from data points
“that are spaced 0.05" apart., The actual data points ob-
tained during the Fouriler transformation of tbe interfero-
gram would occur at 0.2" intervals in Fig. 12 but the
additional data pointé used to improve the display of the
spectrum are obtained by interpolation with a suitable
scanning function. Note that noise features in the spectrum
are of the same width or Wider than the limit of resolution
becausé the noise structure is esfablished before Fourier
transformation, and is "aﬁalyzed" at the same resélution és
the spectrum. In Fig. 13 is shown a,plqt of the log—ratid
of each of the spectral‘sections shown in Fig. 12. .Apart
from the brogdening by the inStrumental line profile, these
features should be directiy propoftional to the absorption
coefficient of the gas. It can be seen that the.Ql(l) line
can be studied with some detail while it is only possible to
- estimate the line width for‘thé other transitions. Since
the limit éf resolution is high, small distortions of the

“profile due to poor signal to noise ratio do not preclude



FIGURE 12

Typical absorption features
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FIGURE 13

. Log ratio plots of absorption features shown in Fig. 12
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the accurate determination Qf the central frequency of the
weak lines. Hence the list of frequencies is more complete

than the determination of other parameters.

in Fig., 14 ié.shown a séquence of profileé for
“the Qi(l) transifiqn taken atvdifferent densities to
demonstgate.the chénge in line width and central ffequency
as a fun¢ti6n of density. The profiles correépond to
A differeﬁt>electric field strengths and densities, and for

this reason they have gquite different areas.

2.2 Freguencies of the transitions

The Fourier analysis was pérformed on an inter-
ferogram obtéined by numerically filtering the original
i’nterferograin° As a result; the freguencies corresponding
tO-thé épectral amplitudes calculated were not very simply
relatéd to the index ﬁsed in the computer program identifyingb

the amplitude. The relation is described here.

Frequencies are deﬁermined from.thevcombﬁter‘data
by taking the ratio of the number éf spectral péints from
the zéro ffequency point,‘at which the center of the profile
» 6ccurs, to the totai number,of.ﬁgints déscribing the
‘principal alias and then mhltiplying this ratio by the sample
freguency. If the original line did not occur in the |
principal alias; the starting frequency of the alias in

qguestion is assignéd to the zero freguency point and thus

“becomes an additive term. The recipes for the evaluation of



FIGURE 14

Sequénce of profile for Ql(l) transition at differenﬁ density
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the frequenciles of the various lines are:

¢ . 39.0 C(n - 1) _ 6.0

— — (o 3
n = 17.0h 5 x 75opn  for $,(0) line
. 38.0 (n - 1) _ 6.0 ! . .
On = 7565 * 5 X 150 for the Sl(l) line
2.0 (n - 1) _ 6.0 B .
and Cﬁj = = 4 = X TR for all QO lines.

'where h is very_nearly equal to eight tihes the wavelength
- of the laser light, n is the number of points to the centef
of the profile (not necessarily an integer) and N is the
total number of points in the prinéipal alias. Aperture
corrections for the sampie interval and the effe;t of the
refractivity'of air are incorporated in the value of h in
such: a way that the freguencies evaluated above are in
vacuum wave numbers. Because of these corrections, the
value of h for each oﬁserved line is different and also.
different values of h are used when differenf aperture
diameters are used at the different iimits of resolution.
Tablg I gives a list of values for h used in.the actual

evaluation of the frequencies, and is based on the relation

2 . -
h =8 A\ (1 = g7 -4 x 1077 = (5; = Spp)) (see text)



TABLE T
a r =1l.5mm|r_=.,9l mm |r_ = .75 mm |r =0,50 mm|x iO'"8
TR m ° m_ ¢ m_ ° m i )
-1 5. -5

cm h inum h : h h L TIR

412515.06390169 | 5.06390888 | 5.06391023 5,06391180 |364.9

414315.66320170 889 1024 1182 |364.7
4155 (5.06390171 890 1025 1183 [364.5
416115.06390171 - 890 1025 1183 |364.5
4498 |5.06320193 912 1048 1216 [359.9
4712 15.06390209 » 028 1064 1221 |{356.9
(8; - S;g) is tasken at p = 762 torr , t = 21.5°C,partial
pressure of HZO = 10 torr

AvacL = .6329914 u m,

f = 500 mm-
o

Uncerfainties in the above values of h as mentiqnéd eariier
in ‘the text may cause an uncertéinty in the calibrafion of
the fregquency axis of 1 part in 3 x 106 which corresponds to -
1.4 x 1072 ent ét 4150 em~t. The accuracy with which the
spectrél lines can be located depends.on the signal to noise
ratio in the spectrum and to some extent'on,the width of the
observed line., To determine pfecisely the center of the.
profile, the ‘number of points describing the spectrum was
increased by a factor of four bydmeans of interpolation with
a known scanning funétion and then the log—ratiorof this  >
eﬁlarged set of data was plotted by the "Calcomp plotter".
The bisector of this plotted profile is drawn in by hand and

its predominant position is then taken as the center of the

profile. The freguencies thus obtained were graded withf



-small letters to indicate over how wide a frequency band

1

the bisector is located.* (a = within 0.001 em™ 7, b = within

0.004 cm—l, c = within 0,008 cm—l)° In Table ITI is shown a

list of frequencies at the various densities.

..Atvsome densitieé spectra have been'repeafed in
order to check the reliability of the results. In particular
at 5.90 amagats density, four spectra were recorded each at
a different field strength to determine if there exists a
freguency shift as a function of fieldvstrength° The data
for these spectra was collected over a period of about 20
hours.so that atmospheric conditions would be very nearly
the same. The frequencies of the four Ql(l)*lines are

found to be'the_same to within % 0.0COS cm—l. SeefFigo'IS
.,for a plot of this group of Ql(l) lines. This test seems to
indicate that there is no frequen;y shift as a function of
field strength. However, deviations from a regular density
dependence of the observed frequencies appear'to be slightly-
correlated with the appliéd field strength, but the accuracy
of these results is insufficient to establish this correla-

- tion.
¥

The values of the density were obtained from the
pressure of the hydrogen gas in the absorption cell using the

_pressure-~temperature-density tables of the National Bureau of

* this was not done for the S lines and some of the last
results. ’ ' '



List of frecuencies of the lines studied at various

densities.
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FIGURE 15

Sequence of 4 profiles for G,(1) transition at

same density and different field strength
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Standards. The pressﬁres for £he five highest density spectra
were measvred with a 0 - 1000 psi Bourdon gauge giving about

I 5% accuracy. Below 11 émagats density, pressures were
measured with a 0 - 300 psi Bourdon gauge with an accuracy
of ¥ 1% of full scale. 1In léter experiments at densities
below 2.4 amagats, pressures were measured simultaneously

with a Mercury Manometer and the 0 ~ 300 psi Bourdon gauge

1% of the measured value. '

I+

giving pressures accurate to about

In Figs. 16, 17, 18, 12 and 20 are shown plocts of
freguency ~ vs. density for the different lines studied. In
these figures are also shown some of the results obtained by

other investigations of the hydrogen spectrum.

