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I. INTRODUCTION

Molecular hydrogen occupies a unique niche in molecular physics due to
it's simple electronic stucture and it's low molecular weight and concomitant
large isotope effect. It has been an important model system for many
theoretical calculations as well as experimental techniques. Because it is
the most abundant molecule in the universe, it has served as an important
celestial probe. Molecular hydrogen also is important in the practical sense,
being used in major industrial processes, suggested as a storage medium for
energy, is a major participant in combustion proceses, and is used in fusion

energy experiments as well as fusion weapons.

Among the many applications of the spectroscopy of molecular hydrogen
lies accurate temperature determinations at high temperatures using rotatioﬁal
and vibrational Raman intensities. In order for accurate temperatures to be
determined more information was needed on the rotational dependence of the
Raman cross section. A complete survey of the Raman cross section using all
six of the isotopomers of molecular hydrogen was undertaken at Los Alamos
National Laboratory because of the ability to handle tritium. A state of the
art gas phase Raman spectrometer was assembled taking advantage of recent
advances in laseré and microprocessor controlled data acqﬁisition. Survey
experiments indicated that line positions as wéll as Raman cross sections

should be investigated. 1Interest in Raman cross sections and line positions



led to accurate ab initio calculations of these quantities by Cafey Schwartz
and Robert J. LeRoy at the University of Waterloo for all of the isotopomers

of hydrogenl.

The basic reéearch results, both experimental and theoretical, on Raman
cross sections and line positions were applied to the problem of accurate
temperature determinations at room temperature. The results'of this work o
- indicate that pure rotational Raman intensities are well understood, but have
raised questions, still uﬁansﬁered, about our understanding of vibrational

Raman intensities. There appears to be no method that allows one to calculate

accurate number densities from Q-branch Raman intensities.

This monograph describes the state of the art Raman spectroscopy
apparatus in detaii aﬁd reports results on Raman line positions, cross
. sections, and temperature determinations in gas phase hydrogen. In all cases
£he results indicate that additional research should be considered using the
unique capabilities of Los Alamos National Laboratory in both tritium handling
and high resolution spectroscopy. The results are extremély encouraging to
the application of spontaneous Réman spectroscopy_for temperature

determinations and gas phase isotopic analysis.
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I1. EXPERIMENTAL APPARATUS

IIa. Introduction

The experimental appafatus consists of a Spectra-Physics 171-18 UV Ar+
laser with an external cavity, collection optics, a Spex 1403 double mono-

chromator of £/7.8 with holographic gratings, a RCA C31034A photomultiplier

tube with photon-counting discriminator and a Spex Datamate microprocessor

controlled data acquisition system. A description of each component of the

experimental apparatus follows, along with calibration procedures and design

considerations where appropriate.

" IIb. External Cavity

The external cavity contains two lenses which focus the beam in the
scattering region and recollimates the‘beam for the retroreflecting mirror.
The ends of the external cavity ére the output coupler of‘the laser and the
retroreflecting mirror. The two lenses are adjusted for maximum power where
présumably the wavefront of the retroreflected beam closely matches the
wavefront of the beambleaving the laser at the output coupler. The
characteristics of the elements in the external cavity are determined by the
optical charactefistics of the double monochromator and the collection
optics. The focal length of the two lenses was chosen tovpptimize the amount
of scattered light reaching the photomultipliér tube. The f/# of the
monochromator is determined by the siée of the grating (110 mm x 110 mm) and
the focal length of the first collimating mirror (f.1. = 850 mm),

f/# = £.1. / diameter = 850mm / 110mm = 7.73; which is reasonably close (see



Fig. I). 'Assuming a Sd ﬁﬁ diameter cogaé;siﬁg lens asva reésonably eaéy lens
to-attain, the focal length is given by tﬁe f/# of the monochromator and the.
diameter; f.1. = diameter k f/# = 50mm x 7.8 = 390 mm. A shorter focal lengtﬁ
lens will overfill the grating whereas a longer focal length lens will
underfill the grating. Using the shortest focal length, smallest f/# aspheric
:1en§ availéble'commercially (from Melles Griot) for a collection lens, the
length of the béam sampled can be calculated. A 50 mm diameter, 35 mm focal Q¢
length aspheric collectidn lens from Helles‘Griot was choseﬁ. The image

magnification of the scattering region on the slits of the monochromator is

given by the ratio of the collection lens focal length to the condensing lens

focal length; magnification = 390_mm / 35 mm = 11. Using a slit height of 20

mh the height of the beam waist imaged on the slits is given by h(beam waist)

= h(sliﬁ) / mag; h(beam waist) = 20.mm / 11 = 1.8 mm. Taking the optimum

condition to be where the height of the beam waist to be imaged on the slits

is twice the Rayleigh length of a focused Gaussian wavefront, the beam waist

radius, wg, can be calculated; wg = E§£E where 2Z,. = 1.8mm and

L = 488.0 nm, wy = 0.0118 mm or 11.8 microns. This gives an image width on the

slits of 2 x 11.8 x 11 (beam diameter x magnification) = 260 microns, which is
a reasonable slit width to work at. The focal length of the external cavity

lenses was calculated from the beam waist, @q and the Ar+ beam diameter given

in the specifications by assuming the size of the beam on the lenses is the same

as the 1/e2 radius (see Fig. II). wy = ;ﬁf where w, = 1.58mm (from Spectra- -

WzTW0. ¢.1. = (0.0118mm x o x 1.58mm / 2) . 6¢0mm.
L 488 x 107°mm

This last procedure is not strictly correct because of the divergence of the

Physics literature). 2 = f.1. =

laser, but it is not a bad approximatibn; The final external cavity/collection
optics system is shown in Fig. III. The only change in this system was that

the 35 mm asperic did not work as well as the camera lens of unknown focal

4



length and £/# (nominally f.1. = 50 mm and f/1.5) which is currently being
used. The total volume from which light is collected is

3. 'The total number of molecules

(1.8mm) x # x (0.0118mm)% = 7.9 x 10 em™
being interrogated in this volumne at 500 Torr is (500/760»atm) X 2.48 x 1019
molecules atmosphere_l em™> x 7.9 x 1077 emd - 1;29 x 1013 molecules,

at a detection limit of 10 Ppm thé total ﬁumbe: of molecules needed for
detection is 1.3 x 108. The spherical mirror of radius 35mm and diameter

50mm is matched to the original 35mm‘f.l. léns,and is more than is needed for v

the current collection lens. The increase in collected light was typically

x1.8 rather than the expected x2.0 when using the spherical mirror.

To align the external cavity the two lenses afe removed from the beam;-
The two beam directing mirrors are uséd to align the beam so that it is
vertical (parallel to the input slits of the monochromator), in ﬁhe center of
the retroreflecting mirror, and well centered on the line formed from the
center of.the collimating mirror to the slits of the monochromator. The
retroréflecting mirrof‘is thgn used to redirect the beam back to the outpu£
coupler. Fine adjustments are made with‘the laser turned to a minimum current
and maximising the signal on the iasér power meter. The first lens (that is
thé lens closest to the Laser in the optical patﬁ) is‘aligned by centéring the
expanded beam on the retroreflecting mirror. The second lens ié.thén aligned
to center the reflectéd beam on the output coupler. Fine adjustment of the
external cavity is done using the double micrometers on the retroreflecting
mirror and the micrometers on the lenses (for optimal spacing between the
lenses) to maximise the power at the laser power meter. If the sample cell is
not present the spacing bétween the lenses is a few millimeters shorter than

when the sample cell is.in place, due to the difference in effective path



length between the lenses céused by the sample cell windows. This effect can
be rigorously calculated. When the laser is operating at high power the
external cavity must be fine tuned again, probably due to changes in the
external cavity from heating of the optical elements and mounts by the high
power laser beam. The external cavity takes about an hour to stabilize at

high power. Y

The power in the external cavity is monitored using the Spectra-Physics
171 power meter. Because of the high powers in the external cavity a gléss
neutral density filter was placed between the power meter photodiode and the
pickoff. The transmission of the neutral density filter was measured two
ways. First the Coherent power meter was used £o measure the Ar+ beam
without the external cavity while the Spectra-Physics power meter was used to
measure the Ar+ beam with the neutral density filter in place. This gave a
factor of about.7.8 by which the Spectra-Physics power meter was éttenuated.
This factor wés»constant over the range of poweré that the Ar+ laser could
attain without the external cavity, from less than 0.1 Watt up to 7 Watts,
‘The best power observed with the neutral density filter in place was about 12
Watts or a calculated total §OWer of 12 Watts x 7.8 x 2 = 187 Watts
circulating in the external cavity. The factor of two is used because the
pickoff is selective to light leaving the output coufler whereas the light at
the scattering regidn is propagating in both directions. The neutral density
filter tends to crack due to heating, giving high readings. With the neutral
density filter removed the highest possible reading on the Spectra-Physics
power meter is 30 Watts. It was difficult to obtain a circulating power of 60
Watts without the neutral density filter in place, so a second calibration was

devised. Using the external cavity, the power was measured both with the
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neutral density filter in place and removed. The ratio of the two readings
gave a constant value of nominally 7.8 uﬁ to a power of 10 Watts, at which
point the ratio decreased linearly to a factor of 6 at 30 Watts. A
relationship was fit to the observed data and the experiﬁental results are
shown in Fig. IV:

P(actual) = 9-14 P meaiuregeggure ) o

Thus at 12 Watt(measured,ND), P(actual) = 48 Watts with 96 Watts circulating.
Recently the external cavity was always measured without the Nb filter. The
failure of the ND filter at high péwers might be due to saturation. .However
when using the Spectra-Physics power meter to determine the power in the
external cavity, one assumes the proportion of iight directed to the power

meter from the laser beam is constant. The proportion of light directed to

the power meter depends upon the polarization as the pick off is near

Brewster's angle for vertically polarized light. The external cavity tends to

 depolarize the beam which would cause a high reading by the power meter. By

using a beam splitter in the external cavity oriented close to perpendicular
with just enough horizontal angular offset to provide a beam for a homebuilt,
calibrated power meter, the.effect of depolarization could be checked. It was
found that the Spectra-Physics power meter was giving a correct reading, but
this could bear checking again. In summary, the power in the external cavity
is best measured directly on the Spectra-Physics power meter without
attenuation with a ND filte;. This measurement gives a reliable figure as to
the power in the external cavity and must be multiplied by 2 to give the

circulating power in the scattering region.



IIc. Sample Cell

The final element of the optical train is the sample cell, which must be
designed with both optical and tritium céntainment considerations. The
tritium containment considerations are small volume and no elastomers. The
original cell design had Brewster angle windows with indium o-rings. Indium
Seals to glass quite well, in fact wetting the glass, with a small amount of
force. With this cell very intense reflections from the Brewster angle
windows were observed. Using a nearly perpendicular beam splitter in the
external cavity, the polarization was checked and found to be partially
depolarized. The cause of the depolarization was néver determined but one
possibility is strain induced birefringence in the Brewster angle windows due
to the force necessary to seal the metal o-rings. Other metals used as
o-rings were gold and a lead/tin allow called Staybright which was obtained
from vacuum repair. The gold was not ductile enough and tended to crack the
windows. The Staybright seemed to be the best material because it was almost
as soft as indium, but did not wet the windows. The indium gripped the
windows so tightly that at room temperature the windows would break rather
than come out. By heating the cell the windows could be removed intact. The
indium on the windows was difficult to remove and inhibited proper cleaning of
the windows for re-use. Because of the depolarization of the beam and the
presence of the Brewster angles, the maximum power in the external cavity
rarely exceeded a factor of 2 above the normal output of the laser. A new
cell was designed with windows normal to the beam and AR coated. The AR
coating is broadband and good for about .1% reflection. The cell was designed
for a small volume by using a small bore for the laser beam with observing

windows as close to the beam as possible. The cell is shown in Fig. V. Other
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possibilities are to use Brewster angle cells with rubber o-rings (to minimize
strain induced birefringence) for work with H and D. Or one can use indium
and discard the entire cell when the windows are too dirty to use; cleaning
windows wetted by indium is practically impossible and the added hazard of
tritium contamination makes it highly undesirable. The entire cell is black
anodized to minimize reflections. The black anodization must be removed where
the o-rings seal as it is full of small holes and cracks. The mechanism by
which the cell windows get dirty_is not entirely understood, however it has to
do with the high laser powers at the windows. It results in a rather bluish
looking deposit usually (maybe élways) on the inside of the cell, possibly due
to the laser striking the side of the inside of the cell, and is almost
impossible to clean. It is probably responsible for most of the losses within
the external cavity. The cell is kinematically mounted to translators which
allow thé cell to be positioned so that unblemished cell window surfaces
transmit the laser beam. The cell, which is currently constructed of
aluminum, could be made of stainless steel. It is rumored that there are
black surface coatings for stainless steel which are less reflective and not
as porous as aluminum black anodization. All of the cell windows were ordered
from Melles Griot with Hebbar coatings. The cell windows, as well as the
external cavity lenses, tend to fluoresce orange. Using quartz does not seem
to alleviate this problem. When tritium is used special precautions are
instituted. The cell filled with tritium is always stored overnight in the
tritium facility. To carry the cell from the tritium facility to the lab a
special carrying container with two valved ports and a tie-down for the cell
is used. The cell is never filled to or above local atmospheric pressure with
tritium. The valved ports on the carrying container are used to sweep air

through the container and into a tritium monitor. Every cell "leaks" tritium



to some extent, possibly due to permeation thfough the cell body, o-rings, and
windows. By leaving the cell in the closed container overnight and checking
the amount of tritium leaked into the container or by flowing the exhaust of a
triﬁium monitor back into the container the leak rate of the cell can be
determined. For one cell on which both measurements were made the leak rate
was about 2 microCuries per hour. If the cell is left in the carrying
container overnight the outside of the cell is permanently contaminated. The
carrying container is typically pumped out through a tritium monitor each
morning. The exhaust for the tritium monitor is terminated in a tritium

hood. The tritium level will decreasé rapidly at first, following a kind of
exponential decay. It takes about 0.5 hour to get to about 30 microCuriesvper
meter3 at which point it is considered to be not leaking and quite safe for
transport and use in the Raman lab. A tritium monitor on the exhaust tube
from the laser table to the hood constantly monitors the cell for catastrophic
failure. Rubber gloves are always used to handle the tritium containing

cell. There has never been any problems with the tritium cells.
IId. Detector

The detector is a RCA C31034A photomultiplier tube specially selected by
RCA for low dark countl The Spex Datamate collects the signal using a Spex
discriminator and counter. The count rate was kept below 106 as the
response at higher count rates is non-linear and there is a possibility of
damage to the photomultiplier tube at higher count rates. The tube was run at
1440 V, which was the voltage on the original specifications card from RCA.
No attempt to optimiée ihe voltage was made. The discriminator setting was

optimised in the following manner. A strong signal from one of the Oriel
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spectral 1amps was incident upon the photomultiplief tube. For each 1/4 turn
on the discriminator a signal count éﬁd a dark count (taken by closing the
shutter into the double monochromator) was taken and ratioed. The S/ﬁ ratio
was graphed versus the discriminator setﬁing; The resdlts are given in Fig.
VI. The rapid rise is due to stable largé signals with a decreasing large
noise. The small plateau region is where the discriminator was set. Recently
the signal has been decreasing and it Qas found that the discriminator level

was no longer optimum. The reason could be a lower amplification by the PMT

“indicating that it is starting to wear out. The best Raman signals are

typically 2 X 10S cps with a background of about 10. The dark count should

. be about 2-4 cps. Occasionally the PMT houéing should be warmed up and the

water that is condensed on the PMT and the window should be cleaned.ﬁp. The
window has a lens built in with two pbssible orientations as showﬁ in Fig.
VII. The original position was as in (a), but it is not obvious thét_either
position is_better; It is'cﬁfrehtly positioned as in jb). Whén the PMT is
cooling baék down the cooler power supply tends to blow fuses éﬁd should be
periédically checkéd. The PMT housing is usually opérated at -50 °C on the
cooler power supply. The dark count versus temperature is as expected from
RCA and PRA brdchures. There is no reason to believe that the temperature is

not -50 °C although this has not been specifically measured.

