STELLINGEN

a) Bij onderzoekingen aan collision induced scattering in gassen bestaande uit sferische moleculen wordt gewoonlijk aangenomen, dat het spectrum
nabij de frequentie van het exciterende licht experimenteel niet toegankelijk is door de hoge intensiteit van andere spectrale componenten. Dergelijke metingen zijn wel degelijk mogelijk.
b) De mening van An, Montrose en Litovitz dat Irwin en May erin geslaagd
zijn de bij a) genoemde metingen te verrichten, berust op een onjuiste interpretatie van de meetresultaten.
S.C. An, G.J. Montrose en T.A. Litovitz, J.Chem.Phys. JW
(1976) 3717.
D.G.J. Irwin en A.D. May, Can.J.Phys. 50 (1972) 2174.
II
Bij een computersimulatie van Fabry-Pérot interferogrammen van rotatie
Ramanspectra houdt Barrett in de berekening van de bijdrage tot de lijnverbreding ten gevolge van het Dopplereffect ten onrechte geen rekening met
Dicke narrowing van de lijnen.

'V.

J.J. Barrett, J.Opt.Soe.Am. 66_ (1976) 801.
Ill
Voor de verklaring die Gates en Potter geven voor het anomale gedrag dat
zij hebben waargenomen bij kernspin-roosterrelaxatie in YC1-.6H.O, verontreinigd met Yb, is een nadere argumentatie nodig.
J.V. Gates en W.H. Potter, Phys.Eev. BT3 (1976) 8.
IV
T'5

Bij de theoretische beschrijving van de vibratierelaxatie van moleculen
die uit meer dan twee atomen bestaan, wordt gewoonlijk geen rekening gehouden met de koppeling tussen de vibratie- en rotatievrijheidsgraden.
Deze benadering is aan bedenkingen onderhevig; meer inzicht hierin kan
worden verkregen door metingen te verrichten aan systemen waarin slechts
een beperkt aantal vibratietoestanden van belang zijn.
J.D. Lambert, Vibrational and rotational relaxation in
gases (Clarendon Press, Oxford, 1977).
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De afwijkende klankkleur van de laagste tonen van houtblaasinstrumenten
kan worden gecorrigeerd door de instrumenten te:verlengen en van zijgaten
te voorzien. Het is merkwaardig, dat deze acoustisch elegante oplossing
thans in Europa geheel in onbruik is geraakt.
M. Praetorius, Syntagma (Wolfenbüttel, 1614-1619; heruitgave Bährenreiter, Kassel, 1958).
H. Castellengo, proefschrift, Université Pierre et Marie
Curie, Parijs, 1976.
VI
Eet belang van gasfase reacties bij de vorming van complexe moleculen in
de interstellaire ruimte wordt door Herbst en Klemperer overschat.
E. Herbst en W. Klemperer, Astroph.J. J85_ (1973) 505;
Physics Today 29 (1976) juni 32.
VII
De gewoonte bij het uitspreken van "Ramaneffect" de klemtoon te leggen
op de tweede lettergreep stemt niet overeen met de uitspraak van de naam
van Sir Chandrasekhara Raman.

VIII
Het is niet duidelijk waarom de McLeod manometer thans nog wordt aanbevolen voor het meten van lage drukken bij dampspanningsthermometrie met He.
D.S. Betts, Refrigeration and thennometry below one
Kelvin (Sussex University Press, 1976, p. 170-172).
IX
Door Hess wordt een methode voorgesteld waarmee een impulsmoment-tensorpolarisatie in een verdund gas kan worden geproduceerd om de koppeling
tussen de tensorpolarisatie en de druktecsor te onderzoeken. De tensorpolarisatie kan op een efficiëntere wijze worden gegenereerd door gebruik
te maken van de techniek van optisch pompen.
S. Hess, The Boltzmann Equation (Springer Verlag, Wenen,
1973, p. 247).