2.3 Line profiles

In general, the limit of resolution with which the
spectra were recorded was not low enough to reveal accurétely
the functional form of the liné profiles. However, an attempt
has beeh made to correct for the effect of the instrumental

line profile on the actual form of the absorption feature.

‘In Fourier transform spectroscopy the instrumental
line shabelfunction is esséntially independent of the
geometrical arrangement of the instrument (i.e. it is.not
related to the gquality éf fhe optics such as . the flatness of
the beam splitter, etc.). Instead it depends on the steadi-

ness of the "fringe visibility", and on the maximum path

o~

length achieved., The alignment of the interferometer during



Graph showing freguency shift and line width vs.

density for Qi(O) line
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Graph showing freguency shift and line width vs.

density for Ql(l)_line
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Graph showing frequency shifts and line width ‘vs.

density for Ql(2) line
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FIGURE 19

Graph showing frequency shift and line width " vs.

density for-Q1(3) line
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FIGURE 20

'Graph showing fregquency shift

Sl(O) and Sl(l) lines

VS denéity for the
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each experiment is{continuéusly monitored by means of the
amplitude oflﬁhe reference fringes; this amplitude remained
‘steadye Since the detector records the total intensity
péssing through the ent:ance aperture'of the interferometer
a reduction in ffinge visibility occurs Eéwards long path
differénce where the fringes become so small that the inter-
'ferehce condition is no longer uniform over the surfacé of
the aperture. "Then the effect of the instrument upon the
:éétuél spectral profile, which.is representable by an
'infinitely long interferogram is tcbbroaden this profile
because of attenuation ana truncation of its Fourier trans-
form (interférogram)° The procedure used to determine the

most probable form of the Q line profile was as follows:

1) We assume a possiblebform for the profile and
spécify its width and height to be equal to the observed
width and height. |

2
- /agaIn2) _
BT for Gaussian estimate

(ieee  ln [Lon/T@]= A €

ovr_.> o ln [I.O(G")/I‘.(G"a-:. Aobs. 'AG;;S. for Lorentzian estimate.
Agg. + a2 '

2) The exponential of the above function, which
‘looks like an absorption feature ih a unity height back-
grouﬁd, is broadened by the instrumental line shape function.
This is accomplished by simply attenuating and truncating
the Fourier transform of this absorption feature in a manner

~similar to that which takes place in the interferometer. .



3) The log ratio of this broadened feature is -
compared wiﬁh the observed profile° At first a simple
:comparison of peak height and halfwidth is used to adjust
the parameters of the.analytic function of the profile until
by means of successive iterations the peak height and width
of the broadened analytical function matches the observed

values to withiﬁ about 1%.

If the chbice of initial function is correct,
-graphs of the synthetic spectrum and observéd spectrum should
coincide. The success of this procedure is indicated in

vFig, 21 where the solid curves indicate the synthetic profiles
and the dashed sections show the departure of the observed
spectrum from the synthetic spectrum. As can be seen, the
Lorentz profile seems to be the most satisfactory fit for

the densities shown. If it is assumed that the underlying
préfiles are Lorentz pfofiles iﬁ form, then a list of para-
meters for the profiles that fit the data best can be
compiled. The width at half height values thus obtained are
guite reliable for the strong Ql(l) line, but are nét.too
reliable for the weaker lines because of poorer signal to
noise ratio,. In‘Table IIT is shown a list of linewidths for

" .the different tranéitions aﬁd densities including the
observed uncorrected widthAand ﬁhe width of the best synthetic
profile. Also shown in Table III is the integrated intensity
of the syntheﬁic profile divided by theilength of the abéorp—

tion path, the square of the field strength»énd the density.



FIGURE 21

Comparison of observed profile with broadened Lorentz

profile and broadened Gaussian profile
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TABLE ITT

e e e e

List of observed linewidth and calculated width and
'height of Lorentz profiles that fit the observed data.
Also a list of normalized integrated absorption

éoefficients; all related to density.



DENSITY
AMAGAT

28.4
25.4
22.4
17.8
13.3
10.2
g.22+
7.73
7.13
5.9
4.62
4.00
4.00
3.40
2.90
" 2.45
2.08
1.70

c35
WIiDTH

-1
m

[

.085
.085
.084
.069
.052
.033
.041
.030
.28
028
027
.028
.020
.018
.019
.016
.0158
.012

LRI

Cl(O)

CALCULATED

WIDTH
cm"1

.0774
.0768
L0777
.0592
.0380
.0302
.0398
.0258
.0234
.0234
.0217
L0225
.0182
.0156
.0168
.0134
.0132
.0071

HIIGHT

INT.ABS.

log (I /1), B/31g?

.124
.102
.070
102
.075
090
046
.042
. 049
041
027
.048
.058
.054
.041

" .041

.041
.020

.
O O W O e
N

LacdR AS B C I N S, ]
- s
Cr 2 1 Oy D

~y
.

3.16
1.52
2.29
2.71
3.53
3.24
3.73
3.52
3.38
3.24
3.59 -
1.16 -

oBs.
WIDTH
-1
cn
.0638
.0873

.0623

.0553
0454
.0277
.0262
.0266
.0248
.G248
.0220
.0234
.0148
.0152
.0142
.0131
.0142
.0142

ChL
WIDTH

-1
cm

.0548
.0555
.0521
.0428
.0291
.0239
.0203
.0216
.0187
.0185
.0148
.0160
.0118
.0117

L0109

.0092
.0109
.0108

Q (1)
CULATED
HEIGHT
log (I /1),
.823
.720
LATL
643
.497
.704
.342
.388
.301
.228
.152
.285
L3723
. 344
.301
«260
.207
.147

TABLE

INT.A
B/P1E

10.1
11.0
12.0
10.8

9.4
12.6
11.9
11.8
11.3
11.8
13,7
13.56
15.6
16.8
16.1

'14.0

14.9

S 12.8

gS.