IIe. CGCooler
The laser is cooled using a Neslab recirculating cooler which keeps the

input water temperature constant at about 20°C, adjustable on the control unit

above the laser power supply. This unit uses deionizéd water and dumps heat
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into the bqilding's cooling watér loop. The deionized water reservoir is open
to the atmosphefe and is subject to evaporation. Deionized water needs to
.periodically be added. The unit is in the basgmént below the lab. A water
pressure of 70 psi is maintained at the laser, read off the meter near the
control box. This pressure can be adjusted with a valve on the cooling unit.
When the unit is shut off all of the water drains ddwnstairs and it takes

about a minute to flush the air out when it is turned on again.
IIf. Intensity Calibration

.The intensity calibration uses a NBS traceable calibration lamp from
- Optronics Laboratories. The lampvis-calibrated in ébsolute photon flux when
plgced at 50 cm from the detector and operated wiih a fixed 6.50 amp current.
The lamp filament is a coiled-coil tungsteﬁ filament, currently considered
‘more accurate then the flat ribbon‘tungsten filaments used previouslyz. .Two
methods were used to insure the proper current was applied to the lamp. . First
a series of precision resistors were calibrated relative to one another to
check‘consistency of their calibration. This was done by applying a constant
voltage across themvin series and measuring the voltage drop across each of
them using an HP au£oraﬁgihg voltmeter. The voltagé measurement is qgite
accﬁrate. The ratio of the voltage drops across the precision resistors were
compared to the ratio of the resistances and Qere-found to be quite accurate.
A high current nominally 1 ohm precision resistor was used in series with the
lamp to measure the lamp cufrent. A high-current étable- voltage power supply
was used to suppiy the current. The péwer supply had a feedback looﬁ to
stabilize the voltage. The circuit is showﬁ in Fig. VIII. As the lamp heats

up its resistance changes so the power supply was

12



continually adjusted to keep the Voltage.across the'precision resistor
constant. The second method was based upon a ﬁe&.HP c&nstant—cufrent/constént-
voltage power supply. The unit was opefated in constant-current mode at 6.50
amps. This power suﬁply was checked using the precision resistbr and was
found to be accurate within specifications. There are two sets of terminals
on the precision resistor; one set for the voltage input and one set fdr
voltage measurement. The lamp has a limited lifetime before recalibration
needs to be considered, both in operating time and actual time. The 1émp
output has oscillations in intensity as a functioﬂ of frequency for small
changes in frequency, shown in Fig. IX. The oscillations apparantly are due
to interference on the photomultiplier's photocathode between rays of light
originating from the filament and passing into the spectrometer either
immediately or after being reflected by the outside quartz envelope of the
lamp. Thé magnitude of the oscillations are about 1% of the total intensity
and therefore are important for accuratg intensity calibration. The period is

independent of other optical elements within the light's path such as lenses,

- windows, and filters. Reducing the overall intensity by a factor of 1Q with

an ND1 filter does not affect the period or the relative intensity which
remains at 1% of the total intensity. A bandpass filter of a few nanometers
does not affect the oscillations within the pass ﬁand. Shifting the relative
orientation of the calibration lamp significantly shifts the period of the
oscillations but not the reiétive intensity, indicating that the rays entering
the spectrometer are now coming from a different part of the lamp's envelope.
The periods observed ranged from 1.3 cm—1 to 2.2 cm_1 depending upon lamp
orientation. Using év = 1/2d, the free spectral rangé for an ‘etalon, the
separation between filament and envelope would range from 2.3 mm to 3.8 mm,

the measured distance being about 3 mm. This etaloning effect was

13



a surpriée to the manﬁfactuferé'bflthe lamp and to my knowledge has not been

reported previously. Moét applications of tﬁis lamp have bandpasses large

enough to average out the quillatioﬁs, i;e;.any spectrometer with‘a

resolution greater than 2 cﬁﬂl (0.05 nm) will be insensitive to these

oscillations. The noise imposed upon the oscillations was about .1% which is

within the needed gd;erances, For:actﬁél calibration pufposes the slit width \
was increased to a resolution greater than 2 cmf;.

The calibration that comes with the lamp has iniensities (W cm"2 nm—l)
spaced far aparﬁ in wavelength and are not usefﬁl,asvis for calibration of two
close waﬁelengths; Rather'than'éxtrapolating or'fitting the points to some
arbitrary poljnpmial fop iﬁterpolation, the known blackbody radiation eéuation
was used with a'single parametér, T; The caliﬁrated intensities were compared
to intensities'usingvthis.equatioﬁ‘and the temperature with the best fit was
selected. ’Iptensities for any wavelength, aperture, and bandﬁass could then

be calculated using the blackbody radiation equation:

-2 2 5 1 issivi E . 2
I(v,T) 2 7h g y (exp(hcv]'kT) —~ 1) x Emlss;v1ty (v? (2)

'The emissivity data of De Vosz; accepted as the most accurate

3,4,5

determination , was fit to a polynomial in wavenumber for a temperature

of 2800°K:

‘ . o 3 7 11
Emissivity(v) = -51803 - 1.9085 x 10” + 1.8335 x 10° - 1.616§ x 1000 . (3) ..
v v v

The proéédure_ﬁsed found the absolute intensities at.the wavelengths for which
the lamp was calibr#ted for a series of temperatures differing by 1 °K. The
iemperature for which‘the relative deviations over the set of wavelengths was
smallest was chosen as the temperature of the lamp filament. The present

lamp, L-310, had a best temperature of T=2923 °K. This temperature was used

14



along with the emissivity of De Vos3 to calculate the photon flux within a

bandwidth determined by the spectrometer for calibfatibn of the-épectrometer:

1 = 2,3 __Emissivity (v) y SR
(v) =2 whc? 3 gy Fexp s /‘k¥712‘1) K O

where I(v) is in Watts cm"2 and T=2923°K. The spectrometer bandwidth,
v, is a function of slit width and was determined from measuring the FWHM
of spectral lines across a wide frequency range, for slit widths of

300-400-400-300 microns. The measured set of FWHM was fit to a polynomial:

Sv=AvZ+BV . (5)
where A = 1.257 x 10"8 ecm and B = -5.5198 x 10_5. The calibration of the
spectrometer will only be good if the slits are at the same settings. For
relative intensities other slit widths can be used as the bandwidth is linear
with regard to the slitwidth and the linear multiplier will cancel out. The

response function of the optical system and spectrometer is given by:

R(v) = Iy(v) exp(hcv / kT) - 1 . : o
' 27 ¢ v2 §v Emissivity (v)

where Io(v) is iﬁ photons sec_l and is the measured quantity. There are

two convenient ways to measure intensities using the digital data collection
of the Datamate,‘first tovintegrate the peak and secondly to measure the peak
intensity. 1In bothvmethods the background‘must be subtracted by either
subtracting an integrated background or by subtracting an average background.

The two methods are illustrated in Fig. X.

Method I is easy to implement digitally and has the advantage of having

‘more total counts. The drawback is that for two different frequencies the

linewidth of the spectrometer must be accurately taken into account a second
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time. Method II, also easy to implement digitally, has the advantage that the

linewidth is not needed a second time.

Method I was used for the first data that was taken on relative line
intensities. The scatter in the data was poor, and at that time the
polarization was not properly accounted for. All of the initial data on H_,

2

02 and T2 was disregarded because of these difficulties.

Method II was adopted for the final data on H, intensities and for use

2
in all analytical determinations. Because it is sensitive to peak heights,
two adjacent peaks'whichvoverlap_slightly, which makes it difficult to obtain
accuratevnumbers using method I, can be readily compared’using method II.

R(v) as calculated above can be applied directly to the measured intensity,

Imeas(v)’ to give the corrected intensity:

Teorr(v) = Ipeas(V) / R(v) . . (7)

The timevdependence of the spectrometer response function was checked by
ratioing two sets of éalibration.respoﬁse fﬁnctions, R(v), taken at
different times. Because the absolute response function is very dependent on
the exact placement of the lamp, the ratio was not one, but rather about
0.98. For a frequency range of greater than 1000 cm—'1 the ratio varied by
about 1%. Within any small frequéncy range the RMS value would be around

0.25%.

Because of the etaloning of the calibration lamp, the spectrometer
response function at abparticular wavelength was found by fitting to a
straight line 20 individual measurements, 10 at higher frequency and 10 at
lower frequéncy,‘and calculéting.R(v) ffom the parameters of that straight

line. This pfocedure was checked using a graphical technique to determine
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R(v) and was found to be quite good. The differences between the linear
regression and the graphical technique were léss,than 0.06% for all pairs of
lines for H2. The wavelength error, or the sldée;kwas féund to.be |
0.007% / SO em 2, that is going 50 em™! from the line R(v) changed by

0.007% at the slope minimum and 0.2% at the slope maximum.

- IIg. Polarization

All previous publications concerning Raman intenéities in H2 have
neglected the effect of polarization. The scattered Raman light is highly
polarized, which has been widely recognized of course, but the investigations
concerning the effect of centrifugal distortion on the Raman éross section
have used unpolarized light for the spectrometer response function and have
made no attempt to de-polarize the Raman scatﬁered light, or have used the
Raman light itself for calibration. The effect of polarization on the
throughput of the spectrometer can be approximated by looking at the
efficiencies of the gratings for light polarized perpendicular and parrallel
to the grooves on the grating as a function of wavelength. The effect is
quite dramatic, the raﬁio of inténsities for perpendicular to parrallel
polarization can range from greater than 50 to less then 0.001 depending on
the wavelength, a range of greater than four orders of magnitude. The
measured and calculated spectroﬁeter efficiencies are shown in Fig. XI and the
ratio of perpendicular to parréllel response calculated from measured
efficiencies are shown in Fig. XII1. The accepted method to deal with
polarized light is to use a de-polarizer purchased from Spex. The device is a
piece of wedged quartz cut so that the oétical axis is perpendicular to the

light path (i.e. parrallel to the face). The polarization of the light is

rotated as it traverses the crystal, and rotated different amounts depending
17 ‘



upon the thickness of the crystal the light traverses. A simple drawing of a
typical de-polarizer is shown in Fig. XIII. Using a polarized HeNe in the
experimental arrangement shown in Fig. XIV it was found that the polarization

rotated by 180° about 4 times over the height of the depolarizer.

Four rotations of the polarization is not enough to adequately
de-polarize Raman light for intensity measurements accurate to 1%. Using a
good Glan-Thompson prism polarizer, extinction ratio < 10-5, the intensity
as a function of the angular position of the polarizer was determined for a
Raman line. The de—p&larizer was then placedvbefore the polarizer and the
intensity versus angle was redetermined. With the de-polarizer, if it worked
as it should, the result would be a flat line. The results are shown in Fig.
XV. The de-polarizer helps but it is far from adequate. Y could find no
other device that de-polarized light without a large drop in throughput.
Because the Raman light is mostly polarized in the direction for maximum
throughput, it was decided that a good Glan-Thompson prism polarizer would be
used both to collect data and to calibrate the spectrometer. The spectrometer
response function in this case can still be directly applied to the measured

intensity as before.
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III. LINE POSITIONS -

IIIa. Introduction

The study of line positions yields a wealth of information concerning a
molecule. Accurate transition frequencies are used to identify a molecule
from it's spectra, the reduction of transition frequencies to a set of
ﬁolecular constants provides a shorthand method.for the spectroscopist to

tabulate transition frequencies, the set of molecular constants are related ﬁo

the potential energy well of the molecule and can be used to calculate the

potential energy well, theoretical calculations of eﬁergy levels can be
compared to experimental transition fréquencies to test theofetical models,
and isotopic shifts can be examinea to further‘test the theoretical models.
For the hydrogen molecule all.of these uses of line positionsbacquire
additional importance because molecular hydrogen is the ;implest molecule,
amenable to extremely'accﬁrate ab_initio calcu;ations,‘and possesses the

largest isotope shift of any molecule.

There exists an immense literature concerning line positions of the
hydrogen molecule,‘both theoretical and experimentél. Recent advances in
spectroscopic instrumentation have resulted in extremely accurate line
positions for many transitions in H2 énd some transitions in HD and D2.
The experimental results for the tritium containing isotopomers however is
sparse and has not reflected the advancés in instrumentation, with line

positions being less accurate by two to three orders of magnitude. Coupled

with the advances in experiment there have been advances in theoretical
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calculations which yield energy levels from which line positions can be
calculated and compared to experiment. Theoretical line positions are in
excellant agreement with the recent experimental results for the non—tritiﬁm
containing molecules. There is no way as yet to accurately test the ab initio
results for the tritium containing molecules. I shall try to summarize the
advances and results in both areas and show where these results support both

recent experiments and theory.

Molecular constants are used to calculate rotational and vibrational
energies of a molecule, and there are a number of different formulations.

Rotational energies are given by an expansion in J(J+1):

Ey(J) = By J(J+1) — Dy [J(J + D12 + Hy [JT + I3 + Ly [3@ + 1I4....(®)

where v is the vibrational quantum number of the vibrational level that the
rotational state 6ccupies. Each vibrational level has it's own set of B, D,

H, L.... . The B, D, H, L.... can be expanded in v + 1/2 about the

equilibrium internuclear distance value:

1 1.2 '
BV = Be - Ge(V + '2-) + Ye(v + 5) IO (9)
1 1.2
= pos =)+ ..., 0
Dv De+Be(v+2)+6e(v+2)+ (10)
H =H + ..... (11)
v e

When only thé ground vibrational state (v=0) is observed Bo’ Do’ Ho cees

are usually reported. When Q-branch spectra are observed as well then either

, B, 8 , .... are reported,

.. and/or Be’ s Yoo D e e

B ,-Bl, Do, Dl’ Ho, H e

(o] 1

the latter especially when the observations include many vibrational levels.