K.D. van den Hout

Leiden, juni 1978
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INTRODUCTION
The idea that the shapes of peaks observed in molecular spectra contain information about intermolecular collisions dates bac!; to an 1895 paper by Michelson [Mic
9 5 ] . Indeed, the fact that spectral line broadening was one of the first examples of
a molecular relaxation process to receive detailed attention is further illustrated by
the early development of the Lorentz theory [Lor 0 6 ] , which introduced the concept of a line width explained in terms of a relaxation time. The wide variety of subsequent theoretical work [e.g., Vie 45, And 49, Fan 63] has substantially extended
this concept, so that at the present the fundamentals of line broadening are
quite well understood (see the books by Breene [Bre 6 1 ] , Townes and Schalow [Tow
55] and Berne and Pecora [Ber 76], and the review articles of Birnbaum [Bir 67]
and Rabitz [Rab 74]). The introduction of the laser, 15 years ago, has proven an
especially important stimulus to the field of molecular relaxation, because it has
revived interest in line broadening by making possible accurate experimental studies
in the relatively new fields of rotational Raman and depolarized Rayleigh spectroscopy.
In this thesis, experimental results for the collisional broadening and shift of H 2 ,
D 2 and HD rotational Raman and depolarized Rayleigh lines at various temperatures
are to be presented and discussed within the context of current theoretical concepts.
In this introduction we will outline how the spectral profiles are related to molecular
collision processes.
1. Spectrum
We consider the situation that a beam of linearly polarized light is passed through
a gas of linear molecules. Its frequency v0 is far away from any absorption frequency
of the gas. The intensity of the scattered radiation depends on the polarizability a of
the molecules. For linear molecules, the polarizability can be written as [Lan 60, Hes
69]
a(í) = cfë + (a/ - ai) u u (f),

(1)

where a/ and aL are the polarizabilities along and perpendicular to the internuclear
axis, 5 = i a/ + 1 a i is the (scalar) average polarizability, § is the unit tensor and « a
unit vector along the internuclear axis, 'uu =uu — Í8 represents the symmetric,
traoeless part of u u. In general, 5 and a/ — a x are time dependent due to the molecular
vibration. For the system to be investigated in this thesis, we shall neglect all vibrational
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Fig. 1 Schematic diagram of the polarized and depolarized light scattering spectrum. Shown is
the spectrum of HD at ISO K. The intensity of the Rayleigh-Brillouin triplet is reduced
by a factor S00.

effects (rigid rotor model).
The light scattered by the gas in the plane perpendicular to the electric vector of
the incident light Eo caa be decomposed in two parts, each associated with one of
the terms in eq. (1) [Ber 76] (see fig. 1). The Rayleigh-Brillouin triplet, related to
the isotropic part ã of the polarizability, is polarized with the electric vector pr rallel
to Eo. The central peak at frequency v0 arises from entropy fluctuations, while the
two peaks symmetrically shifted from v0 are associated with pressure fluctuations
propagating as sound waves which give rise to Doppler shifts [Fab 68]. In this introduction all Doppler effects due to the molecular translational motion are neglected
[Gup 72].
The scattered light associated with the second term in eq. (1) is depolarized: it
contains a component polarized parallel to Eo as well as a component polarized
perpendicular to EB. The depolarized spectral Unes are the subject of this thesis. The
spectral profile can be expressed in terms of the time correlation function of 'uu
[Gor 66]. The diagonal elements 'uu JJ of the tensor operator 'uu are related to
the depolarized Rayleigh Une [chapter II], which has zero frequency displacement
with respect to the exciting light [Hes 69]. The off-diagonal elements, of which only

Í

u u J'J±2 are nonvanishing, refer to the rotational Raman lines [chapter I], which
are shifted towards lower (Stokes lines, 7 f - Jx = +2) or higher (anti-Stokes lines,
jf _ ƒ. = _2) frequencies. Since the Stokes and anti-Stokes Unes contain equivalent
information [Kra 63], the experimental investigations have been restricted to the
depolarized Rayleigh line and the Stokes rotational Raman Unes.

•
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2. Intensities of the spectral lines
When the assumption is made that the frequencies of the spectral lines are sufficiently close to i>a that v can be replaced by v0, one obtains for the polarized RayleighBriUouin triplet that the energy of the radiation, scattered per unit time into a solid
angle dfll is given by [Pia 33]:
(2)
Here, n is the number density, V the irradiated volume that is considered, ƒ„ the
incident light intensity (expressed in energy per unit area and unit time) and c
is the velocity of light. For the components of the depolarized Rayleigh Une
and the Stokes rotational Raman Unes with the electric vector of the scattered h'ght
perpendicular to Eo one finds:

and

15

/j

2(2/r

+ 3)

dí2.
(4)