III

ORS .
WIDTH

-1
cm

.087
.092
.085
.082
.052
.036
.031
.030
.030
.029
.035
.029
.018
.021

.014

©.014

.018

01(2)

CALCULATED
VIIDTH HIZIGHT
em™t
.079 .097
.085 .091
079 .064
.074 .084
.028 .057
.034 .085
.027 .044
026 .050
.025 036
.024 .037
034 .022
.024 .010
.016 .041
.020 .037
.0102 .034
0098 .036
.0163 018

INT.A?S.
log(I,/1), B/gIE

1.71
2.14
2.50

2,43

1.39
2.12
2,05
1.85
1.82
2.55

. 4.50

2.87
2.34
3.20

2,03

. 2.31
2.38

Q(3)
OBS. CALCULATED
WIDTH WIDTH HEIGHT
em™! em™t
.141 .135 .052
.128 L121 L047
.135 .135 .036
.089 .081 .054
.078 .070 .043
.049 °  ,048 .045%
.049 .049 .026
.035 .033 .033
.043 .041 .024
.037 .034 .017
.035 .034 .016
.029 024 .029
.019 .017 .030
.024  .024 027
.018 016 022

log(IolI)m

INT.ABS.
B/SIE

1.56
1.57
2.41
1,71
1.95
1.59
2.17
1.50
1.98
1.63
3.26
2.10
1.99
2.62

99 —



i The'length of the absorption path can be measﬁred to an
accuracy'of about £ .5% for each absorption cell used. The
accuracy with whiéh the density 1is known has been discussed
earlier. The greatest source of error in the absolute
'infensity of the lines lies, however, in our knowledge of
the applied electric field; The voltage applied to the
electrodes was read from the dial of our regulated high
voltage supply. The dial readings wefe calibrated agsinst
_é J. Fluke high voltage supply at the lower end of the scale.
Then the linearity was checked with a voltage divider net-
work and an H.P., vacuum tube‘voltmeter° Thus the applied
vbltage is believed to be accurate to within I 3%, However,
iﬁjshould be noted that a 100 M resistor was used in se:ies
with the suppiy to preventvdamége due to large currents when
a discharge occurs in the cell. The gap between the
_électrodes'of the 1 m long cell was 3.12 X .09 mm and was
not very uniform. The gap between the electrodes of the

4.m cell was measured to be 12 * .5 mm and was fairly uniform,
bdt because of the preseﬁce of a glass cylinder.and rubber
potting compound between the électrodes the field in the gas
~space may have been somewhat_distorted (see Fig;’2b for
cross section of cell). Becauseﬂof these factoré it is

believed that the field stfength quoted is accurate to about

£°10% only.

A test of the accuracy of the line width obtained

" by the above analysis is the continuity of a‘plot of line



|

H

o _ f
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width ¥s.. density. The uncorrected line widths fall on a
highly discontinuous curve because of the abrupt changes in
the limit of resclution at which spectra were recorded.  In
Fig. 17 both the uncorrected and corrected line width as a
function of density are shown for .compariscn. In Figs. 16,
18 and 19 are shown graphs of line width vs.. density for

the other transitions.



3. Discussion of Results

3.1 Remarks

From the results compiled in Chapter 2 it is

~possible to deduce various guantities. These are:

1) frequencies as a function of gas density and
in particular extrapolated values for zero
density, ‘

2) the width and shape of the line profiles as
a function of density,

3) the integrated intensities of the lines.

In what follows we attempt to exﬁfact as*much'ihformation as
possible about the ffee molecule of hydrogen and its inter-
actions with its neighbours. in the gas.. Our conclusions
will be compared, wherever possible, with those reached by

other writers,

3.2 2Zero density freauencies and the molecular constants

- The enefgy level terms for the hydrogen molecule in
the iz:g electronic state (ground state) are given by the
equation |

T (v,J) = G (v) + Fv(J)

(Herzberg, 1950)

: : 1 1.2 1.3
G(v) = W, (v + i) - W X, (v + 5) W Y, (v + f) + eow
o . - 2 2 .3 3
IV(J) = BVJ (J + 1) w-UVJ (J + 1) + HVJ (J + 1)_ ¥ s
and
1, _ 1.2
BV = Be ~ ol (v + 500+ ¥ 4 (v + 5) # oo



1, - 1,2
D, =D, +B, (v+3) ¢ ée (v + 5)°,
: 2 2 H,.
and Hv He Hy
The transitions observed in these experiments are v' = 0 to
vt = 1 with J" = J" for J' = 0, 1, 2, 3 and J" = J' + 2 for

J* = 0, 1. The AJ = 0 transitions are denoted by QV(J)

where v 1s the gquantum number of the final vibrational state

and J takes values occurring in the initial state, and then

AJ -2 transitions are indicatea by SV(J), It may be shown.
that:

.Ci“ol(o> = QY o= W mRw X+ 13,4 oY, o (1)
.(Vo.l(l) =0 _o * (BlQBO)Z ~ (Dy-Dyl4 + (Hy-H4)8 , (2)
Q"‘(..71(2) =050 * (Bl—BO)6 o (Dl—DO)36 + (Hl—HO)ZlG (3)
00, (3) = @y + (By=B)12 = (Dy=DG)14a & (H)-HG)1728  (4)
T5,(0) =@ _o + 6B, = 36D, + 216H, | (5)
s (1) =@, + 12B; = 144D, + 1728H, - 2By + 4D, - 8H(6)

In solving for the various constants in the above

equations we make use of the relations

Ts,0) - a2y "% 0y = BB = 3P *+ 218, 7

Ts, (1) " Tq3) = Ts 1y = 108 — 1400 + 17200, (8)
— = = 4 res ‘) E "‘8-" °

0“51(2) OJQl(d-) _G“’SO(E) _1430 364D + 7784, (9)



From these three equations we can obtain values for the
constants By, Dj and H, which can then be used in eguations
(2), 13} 4)and (6) to solve for B,, D, and H;. In Table IV is

given a list of frequenéies extrapolated to zero density by

a least squares fitting of a quadratic expansion for frequen-

cy vose.dehsity:

TABLE IV

Line Frequency

Q(0) | 4161.1653 £ .0006 —

Q, (1) | 4155.2543 = .0005
Q (2) | 4143.4664 .0009
Q,(3) | 4125.8696 I ,002
$,(0) | 4497.8405 I .o002

$,(1) 4712.9008 ¥ .0012

‘Note: the tolerance is the compﬁted r.m.s. deviation for the
data used in the least squares program.

From'the above list of frequencies it is clear that
there are no data available for equation (9), and a solufion
cannot be obtained for By, Do'and Hy. However, the differ-
ences computed in (7) and (8) may be compared wifh.frequen—
cies of the éure roﬁation lines obtained by Stoicheff (1957).
We find a small épparen£ systematic shift in Stoicheff's
results in agreement with Finkrgg.gi (1965)n Using the
corrected freguency of Stoicheff for<3é0(2) we can then

obtain values for BO, Dy and Hge They are:



i

g gresen{ results Stoicheff

By = 59.3344 £ 6 x 1074 emt By, = 59.3392 cm™!

Dy = +0.04560 £ 8 x 107> cn™" . Dy = +0.04599 em™t
Hy = 4.1 % 10—5i4°8 ple 10"6cm-l H :v5eé x 107° cm"l

0
It shculd be noted that the difference frequencies
in eguaticns (7) and (8) involve in each case a line whose
fregquency has been measured relatively poorly. This is
reflected in the accuracy of the values obtained for BO, DO
nd H,..
and 0

Introducing the new values of By, Hy and Dy into equations

(2), (3) and (4) we obtain:

B, = 56.37600 % 2 x 1072 em™t

Dy = 40.04416 * 1 x 107% em™?