From Be the equilibrium internuclear distance, s can be determined.
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The vibrational seperation observed in Ql(O) can be reported as Vo1

or, if more than one vibrational level is observed, the vibrational energies

can be expanded around v + %:

G(v) = w, (v + %) - o, X

1.2 ' 1.3
o (v + 5) + CRA (v + 5) ..... (12)

G(v) represents the vibrational energy above the bottom of the potential
energy well. For v=0 this energy is called the zero point energy and is given

by:

G(0) = o - Lo x

3% T Z%eXe' " (13)

All of these constants are contained in Dunham's formulation which
represents the total energy of any rotational-vibrational level above the
bottom of the potential energy well as:

E(v,J) = Y, v+ DY e . (14)
L,k ’

Noté that Be ~ etc. Within the literature one

¥5,1° Pe ~ ¥5,2° “e ~ Y10

encounters all of these formulations of molecular constants.

For molecular hydrogen it is particularly difficult to develop a reliable
set of molecular constants for a variety of reasons. First of all the light
weight of hydrogen requires that the rotational and vibrational constants,
which are inversely proportional to powers of the reduced mass (mlmzl{m1+m2})
and the square root of the reduced mass respectively, are quite large relative
to other diatomic molecules. This means that more constants are needed for
accurate calculations. For instance the rotational coﬁstant, Be’ for H2
(60.853) is 42 times larger than the rotational constant of 02 (1.44563).
Secondly, the large rotational constant means that very few rotational levels
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are observed, up to J=6 for room temperature H2 versus up to J=100 for room

| temperature ;2. Finally the potential well of molecular hydrogen is

extremely anharmonic requiring many molecular ponstants for accurate results.
All of these factors, along with the unsatisfying mathematical formulation for
molecular constants, make extrapolation to rotational levels beyond the
observed rotational levels dangerous at best. For instance in one paper whére
J=0 to 5 were observed for pure rotation to 0.001 cm_1 accuracy, two sets of
molecular constants were derived. One set contained Bo, DO’ HO’ and

Lo,
to less than .001 cm L. A second set containing Bys Dys Hy, Ly» and M/,

4 constants for 6 transitions, and reproduced all of the observed lines

baéed on an intelligent guess for Ho, were derived, 5 gonstants from 6
transitions. These constants also reproduced the observed lines to less than
0.001 cm—I;_ Although the two sets seemed to be virtually'ideﬁtical up to

J=5 (Av = 0.0001 cm-l), at J=15 they disagreed by 62 cm_l, an increase

in difference by almost 6 ordefs of mégnitude. One cannot tell which is more
correct from the experimental data. The reason th one would want to know the
transition frquency at J=15 is that it is believed to have been seen .in
astronomical obsefvations and may be populated and obser&ed in focket exhaust

and combustion protesses. Astronomical observations especially could benefit

from exact transition frequencies in calculating accurate Doppler shifts.
IIIb. Experimental o - .

The external cavity laser and double monochromator Raman apparatus has
been described previously. The laser was run with 50 Watts circulating in the
external cavity. Gas pressures of 550 Torr were used and corrections due to

pressure shifts were not needed. Uranium lines from a hollow cathode lamp
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were used for calibration of each of thé'H2 Raman transiﬁions7. :The

hollow cathode lamp was focused wi£hin the scattering volume and then
proceeded through the same optical train as the Raman.scattéred light. The
uranium hollow cathoﬁe lamp has many transitions as well aé contributing
scattered background radiation so a shutter was incorporated that would block

the lamp when Raman scattering data was being collected.

For hydrogen, a typical run consisted of scanning a 30 cmfl region
containing the Raman line of interest and several uranium lines. The scan
rate was 0.005 gm—l per step with an integration time of 10 seconds per
step. The slits were set at 10 microns entrance and exit and 50 microns
intermediate when acquiring uranium calibration lines. As the scan approached
the known position of a Raman line the shutter was closed and the slits Qere
increased up to an additidnal 150 microns depending upon the intensity of the

Raman transition.

Computer data reduction consisted in findingvthe centers of lines using a
code patterned after Hurlock and Hanrattya, fitting 5 or more calibration
lines to a 3rd order polynomial, and qsing the polynomial to calculate the
position of the Raman line as well as a few uranium lines not included in the
fit for a check. The polynomial generally reproduéed the fitted lines to
better than 10.01 cm~1 and the known uraniﬁmvlines to less than 10.02
cm—l. Some uranium lines yielded much wofse fits due to overlaps. The
measﬁred Raman lines are estimated to be accuréte to +0.03 em -, A
measurement of the Argon laser iine yielded 20486.638 cm_l, in error by

~0.017 cm_1 from the accepted value of 20486.655 cmﬁl. A typical spectrum

is given in Fig. XVI.
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For the remaining 5 isotopomers,'Raman spectra were collected without
uranium calibration. Known Raman lines from the literature were compared to
measured lines yielding a calibration value for the spectrometer. This value

was added to the remaining lines. The accuracy of lines measured in this

manner is estimated to be *0.1 em L.

IIIc. Hydrogen

‘The quintessential Raman éxperiment in the ground vibrational state of
molecular hydrogen was published by B. P. Stoicheff in 19579. He reportéd

pure rotational frequencies up to J=3 for H2 and J=4 for HD and D2 and

Q-branch vibrational frequencies up to J=3 for H, and HD and J=4 for D

2°
The reported accﬁracy of +0.02 cm—1 for the pure rotational spectra and

1

2

+0.05 cm = for the Q-branch transitions have been Verified by recent, more
accurate experimeﬁtél results. The set of molecular constants reported in
Stoicheff's papér yield accurate line positions up to the last observed
roﬁatidnalllevel but rapidly diverge at higher J. At J=6 the Q-branch line is
off by 1.5 cm_l. Regardless, this paper is the most often quoted for

molecular constants.

In 1965 tﬁe quadrupole spectrum of H2 was reported by Rank's group at
Penn statelo. Although the quadrupolg spectrum.appears due to a different ..
mechanism than the Raman spectrum (absorption due to the quadrupole mdment,
there is no dipole momént) the selection rules are basically similar. They
measured absolute freduency and the pressure shift with hydrogen as the

backing gas and extrapolated to zero pressure. Their zero pressure frequencies

were used to derive molecular constants up'to v=3 and these remain among the
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mogst aceurate reported. They relied upon Stoicheff's data for v=0 and their

calculated pure rotational line frequencies at J=5 are in error by 0.2

-1 . . o '
cm . Their experimental results represent an order of magnitude increase
in accuracy over the measurements of Stoicheff. Other authors have

investigated pressure shifts'1’12:13,

The values reported are of the order
-1 : .

of 0.001 cm ~/amagat, which means that pressure shifts can be ignored in the

current work, but must be taken into account for higher accuracy work.

The electric field induced spectra of HZ’ HD, and D, was reported in

14

, 2
1968 This paper also determined pressure shift coefficients and from the
zero pressure frequencies determined molecular constants. Their observed .

1 and their molecular constants are

frequencies are reported to +0.02 cm
not nearly as accurate as the Penn State's values. They did extend the

measurements to the deuterium containing molecules however.

Recently the Fourier transform spectrbmeter ét Kitt Peak National
Observatory has been used to obtain extremely accurate line positiohs for
molecular hydrogen. This group has been inspired by the observation of many
transitions in molecular hydrogen at high J in the Orion molecular

15’16’17. Their first paper18 measured the line positions of two

cloud
S-branch lines to #0.0001 cm_1 accuracy, an increase in accuracy by two
orders of magnitude. They next measured the line positions and pressure shifts

for the 1-0 through 4-0 bandslg. From these measurements, accurate to

+0.00005 cm—'1 in some cases, they derived a new set of molecular constants.

Unfortunately these constants could not be extrapolated in the vibrational
ground state beyond J=5. The pure rotational S-branch up to J=5 was measured

to an accuracy of *0.0005 cm-120 and a new set of molecular constants
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were determined. They included forvthe first time Lo and Ho, bﬁt still

did not agree with the Orion measurements at high J. In order to account for
the high J valuesvneQ molecular constants were determined usiﬁg the Orion
measurements as part of the data base21. They determined transition
frequencies based on these constants up to J=17. 1In order to test these new
molecular constants a laboratory measurement of 80(9).was made with an
accuracy of +0.004 cm—l. It was found that the Orion measurements were

undoubtedly in error by about 1 cm—l, and new constants were determined

using corrected Orion frequencie522

Finally there have been very accurate measurements of individual lines
for H,. The so(l)lline was measured to +0.00021 cm_123 and the 80(3)

2
. -124
line was measured to *0.0007 cm .

Oon the theorétical side, the principal figure has been L. Wolniewicz of
the Institute of ?hysics,.Nicolas Copernicus University, Torun, Poland. 1In a
series of papers kolos énd Wolniewicz developed an accurate adiabatic
poténtial energy function for the hydrogen moleéule whicﬁ phey used to

25f26’27’28’29. Robert

calculate expectation values of several operators
- LeRoy used the potential energy function of Kolos and Wolniewicz with
relativistic and adiabatic corrections to calculate all of the bound levels

30

for H D2, and HD” . Tables of the results are given in University of -y

27
Wisconsin Theoretical Chemistry Institute Report WIS-TCI-387 and are available
from the National Auxiliary,Publiéétions Service of the A.S.I.S. CCM
Information Corp., 909 Third Ave., New York as Document Number 01374.

Nonadiabatic effects were calculated for rovibronic energy levels by Dave

Bishopal. Ab initio nonadiabatic energy corrections to all vibrational
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levels in the ground electronic statéqu molecqlar hydrogen were calculatéd
for H2; HD and D2 ih 198332.' These Lévels pfoduced exéct agreement with'
our experimental results for the firs£ time. Because we needed energy levels
for the tritium containing molecules as well we asked Bob LeRoy to take

Wolniewicz's results and extrapolate to HT, DT and T LeRoy calculated for

2°
us the energy levels for all bound states and all isotopic mole;ules to 0.0001
cm 1. Comparing these values to the recent experiments by the Kitt Peak
group shbw agreement to within experimental erfor for all pufe rotational
spectra. The situation for the higher vibrational levels is more

complicated. LeRoy also calculated the transition matrix elements. In 1984
the energy levels for all the isotopic molecules were published by Wolniewicz
without the non»adiabaiic corrections, making the literatufe somewhat
confusing as they are less accurate than pfevious work33. I shall use

LeRoy's theoretical results.in all of the following as they are the most

accurate and well tabulated (i.e; all bound rovibrational energies are

tabulated in contrast to Wolniewicz's resu;ts).

The results for hydrogen are given in Table I. The measured lines are

pure rotational Stokes lines SO(O) through SO(S) and rotation-vibration

.lines O-branch 01(2) thfough 01(5), Q-branch Ql(O) through Q1(6) and QZ(O) through

Q2(3), and S-branch Sl(O) through 81(5).
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Table I

MEASURED H, RAMAN TRANSITIONS

J STOKES O-BRANCH Q-BRANCH -  S-BRANCH OVERTONE
: : Q-BRANCH
0 354.365 = —meeoeme 4161.200 4497.848 8087.030
1 587.087  ——eee 4155.281 4712.938 8075.283
2 814.456 3806 .859 4143.493 4917.032 8051.964
3 1034.698 3568.239 4125.903 5108.415 8017.168
4 1246 .082 3329.144 4102.592 5285.632 -
5 1447.247 3091.141 4073.698 5448.037 = —meemeee
6  mmmmemm e 4039.451 ————— ———

. In Table II the results are coﬁpared to'the'most'accurate experimeﬁtal
values and to line positions calculated from LeRoy's theoretical energy
levels. I have chosen LeRoy's values as a standard; the ehtries‘in the £ab1e
are differences between LeRoy and experiment. I include Stoicheff's data
because it remai;s the most often cited. The average deviation from LeRoy »
without Sl(S) and the O-branch is 0.028 cm~1; which is nearly.équal:to the
estimated accuracy of 10.03 cm—l. The Sl(S)AIine was extremely weak and
diffiéult to'measure accﬁrately because, in order to seeé if; the slits had to
be opened to a linéwidth of several wavenumbers. The gqod agreement with the
more precise expérimental'measurements gives one coﬁfidence in the accuracy of
the stronger lines that have ndt been measured previously. 1In particular this
technique can be used with confidence for accurate measurements of line
positions of the tritium containing isotopomers. The first overtone has been
observed for the first time in spontaneous Raman spectroscopy and an
additionai line observed, the QZ(O)' Quadrupolg spectroscopy is not
sensitive to a Qv(Q) transition. Two additional liﬁes have been added £o the

known transitions of.H the 81(4) and the Q1(6), The SI(S) has been

2'
seen but not to the accuracy necessary for good spectroscopic data. The
Ql(O) has been measured more accurately than Stoicheff's original

observations. The O-branch data add nothing new as £hey can be .calculated

from preViously observed pure rotational and Q-branch data.
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Table 11

COMPARISON OF AB INITIO CALCULATIONS TO BEST EXPERIMENTS FOﬁ Hy

J Schwartz Veirs Jennings Bragg, © Fink, Stoicheff
and and and Brault, - Wiggins,
LeRoy Rosenblatt  Brault and ' and
Smith Rank -

STOKES
0 354.3732 0.008 20.0003(4) ——mmmmom cmmmmem -0.008
1 587.0320 -0.055 ~0.0001(2) ———mmmmm e -0.023
2 814.4243 -0.032 -0.0004(1) ~———mmmm e 0.018
3 1034.6706 -0.027 0.0004(1l) ———memm e ' 0.020
4 1246.0992 0.017 0.0011(2) ~—mmemoe  mmeemme e
5 1447.2803 -0.033 0.0015(4) ——ommemmm e e
O—BRANCH
2 3806.8009 -0.058 e e e e
3 3568.2291 ~0.010 = ~—ccmmmm  mmmmmme memmeme e
4 3329.0471 -0.097 R S —————— e
5 3091.2063 -0.065 = —————-m- e e e
Q-BRANCH
0 4161.1741 -0.026 S - S .  0.040
1 4155.2611 -0.020 = ——————mm 0.0064(1)  0.0036 0.060
2 4143.4714 -0.022 —— ©0.0054(3)  0.0046 - 0.084
3 4125.8769 - -0.026 SR 0.0030(4) 0.0051 © 0.045
4 4102.5836 -0.008 = ———————m 0.0016(40) ———ommmm  mmemm—ee
5 4073.7304 0.032 = emmme—m—m ~0.0086 (250) ~— -~ —-—~ —————
6 4039.4856 0.035 = —cmm—mme e mmmmmemm e
S—-BRANCH
0 4497.8446  -0.003 = c——me—mem " 0.0055(2) 0.0061 = ———mmmee
1 4712.9089 -0.029 = ——m————es 0.0035(2) 0.0001  -———————m
2 4917.0079 -0.024 = —————emm 0.0010(3) -0.0039 e
3 5108.4010 -0.014 = —————eem -0.0030(6) - -0.0056 -
4 5285.5848 -0.047 S ——— e ——————— s
5 5447.3240 -0.774 ——eee—em R —— ——————— e

. QVERTONE Q-BRANCH

8087.0203 -0.010 = ———mmmmm ——e- - e —mmmm e

0

1 8075.3237  0.041 e 0.0123(6)  0.0132 T
2 8052.0013 0.037 ——-m-——- 0.0103(70) —-~=~--- T
3 8017.1929 0.025 e - 0.0029(100) -~ -==memmm mmm e
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There are thvee pqints Qﬁich.should be emphasized in regardsvtq ﬁhe
. exigting data and the calculations by Séhwaftz and LeRoy. The non-adiabatic
corrections to the énergy take two férms,:the J-dependent corrections and the
vibrational Ievel corrections.' First, the energy levels as calculated by
Schwartz and LeRoy improve the accuracy by at least two ordefs 6f magnitude.
For example, in pure rotation the So(3) line agrees with experiment to
within 0.0004 cmnl whereas the line from the previous theoretical work
agrees to 0.0700 cm—;, an increase in accuracy by a factor of 200. For the
vibrational energies if»pne compafes'the Ql(l) line then most of the.
rotational uncertainty will be rémoved. Tﬁe QI(O) line is not measured as
accurately as the Ql(l) of ali of the rbtational unqertainty could be
removed. For LeRoy one gets-égreement to within 0.006 cm_l, whereas the
previous'caléulations.shOW'agreement to within 6.869 cm—l, improvement by
slightly more th#n 100,v Nevertheless theré still seems té be disagreement
between the best experiments and theory. In pure rotation the disagreement
‘seems to increase with J from around 0.0002 cm ' tovaone 0.001 em 1,
outside of ihe:assigned expérimental errors. The difference between the
- theoretical line positions and the experimental yalues of Jennings aﬁd Brault
“(in units of 10'_3 cm—l) are given in Fig. XVII. The error bars represent
the stated experimental uncertainty. For vibration one sees a tfend in going
to higher vibrational_levels._ Using the quadfupble transition frequencies of
Bragg, Brault, and Sﬁith and.a hydrogen pressure shift coefficient of 0.002
cm—l/amagat.with a linear vibrational dependence34, one can compare zero
pressure transition frequeﬁcies.to those calculated from theoretical energy

levels up to v=4. The differences (in units of 1073 cm—l) are given for

the S-branch transitions in Table III and plotted in Fig. XVII1. The trends
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gshow a strong vibrational effect and a weaker rotational effect similar to
that seen in Jennings and Brault's data. The data for v=1 and v=2 of Fink,

Wiggins, and Rank show the same trend.