pj is the fractional population of-state J.
otf — eni

Since ——— « 0.38 for hydrogen isotopes, the intensity of the RayleighBrillouin triplet is much larger than the depolarized Rayleigh Une intensity (usually
the intensity ratio is about 500). From eq. (3) it can be seen that the molecules in
state J = 0 do not contribute to the intensity of the depolarized Rayleigh Une. At low
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temperatures the intensity of this line is therefore in some cases very small; reliable
measurements of the depolarized Rayleigh line are then only possible if the polarized
part of the spectrum is excluded with high efficiency.
3. Line broadening calculations
The time evolution of "57? Wt, governing the frequency distribution of the
depolarized spectral Unes, can be affected by intermolecular collisions. We shall now
discuss how the time correlation function of'uu'is related to certain cross sections
representing the probability for a radiating molecule to undergo a collisional transition that leads to a broadening or shift of a spectral Une.
For the Stokes rotational Raman Unes, the time correlation function for 'uu J'^t
is related to an effective cross section @RR(/J) by [Sha 7 3 ] :
(5)
Here, n is the number density and <zi) is the average relative velocity. vj.^{ corresponds
to the energy difference between the rotational energies Ej in the final and initial
spectroscopie states:
(6)
In the case of the depolarized Rayleigh Une, the correlation function governing the
line shape has a more complicated form. It is related to a matrix of effective cross
sections <Sj'j by the foUowing expression [Sha 73, Keij 7 4 ] :

(7)

withpj the fractional population of state J, and dj given by:

•*

•• / i

r

i\

í*\ r • "t\

-I

(8)

The spectral shape function of a particular line is given by the Fourier transform
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of the corresponding correlation function [Ber 76]:

2iT

—=

(9)