H, = 3.95x 107 % 4 x 107¢ et
and | Q% o= 4161.1653 £ 6 x 1077 cm™

Now using frequencies for the overtones,(?z_o, GE—O’ as

gquoted by Foltz et al, we may obtain new values for w_,, w X,

and w.Y, from the equations:

@1~O = 4161.1653 = W, - 2Wexe’+ 13/4 WY
QZ—O = 80870006 = 2we _,GWQXQ + 31/2 WY
GB—O = 11782.351 = 3we - 12wexe + 171/4 WY oo
We find:
w, = 4401.1177 £ .03 cm™}
- 121,284 % .02 cmt

W X
e



w, = 4401.1177 .03 emt
wx, = 121.284 % ,02 cm™ T
WYy = .8048 £ .003 cm™ L.
. e’ e .

In Table V freguencies calculated from the above
-constants are shown and compared'with the present and

previously published results, .

TABLE V
|Line Freguencies cm
calculated present {Fink et al Churcha Stoicheffb

| Q (0) 4161.1653 .1653 | ¢,181 170 .138

Q) (1) 4155.2541 .2543 | t.2586 .246 .208

Q (2) 4143.4665 L4664 | t.4664 . 468 .392

Q,(3) 4125.8693 .8696 | 1.8710 .871 .835

$,(0) 4497.8389 .8405 .8385 .835

S, (1) 4712.8989 .9008 T.9066 .846

5,(2) 4916.9635 | 17,0118 | .873

57(3) 5108.2505 4066 .286

a,(0) 8087.006 ~ 86.94

* this value is taken from the field induced spectrum of
Foltz et al.

T these values are based on the results of Fink et al, but
constitute a slightly improved extrapolation to zero density
carried out by roltz et al.

a) these frequencies have been extrapolated to zero density
using known frequency shift coefficients and aSSumlnq
measurements were made at 19 amagat density.

" b) these frequencies have been extrapolated to zero density
from 2 amagat density.



The results of Fink gglgi (1966) were obtained
from measurements of the guadrupole spectrum at densities
neaf 1 aﬁagatq Even though Foltz et al (1965) quote énother
‘set of frequencies at zero density, these frequencies were
-obtainéd from an improved extrapolation to zero density of
the data reported by Fink et al. This improvement seems
somewhat Questionable when dﬁe notes that the frequency of
~the Ql(O) line is entirely due to the measurements of Foltz
 and éeems in poor agreement with our results. Considering
that Church quotes an accuracy of £ 0,02 cm"1 his data agree
very well with the pfesent resuits° More recent results
quoted by Brannon, Church and Peters (1968) seem to add
little to the oldef results of Church because the accuracy
'quoted is about the same; The freguencies measured by
Stoicheff in the Raman effect appear to be shifted system-
atically by - 0.045 cm—l° In connection with this comparison
it should be remembered that our frequencies are believed to
be correct absolutely to within only t O.bOlS cﬁ_l, although
 the reproducibility from spectrum to.speﬁtrum is better,

being'approximatély L 0.0008 cmfl, as is clear from Table IV.

Finally we present a list of Dunham's Y parameters

for the hydrogen molecule in Table VI (see Duhham, 1932):



W Y9 = 4401f118‘cm“1 D, .YO2 = 34,632 x 10"'2»cm"1
wox, Y, = 121,284 v S Y., = 0.144 x»lO_Z

woYs Yag = .8048" Me Yo, = 0.0 % ,0001

B, Yo, = 60,8380.cm"l Hy  Ypy = 4.25 x 1077

*,  -Y; = 3.0258 " | ne ’ Ylé - - .2 x 1070

ve Yy, = .0345 v

Se Yy, = - .0048 r .002

Most of these barameters agree very well with those obtained
by Foltz et al (1966) and Fink et al (1965). The notable
exceptions!are.; the parameters 716; He and er, The latter
two parameters are more consistent with the values.of Hv

obtained by Herzberg and Howe (1959). The complete list of

‘values for HV is:

Hy = 4.1 x 107° £ 4 x 107° em™t .
5 4 -6 -1 present results

Hy = 3.9 x 10 2 4 x 1077 cm

H2 = ———

Hy, = 3,72 x 107> cn™

H4 ‘= 3048 X 10-5

‘ _5 b Herzberg and Howe
H = 3,4 x 10
5

-5

H6 = 3.3 x 10 J

3.3 Absorption coefficients and polarizability matrix elements

The amount of absorptidn experienced by light

passing through a sample of hydrogen gas can be expressed by



a simple loss equation:

-p@y?

- “It'ryfo*)elim (g*). e

where B(Q") is the absorption coefficient and 2 is the absorp-
tion path. The amount of absorption per unit length associated
- with a pérticular molecular transition equals:

B! = %.I B(G*)da” = fln (I (G')/Itr(G')) as
profile proflle

O

- It is obtained theoretically by using "Fermi's golden rule':

_ 3 ’
R i LG T

where [ is the dipole moment of the system, |n'3>> is the
initial state, | n> is the final state, G is the transition
frequency, and N is the number of molecules per unit leume
in the state |n'>. The squares of the matrix elements of
the dipole moment arising in the fundamental rotational-

vibrational band are the following:

Trahsition Squared Matrix Element
' m'wm
L (S )
0~ 0 B2 (ol)?
CL2 \2 ' 2
1 e 1 B [, + 87225 (¥)°,,]
2 2 .2
2 < 2 ES [(x)%0; + 8/315 (¥)°]
2 F, 12 2
3= 3 BS [(),, + 16/675 ¢ ¥)° ]|
2 2
2 == 0 ET 4745 (¥ )75
3 a1 E° 4775 ()%,

(See Appendix A for the derivation of these matrix elements).



The number of pérticles per unit volume in each of the initial
states is given by the Boltzmann distribution:

’\’\}vJ/kT
(20 + 1) g (J) €

-I\J
5 Z; (27 + 1) g (Ne M“/KT

where ¢ is the density of the gaé in amagats, Ny is
Lbschmitt's number and g(J) répreéents the nuclear statistic
which is 3 for odd values of J (ortho hydrogen) and 1 for |
_even'values of J (para hydrogen). Values for N were computed
at a temperature T = 295°K and including terms up to 2000 c:m"'l
in tﬁe partition function.

We find the following values:

Njp = §Ng x 0.1315
NJ:l = ¢ NO x 0.6617
Ny, = §Ng x 0.1155
N, 5 = §Ny x 0.0866.