Table III

DIFFERENCES (IN 10~3 cm~l) BETWEEN AB INITIO CALCULATIONS AND THE
BEST EXPERIMENTAL TRANSITION FREQUENCIES:
VIBRATIONAL AND ROTATIONAL EFFECTS IN Hp

v=1 v=2 v=3 v=4
S(0) 4.7 10.3 69.4 130
S(1) - 2.8 6.1 63.3 129
S(2) -1.0 0.1 48.5 108
S(3) -3.4 -5.7 35.2 85

A final note on higher J pure rotational transitions in HZ' The

calculated transition frequencies of Jennings, Bragg, and Brault and the
values obtained from the improved constants of Jennings, Rahn, and Owyoung are
compared to the theoretical valués in Table IV. As can be seen the improved
version agrees better with the theoretical values at very high J. The fact
that the measured value of S°(9) is within experimental error, 0.004 cm—l,
of the theoretical value seems to indicate that experiment has yet to match

the accuracy of the theoretical energy levels. This indicates that the best

source of transition frequencies at high J is still the threoretical values.
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Table IV

COMPARISON OF FRQUENCIES CALCULATED FROM AB INITIO ENERGIES
AND EXPERIMENTAL MOLECULAR CONSTRANTS:
DIFFERENCES AT HIGH J FOR Hy

LeRoy v Jennings, " Jennings,
. and Bragg, and Rahn, and
J Schwartz Brault Owyoung
6 1637.0450 1637.05 0.00 1637.0456 —-0.0006
7 .. 1814.4909 1814.5 0.0 1814.4961 -0.0052
8 1978.9754 1979.0 0.0 © 1978.9844 -0.0090
9 2130.0983 2130.1 0.0 ‘ 2130.1011 -0.0028
10 2267.6782 2267.7 0.0 . 2267.6478 0.0304
11 2391.7245 2391.8° . -0.1 ' 2391.6124 0.1121
12 2502.4063 2502.4 0.0 2502.1529 0.2534
13 2600.0222 ©2600.1 -0.1 2599.5948 0.4274
14 2684.9714 B . 2685.3 -0.3 2684 .4537 0.5177
15 2757.7263 2759.0 -1.3 . 2757.4928 0.2335
16 2818.8092 2822 .-3.2 , 2819.8224 -1.0132

17 2868.7708 ’ 12877 -8.2 . 2873.0558 -4.,2850

I11d. Hydrbgen Deuteride-

fhé current experimenfal results for HD at this time consist of the
Q—ﬁrénch ét,low’resolution. Measurements pf'the Q-branch lines of all six
isotopomerS'wéte;made étithe'same_timé with a sample used for muon catalysed
fusion experiments in Switzerland. From known line pdsitions, an instrument
correction factor was_determinéd for calibration purposes. Thg experimental

results are compared to theoretical line positions in Table V.

Table V

Q—BRANCH LINE POSITIONS OF HD

[ .

'EXPERITMENT " THEORETICAL DIFFERENCE
0 3632.2 3632.1624 ~0.04
1 3628.4 3628.3062 -0.09
2 3620.6 3620.6118 0.01
3. 3609.2 3609.1143 -0.09
4 3593.1 .3593.8665 0.77
5 3574.9 3574.9372 0.04
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In many respects there is move_expepimental data available on HD than for
Hz. This is because of the small permanent dipole of HD, due to nuclear
vibrations about the center of mass which is displaced from the geometric
center of the molecule, gives rise to an allowed infrared absorption band
system. The intensity of infrared absorption due to the permanent dipole
moment and the abundance of the molecule in the atmospheres of the large
planets makes HD an interesting molecule to observe both astronomically and in
the laboratory. The work by Stoicheff and Brannon, Church, and Peters applies
to HD as well as Hz. The 1-0, 2-0, 3-0, and 4-0 rotation-vibration spectra
were seen by HerzbergB4 and remeasured and extended to the 5-0 and 6-0 bands

35'36. A single well calibrated 5-0 line was measured using the

by McKellar
sensitive photoacoustic detection method37. The pure rotational spectra has
been studied using a diode laser spectrometer38. The experimental line
positions are compared to the theoretical line positions in Table VI. The
experimental line positions do not need to be corrected for pressure shifts
because the largest pressure shift is an order of magnitude below the
difference between experiment and theory. The vibrational trend seen in H2
continues in HD. There also seems to be a rotational dependence that is
amplified at higher vibrational levels. The vibrational trend in differences

between experiment and theory are given in Fig. XIX for HD and illustrates the

accuracy of the first few vibrational energy levels. Because the transitions

‘are directly to the higher vibrational level, the differences represent the

sum of all of the errors between individual vibrational levels.
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Table VI

DIFFERENCES BETWEEN THEORY AND OBSERVED LINE POSITIONS FOR
» THE R-BRANCH OF HD '

.3 V=1 V=2 V=3 V=4 V=5 V=6

0 0.001 . 0.035 0.061 0.120  0.150 0.176

1 ' -0.002 0.023 0.057 0.117 - 0.137 0.162

2 -0.003 ~-0.069 0.045 0.103. 0.125 0.147 .
3 -0.001  -0.022 0.040 0.097 0.071 0.108 T
4 -0.003 0.021 0.092 , ' '

S ~-0.008 :

The mbiegﬁlar constants derived from the previous experiments ﬁndergo
modification each time new.détévare.obtained. As is»ofteﬁ_thé case,>the néw
data do not always encompass the same vibrétional levels, so the new molecular
constants are dérived for.the vibratibnal levels obéerVéd only. When usingv
these new mdlecuiar-con#iaﬁts with £he‘old éonstangs fpr the other Qibrational
levels, errors are geherated. It is best to use molecular constants oniy for
the levels observed and not to mixvmolecularvconstaﬁtsvfof different

,vibrationél levels from seperate experiments.
- IIXe. Hydrogen Tritide_.
The only experimental work that I am aware of for HT that is published

comes from England39. ,Their'results are compared to theory along with my

initial results in Table VII.
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Table VII .

COHPARISOH OF EXPERIﬁENTAL TRANSITION FREQUENCIES
TO AB INITIO CALCULATIONS FOR HT

Schwartz and LeRoy Edwards et al. Veirs et al.
J Sp-Branch  Qi-Branch Sp-Branch Qp-branch Q3-Branch
0  237.8830 3434.8957 -0.044 _ 6.526 0.0
1 394.8595 3431.6577 -0.093 6.525 0.1
2 549.4532 3425.1951 -0.217 6.524 0.1
3 3415.5342 6.487 -0.1
4 3402.7144 6.317 -0.1

Edwards et al. claim that their calibration is good to *0.005 cm_l,

however the large discrepancy between their reported Q-branch lines and both
the theoretical line positions and this work indicates that something is
drastically wrong. Their frequency differences within the Q-branch are
excellant as shown by the reproducibility of the line position differences.
Since they use a fifth order polynomial to fit their calibration lines, it is
possible that with a small number of calibration lines theyvcbuld fit an
arbitrary set of lines with high reproducibility. With this set of data I
would conclude that there is no evidence for the theoretical energy levels
showing an isotope dependent error from the true energy levels.

Zare's group41 at Stanford is using the permanent dipole of HT for
laser diode measurements of the 4th and 5th vibrational levels to high
accuracy. Their preliminary results indicate that by v=4 the theoretical
vibrational band is in error by 0.3 cm—l. Although this error is much
larger than the error seen in HD or HZ’ it is reasonable in that the
vibrational spacing error seems to have an isotopic dependence, growing from
H, to HD. Their results are compared to theoretical line positions in Table

2

VIII. More exact experimental work needs to be done on HT. The Raman
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apparatus is probably not accurate enough for answering theée questions. An

experiment using the new Los Alamos Fourier Transform instrument and infrared

to visible absorption seems approbriate.

<
il
&

&EWNNHO

v=5

W N

Table VIII

‘COMPARISON OF THEORY TO EXPERIHENT: DIFFERENCES AT HIGH v FOR HT R
LeRoy et al. _ Zare et ai, o
P-Branch R-Branch P-Branch R-Branch
. 12869.1543 . ~ 0.368
12722.8785  12922.8991 0.363 0.365
12631.2713 - 12963.1917 - 0.366
12528.0396 12989.7220 0.353
12413.7385 13002.2549 0.337
LeRoy et al. ' Zare et al.
P-Branch - R-Branch P-Branch ‘R-Branch
v ‘ 15683.4532 ‘  0.469
15540.2578 15731.0478 0.461 0.458
15445.5702 15762.1418 0.452 0.450
15336.1883 . 15776.4568 0.447

IIIf. Deuterium

Deuterium, a homonuclear molecule, exhibits both Raman and quadrupole

spectra. Since deuterium does not have a permanent dipole moment it's higher

amenable tb electric field induced infrared studies. Both Stoicheff (Raman)

‘vibrational levels. have not been as intensively studied as HD or HT. It is

and Brannon, Church, and Peters (Electric Field Induced Infrared Spectra)

included Dzvin their_stddies. Accurate cw coherent énti—stokes spectroscopy

(CARS) was ﬁsed.to determine the Q1(2) line positon42

- 36

Zero density



Q-branch Raman frequencies were determined wifh an accuracy of 0.02 ch_143.

The quadrupole spectra yielded frequencies with an uncertainty of +0.004

cm—112' 1

The results for this experiment are accurate to only 0.1 cm
but extend to higher J. There is one current result accurate to 0.03 cm—l.
The experimental results are compared to Schwartz and LeRoy's theoretical

values in Table IX.

Table IX

COMPARISoN OF EXPERIMENT TO THEORY: D)

Pure Rotation

J LeRoy et al. Veirs et al. Stoicheff

0 179.0670 -0.041 0.011
1 297.5336 0.02 0.013
2 414.6484 0.04 -0.007
3 529.9001 0.09 _ ~-0.007
4 642.8063 0.10 ' -0.001
5 752.9195 0.01
6 859.8319 0.07
7 963.1795 0.02
8 1062.6447 0.07
O-Branch
J LeRoy et al. Veirs et al. McKellar et al. Brannon et al.
2 2814.5474 -0.02 0.0015 0.017
3 2693.9710 -0.14 -0.0013 -0.079
4 2572.6434 0.14 0.0006
5 2451.0885 - 0.04
-6 2329.8082
-7 2209.2757 0.05
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Q-Branch

J LeRoy Veirs McKellar Brannon  Stoicheff Henesian Looi
et al. et al. et al. et al. et al.

0 2993.6144 0.0 0.014 0.066 0.051
1 2991.5046 0.0 0.0003 0.019 0.059 0.040
2 2987.2918 0.1 -0.0037 0.006 0.062 0.0547 0.046
3 2980.9886 0.0 0.0004 0.022 0.112 - 0.034
4 2972.6145 0.1 0.0017 0.018 0.058 0.047
5 2962.1952 0.0 0.019 ’

6 2949.7621 0.1 0.077

7 2935.3524 0.2

8 2919.0086 0.2

9 2900.7782 0.2
S-Branch -

J LeRoy = = Veirs “McKellar Brannon '

. et al. '~ et al. et al.

0 3166.3588 -0.0008 : 0.059

1 3278.5222 : 0.0000 ~0.088 .

2 3387.2629 0.04 0.0023 0.043

3 3492.0953  ° 0.07 - 0.0040 0.031

4 3592.5684 ‘ :

5 3688.2719 -0.09

6 3778.8405

7

3863.9577 . 0.14

Overtone Q-Branch

J LeRoy - Veirs Brannon
: ' et al. et al.

0 5868.0927 0.0 0.09

1 5863.9093 0.0 0.07

2 5855.5553 0.0 0.08

3 5843.0562 0.1

4 5826.4503 0.2

Stoicheff's values for pure rotation agree within experimental error.
The current Raman instrument can be used to extend the measurements to higher
J values, above those seen by Stoicheff. The O-branch measurements of
McKellar et al. agree quite well, espeeially'since their uncertainty is given
as 0.004 cm—l. The 01(3) line of Brannon is outside their error bars, but
because of the measurement of McKellar et al. this discrepaney can be
discounted. The Q—branch contains some interesting results. We have extended
the observed. lines to higher J values and agree'withvtheory as to fheir
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positions. All of McKellar's line poeitioﬁs agree to wellkwithin their
experimental error of *0.004 em_l.' There_seems to be a rotational

dependence of the differences in McKellar's results, but because of the large
stated uncertainty more work will have to be done. Also the discrepancies are
in the regime where pressure shifts will have to be taken account of. All of
the results of Brannon et al. are within their stated uncertainty except for
J=6 which is about twice the uncertainty. stoicheff also has lines outside of
his uﬁcertainty, presumably because of the low intensity. Henesian et al.
have a stated uncertainty of_i0.00l cm-1 which disagrees by a factor of 50
with theory as well as with the experimental results of McKellar et al..
Because of the unusual experimental method one must neglect this result. The
results of Looi et al. are taken from high density measurements aﬁd
extrapolated to zero density. The differences are a factor of 10 greater than
the reported uncertainties. For the S—branch,vﬁe have extended the
observations to higher J, again confirming the prediction of where the lines
geﬁerally lie. McKellar's results confirm the accuracy of the theoretical
calculations and Brannon's fesults indicate that their measurements can be
trusted to within a factor of 2 of their reported uncertainties. This is
important because their first overtone measurements agree within a factor of 2

of the reported uncertainties.