In general the cross sections ® R R ( / Í ) are complex quantities. The real part gives
rise to a broadening of the line, and the imaginary part gives a frequency shift of the
line (collisional line shift), in addition to the shift vj.^f that is observed in the absence
of collisions (M -»• 0). Because the cross sections <Sj• j associated with the depolarized
Rayleigh Une are real, the collisional Une shift vanishes in this case.
When the two expressions (5) and (7) for the correlation functions are compared,
it is obvious that the broadening of a rotational Raman Une has in general a simpler
interpretation than the broadening of the depolarized Rayleigh line. This is because,
in the case of the depolarized Rayleigh Une, the contributions of different states J\
are superimposed. Consequently the Une shape represents a complicated average of
matrix elements <Bj' j - In the expression for a Raman Une, on the other hand, only
one element enters which involves the two spectroscopie states 7; and/f.
Many theories have been proposed to calculate the above effective cross sections.
Since a general formulation is complicated, particular simplifying assumptions are
usuaUy made, which, by their very nature, impose limitations on the appUcabiUty of
the theory. In the case of binary colUsions, a commonly used description is the impact
approximation, which assumes that the duration of a collision is short compared to the
time between two successive collisions [And 49]. It is then permissible to neglect the
effect of the radiation that is scattered during the collisions.
Often a classical-like picture is used for the description of the colUsional broadening. Gordon proposed an interesting theory [Gor 66] in which he treated the radiating molecule as a classical rotor. Only colUsions with structureless perturbers are considered. This picture is very instructive in showing how molecular collisions can affect
the radiation process. The width of a rotational Raman Une is, in this theory, related
to three effects of colUsions on the rotational motion of the radiator:
a. A change in magnitude of the angular momentum leads to interruption of the radiation because, after such a collision, the molecule rotates at a different frequency.
b. A change in the direction of the angular momentum (without a change in magnitude) leads to ampUtude modulation of the scattered light.
c. A phase shift in the molecular rotation, produced by a collision, results in a phase
shift in the scattered Ught wave.
In Gordon's picture, the depolarized Rayleigh Une broadening is not affected by
collisional changes of ƒ or by rotational phase shifts. The line width is related only
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to coUisional reorientations of/, with or without a change in magnitude of/.
Although this classical-like picture has proven to be very useful in general one would
expect it to be not well suited for the interpretation of our experiments on hydrogen
isotopes for several reasons. In the first place, for these gases the internal structure of
the perturber should not be neglected. A second, more general drawback of classical
methods is that the discrete character of the molecular distribution over the rotational energy levels is not accounted for. For hydrogen, where the energy differences between the rotational states are very large, a classical description of the rotation might
lead to serious enors. In particular, Gordon's procedure to describe the broadening of
a Une corresponding to e.g., a spectroscopie transition J{ = 1 - * J( = 3 in terms of a
perturbation of a radiator in a rotational state corresponding to J = 2 is inadequate,
when the detailed dependence on the rotational states of the collision partners is
studied.
Inasmuch as a detailed discussion of the current quantum mechanical theories is
beyond the scope of this thesis the reader is referred to refs. [Ben 66, Sha 73, Rab 74]
for a view of state-of-the-art theoretical approaches. From the references cited above
it is evident, as a point of general visualization, that the relevant effective cross sections are expressible in terms of certain IT (or S) matrix elements, which involve the
collisional effect upon the initial and final states of the spectroscopie transition.
In general these cross sections contain contributions from many different collision
processes, even for a Raman Une because many perturber states are involved and it is
usually not possible to disentangle the various contributions. For better insight in the
processes that lead to the broadening and shift of the depolarized lines, it would,
however, be quite useful if such a separation could be achieved on an experimental
level. In this respect, an investigation of the hydrogen isotopes (H 2 , D 2 , HD) is very
interesting. Because of the large energy separations between the rotational levels, only
few rotational states are occupied, even at room temperature. For H2 and D 2 the
interpretation is further simplified, since for these homonuclear molecules transitions
between ortho and para states are forbidden, which makes rotational-translational
energy transfer by collisions improbable.
Obviously, it is interesting to change the occupation of translational and rotational
states by temperature variation. For the hydrogen isotopes a large temperature range
is available for investigation, since the gas phase exists, at moderate densities, down
to 25 K, where only one or two rotational levels are occupied. When the line
broadening effect is then measured also as a function of the ortho-para composition,
and the results are extrapolated to the limit of the pure modifications, linewidths are
obtained which are related to only a few collision processes.
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Another very attractive aspect of hydrogen is, that the mass difference between
the isotopes is relatively large. Hence the velocity and rotational energy level distributions are significantly different, while the intennolecular potentials are closely rekied.
One notes that, at low temperatures, in contrast to the situation at high temperatures, the description of the depolarized Rayleigh line broadening is even simpler than
that of the rotational Raman Unes, where the two states J{ and J{ are always involved.
One of the simplest cases is the line broadening cross section for the depolarized
Rayleigh Une in an oH 2 -pH 2 mixture, extrapolated to the limit of pure pH 2 , where
the radiators (all in state J = 1) are perturbed exclusively by molecules in state 7 = 0 .
Since rotationally inelastic collisions do not occur at low temperatures, the only
possible transition that leads to line broadening is a reorientation of the angular momentum without a change of/. Such cross sections are very appropriate for exact
quantum mechanical calculations of the type that have been performed for simple
systems like H2-He [Sha 73]. As yet no such calculations have been published for
the colhsional system H 2 -H 2 .
When the intennolecular potential is expanded in a series of spherical harmonics,
perturbation theory can be used to obtain expressions for the cross sections in eqs.
(5) and (7) which have the attractive feature that the contributions of the various
potential terms are simply additive. Retaining only the first significant terms in the
potential expansion, several authors have used the distorted wave Born approximation (DWBA) to calculate Une broadening cross sections for hydrogen gases [Coo 72,
McC 73, Mor 74, Coo]. When the DWBA expressions are appUed to the low temperature experimental cross sections, reported in this thesis, an overdetermined set of
equations results, which allows not only the determination of the contributions of
the various potential terms, but which also provides a useful consistency check on
the DWBA expressions.
4. Survey of chapters land II
In chapter I measurements of the collisional Une broadening and shift of the
rotational Raman Unes are reported. The apparatus with which experiments were
performed in the temperature range between 25 K and 300 K is described. The gases
nH 2 , nD 2 and HD were investigated at densities typically between 1000 and 5000
mol/m 3 . At the lowest temperatures the Raman Unes involving the spectroscopie
transitions ƒ = 0 -> 2 and ƒ = 1 ->• 3 were studied, at higher temperatures the increased
number of populated states permitted the observation of a larger number of Unes.
For a few temperatures the line broadening cross sections are reported also as a
function of the ortho-para composition for H2 and D 2 .