At a particular frequency o, the value B'/ s 82

should be independent of ¢ and E. However, Foltz et al
(1966) have pointed out that the hydrogen lines exhibit
considerable ."saturation”, and hence at large values of ¢ E
they'ébserve smaller values of BV/5>E2 than at lower values
of ¢ E2, This trend in the values of:B'/gE2 can be noted
in our observations shown in Table III Qhere the product ¢E
decreases monotonically from top to bottom. Even though the

saturation effect is much less .in our results (because most



meaSurements were taken at much lower values éf ¢ EZ than
reported by Foltz et gl) nevertﬁeless B'/ ¢ E2 was plotted as
‘a fuﬁction>§f‘§ EZ and a value for B'/g E2 at §E2 = 0 was
obtained for‘each'spectral line by linear extrapolation.

The slope of this-linear dependénce is significantly non-
Zero oniy for the stronger Qi(l)‘linee The extrapolated

: ~

- values are: .

Line B‘/j EZ
,Ql(O) 3.0 £ .6 x 10”12 cm—l/(volt cm"l)2 cm
(1) |13.8 ¥ 1.5 x 10715
Q,(2) 2.5 £ .6 x 101>
a, (3) 1.9 & .5 x 10717

From these values it follows by Straightforward calculation

that : ‘ |
| V(b£)20£ - 1.23 % .12 x 107%° cn®
Vie? |+ er225 (327, = 1.16 £ .08 x 1072° en’
Va2 |« 8/315 ()7, = 1.18 £ .12 x 107%° en’
Vo) ) + 1676750 )%, = 1.21 2 12 % 10725 opd

If we assume.that 8gy = 78, as quoted by Church (1959),
then it éan be seen that it contkibutes_only about 2 to 3%
'to-(CL)ZOI in each of the above expressions. Hence we can
'_ﬁake the average value on the right hand side as a good'
estimate of o ;. We obtain:

-

+ =25 3
c&Ol = 1,20 - .1 x 10 gm °



L

- A comparison of this value for of with values obtained

01

both theoretically and experimentally follows:

‘Investigator ' ™1 X 1023 cm”
present 1.20 £ .1
Foltz et al (1966) T 1.10
Church (1959) .97
Crawford and Macbonald (1958) .97

Ishiguro et al (1952) - 1.39 (calculated).

-it was not possiblehto obtain an estimate for the-
anisotropic matrix elements between the v = 0 andvv =1
vibrational states because the field induced 5 lines were
obscured by the guadrupole S lines appearing in both the

spectrum and the background.

'It»appears that the observed value of the isotropic
pdlarizability is related to the resolution limit with which
the spectra, from which it is evaluated, are recorded. We
have observed that the line width of the Lorentz profile at.
about 30 amagat density is .06 cm_lo Using this width; we
can relate the pfoductv ?8&2 to the peak absorption ffom'our

data which yields:

1n'(10/1>max = 1.54 x 10
wheré § is the density in amagats, P tne abscrption path and
E the applied field in volts cm_l, From this it can be seen
that for example for the lowest value of \92E2 used by Foltz

near this density there is a peak absorption of about 83%,



Because éf thé non-linear relation between the absorption
'featﬁre and 1n (Io/i) at such strong absorption, the broaden-
_'ing by the instrumental profile will have a strong influence
~on the value of the integral of the loé ratio profile. This
saturation effect should therefore disappear when the lines

are fully resolved,

It haS'beén found.possible to obtain a rough
estimate df the‘matrix element of the quadrupole moment
- between the v =.O and v = 1 Vibrational states from measure-=
ments of the quadrupole Si(1> line and from the guadrupole
Ql(l) and Q1(2) lines which appear weakly in some "background"
Spectra obtained with,the White cell. According to James
. and Coolidge (1938) the integrated absorption is related to

the matrix element of the quadrupole moment jz'by:

o 1 { B(a)de = ATCN [ NI RIn>2

-2 5hc
From a spectrum taken at 2.56 amagat and for 50 m absorption

path, we find:

B'q (1)/§ = ,0412 x 10—3 Cm_l/amagat cm
: 1t -
B'O (?)/g = .0036 x 10—3 cm-l/amagat cm (very poor signal
LT ' » - to noise ratioc)
Bl (1y/¢ = -0831 x 1077 cm™'/amagat cm.
1

The values for the Ql(l) and Sl(l) lines agree very well with
‘those obtained by fink EE‘El (1965). The value for the Q](Z)
line is about 60% as much as the value obtained by Fink and

will be ignored from here on. By straichtforward arithmetic



we obtain for 51_0/9 an average value of -90.8 x 10732 XZQ
This compares with a value of -100 x 10_3 22 obtained by
Fink and -59.3 x 10—3 XZ as calculated from the work of

James' and Coolidge. More recent calculations seem to favour

a value of about -120 x 1073 82 (Fink et al, 1965),

‘3.4 Frecguency shift v.s. density

The variation of the central frequency of each

line with changes in density is clearly shown in Figs. 16,.
17, 18, 19 and 20. However, the density range over which
these measurements were taken is-rélatively small and hence
the data are not indicative of the behaviour of frequency
shifts over the complete density range encountered in the
gas phase. These freguency shiffs have been studied more
extensively by May et al (1961) and May et al (1964) in the
Raman effect. They covered the density range ffom less than

100 amagat up to 800 amagat at different temperatures and

with foreign gas mixtures.

For pure hydrogen at_300oK and 859K May has
Apostﬁlated‘that the frequency shifts associated with
isotropic Raman scattering are caused byvperturbations of
the vibrational motion oniy° Fd? a quantitative inter-

pretation of the shifts he expresses the frequency as a

- polynomial of degree two in the density:

. 2
EEQ(J)]f = Q(J) + a;¢ + by¢

where G(J) is the zero density frequency and s is the density

in amagats.



‘He first points out that the J dependence of a g

suggests that a, can be:expanded into a constant term and a

J
term that is propbrtiénal to the number of molecules in the

initial rotational state, i.e.:

ay ¥:ai +oa. (n;/n).
The contribufion of 2. to the shift could then be interpreted
as a.ﬁcoupling effect", The constants a3y 8. and bJ are
related to physically meaningful quantities by expressing

the intermolecular potential as a power series expansion in
the internuclear distances of an interacting pair of molecules.
In this expansioﬁ it turns out that a; is related to the

linear term in the internuclear separation, b 5 to the
QUadratié term, and a, to the first cross term in the ihter—
nuclear sepafations° By making use of the Lennard-Jones

‘form of thential for the'infermolecular potential, May has
expressed ay aé the sum of an "attractive! and ”fepulsive"
>¢ontribution, each consisting.of a relatively large Qalue

. giving a sﬁall but considerably temperafure dependent differ-
ence a;. With this model he then attempts.to predict the

coefficient bJ°

The frequency of each line as a function of the
dehsity was found by a leaét squares fit of all the observa-
tions to a quadratic function.  The coefficients so obtained

are listed in Table VII, along with the r.m.s. deviation.,



| prese?t_ May et al Foltz
results . = et al
J Qi(q) a, x 107 bJ><io6 & % 107 bJ><106 a;x 10
014161.1653 | =2.44%.14 | 14 £ 5 |-2.35 5.6 | -2.34
104155,.2543 | -3,58%,11 ] 18 £ 4 |-3.14 2,86 | -3.25
2|4143.4664 | -2.52%,22 | 30 8 |-2.07 5.77 | -2.02
312125.8696 | ~1.42%.45 | 15 % 15|-2.25 | 6.79 | - .185