There is no indication in the experimental results for D2 for ahy
disagreement with the theoretical calculations. The higher rotational and
vibrational observed transitions lack the resolution for seeing the small but
significant deviations. Because of the lack of resolution there is no

additional information on the isotopic dependence of the theoretical
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calculations. If the Los Alamos Fourier Transform instrument has the needed

sensitivity a quadrupole absorption experiment could be considered, or perhaps

a Raman scattering experiment.
IT1Ig. Deuterium Tritide

Although DT has an electic dipole moment it has not been studied by any
optical absorption technique. DT has been studied by Raman spectroscopy at
Los Alam0544 and in England4o. The reported uncertainties of Edwards are

. 0.005 <:m—1 and Barefield et al. report uncertainties of 0.1 cm"1 for

1

pure rotation and the Q-branch, and 0.5 cm ~ for the Ovand S-branches. The

experimental results are tabulated in Table X.

Table X
COMPARISON OF EXPERIMENT TO THEORY FOR DT

Pure Rotationi

J LeRoy Edwards et al. Barefield et al. Veirs et al.
o 149.6121 0.008 0.2

1 248.7180 Q.OOS 0.1

2 346.8796 0.014 0.2

3 443.7367 -0.014 0.1

4 538.9458 - 0.0

5 632.1839 0.2
O-Branch

J

2 2593.7041
3 2492,9889

(o o]
[
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Q-Branch

2743.3162 -0.120 -0.

0 1

1 2741.7069 ~0.106 -0.1 _

2 2738.4926 -0.086 -0.2 0.1

3 2733.6816 -0.105 -0.1 0.0

4 2727.2861 -0.162 ‘ -0.1 0.1

5 2719.3224 ' } -0.1 0.1

6 2709.8108 -0.0 0.0

7  2698.7752 : : 0.1

8 2686.2430 - ~0.1
S-Branch

0 2888.1047 0.1

1 2982.3996

2 3074.1657 0.3

3  3163.0591 0.2

4 3248.7566 0.1

The uncertainty of Edwards et al. indicates that the vibrational

fundamental of LeRoy is off by greater than .1 cm_l, however their results

. on HT lead me to use the theoretical calculations for calculating line

positioné. The data by Barefield et al. and Veirs et al. indicate that the
fundamental frequency can not be in erfor by more than 0.1 cm"1 and that the
rotational dependeﬁce is‘less than 0.1'cm_1 up to the felatively high J

value of 8. The fundamental vibrational frequency can be accurately measured

using the present Raman apparatus, perhaps reducing the known difference by a-

factor of 3.
IIIh. Tritium

The only data reported for T2 has been Raman dataas. The reported

uncertainties are again %0.005 cm—l. The results are compared to theory

in Table XI.
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Table XI
COMPARISON OF EXPERIMENT TO THEORY: Ty
Pure Rotation

J LeRoy Edwards et al. Veirs et al.

0 120.0659 0.017 0.015
1 199.7013 0.006 0.020
2 278.7283 -0.004 -0.2
3 356.9128 ~-0.041 -0.1
4  434.0292 -0.1
5 509.8627 -0.1
6 584.2115 -0.1
7 656.8879 -0.1
8 727.7197 o . -0.1
9 796.5516 . . . -0.1
10 863.2451 0.0
11 927.6790 : ©-0.1
Q-Branch
0 2464.4987 0.179
1 2463.3434 - 0.188
2 2461.0350 ‘ 0.213 0.0
3  2457.5785 0.240 0.1
4 2452.9810 0.256 0.0
5 2447.2518 0.231 0.0
.6  2440.4026 -0.1
7 2432.4474 0.0
8 2423.4020 -0.1
9 2413.2846 0.1
10 2402.1149 -0.1

Again the values fér the fundamental frequency of Edwards et al. seem to
indicate a serious failure of the theory. The much lower resolution spectra
however indicate that . the errdr is less thén.o.l cm—l. These discrepancies
can be resolvéd using the present Raman apparatus. A quadrupole absorption
experiment using the Los Alamos Fourier instrument will yield valuable data
for testing the isotopic dependence of the theoretical energy levels now that

there are excellant values for H2.

42



II1Ii. Conclusion

The ground vibrational state energy levels are well described by the
recent theoretical calculations for all six molecular hydrogen isotopomers.

There is some evidence in H, that the J-dependence of the theoretical

2
calculations is not entirely adequate. The small differences at J=4,5 of
0.001 cm—1 between experiment and theory might possibly be due to J

dependent pressure shifts or some other weak effect that has not been
corrected for. The measurement at J=9 lacks the accuracy to answer this
question. For determining line positions at very high J, the evidehce
suggests that the theoretical predictions remain more reliable than the
molecular constants. There is no reason to believe that the theoretical line
positions will be off by more than a few hundreths of a wavenumber at J=20,
certainly adequate for astronomical observations, while the best molecular
constants could be in error by more than 10 cm—l. Thus, for the ground
vibrational state, there is no evidence for an isotopic dependence in the
energy levels that has not been accounted for by the theoretical calculations
and there is very little evidence for a J dependence error. There definately
needs to be more work on the heavier isotopes such as HT, DT, and T2 at very
high resolution, which can only be achieved using instruments such as a
Fourier Transform machine or difference frequency lasers, to obtain £ransitibn
frequencies as accurate as those available for'H2 in order to elucidate the
isotopic and rotational dependence in the ground vibrational state. It is not
clear how to obtain accurate transition frequencies at the very high J's

needed to determine the rotational dependence for Hz.
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The higher vibrational levels exhibit a definate trend for all of the
isotopomers,_as;shown in Fig. XX. There is a vibrational dependence that has
not been accounted for in the theoretical calculations. Furthermore the
vibrational dependent errors become larger for HD and larger still for HT.
There is a question as to whether this is due to an increasing reduced mass or
from the anisotropic shift in equilibrium internuclear disteﬁce. The results
of Edwards et al.viﬁdicate that the iéotoéic_dependence goes. as the reduced
mass as they shoﬁ an egror'in §=1 for T2 of 0.18 cm—1 while for DT the
error is less 0.12 cm ©. . However ﬁheverror for D, is only 0.003 em L.
This fact and the blatant experimental errer that Edwafds et al. made in the
fundamental of HT leads one to distrust their results.v Accurate overtone line

positions need to be measured for DT and T, in order to resolve these

2
questions. Ihe‘observed.differences may also have a Contributionvfrem
pressure shifts or other experimental aftifacts, and pressure dependent
studies need to be completed to measure the magnitude of these effects. ‘The
accuracy required_again calls for.the use of a Fourier Iransform instrument.

There are questions about the location of v=1 and v=2 for the tritium

containing isotopomers that can be answered with the current Raman instrument.
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IV. LINE INTENSITIES
IVa. Introduction

The effect of centrifugal distortion and rotation-vibration interaction on
‘the intensity of a Raman line has been studied both theoretically and
experimentally since 1959. The first work, which forms the theoretical
backbone for much of the subsequent work, was the development of an expression
for the intensity with a 5 dependence using first-order perturbation theory46.
Further theoretical Qork extended these expressions to’overtone547. The
first experimental work confirmed the theoretical pfedictions48. This work
was élmost immediatelyAfollowed in 1981 by further theoretical work which
extended the J dependence another term49 and experiments which measured the
first and second derivatives of the pblarizability in Hgo. The first
‘attemﬁt to calculate the transition matrix.elements was published for the O
1

and S-branches for H_, and D, also in 19815 Our work was begun in 1982

2 2
‘and out of our interest C. Shcwartz and R. J. LeRoy have calculated all of the
rotation and rotation-vibration ﬁatrix elements for all six of the molecular

isotopes, however their work is still unpublished.
IVb. First-order Perturbation Theory

" James and Klemperer46 used first-order perturbation theory where the
polarizability and the polarizability anisotropy are expanded aboﬁt the
equilibrium internuciear.distance and #he matrix elements are evaluated
analytically. They considered two caées, both have the direction of the

scattered light perpendicular to the direction of the incident light with the
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polarization of the incident light parrallel to the direction of the scattered
light in one case, I(obs pl), and perpendicular to the direction of the
scattered light in the second case, I(obs pd). The two cases affect the
errall in£énsity somewhat but do not affect the J-dependence of the
scattering cross-section. The overall intensity is affected most in the

_ Q—branch where there is a contribution from the polarizability which does not
allow scattering in the direction of the polarization. The polarizability
anisotropy does allow scattering in the'direc£ion of the polarization of the
incident beam. The experiments carried ogt at Los Alamos should have |
perpendicular polarizatioh so the results for I(obs pd) will only be
considered, but I(obs pl) will yield the same results. The equations for all

‘Raman branches are as follows:

Pure Rotation

AJ = -2
4 4 2 2

I =641V 1 N 733 - 1) g2 1+ Y G2 -3+ 1y . (15)
4 o v,J 30 (27 +1) (23 -1) © X

AT = +2
4 4 2 Y2 2 2 .

‘I = 84" v 1 N 7(J + 1)(J + 2) B° {1+ Y (% + 37+ 3} . (16)

A © v,J 30 (23 +3) (23 +1) © X

Vibration-Rotation

Q-branch (AJ=0)

: 4 4 2. 2 2 2 :
Y .3 7.J(J + 1) :
I= 3"2 VoI N G 1= G YD IG DY I+ By (gter ey o)
¢ 2a '
O-branch (AJ = -2)
4 4 o2 o 2
[ _ 64 v By 7T TNy g I -1 & ¥2) 3+ 1) + 2 xy (23 - D}

ch 20 30 (27 + 1) (23 - 1)
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scattered light perpendicular to the direction of the incident light with the

45



polarization of the incident light parrallel to the direction of the scattered
light in one case, I(obs pl), and perpendicular to the direction of the
scattered light in the second case, I(obs pd). The two cases affect the
overall inﬁénsity somewhat but do not affect the J-dependence of the
écattering cross-section. The overall intensity is affected most in the

Q- ~branch where there is a contribution from the polarizability which does not
allow scatter1ng in the direction of the polarization. The polarizability
anisotropy does allow scattering in the direction of the polarization of the
incident beém. The experiménts carried out at Los Alamos should have
ﬁerpendicular polarization so the results for I(obs pd) will only be
considered,:but I(obs pl) will yield the same results. The equations for all

‘Raman branches are as follows:

Pure Rotation

AJ = -2

| 4 4 ‘ | 2 2 2 2

I =647"v 1 N 7 J(J - 1) 8- {1+ -3+ . (15)
c ¥ o viJ 30 (27 + 1) (za -1 ° X

AJ = +2

i'_ 64r v I N 7(J +.1)(J +2) g2 {1+ IZ(JZ + 3j + 3)}2 . | (16)
A °© v,J 30 (23 +3) (23+1) ©° X

Vibration—Rotation

Q-branch (AJ=0)

o 4. 4 2. 2 .2 2
_ 64 } 7 33+ 1)
I= ‘ZEE‘X' I N, {1 G YD) G+ DY g+ By (et —y— )
o

O-branch (AJ = -2)

4 4 2 2
o 84n v By 715Ny g I -1y @ ¥ I+ 1) + 2 xy (21 - 1)}

ch 20 30 (27 + 1) (23 - 1)
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S-branch (AJ=+2)

4 4 2

I = 64w v 81 7 IO N‘L'_J J(J + DT + 2) {1 - (% YZ) J(J +1) - 2 Xy (23 + 3)}2. (19)

c? 2a 30 (27 + 3)(27 + 1)

= - - _ 2
where Bo (e} | al), B, = (éﬂlér)re, X = [Bo(re)/B1 re], a = 1/y r, and

1
Yy =2 Be/we. The rest of the symbols should be familiar. The scattering is

- from unit volume per unit solid angle.

For pure rotation the scattering cross-section always increases with
J. When the transition connects the same pair of J-levels the scattering cross-
section is the same. For instance the Stokes J=2 - J=4 transition and the

anti-Stokes J=4 » J=2 transition both yield (1 + Y2

13/x)2. For rotation-
vibration transitions the O-branch (AJ=-2) has an increaéing cross-section
with increasing J. The term linear in y dominates over the Y2 term

because v=0.02766 for Hz. The S-branch (AJ=+2) has a\decreasing cross-
gection with increasing J. These trends are the same when compared to the
transition matrix elements calculated by LeRoy. The Q-branch has a weak
dependence on J. The YZ term seen in the O and S-branches is the only

term, the term linear in y goes to 0 for the Q-branch. The cross-section
decreases with increasing J, only slightly however. This is exactly opposite
to the results of Schwartz and LeRoy which show a strong dependence on J with
an increasing cross-section. If one examines analogous papers for transitions

52'53) one finds discussions on

in the infra-red (the Herman-Wallis effect
higher order perturbation theories yielding terms linear in vy, which may
dominate. I have found no other paper which treats the Q-branch matrix

elements, and tend to trust the calculations of Schwartz and LeRoy over first-

order perturbation theory. James and Klemperer point out that the effect is
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strongest in the O and S-branches and that relative intensity measurements on

line pairs originating from the same J will yield a value of X-

The next ﬁaper, by Buckingham and Szab047, also was completely
theoretical. They used first order perturbation theory and derived
approximate expressions for the O and S-branches of the fundamental and the
first overtone. Their fornulas are crudef than Jamesvand Klempefer's, lacking
the term in 72. No one has seen the O and S—branches.of the overtones as
far as I know. I looked but was only able to see the Q-branch of the first
overtone for which there is no expression for the intensities available. They
point out that first-order pertuvbation theofy may not be adequate to desc;ibe
the very large effects of Qibrationwroiation interaction in hydrogen. They
reference the original inframred papers of Oppenheimer and Herman and Wallis
but apparantly were unaware of the more complete treatment for Raman

transitions by James and Klemperer.

.Drake and.Rosenbiattsa describe the use of rotational Raman as a
temperature probe invfiames in contrast to vibrational bands. They point out
that the J—deéendence'of the cross-section must be taken into account for
accurate high-temperature temperature determinations. They give numerous
experimental results on'temperature determinations assuming a value for x of
| taken from James and Klemperer who used field induced absorption -

experimental results55 and purely theoretical 'calculationssv6

0.4‘for>H2

to derive a

reliable value.
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The first experimental determination was by Asawaroengcﬁai and Rosenblatt48

in 1980. They used the theory of James and Klemperer as follows:

J(J - 1)

- (3 2 ' o
I(o-branch) _ (23 + (2 - 1) - @Y7 /7430 +1) + 2xy -1}
1(s-branc 3+ v 2 {1- (%) Y4 7 433 + 1) - 2xy (2343)}2
The only unknown quantity is x which can now be evaluated from relative
' 1

intensities. They used an external cavity and report count rates of 600 s
for H, which is about what I saw. The entire procedure was quite similar
except they did not use a polarizer. They found a value of x=0.38%0.01
for both Hz and D2 which agrees very well with the theoretical value of
0.037857. They point out that first-order perturbation theory is probably
not adequate for Hz, and suggest further theoretical work.