1
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The broadening of H2 and D 2 at low temperatures is ascribed chiefly to elastic
collisions (collisions in wliich there is no net translational to rotational energy
transfer). The dependence of the associated cross sections on the temperature Tand
the molecular mass m is found to be given approximately by mT~l. By comparing
the results for various Raman Unes, each measured as a function of the ortho-para
composition (i.e.. as a function of the rotational states of the perturbers), the dependence of the cross sections on the rotational states of both collision partners is obtained. The predictions of various theoretical calculations are discussed. When the
expressions obtained in the DWBA are compared with the experimental results it is
found that, for the commonly used potential models, no satisfactory agreement can
be found. For HD an estimation of the contribution of the Pi-type term in the intermolecular potential is given.
In chapter II experiments on the Une broadening of the depolarized Rayleigh line
at low temperatures are discussed. In the description of the apparatus, which was
essentially the same as the one used for the measurements of chapter I, particular
attention is paid to the experimental suppression of spurious contributions to the
spectrum of the scattered light. After a discussion of the corrections applied to the
observed spectra, experimental results are presented for nH 2 , nD2 and HD in the
temperature and density range mentioned in chapter I. In contrast to results obtained
for other gases at room temperature, the Une shape of the depolarized Rayleigh Une
is found to be Lorentzian, which corresponds to an exponential decay of CD P R (0When the relations between the depolarized Rayleigh Une and the rotational Raman
Une cross sections obtained in the DWBA are compared with the present experimental
results, serious discrepancies are found. The implications of these discrepancies are
discussed.
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CHAPTER I

THE BROADENING AND SHIFT OF THE ROTATIONAL RAMAN LINES
FOR HYDROGEN ISOTOPES AT LOW TEMPERATURES

\. Introduction
For many years the rotational Raman lines have been an abundant source of information on the molecular properties of matter. The most intensively investigated aspect,
the differences between the frequencies of the Raman lines and the frequency of the
exciting light, is commonly used for the determination of molecular structure parameters. Another important feature, the shape of the line, is the main subject of this
chapter. The spectral line shape is dependent on the density of the scattering medium
and reflects the time evolution of the molecular translational and rotational states.
Because these states are perturbed by molecular interactions, the line shape can be
used to extract information about the intermolecular collision processes [Gra 71,
Ber 76, Kna 75].
In a rotational Raman light scattering process, energy is exchanged between a
photon and a molecule. Such a molecule, designated here as radiating molecule or
radiator, undergoes an internal energy transition and the light, scattered out of an
usually monochromatic beam of light, is altered in frequency. The selection rule for
such a transition in linear molecules is J{ - J{ = ± 2, where Jf and J-, indicate the
final and initial rotational states of the spectroscopie transition. The lines appear in
the spectrum of the scattered light as two series of equidistant lines at either side of
the exciting frequency (see also fig. 1 of the general introduction to this thesis). In
this study the Unes corresponding to the transition Jf — Ji = +2, the Stokes Unes, are
investigated. These are usually denoted by S 0 (/i), where the subscript 0 indicates that
only the lowest vibrational level is involved. The anti-Stokes lines (Jt - Jt = —2) are
theoretically known to behave similarly to the Stokes lines [Kra 63].
In the absence of collisions, the spectral Une shape is determined by natural broadening and Doppler broadening. Since the natural linewidth is very small, the spectral
line shape of a Raman Une of a gas in the low density limit reflects the velocity distribution of the scattering molecules. When the density is slightly increased, the molecular translational motion is no longer free, but becomes affected by intermolecular
collisions and the linewidth is thereby related to the translational diffusional motion
of the radiating molecules. The rotational motion of the molecules is also influenced
by collisions and, since the amplitude, frequency and phase of the scattered light

•
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wave are dependent on the internal molecular state, such collisions can, in general,
disturb the radiation process and thus give rise to coUisional Une broadening and a
shift of the central Une frequency (coUisional Une shift). At higher densities, where
the mean free path of the molecules becomes considerably smaller than the wavelength
of the light, the coUisional broadening dominates over the broadening due to the
diffusional motion. The spectral Una shape can then be described by a Lorentzian
profile [Ger 68, Gup 72a, Keij 74b]:

(1)
I(v) is the intensity at frequency v, Io is the integrated Une intensity and Ai^(p) is
the halfwidth*), which depends on the density p. vR(p), the central frequency of the
Raman Une at density p, is, for Stokes rotational Raman Unes, given by:
=

po-h-l(Ejf-Ej.)-

(2)

where v0 is the frequency of the exciting Ught and h~l (Ejf - £>.) is the Raman frequency displacement corresponding to the energy difference between the unperturbed final
and initial levels of the spectroscopie transition. Ai>s(p) is the (density dependent)
coUisional line shift, which is positive when the Une shifts away from v0. When the
broadening due to the translation^ motion can be neglected, Ac^(p) and Avs(p) are
proportional to the density, provided that the density is not so high that ternary or
higher order collisions occur at an appreciable rate. In fig. 1 a schematic picture of the
line spectrum at different densities is given. We shall restrict ourselves to that region
low density-

high density

Fig. 1 Schematic sketch of the spectral profile of a Raman line at different densities.