From a plot of a., v.s. nJ/n the components a; and a. were

J
g bbtaihed° On this plot it appears that a g for Ji=.3 is
considerably different from the»prédicted value for‘a3 based
on the relation given by Mayband using thé'present values

of ags a3 and a,, as well as all the wvalues quoted‘by May
and Foltz (éee Fig. 22). Then-disfegarding our value of ajy,
we obtain:‘ | | |

3

I+

a. -2;15 0.15 x‘lO-

1

cm—l/amagat,

3

and "_a -2.35 X 0.25 x 10~ cm_l/amagat.'

c

il

- These values agree closeiy‘with those given by May and'ih

. fact the value for 2 is here somewhét‘closer to the vaiue,
he predicts using the Lennard}Jonés potential. Thé valﬁes
obtained for the b coefficient are genérally 3 to 4 times
higher than those obtained.by May over a widef dénsity rangé°

The reason for this discrepancy is not clear.

3;5 Line profiles

The full width at half the peak intensity (HIW) of


http://-l.42i.45

FIGURE. 22

shift ceoefficient vg..

Graph showing linear freguency

relative populaticn of initial states
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the profiles of the Ql(O), Q, (1), Q,(2) and Q,(3) lines

have been deduced from the observed spectra over the density
range from about 1.5 amagat to'28 amagat. These results are
-‘recorded in Table III and have béen plotfed in Figs. 16, 17,
18 and 19. Due to the poorer signal to noise ratio of the
weaker lines there occurs a considerable scatter in the
'éraph of line width ~v,s. dénsity for these lines, However;
in each case the trend of a reduction in line width towards

- lower density is unmistakable. It is also noteworthy that
the minimum of line_width (even for the uncorrected observed
line width) is considerably less than the claésical "doppler"
width of these lines which equals 0,041 cm"'1 at these
frequencies. In the case of the Q;(1) line, which is about
five times more intense than the other lines, it is possible
to decohpose the density dependence into a constant width
plus a linearly increasing width plus some monotonically:

decreasing part which goés to zero between 3 and 4 amagat.

These obsérvations»agree gualitatively with
measureménts made by Cooper et al (1968) on the SO(O) and
'SO(l) lines in the Raman effect and by Lallemand et al |
(1966) on the étimulated‘Raman emission of the Ql(l) line.
The ﬁarrowing to-a width less than the doppler width of the
' Ql(l) line 1is, furtherﬁore, consistent with an observation
made by Rank and Wiggins (1963) on the guadrupole Ql(l) line,
The narrowing of spectral 1ines-aue to pressure was first

suggested by Dicke (1953). He pointed out that whenvmany



elastic éollisions occur during the displacement of é molecule
over a distance N , the wavelength of the radiation, the

~ spectral distribution is determined by the self diffusion

rate And not by the thermal velocities. Since the diffusion
rate is much less than the mean thermal velocity, the result-
ing ddppler shift will be less and hence a narrower line
results. 1In practice, elastic collisions are usually
accoﬁpanied by phase shifts in the oscillator amplitude, so

- that the coherence of the oscillations is‘reduced.at each
collision. This has the effect of reducing the length of

the auto correlation function of the electric field of the
Aradiation absorbed or emitted by these molecules, which
consequenﬁly results in a broadening of the spectrum., Several
authors (i.e. Galatry, 1961, Gersten and Foley, 19638 and

~ Rautian and Sobel'man, 1966) have treated the case in which
both doppler broadening.ahd "collision" broadening take place.
In each of these treatments the éssumption was made that the
perturbation caused by collisions is a definite function of
.time (assumption of classical path) so that‘the problem |
reduces, as was shown by Anderson (1954), to the problem of
finding the.éutocorrelation fun;?ion'of the amplitude of the
radiation field emittéd or absorbed by the radiating.system
~while it undergoes collisi'ons° The spectrum is then taken
torﬁe the F.T. of the autocorrelation function. In taking -
into account_ﬁhe broadening due to collisional perturbations

of the internal state of the molecule, the model of impact



broadening 1is used. This implies that the time during'Which
“the molecule is in ”cdllision” with another moleéule is small.
I£ can be seen that:bothbthese assumptions arevreasonable in
the case of a hydrogen‘gas in thermal equilibrium at 300°K,
The mean free bath is ébout 1000 R/atm. pressure and a wave
packet representiﬁg the free translational motion a£ the
average thermal speed.ektends over a few Angstrom units when
'the'unceftainty in‘momentum is about 10% of its mean value.
"The effective range of the intermblecular potential for the
hydrogen mqlecule is about 6 X, hence at atmospheric pressure,
‘and somewhat higher ﬁressure; the "time of collision" is

much less than the meén time befween ;ollisions° It appears
therefofé valid to compare in some detail the results ob-
tained here with some of the:predictionsbmade by the above
authors. The treatment of Rautian and Sobel'man (1966)

éeems moét'appropriafe in that they treat a number of limit-

ing cases that can be recognized as applicable here.

The spectrum is obtained by means of a Fourier
transformation of the autocorrelation function of the
amplitude of the light wave radiated by a moving oscillator°

Following the treatment of Rautian and Sobel'man:

. T 'D'
(W) %\t Ref‘CP(U) e de

<E(t)* E_(t + ) > , (( > =time aVe.)

where 'W;_d)(t)

iw
e

O-tf*' ik r(t)

-

and  E(E) A(QO)



" r(t) is the location of the oscillator at a time t. = Tt

follows that
Ge)m a2 (wy - 19T LNy

To simplify the diséuséion of the liné @rqfile, we set A2 = 1
and W, = C aftef we have ideﬁtified Which spectral line is

A being studied, Tovfind the expectation values above, Rautian
- and éobel'hah introduce a distribution function £ (r, v, t;
#O),‘whicb gives the probability that a molecule moving a
fdistance r in a time t acquires a velocity v when initially

. the particle was at the origin and its velocity was Vg

Tﬁis distribution function satisfies the kinetic equation:
2f + v U f = s,

ot
where S is the collision integral. If it is possible to

Solve for f, then it follows that
d(T) = <élkr(t)> = Jdv f dVOJ Skr ¢ (r,v, T ;vg) dr

The autocorrelation function is also affected by changes in
the phase of the amplitude of the oscillator as a result of
collisicns. This effect is taken into account by R. and S.

in a manner similar to the above

iw() -1 ~
@W(C); <e >=fe \\)f(q)JL)dk\)
where £ (W, T ) is the distribution function for the phase
after a time t. f is again obtained from the kinetic