The next study was a series of two papers by»Buckingham et al.49’50,
the first being entirely theoretical and the second experimental. They used a
numerical approach to diagonolize the vibration-rotation matrix. 1In tﬁe first
paper they expressed the matrix element_as a sum andvtabulated the expansion
coefficients for HZ' They state that with modern computers it is more
accurate and less time consuming to calculate the coefficients then to go
through a tedious analytical approach. However they give few details as to hoﬁ
the coefficients were calculated so that it is going to be difficult to extend
their efforté to pure rotation or Q-branches as well as to the other isotopic
molecules. 1In the second paper they applied their theory to measured line

intensities for H They used a multi-pass cell and measured line pairs for H2

2°
at four different incident wavelengths. They did their relative calibration of

their spectrometer by comparing the intensity ratios at the different wavelengths.

They did not use a polarizer. They arrived at a value of x=0.395%0.02.
49



IVc. Ab Initio Calculations

The first theoretical calculations of the matrix elements for both pure
rotation (anti-Stokes and Stokes) and the O and S-branches for H_ and D

2 2
appeared in 1981 by Cheung, Bishop, Drapcho and Rosenblatt51. They used

~accurate static polarizabilities of Kolés and Wolniewicz which they modified
for a field at 488 nm. They calculated both the matrix elements and the O and
S-branch ratio's. They normalized their work to fit first-order perturbation
theory using x=0.372. They did no calculations on the Q-branch line
intensities. They note-that there is a sigﬁificant divergence of the
theoretical values from the fifst—order perturbation values at high J,

approaching 33% for H at J=10. They state that this is not surprizing

2
-econsidering the large contribution of the second derivative to the
polarizability anisotropy function which is not taken into account in
first-order pertdfbation theory. They conclude that for highest accuracy

their correction factors should be employed rather than those from the

perturbation theory expansion.

The most recent theoretical work is that of Schwartz and‘LeRoyl. They
used the dynamic pblarizability anisotropyvdeveloped by Cheung et 31.51.
.They calculated the pﬁre rotation, thé 0, S, and Q-branches for Av=1,2 for
all of the isotopic spécies of hydrogen. Their wavefunctions were essentially
the same wavefunctions that have been used for hydrogen for years, derived
from the potential of Kolos and Wolniewicz. The corrections to the energy
that Wolniewicz developed which Schwartz and LeRoy extended did not affect the
wavefunctions. Their results for pure rotation are the same as tﬁe results of
Cheﬁng et al. The real usefulness of their work is that it covers all Raman

transitions for all of the isotopes, allowing comparison between isotopes.
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IVd. Results

The only way to compére all of the variousvexperimentai and theoretical
works is by tabulating the predictions for the ratio of the O and S-branch
intensities, Zz, as a function of J, including the measured results of this
experiment. For first-order pertubation théory I will include”three results,
x=0.38, x=0.40, and x=0.42. x=0.38 is the value determined by Asawaroengchai
- and Rosenblatt and agrees we;l with theoretical calculations. x=0.40 is the
value determined by Hamaguchi and Buckingham when the second derivative is
. taken into account. x=0.42 is_the value which fits my measured values at
J=2. For the expressions developed by Hamaguchi and Buckingham there are two
entries, one using their results and one using the values of Bllﬁo and BZ/BO
determined from my measurements. The measured values are the average and

standard deviation of a group of 8 measurements for J=2,3 and 7 measurements

Table XII: Ratio of O-branch to S-branch Intensities

Measured Schwartz Cheung First-Order Pertubation - Veirs 'Hamaguchi
and et al. ' Theory and and

LeRoy x=0.38 x=0.40 x=0.42 Rosenblatt Buckingham

J

2 1.636%0.051 . 1.531 1.543 1.563 1.595 1.635 1.636 1.582
3 1.977%0.055 1.815 1.833 1.866 1.934 2.002 1.994 1.901
4 2.309%0.118 2.150 2.178 2.249 2.353 2.467 2.427 2.282
5 2.969%0.269 2.546 2.590 2.729 2.890 3.066 2.955 2.737

for J=4,5. Two measurements were rejected as being outside twice the standard
deviation of measurements for that J level. The results are tabulated in

Table XII.
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There are two important facets to these results, one is the relative
magnitude and the second is the J;dependence. By looking at the results for
J=2 the relative magnitudes can be compared. All of the theoretical results
are lower than the values calculated from experimental results, and the
experimental results seem to be moving away from the theoretical values. In
Table XIII the differences zz(measured)—zz(i) are given, where i
represents the various results of Table XII. These differences emphasize the =

J dependence and are also plotted in Fig. XXI.

Table XIII: DIFFERENCES IN INTENSITY RATIOS

Schwartz Cheung First-Order Perturbation Veirs Hamaguchi
and et al. - Theory and ' and
LeRoy x=0.38 x=0.40 x=0.42 Rosenblatt Buckinghal
J . .
2 0.105 0.093 ' 0.073 0.041 0.001 0.000 0.054
3 0.162 _ 0.144 0.111 0.043 -0.025 -0.017 0.076
4 0.159 0.131 - 0.060 ~-0.044 -0.158 -0.118 0.027
5 0.414 0.370 0.231 0.070 -0.106 0.005 0.223

From this tabulation a number of points become obvious, first that the
measured value for J=4 does not fit the trend in any of the sets of values.
Secondly, the purely theoretical calculations show the largest slope.
Thirdly, there is no value for x in first-order perturbation theory that
will_have no felative offset and still have the J depeﬁdence shown in the
data, x=0.40 has the appropriate Jvdependence while x=0.42 has the minimum
offset. Finally the best fit, especially if J=4's significance is reduced, is : ’
froﬁ the equations developed by Hamaguchi ana Buckingham and fit to the
measured data. It should bevnoted that the results of Hamaguchi and
Buckingham did’not go to a J greater than 3 for Hz, and their results also
included values for D2 for whiéh the leading term, (81)2, may be different

than for Hz.
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The values of BI/BO and BZ/Bo from the results given in Table XII

are given in Table XIV. The values for Cheung et al. are for a field at 488 nm

Table XIV: RATIO OF THE POLARIZABILITY ANISOTROPY DERIVATIVES

B1/8¢g 82/8¢
This experiment 2.38%0.10 3.25%0.80
Hamaguchi et al. 2.53%0.13 - 3.97+%1.33
Cheung et al. 2.658
Kolos and Wolniewicz 2.62
Asawaroengchai et al. 2.63

while the values of Kolos and Wolniewicz are for a static field. The recent

experimental values seem to be moving away from the theoretical values.

Finally one needs tq consider what would be the best formulation to use
for isotopic analysis. There afe only two formulations to consider here,
first-order perturbation theory and the theoretical results of Schwartz énd
LeRoy. The formalism of Hamaguchi et al. does not contain enough information
to exﬁend their calculations to the other isotopes. If oné contacted them
they might be able to provide the set of coefficients needed. Thé
calculations of Cheung et al. do not extend to the othef isotopic species and
for pure rotation are essentially the same as Schwartz and LeRoy's values.
The problem with first-order perturbation theory is that the J dependence is

multiplied by B, (for pure rotation) which should be but is not necessarily

0

the same for H, as it is for T first-order

2 2" For instance the H

2
perturbatibn theory and the theoretical calculations agree to within 0.2% as
to the intensity ratio of a line pair originating from J=2. However if one
compares the ratio of intensities of Stokgs linesvoriginating froﬁ-J=O for
H, and T2 one finds an 11% disagreement. For pure Stokes scattering,

2
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o2 2 2 2 . . : . 2 2
I-Bo{1+7 /x1J +3J+3]} which for J=0 gives I=Bo{1+3Y /x}z. The ratio of

intensities for H2

and T

2

assumes B,

is the same for both yielding

2 2 : '
I(H2)/I(T2)={1+37(H2) /x} /{1+3y(T2)2/)_(}2 where x=0.4 for both molecules and

- -4 . -
Y(H2)=7.65x10 v»and Y(T2)=2.55x10 4 whiqh yields I(Hz)/I(T2)=1.0076. The

matrix elements from Schwartz and LeRoy combine to givé I(Hz)/I(T2)=1.117O.

Table_xv compares relative intensities predicted by first order perturbation

theory to those calculated by Schwartz and LeRoy for all of the isotopic

molecules. The factor {1+37?/x}2 for each molecule has been calculated

along with the squaré of the theoretical matrix elements normalized so that

the -valtie‘s'for'H2 agree. The ratios of the first order perturbation theory

to the theoretical calculations are given.

Table'XV: COMPARISON OF THE ISOTOPIC DEPENDENCE OF INTENSITIES

- FROM FIRST-ORDER PERTURBATION THEORY AND THEORY FOR J=0

. Hy

Be 60.8530

we . 4401.213

L {1+3v2/x}32 1.0115
<plajys? 4.5430
normalized 1.0115

. Ratio 1.000

HD

.655
.15
.0086
.3863
.9766
.033

HT

- 40,595 -
3597.05

1.0077
4.3299
0.9641
1.045

D,

30,
3115.

O &M

4436
50

.0057
.2075
.9368
.074

DT

.395
.52
.0048
.1403
.9218
.090

20.
47
.0038
0672
.8056
.108

2546

- O &

_The theoretical calculations show a stfong isdtopé dependence of the

335

pure

rotational cross—sectioniwhich is lacking in first-order perturbation theory.

‘Since there is no mechanism in first»ofder perturbation theory'to handle the

change in equilibrium internuclear distance as a function of reduced mass, I

‘would ﬁot:trust it to give adequate results. This is reflected in the results

for the ahalysis.of the DOE Round Robin samples,,in'whichvthe theoretical

matrix elements give a better answer. Conversely the work on intensity ratios

in hydrbgen'indicate that the theoretical transition matrix elements are not
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especially accurate either. More work definately needs to be done in thisn
area. The relitive Raman cross-sections as a function of reduced mass needs

to be investigated if accurate isotopic analysis are to be routine.

58

One further note on Raman intensities. A recent paper took a look at

Nz theoretically. They found 1/x=3.15 as opposed to experimental

measurements of Hamaguchi et al. 1/x=2.63 and>AsawaroengChai et al.

1/x=2}22, which is the same trend as the disérepancy in H They also

2
found an increasing J dependence in‘the Q-branch as opposed to the prediction

of first-order perturbation theory.



V. TEMPERATURE MEASUREMENTS
Va. Introduction

Rotational Bolfzmann temperatures can be determined from relative
intensities of Raman transitions..'Acéuracy and reproducibility require strong
lines with weli known corrections fbr.spectrométér.response and transition -
line strengths. fure'rotational Stokes scaftering:and Q—bfanch
rotationalfvibrational‘séattering are the étrongeét Ramanvtransitions. For
~ hydrogen and its isotopes the Q-branch rﬁtationai.lines areAseparated enough
to yie;d roﬁational'témperatupes based én rotational étate ﬁopulations. 1
have investigéted iemperature determinations ffom Stékes ﬁure rotational
scattefing for H, and D '

and from Q-branch scattering for all six

2 2

isotopomers.'
Vb. J—dependent Cross Sections

) Acéurate temperatufes»féquire thé_J‘dependeﬁce:of the transition liné
strength to.be well kndwn, howeQer since the £ransiti§ns all involve a single
‘molecule the mo;epﬁlarvdépendence pf Bi, as>disgussed previously, does
not need to‘be‘knoﬁn. The J dependence ofvpure rotational Stokes scattering
from boﬁh firs£.ofdef.§érturﬁation theory and theoretical transition matrix Co-

elements are givén in Table Xvivfor H2 and Dz,vnormalized to 1 for J=0.
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Table XVI: J DEPENDENT RAMAN CROSS SECTIONS FOR Hy AND D,

Hz o : D2
J {14v2/x(3243343)}2  <ylaly>? C {14v2/%(32+3343) }2 <y|a|y>2
0 1.0000 - 1.0000 ~1.0000 1.0000
1 1.0153 , . 1.0153 , 1.0076 1.0079
2 1.0384 1.0385 ' : 1.0191 1.0197
3 1.0696 ~.1.0700 1.0346 1.0357
4 1.1093 1.1102 .. 1.0540 1.0559
S 1.1578 1.1597 : 1.0776 '1.0804
6 1.2158 1.2191 1.1055 1.1095
7 1.2838 - 1.2892 o 1.1377 1.1433
8 1.3625 1.3711 , 1.1746 1.1821
9 1.4527 1.4657 A 1.2162 1.2262
10 1.5553 (0.988) 1 1.2759

.5742 : - 1.2629 (0.990)

Both methods produce correction factbps which agrée with onevanother'to within
1% for up to J=10 (the number in péreﬁthesis,éﬁ J=10 is the ratio of the
correction fac£ors for firs£—ordér perturbatioﬁ theory to theoretical
trangition matrix elements). The discreﬁanc&vin absolute cross-sections for

H, as compared to D_ for first-order perturbatibn theory and theoretical

2 2
£ransition matrix elements is illustrated in Table XV and must be kept in mind

for isotopic analysis.
Ve. Temperature Determinations

The intensity of a pure rotational Stokes Raman transition is given by:

(J+1) (J+2)

4 Z
30 (2J+3)(2J+1)

I(J) T (647 v ) I‘ Nv J

3o <wlalw>? . (21)

(v is in wavenumbers, equivalent to v/c in previous equations). The

number density, N is given by:

v,J

N

o . . -
= - -4, ) » 22
NV,J o (2J+1) Q .exp( 1.439 EV,J/T) . . . (22)
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where ¢ is.the nuclear spin degeneracy, No is the total number density of
the molecular species, Ev J is the energy of the initial rotational-

) N . R . . :
.vibrational state, and Q is the partition function. I(J), given in watts, is

converted to photons per second by:
- I(J) = I(J,photons/s) hev . ‘ _ (23)

The scattered intensity is then:

43 _ N

I(J,photons/s) = 64u'v’ I o Jo _1 (J+1)(I+2) <ylely>? expi-1.439E, /T} . (24)
he Q 30 (23+¢3) » vsJ

The measured intensity is related to the scattered intensity by the response

functioq of the collection and detection system, R(v) by:
' I(meas,J,p/s) = I(J,photons/s) R(v). - - (25)

The measured intensity can be determined from the peak height by measuring the

average peak height and the background:
I(meas,J,p/s) = I(peék,J,p/é) - I(background,p/s). . (26)

It‘mustvbe stressed tha£ both>th¢ peak height and the backgroﬁnd are composed
ofvtwo'elements,'the aQerage intensity.and the.noise due to counting
vstatistics thch_is impressed oﬁ the average intensity.' The counting
statistics.noise is‘gspééialiy important for weak peaks whefé a maximum peak
“height can be m;rg fhan 50% greater than the average intensity. All

measurements I will discuss are made from an average peak height intensity and
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an average backgfound. The final relationship is given by:

4 3 ) , | .
v » R(Vv) 647 v I o N_ 7 (J+1) (J+2)'<w|a|w>2 exp{-1.439E _/T}
I(p,J) - I(b) = 9 o , v,J
’ ' h ¢ Q 30 (2J+3) | . - (2n
Rearranging and taking the‘natﬁrai log yieids:
I(p,J) - 1 - B
R(v) v~ o <yialy> J+1 J+2) 64w N I 7 T : (28)
(23+3) oo

From a plot of the left side of this equation versus the energy of the initial -

state, EV g* 2 slope can be determined from which the temperature is derived:
, ;

T=-1.439/slope . | (29)

‘The term Infh ¢ Q 30/(6414 No 7 Io)]'affects the intercept only and can be

ignored. A linear least squares of.the corrected intensity versus initial
state energy yields the temperature directly. The terms o and
(J+1)(J+2)/(2Jf3) are known exactly and do not coniribute any érfor‘to the
temperature dete:mination;- v is given by the Raylgigh frequency and the
rotatiqnal shift by v = v(Ra&leigh)—v(ro@atibnal shift). v is knoﬁn

to 5 parts in a million,.contcibuting negligible error. R(y), détermined
from calibration pfocedures and known to about 1%, is a major sburce of
error. <w]alw>, given in Table iVI for both first order perturbation theory
anditheoretical calculéfions which agreé to within 1% up to high J vaiués, is
also a source of error. The ability to measure the peak intensities accurately
give fise to the major source 6f errof in temperatufe determinations. One
method used to cancel the errors dﬁé tov<¢|a|¢> and R(v) is to measure the
intensities of a gas,_assumé the rotational temperature of the gas to be that

of the sample cell measured with a thermocouple, and determine the product

59



R(u).<w|a|w>'from the known Boltzmann.distributiensg. Using this method

g temperatures accurate to O.5°K were_reporteu'at room temperature. However
fdom“temperature measurements‘of rotetional temperatufes have been reported
y1eld1ng 329+3°K in wh1ch they state that the_"effect1ve temperature of the
scatterlng volumne of the gas is some- 30°K above that of the cell surface"59
_In tight of thislsituation I believe it ts important to measure R(v) and

determine <y|a|y> separately.
- Vd8. Weak Lines '’

 The importance of incOrporatingvueek liuee tn tempereture determiuations
can be illustuated by considering‘the error intfdducedvby small uncertainties
in intens1ty meaeurements. Cons1der the example of belng able to measure two
11nes only for a temperature determ1nat1on in’ Hz . The temperatupe is glven

by:

InfI(1)) -ln [I(2)) . =1.439 -. . | (30)
E(2)-E(1) T o -
If there is an error‘in-one of,the intensities,-saymI(Z); the effeet’on the
temperature is given by:
Tod{1(2)} _ 1.439 dT . ~(31)

1(2) (E(2)-EC1)} K5

- The error in I(Z) can be wrltten as a percentage of I(2), dl(I(2)] I(2) %error:

%errof T2 _
{E(2)-E(1)} 1.439

= dT. . , - (32)

For'tbe specific case of I(2) being either J=1 or J=5 with I(1) belonging to
J=0, {E(2)~E(1)} goes from 118 cm_,1 to 1740 cm-1; For the same error on the

‘temperature the %error can increase by a factor of 15 for J=5 over the error
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in the intensity for J=1. dT=5°K for a 15% error in J=5, which reéresents a
total intensity of 44 counts if the error is purely sfatistical. This
analysis is simplistic in that a linear least sqﬁares tends-to aQerége out
errors in mgasuring intensities, but it does emphasis the importance in

measuring lines at high J with large energy seperations from J=0.

Ve. Results: Pure Rotation

The results in Table XV11 are temperature determinations from Stokes

pure rotational scattering. For H2 the lines included in the determination

were J=0--5, and for D2 J=0-8. The room temperature was measured with an

‘uncalibrated thermometer resting on the spectrometer. Determinations 1-4 were

Table XVII: TEMPERATURE DETERMINATIONS FROM
PURE ROTATIONAL STOKES SCATTERING

Molecule Temperature . Temperature dT
a (calculated) (thermometer)

1. Hy ‘ 294.0 296.0 . =2.0
2, Hy 294.2 296.0 -1.8
3. Ho : 294.6 296.0 -1.4
4. Hy _ 294.4 296.0 -1.6
5. Hy = 292.7 294.8 -2.1
6. D, 294.1 296.3 -2.2
7. Dy 293.6 296 .3 -2.7
8. Dy 288.5 — -

taken on the same'day with the-sample essentially in thermal equilibrium with
the room. Sample 5 wasvtaken with the same sample on the next day with.the
room temperature significantly Lower.' Samﬁles 6 and 7 were two runs on the
same sample on the same day. Sample 8 was é tritiﬁﬁ containing sample that
had been stored in the tritium handling room whiqh is qSually colder than thé

lab.
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The average‘température difference between that determined from the Raman
spectra and that'cead frbm the thermometer is 2.0%0.4°K. However for the
repetitive samp1e§'154 the temﬁerature is 294.3%0.3°K, indicating that the
temperature determination is very reproducible. Because the thermometer was
not calibrated and not in thermal contact with the sample cell the accuracy
can only be surmised to be withiﬁ 2°K with the possibility of being equivalent
to the reproducibility of 0.3°K. There is no evidence that the scattering
'v.volume is at a higher temperature than the sample cell. The presence of
tritiuﬁ in sample 8 does notﬁdisturb the ability to make temperature
vdeterminationsQ ' Further work needs to be completed with a thermocouple
aftached to the sampie éell to détefmihe the-accuracy'of tﬁe temperature
determinatibn. If there is a reproducible difference between sample cell
.temperatureé aﬁd:Raman temperature determinations, the problem can lie either
with the spectrométér calibrétion or the J dependence of the transition matrix -
elements. Either of these problems can be corrected for by using intensities
from a sample at a kqown'temperature as in Leyendecker et al. At high
témperatures when higher J levels are populated the ungertainty in the product
of R(v) <ylaly> can be boot—strapped by using a temperature determined

from the lower J leveis.
VE. Results: Q-branch

The,éase of Q-branch temperature determinations is more complex and
“indicates that there are real problems in understanding the J dependent Raman

Q-bfanch cross-sections. The Q-branch Raman intensity is given by:

I(J) = 64-«4‘ \)4_ I0 Nv 3 (1/2a) <q;|a|\p>2 _ (33)
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where
wlalv>® = 1- X gy kil o o s

using first order perturbation theory and

<glalys? = K(DH2 + 8(I)2 = UJ—QI'&‘)]‘%%'-‘IT . 39

using the theoretical transition matrix elements,'K(J),.the poiarizaﬁility
matrix element, and B(J), the polarizability anisotropy matrix element. U#ing
the same approach as fdr pure rotational Stokes scattering the temperature can
be determined from a linear least squares fit of the equation:

_—1.439Ev

R(v) v3 o (2J+1) <¢|a|¢>2 , T . :

Reiterating the points covered in the intensity-sectioh, first order
perturbation theory ptedicts a decrease in the QQbranch Raman cross section
with increasing J while the transition matrix elements increase with
increasing J; Also for J=0,‘K is the only con£ributidn to the»croés section
while for J>0 B8 also'cOntribﬁtesn The cross-sections for H2 and TZ up to

- J=10 determined form first-order perturbation theory and the theoretical
transitioﬁ matrix elements, normalized to J=0, are plotted iq Fig. XXII. The
trends are obvious and intuitive with H2 having the strongey J'dependence
because of it's larger fatio of rotational to vibrational constants. In Table

XVIII the cross-sections for all six isotopomers using both formulations are

presented.
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Table XVIII:

Hy

<

FOPT

1.000
1.040
1.023
1.014
1.004
0.992

0.962
0.944
0.923
0.901

CONIITULEWNMRODO

-

0.978"

AIC

1.000
1.048
1.041
1.049
1.062

1.080°

1.099

1.121 -

1.147
1.176
1.208

H

FOPT

1.000
1.041
1.025
1.018
1.010
1.001
0.990
0.978
0.964
0.949
0.932

I have determined

the isotopomers. There are 5 samples for H

isotopomers. All of the data have the backgrbund subtracted, but the peak

J DEPENDENT CROSS—SECTIONS FOR THE HYDROGEN ISOTOPIC
MOLECULAR SPECIES USING FIRST ORDER PERTURBATION THEORY (FOPT)
~AND AB INITIO CALCULATIONS (AIC)

5 .
AIC

.000
.046
.039
.045
.054
.067
.082
.100
.121
.143
.167.

o e e e e e e e

HT

- FOPT

1.000
1.041
1.026
1.019
1.012
1.004
0.994
0.983
0.971
0.957
0.942

temperatures

AIC

1.000
1.045

1.038

1.042
1,051
1.063
1.077
1.093
'1.111

1.130 .

1.152

from Q-branch intensities

OO OCOK MM MM

2

Dy

FOPT

.041
.027
.021
.016
.010
.002
.994
.985
.974

and 1 each for the remaining 5

.000

.963

AIC

1.000
1.044
1.037
1.039
1.046
1.055
1.064
1.078
1.092
1.108
1.126

AIC

1.000
1.043
1.033
1.035
1.043
1.051
1.058
1.068
1.081
1.096
1.111

COORF MMM MR

T2

FOPT

.000
.042
.028
.024
.020
.015
.011
.005
.999
.992
.984

AIC

o e e e

for all six of

maximum»was used instead of an average peak intensity. This especially

affects the data‘with'small count rates. The tables that follow contain the

following infqrmatiou: 1) the initial rotational quantum numbers, the

.000
.042
.031
.034
.040
.045
.051
.059
.071
.082
.093

average peak intensity, and the background; 2) fhe initial rotational quantum

number, the temperature calculated from the information above assuming a

transition matrix element of 1 for all transitions, the temperature using

first order perturbation theory, and the temperaturé using the ab initio

transition matrix element. The tempécaturés are calculated using linear least

squares starting with the first J levels and recalculated for each additional

J level for which»tﬁeré is data. If there is data for J=0—5, then the first

temperature to appear will be for data from J=0 to J=1 and the second

temperature incorporates data from J=0 to J=2 and so on.
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Tables XIX-XXIII contain the results for H,, and illustrate the
problems associated with both Q-branch temperature determinations and-
intensity measurements in genefal.' In Table XIX and.xx tﬁetintensity fér J=1
is greater than 106 counts per second, within the noﬁ-lineéf.regime for the
electronics of the photon counting system. Asva result the intensity of J=1

~is less than it should be and the temperature is significantly lower than

Table XIX: TEMPERATURE FROM H, Q-BRANCH INTENSITIES

Background=200

J INTENSITY T T(FOPT) - T(AIC)
0 398000 ————-- ' ——me - e
1 1970000 284.49 267.04 - . 264,08

-2 377000 307.12 304.16 S 300.08
3 290000 302.65 302.60° o 299.55
4 14400  303.57 304.30 , ~301.24
5 3800 304.56 305.59 ' 302.51
6

270 308.98 309.36 . . 306.21

" Table XX: TEMPERATURE FROM Hp Q-BRANCH INTENSITIES
Background=58

g INTENSITY T , T(FOPT) = - T(AIC)

0 217010 —————— —————— —_——
1 1089000 291.07 272.83 . 269.74
2 209720 310.60 . 307.57 = 304.32
3 157420 301.99 301.94 o 298.91
4 74517 300.76 1 301.47 298.47
5 1812 300.16 : 301.15 298.16
6

91 303.58 304.74 301.68
it should be for J=0,1. This effect also shows up to a lesser extent in Table
XXI although it should not. The non—linearity of the photbn counting system

méy affect results sooner than previously anticipated. The benefit of

65



multi-line determinations for temperature is illﬁstrated in all of the results
in that the tempebatures'séem to converge when higher J levels are included.
The problem of measuring the peak maximum vefsus-the peak average is

illustrated in all of the results in that thé last measured line, usually less

Table XXI: TEMPERATURE FROM H, Q-BRANCH INTENSITIES

Background=30

J ~ INTENSITY - T - T(FOPT) - - T(AIC)
0 124280 R R S T
1 636670 301.69 : 282.14 : 278.84
2 118340 ~-306.81 - 303.86 , 300.68
3 91329 302.17 ' 302.12 299.08
4 4362 . 301.66 . . 302.38 . 299.36
5 1065 .301.16 302.16 - ' 299.16
6

54 308.63 ' 309.82 . 306.65

than 100 cps, is overestimated'and the'temperature jumps significantly._ In
Table XXII the sudden turn-on of the polarizability anisotropy at'J=1 is
ﬁicely illustrated:in that the temperature assuming <y|a|y>=1 is 330°K at

J=1 while fdr'both first order pertutbétion theory and ab initio transition

Table XXII: TEMPERATURE FROM Hp Q-BRANCH INTENSITIES

Background;ZQl

J ' INTENSITY T . . . T(FOPT) S T(AIC)
0 128820 . — - —— e
1 693920 331.11 - 307.71 303.79
2 119790 ~300.29 297.46 ' 294.42
3 .. 98358 .~ 303.37 < 303.32 . 300.26
4 4709 " 303.29 = 304.02 1300.97
5 1127 .~ 301.87 - 302.87 ° 299.85
6 49 - 304.15 ©305.30 302.23

matrix.elements, which take into account the increased cross section due to
the turn-on of the polarizability anisotropy, the temperéture is a more
reasonable 307 to 303°K. In Table XXIII; where'the fraction of H, in the
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Table XXIII: TEMPERATURE FROM H, Q-BRANCH INTENSITIES

Background=18

J INTENSITY T : . T(FOPT) T(AIC)
0 30 ememem e e
1 121 280.04 263.11 , 260.24
2 44 371.82 . 367.48 362.85
3 40 344.30 344,24 240.30

sample was extremely low and therefore the intensities of the lines were 100
cps.or less, the temperature can only be estimated to within *40°K or to
about 15% of the true temperature. The theoretical matrix elements yeild a
temperature about 3°K lower than first order perturbation theory, or a
reduction by ~1%. However the best temperature in all cases converges to
~299+1°K which, in light of the rotational temperature determinations, is

3 to 5°K too high. This indicates that there is an additional correction
which has not been determined. Tables XXIII-XXVIII are from a sample Bob

Sherman bought back from Switzerland. The composition of the gas as

Table XXIV: TEMPERATURE FROM HD Q-BRANCH INTENSITIES

Background=16

J . INTENSITY T T(FOPT) T(AIC)
0 1490 00 e e e
1 3067 344.87 ' 311.61 307.79
2 2121 303.40 299.17 296.10
3 835 299,13 298.66 295.66
4 e s e ——— e
5 42 ©292.41 293.26 290.39
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determined by Raman analysis was H2=0.012%, HD=2.50%, HT=1.67%, D2=46.20%,

DT=40.24%, and T,=9.37%. In Table XKIV J=4 is obscured by a D, §,(4)
line. The same trends seen in the H2 data are apparant in the data for the

rest of the isotopomgrs. In D2 and DT the J=0.and J=1 lines overlap while

Table XXV: TEMPERATURE FROH'HT'Q~BRANCH INTENSITIES

Background=16

J INTENSITY T T(FOPT) , T(AIC)
0 566 . —eee- | e
1 1137 - 295.22 S 267.63 ~ 264.89
2 851 286.05 281.70 278.98
3 406  296.85 - 296.18 : 293.23
4

127 298.34 o ©298.78 295.79

Table XXVI: TEMPERATURE FROM D, Q-BRANCH INTENSITIES
Background=16

5 INTENSITY T . T(FOPT) - T(AIC)

0 e S ——
1 —_————— ————— T e .
2 82578 e
3 25096 306.93 308.92 305.69
4 20543 300.87 302.49 299.39
5 3090 ©-300.13 301.61 298.52
6 1433 302.02 ' 303.44 300.32
7 134 . 301.92 303.30 300.17
8

38 294.36 ... 295.65 - 292.68

in T, J=0,1 and 2 overlap with the slit widths used in these determinations.