- ecuation. The combined effect of motion and collisions can



then be treated in a unified way so that:

Cb(?:) N CEa —14)<L‘)> f’lkr Wt (r,v, w,T) av dr dy

cpar)

fe_lkrvf (r,v, T ) dv dr

whe:e

? je_iq)f (r,v,¢,;T) aW¥

We cén_nqw formulate the kinétic equation for the case of a
' Combin tion of cbllision brbadening and doppler broadening.
We choose here the treatment of the ”strong—collisionﬁv
model which assumes that the vélocity after éollision is
independent of the velocity before so that collisions will
tend to establish an equilibrium distribution of velocities
regardlesq of the initial veloc1ty distribution. The
characterlstlc time for this redlctrlbutlon is of order 1/v¥
where'ﬂ is related to the collision frequency. Also we
choose the treatment of "stétistical independencé" in thch
it is assumed that the complex phase shift at a collision,
(f{+ i N, is indepenaent of the velocity of the emitting
étom° This is applicable prdvided that ¥ as defined above
_ is large‘(i,e° phase cofrelation remains after many collisions).
.Its validity can be verified by‘;oting that statistical
dependénce leads to an ass?mmetric line profile which is not
observed to within the limits of our experimental error. .
In.this case, we ha&e: |

3 E‘+ v £ o= (P4 i) TV [f - w_(v) j E‘(r,v',t) dv],
QT | X a '



' where.wm(V) is the eguilibrium distribution of velocities,
:The eguation is solved by R. and S. by making use of the
Fourief transform method which yields directlyvthe spéce—time
‘FOurie: transform of'the distribution function and whichAl?ads

~ to the following expression for the line profile:

(W dy
Re \)t\'r‘—i(w—ﬁ"kV)

AP Wy d v
1 \va ¥ 0= 1{w-b-ky)

I (W) =

';ﬂw

Since in thié case the line is symmetric about the frequeﬁcy JANIN
we may for simplicity discuss the shape of the préfile with
A= 0 (see section 3.4 for discussion bf line shift).i In
the case that [ and A are independent of v, the auto-
:correlation function is simply a product of the autOCOrfela—
" tion function associated with the doppler broadening and
~ collision broadening. -Since the "quenching" or radiation
damping of the>oscillanr corresponds to a simple expdnentialb
decay of the autocorreiation function, independently of the
motion or the collision processes, it can be simply takén
into account-by convolution in the spectrum. When the
doppler broadening and.tﬁe collision broadenihg are separated

e

~in the above expression,

‘ J Wvydv
v -i(w'-kv)

1-.
™ 1 -y Wiv)dv
¥V =1 (w-kv)

I (W) =f I;/Tt duw’ o Re
' N+ (wW-wy

- which is the convolution of a doppler profile and another



prbfile,‘ Thus the cdllision broadening contribution
‘cbhsiStS'simply of a Lofenté profile (we may add the effé¢t
of quenéhing to the width of this profile), and the doppler
broadéning‘consists of a more complex function in the
genéral.gxpression.‘VWe can treatfthe various limiting cases
of fhis function and théh find the effectbof collisioh
broadening upon it. Using the Maxwell diétribution of
b»,veloéities for wm(v), and in the first case taking \Q = 0
'(i;eo‘the initial velocities persist), I(wW ) simply reduces
to the conVOIUtion,of the doppler profile with the Lorentz
profile due to collision broadening. This is also the case
) when '>>Y for ¥ # 0. The width at half intensity for the
doppler profile is Aw = 2 Aw V 1n2. The detailed form of
the doppler broadening Contribution depénds on the magﬁitude
of ¥ relative to £&UOD, The ﬁaraméter Y is pfoportional
tovthé rate at which collisions take place in the gas. The
 propQr£iona1ity>constant depends on the néture of the
collisiqné; For strdng collisions during which the velocity
changes éonsiderably, it may be taken équal to the numbef of
collisiéns per second;‘ However, in weak céllisions there
may‘be'sevérél collisions before the velocity changes sub—.
stahtially;i In whatever mannerhvv is defined, it is reason-
able to assume that ¥ increases linearly with the deﬁsity of
vthe gasvso that at different densities the different forms of

the doppler profile\should become apparent.

»When\9>0’A¢$(A<dD = 0,025'cmfl for hydrogen),  the .



‘central part of the doppler profile (for w <<'92) takes on

the simple dispersion form,

. .

I, (W = — :
- ‘ _uﬁ v ¥al

i

- Lwy2
where Kd :: ———2-—?—'-"" °

~From this we can deduce a value for Y By noting that when
'fhe monoténe decreasing component of the line width in Fié. 17
is much less thén 00025 em™t al11 componénts of the profile
:are Lorentz profiles. This béing the case the total width of
the observed spectrum 1is éimply the sum of the widths of the
individual components. It is found from the observed data
that in the range from'Z to 3 amagat, 2Y¥a T .,006'cm_1 amagat.
It follows that, o |

Y - f%%%i en™t amagat'l°

o ﬁxp;eSsing va (the}characteristic time of velocity change) 
in térms of 1/¥yc, one finds: |

I

v

"

3.3 x 1070 sec amagat

This may be compared with the mean time between collisions
which is, : R

U = -6 x 10710 sec amagat.
Thus the correlation of velocity extends over about six

collisions. With this value for Y as a function of density

it can be seen that the assumption Y >>AWy is valid over the



éntire range of_aensities studied:in.this work. Rautian and
Sobel'man further ébserve that when VV>=’AU§ the profile is
expected to vary as 1/,4 in the.wings, as opposed to 1/q)2
for the dispersion profile. However, this w4 dependence

-4
occurs only for W>»Y . In the observed spectra the ) i

dependence should start at abhout 0.1 cm—l away from the

center of the profile.at l.aﬁagat density and this value
«increaseé linearly With density. This is too far rémoved

- from the center of the line to be studied, because the signél
to noisebrétio is not adeguate. It 1s expected then that

over the density range covered here, tﬁe line.profile should
be a dispersion profile. This is confirmed from a detailed
comparison such as is shown'in Fig. 21 applied to all spectral
lines obtained. 'These observations agree qualitatively with
predictiohs made by Gersten and Foley (1968) whereas the

tfeatment of Galatry (1961) is less applicable here.