'In'Tz there is a strange alternation in inténéity with even J yielding higher
temperatures than odd J. The nUcIear spin degeneracy has been properly taken

account of and tﬁe source fpr the alternation is unknown. As with H2
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Table XXVII: TEMPERATURE FROM DT Q-BRANCH INTENSITIES

Background=16

J INTENSITY T , T(FOPT) - "T(AIC)
0 —————— —————— —————— s
1 e el
2 53631 0 - el
3 36816 . 300.60 302.65 299.50
4 17993 296 .60 298.25 295.20
5 6895 299.40 300.91 297.80
6 2062 301.50 302.93 - 299.79
7 472 300.83 302.21 . 299.08
8

86 296.12 . 297.43 ' 294.40

Table XXVIII: TEMPERATURE FROM T9 Q-BRANCH INTENSITIES

Background=16

J INTENSITY T  T(FOPT) “T(AIC)
0 et e et en i m—— s e
1 0 e e dmme T e
2 ——————— . —————— " —————— ——————
3 13476 ° 0 o—eeeee L e S
4 2747 305.80 307.35 ‘ 304.07
5 3901 302.76 '304.19 300.97
6 526 304.87° © 306.26 , 303.00
7 477 301.90 303.24 _ , 300.04

8 59 - - '304.63 305.98 : .. 302.73
9

50 311.27 312.66 , 309.27

the convergent temperatures cluster around 299-300°K. The data for HD and HT
is significantly less intense with final'temperatures being less precise and

converging to 2955K.

The results for temperature determinations from Q-branch line intensities
yield the following concluéions. First of all the sudden turn-on of the
polarizability anisotropy as a component of the‘ovérall cross-section at J=1

as predicted by Placezk's theory is amply demonstrated. Secondly the J
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dependence of the first order perturbation theory cross-section has the wrong
sign{ Thirdly the J dependence of theetheoretical trangition matrix elements

has the correct sign but not enough magnitude.
Vg. Results: First Overtone

Finally, in terms of temperature measurements as a way to judge the
'adequacy of cross- sections, I have made measurements of the first overtone.
The‘spectra 1s‘shown in Fig. XXI11, from which intensities were deduced using
a rulerr .The ekact expression fqr the crdss—seétion of the overtone can be

taken from James and Klemperer as:

. 2',_ : J(J+1)- o - ' .
<ylajy>" = <K<J)} ( ) <B(J)> i(2J+3)(2J_1)1 . _ (37)

gince their expre551ons ‘are general in v. The.theoretical‘transition matrix
elements <K(J)> and <B(J)> are ava11ab1e from Schwartz and LeRoy for the first -
.overtone._ Theﬂinten51t1es were anal&sed in three uays,'first making the usual
correctienSVOf vj'R(u) ° (2J+1) with no crossuseetien'correction,

secondly using <KkJ)> and <B(J)> for the first overtone from Schwartz and
LeRoy and thirdly using the values of <K(J)> and <B(J)> for the fundmental

from Schwartz and_LeRoy The results are given in Table XX1X.

. Table XXIX: TEHPERATURES FROM Hy FIRST OVERTONE INTENSITIES

J 1 0m L <R(I)> <8(J)> T, T4
0 18.4 —-t-- . -0.06828 -0.002921 = = ———-=  ——oe-
1 101.4 343.7 -0.06866 ~0.003260 336.2 314.2
2 18.2 310.2 -0.06941 ~0.003944 303.3  304.2
3

16.3 316.9 ~0.07055 : ~0.004982 - 310.4 313.7
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Using <w|a|w>2=1, the tempergtubéifdf J=0,1 is high suggesting the
onset of the polarizability anisoﬁrdpy;i Howéver,_as opposed to the case for
Av=1, the ratio of <K(J)>/<B(J)>;23 instéad of 1.2, and the effect éf the .
onset is minimized. Using the_cross—section for Av=1 the £emperaturés are
more reasonable indicating that the tﬁeoretical transiﬁion ﬁatvix element
<B(J)> for Av=2 is much tooksmall with respect to <K(J)>. Also note that
<B(J)> increases by 70% ih going from J=0 to J=3, thch is a remarkably large

J dependence.

The relative magnitude of pure rotational Stokes scattering, Av=1l

. Q—branch scattering and'A;=2 Q-branch scatﬁering can be compargd.using‘ ‘
experimentalviﬁtensities and theoretical transition cross—sectioﬁs. The
equaiions from James and'Klemperer, substituting in the theoretical transition

matrix elements are:

4 3

_ 64w v Ig Ny g 7 (J41) (J+2)  yla|y> :
I(Stokes) = W E 30 (2J%3) (23+D SR o 38
o 64n" V> I, Ny Ce1y.2 (1152 '
I(Q-branch,Av=1) = e 0 “V,J [<K1(J)> +.<BI(J)> Z% %é%{l —yl- (39)
' 64«4 v I, Ny iy 2 1752 7 J(J+1 .
_ _ 6 ,J . + .
I1(Q-branch,Av=2) = —h ¢ 90V [<K2(q)> + <52‘?)> 75 T§U+3;(23—I)] (40)

Looking at J=1, assuming that <B(J)> makes an insignificant pontribution

compared to the experimental error, the respective intensities are given by:
' ' ' - ' : 3 2
I(S):1(QL):1(Q2) = v° <5 S Ut2) <wlalys? RV v R(v) <K1>2:v° R(v) <k2>°. (41)

The intensity data are taken from Hé spectra recorded over two days with the

same slit widths and H_ pressure, and presumably the same laser intensity

2
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and collection efficiency. Because of the expefimental-uncertainties, the
intensities may be off by a factor of 2 to 3 between the three sets. The data

-are given in Table XXX.

Table XXX: COMPARISON OF PURE ROTATIONAL, FUNDAHENTAL AND OVERTONE
INTENSITIES FOR J=1

Pure Rotation } Q—branch, dv=l = Q-branch,dv=2

I(observed) '5.4x105 6.4x10° 804

R(v) [%) 2.3 . 3,0 1.4

v3 e ' 8.0x1012 . a.1x1012 . 1.7x1012
S(J) ST 0.09 1 : 1
<¢|a|¢> ' 45 0.66 4.6x103
R(v) v3 S(J) <¢|a|¢> 7.5 8.1 ' , 1.1x10"2
I(predicted) . . - 5.4%10% 5.8x10° o 790

normalized to pure rotation

The excellent agreement is fortuitous éonsidering the documentation on the

data.
Vvh. ‘Conclﬁsion

in SQmmefy; fer ﬁufe roteﬁiqnel.stbkeevscettering'the cross-sections from
first opder_perturbefion tﬁeoryvéhd‘accﬁrete transition matrix elements are in
remarkable agreemehﬁy, Temperaiures ealcuiated using these eross—sections are
highly repreeuciblef'ihdicaiive of ﬁhe.quality ofithe déta, but seem‘to be 2°K
lower than-thevthefmoﬁetef reading. 'ﬁore expefiments need to be.EOmpleted
which measu?e‘the tempereiure.of the sample cell accuraiely ih order to
determine the source of the'2°K discrepancy. The Q—brénch crossnsections
appear to yield much poorer results. The abrupt contribution of the
polarizability aniéotvopy at J=1 fo £he Q-branch crossmsection has been emply
demonstrated. The.Q—branch cross-section J dependence using first order
perturbation theory has been shown to be incorrecﬁ. The theoretical transtion
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matrix elements improve the situation, but there is s£ill_an addiiional
correction to the.cross—section needed."uore experiments are needed to
determine the source of the measured teméeraturé discrepanéiés, additional
corrections té the cross-section or more accurate gspectrometer calibration.
The first overtone Q—branchvcross—sectibns have been shéwh_to have the same
functional dependence upon the polarizability anisotropy as the fundamenfalf
The theoretical transition matrix eleménis_fbr the polarizability anisotropy
appear to be too small by.at least an.order ofvmagnitude. The relative
intensities of pure rotational, funqamental, and first overtone scattering
agree quite well with the theoretical galculations, as opposed to the J

dependence.



Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5.
Fig. 6

A

Figure'Captions

Integration of monochromator and collection optics showing the
distances between the focusing opticalvcomponents; The . exact
distances were selected to maximize the collected 1ight reaching

the detector.

The beam waist (wo), Rayleigh length (Zr)’ and arbitrary beam

-waist (wz) at distance Z in Gaussian optics. The distance z

represents the locatioh of the laser beam focusing optic.

The f1nal external cav1ty/collect1on—opt1cs des1gn The focal

lengths and diameters of the lenses and m1rrors are determined from

the phy51cal‘character1st1cs of the laser and monochromator.

Non¥linear response of the Spectra?Physics 171 power meter with ND

rfllter " The x-axis is the true laser power and the y-axis is the _v
' rrat1o of the true laser power to response‘of the power meter

-sh1e1ded w1th an ND f1lter. The ND filter exhibits saturation

'behav1or which leads to anomalously h1gh power readings at hlgh

laser power.

'_Ramanbspectroscopy cell foreuseiwith'tpitiUm contaiﬁing'gases. The

:,cellbis all'metai and glass construction including metal o-rings

with a small volume of about 1.5 cm3.

~ The effect of discriminator setting'on signal and noise. The

number on the rlght is the signal divided by 105 or the noise.
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Fig. 7
Fig. 8
Fig. 9
Fig. 10

The number on the left is the S/N ratio divided by 104.A After a
discriminator setting of 1 the noise rises precipitously éausing a

sudden fall'in the S/N ratio.

Possible otrientations of No Dew window wiih lens. The orientation
in (a) is as delivered by manufacturer whereés the (b) orientation

results in slightly higher signals.

Curcuit used for calibratiqn lamp operation. The current/voltage
regulator senseé the current of voltage at the lamﬁ and
automatically'régulates the voltage sdﬁrce. The additional
voltmeter‘allowé indepéndent monitoring of the»current/voltage and

manual fine-tuning.

Etaloning from intensity célibration lamp. The 1% variation in
intensity is due td interfereuée at the detector.of 1i§ht.from the
iamp filament which either passeé stréight tp-the detector or is
first reflected from the lamps glass.envelope. The 1% variation
was damped out by increasing the spectrometer bandwidth with wider

slits.

Two methods for determining 1ine_intensities. In I the line _
intensity is determined by summing the total number of counts in
the vicinity of a peak and subtracting the total background counts,
determined on each side of tﬁe'peak. in II the line intensity is
determined from.ghe-peak intengiﬁy of the line and tﬁe a?erage
béckgrbund intenéity. Bdth methodé are easily implemented with

digital data. |
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Fig. 11

Fig. 12
Fig. 13

' Fig. 14

" Fig. 15

Effect of polarization on spectrometer response, calculated and
measured. The y-axis is the: percent efficiency as calculated or
measured. The x-axis is the spectrometer position in absolute

wavenumbers.

Ratio of spéctrometer reéponse with perpendicular and parallel

'_polarized light. The y-axis is the ratio of the measured

efficiencies and the x-axis is the spectrometer position in

- wavenumbers. ' The relative flatness of the curve in the region of

inte:est'(ls;ooo f_17,000'cm-?) still represénts a change more

_than 2 orders of magnitude above the required accuracy.

 Spex depolafizer. Ihe wedge shape allows the birefrigence of the
_quér£2'to-r0tate the polarization of the ihéidént light én amount

'dependén£ upon the vertical position.

" Effect of Spex'depolérizer on polarized light. A telescope expands
a He-Ne beam to fill the aperture of the depolarizer. The light is

_ polarized incidenf upon the depolarized and resolved on a screen

after the depolérizer,_ The device works well when incomplete

depolarization can be tolerated.

Effect of depolarizer on the polarization of a rotation Raman

line. A polarizer with 10"5 extinction ratio was used to analyze

the polarization of a rotational Raman line. The y-axis is

relative intensity of the Raman line and the x-axis is the angular
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Fig.

Fig.

Fig.

16

. 17

18

19

position of the analyzing polarizer. Data was taken with and

without the Spex depolarizer. The Spex depolzrizer was elways

_ before the polariiationvanelyzer.

H, 5¢3 with Uranium calibration. The y-axis is tﬁe'intensity

in counts per second and the x-axis is the Raman shift in
wavenumbers. A shutter rejected the uranium hollow cathode lamp
light when the epectrometer scanned over the Raman line of
interest. The entrance and exit slits wefe increased when scanning

over the Raman line to insure detectable amounts of light.

Pure rotational line positions, differences between ab initio

calculations and best experimental measurements for H “the

9
y-axis is the difference between line positions calculated from ab

.

‘initio energy levels and the best experimental measurements in

units of 107> em 1. The x-axis is the rotational quantum

number J. The error bars are experimental.

H,

initio calculations and best experimental measurements. The x and

S-branch line positions for v=1 to v=4, differences between ab

y-axis are the same as in Fig. 17. The error bars are for the

. experiment.

Difference between theory and experimental Qibpational levels for
HD. The y-axis is the same as-in Fig. 17 except that the units are
cm—1 and the x—axis is the vibrational quantum number, v. The
points are determined from J=0, neglectigg thevretational dependent

error. v
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Fig. 20

Fig. 21
Fig. 22
Fig. 23 .

Isotopic dependence of the difference between theory and

experimental vibrational levels.

-Diffebénces.between meésured ihteﬁsiiy ﬁodéis. The y-axis is the
difference between the experimental ratio of the 0 and S-branch
cofrected intensities'originating from the same J—leyel and
intensity ratios calculétéd'from Qafious models. The theoretical

calculétioh poinﬁs afe derived from the ratio of the square of the

‘transition matrix elements. Three entries for first-order

perturbation theory include x=0.38, 0.40, 0.42. Second order
effects are included in the formulation by Hamaguchi and

Buckingham. The x-axis is the rotational quantum number J. The

error bars are for the experimental measurements.

H2 and T2 Jedebendgnt_crosS—sections from first—order
pefturbationxthedry.and ab initio calculations. The y-axis is the
relaﬁive Q»brahéh Raman cross«section normalized to J=0. ‘The
x—gxis ié the r&tational qqantum number J.

HZ first overtone (v=2 ¢ v=0’. The y-axis is the absoluté
intensity in counts pet second and the x-axis is the Raman shift.

The iow intenéity is pértially dué_to'a lower cro#s—section and -

partially due to the photomultiplier tube red fall-off in quantum

efficiency.
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