The following is a list of collision broadening
coefficients obtained from the slope of the line width as a
function of density:

Ql(O) .003 cm—l/amagat

ot

Ql(l) .0021 cm—l/amagat

|+

-4
3 x.lO -

5 x 1072,

Ql(2) .0036

I+

Ql(3) °QQSS



4, Conclusions

The infrared absorption spectfum of hydrogen'§as
in a sﬁatic electric field Has been investigated at high
resolution using an.interferometric method. More‘precise
frequehcies have been obtained than those reported in the
1i£erature; which has permitted the evaluation of iméroved
moleculér constants. The pheﬁomenon of collisional line
broadeﬁing was obsérved and was studiéd in some detail. It
was possible to compare tﬁe measurements with recent theoretical
prédictions° From the intensities of the induced lines it
was possible to deduce values for the matrix element of the
polerizability of hydrogen. The value obtained is higher
than previéusly reported values, and this 1is attributed\fo

our more accurate measurement of the line profiles,

‘The épectra obtained using the interferometer have
beén of good guality, being given ~the high resolution at thch
the measurements have been made. HNevertheless, the signal
to noise ratio in the spectra has.been péorer than one migﬁt
have expected, and fhe réason for this has not been unambiguoué—
iy established,‘ Iﬁ probably has Lodowith dynamical character;
istics of the detectér under strong illumination of the
.inevitably large flux in tﬁe continuous background spectrpm;

there has not been time to investigate this point thoroughly.

In order to improve the precision of the frequency

determinations in future experiments using this apparatus,



»éeveral médifications should be carried out. The most

obvious one is the inétallation of the éntire optical path

in a vacuum chamber. The second is the adoption of a servo
'cohtrol bn tﬁe iaser used as a frequency reference. It is
.éieaf; furthermore, that the laser actually used sﬁou1d>be
calibrated‘against a standard, because thefe are small differ~
énces in the frequency from laser to laser. Lastly; a more
precise scanning mechanism should be ccnstructed for the
"interferometer to reduce the speed fluctuations of the moving

mirrors.

This work can obviously be extended to other homo-
nuclear diatomic molecules such as Dy, N, and 0201 It would
also be of interest to méasure-the weak allowed rotation-
vibration spectrum of HD. In addition, some further work
remains to be done with.H2 itself, particularly measurements
at densities below 1 amagat. Also‘it wouid be of interest to
‘measure the spectrﬁm of‘pure parahydrogen, because one,hight
éxpect that the collisional broadening woﬁld be slightly

less pronounced.

If -these investigations are carried out, some furthe:
'workjshould'be done on the muitiﬁle pass White cell, which in
the form described in the thesis did not réally live up to
our expectations. In particular,the gap between the

electrodes is too lafge for the power supplies available, and

1

it was difficult to attain adequately_l‘rje field strengths,
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"APPENDIX

Determination of the matrix elements of the components of

the induced dipole moment between different rotational states.

»We define a coofdinate.system (x'y'z') fixed with
»respect to the molecgle‘and with the z' axis parallel to the
internucleér axis. In the (x'y'z') system the components of
the dipole moments are related tb the field components via‘
"é diagonal polarizability matrix consisting of the principal

' polarizabilities of the hydrogen molecule,

By <y 0 B

)‘lyv = d‘.L Y:‘Yv
. . o .
B,y 0 W £,

The components of the dipole moment in a laboratory fixed
frame (xyz) may be obtained using the rotation matrix
R(oty Py ), <, B LY being the Euler angles of a rotation which

carries (xyz) into(x'y'z'). We find,

25 o, 0 EX
¥ = R }oq r~1 E
Y S Y
oy -
},lz. 0 i . E,
- where
R (B, %) = [cosx sine O\ [cosp O sinp ' cosf  siny 0
-sino cosoe O 0 1 0. | [-siny ~ cosy O

0 0 1 4sinp 0 cos Py 0 ‘Q‘

Tk



Since we require the matrix elements of the induced dipole
moment between wave functions consisting of spherical
~harmonics, it is more convenient to express the components

of the dipole moment in the set of spherical basig vectors:

P—l\ N 2, ' ‘ 1 0 1
.p N - vt M where U = = | i 0 -i
O N el B _
Pq o\, o o 0

From this it follows that,

Py Ay 0 E—l
-1 -1 -1
= R . R
U }ly U X I U EO
»Pz : 0 oy ‘ \El

It is also cuétomary tovexpress the diagonalized polarizab-
ility matrix in two parts: the isotropic polarizability and
the anisotropic polarizability:

ol 0\ : i 1 0 {-l 0

: (2% - o, X
1 N 11 1
= = ( ; ) 1 +( )‘

o o/ . . \o 1 _',\o 2}

t

where X i's the isotropic polarizability and where g is the

aniéotropY'of the polarizability° We note that U—lR U = Dl_

(A,R,¥) and U‘RU"l - p? .'(o()fia)zg_ )T hence,



' / 1,. - - _

By j =} By + §/3 D (o, ) U . ol UDl(d)?ﬂs) Eq
\}H. ‘El 2 El
where

A -1 -1
-1

U -1 U = P
\ ”1}
' 1

-1 .
Then evaluati pl (« ) 2 DT (A LI ¢
hen evaluating N BUR )@)K from an

PO

expression for D7 glven by Tinkham it is seen that X appears
. R . . —iK ig ’ .

only in expressions like e ¥oe = 1, and the resulting

functions of o4 and F can be written as spherical Harmonics

of order 2. Hence,

P_1 E1 2,0 T By, 4 -Vev, ,\/E,
_ - K M__ = ' | » v IS ;

Po =1 Eg RV |13 Y, 2 Y5 0 \3 fz,—i/ Eo

M1 By & ¥, 5 - E Yoo1 — Yoo/ \E3

It is always possible to choose the xyz coordinate system

such that E E Then the compeonents of the dipole moments

i
L
(@]
Q

are:

-¥ ATC J’”
Moy T T3 5 Yp,.1 V3 Fg

PSR S £ <
Bo =By + 3 V5= ¥ o 2 Eg

il
w
n

. —K .:—-:1:’} N ’ —
, ’ ; 4 . .
M T 3~\J_§_~ f2,1 ¢3 Lo

We must now evaluate the matrix elements for these

components of the induced dipole moment in the direction of



the electric field of the incident radiation. In ali'the_
work presented here, the incident light was plane polarized

parallel to the static field. Thus we reguire,

BRGNS N E R G R R
The»first term on thé right hand Sidé equals K E 5JJ, élnm'°
The éecond term can be evaluated by making use of the Wigner-
Eékért theorem which allows us to express these matrix
‘eleménts as a product of thelappropriate Clebsch-Gordan
:coefficient and a "reduced matrix element" which is independent
of m and m'. We find the following explicit expression for
the reduced matrix elément in terms of a C-G coefficient and

~

a J dependent facﬁor,

'm c 2 471 (2J'+1) %

: . m - » — S ————— L ————+ .

Po 3vg =t EoOqigbuim * 3 V5 Eo (47r(2J+1)>_ €(3723;000)
x C(J'2J; m?Om);

From-thié it is aﬁparent that we have the selection rules
ﬁ"=vm, J'.= J for the isotropic contribution and

| J-21< J' <€ J+2 for the anisofropic contribution. Also
C(J'ZJ;OOO) is zero when J' = JX1 so that J' = J or Ji2

and J' = 0 to J = 0 is not allowéd for the anisotropic part.