*) Throughout this thesis the halfwidth indicates half the (full) width at half height.
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Fig. 2 Diagram for the rotational energy levels of H , , D , and HD.

of the binary collision regime where the collisional broadening is predominant.
Usually, the Une broadening process is governed by many different collision processes, and consequently a detailed interpretation is in general difficult. In this respect,
gases of hydrogen isotopes where only a small number of internal states are populated
are very interesting. Especially at low temperatures, the number of collisional transitions that are possible, is very small. Furthermore, several significantly different, yet
closely related systems (oH 2 , pH2, oD 2 , pD 2 , HD) are available for investigation.
Before proceeding with a description of the experiments on the hydrogen isotopes,
it is useful to review a few pertinent characteristics of these molecules. The most
obvious distinction between the isotopes is the difference in molecular mass (and
therefore in moment of inertia), which is reflected in the energy separation of the
rotational levels. In fig. 2 a diagram of the rotational energies is presented for H 2 , D 2
and HD. For the homonuclear molecules H2 and D 2 the symmetry properties of the
nuclear spin statistics forbid transitions ÒJ = ±1. The energy involved in rotational
transitions is usually rather large as compared with the thermal energy: M r o t ^ k^T.
The fact that transitions between ortho and para states are not allowed has important consequences for the population of the rotational states of H2 and D 2 at low
temperatures (fig. 3). The lowest rotational level in the "odd" modifications oH 2 and
pD 2 corresponds to ƒ - 1 and hence internal rotational energy is present even at the
low temperature limit.
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Fig. 3 The fractional population of the rotational energy levels p r as a function of temperature
for the different modifications of H, and D, and for HD.'
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Extensive measurements of the broadening of the rotational Raman Unes of hydrogen isotopes at room temperature have been performed by Keijser et al. [Keij 74b].
Their results for H2 as a function of the ortho-para composition indicated that an
important contribution to ihe linewidth is due to so-called resonance collisions. These
are collisions in which the rotational energy changes occurring in the two collision
partners exactly compensate each other.
In this chapter an experimental investigation of the collisional broadening of the
rotational Raman lines of nH 2 ,nD 2 and HD and the mixtures 90% pH 2 -10%oH 2
and 23% oD2-77% pD 2 between 25 K and 300 K is reported. The scattering gas densities were typically 1000-5000 mol/m3 (about 20-100 Amagat). Although the main
purpose was to study the linewidths, the collisional line shifts were also determined
in the course of the measurements.
In the second part of this chapter, the experimental setup and the numerical analysis
of the spectra is discussed. Next the experimental results are presented and, finally, an
interpretation of the observed behavior of the line broadening effect with respect to
temperature, ortho-para composition and isotopic species is proposed.
2. Experimental
2.1 Apparatus
The apparatus used to measure the broadening and shift of the rotational Raman
lines at low temperatures, was very similar to the one used by Keijser et al. for the
investigation of the depolarized Rayleigh line and the rotational Raman lines at room
temperature [Keij 74a, b ] . For the present measurements a new type of scattering
cell was devised which could be used at temperatures between 5 K and 300 K. It was
mounted in an optical cryostat. A schematic diagram of the optics is given in fig. 4.
A beam of horizontally polarized light (i.e., with the electric vector in the horizontal
plane) from an Ar ion laser was focussed into the scattering cell. The light scattered
at right angles to the laser beam was collected and passed through a polarizer which
was set to transmit only the horizontally polarized component. For the spectroscopie
analysis a Fabry-Pérot interferometer was used in combination with a small monochromator. Because the monochromator was set to transmit only the particular Raman
Une under investigation, the interferometer could then be used to measure the spectral
line with high resolution. Trie transmitted light was detected by a low noise photomultiplier together with photon counting equipment.
In the following the various parts of the setup wUl be discussed in more detail.
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Fig. 4 Schematic diagram of the experimental setup.

Laser. A Spectra Physics model 165 single mode Ar ion laser, operating at 514.5 nm,
was used as ths light source. The output power (about 1W) varied less than 1% during
one measurement. Due to small variations in the ambient temperature a "mode hop"
occasionally occurred, giving rise to a sudden change in frequency of the laser light
of about 150 MHz. The effect of these mode hops on the experimental results will
be discussed later.
Scattering cell and cryostat. The scattering gas was contained in a brass cell designed
for pressures up to 75 atm. In fig. 5 a schematic picture is given of the cell together
with the cryostat. A number of diaphragms (not shown in the picture) were placed
inside the cell to suppress the intense stray light scattered from the laser beam by the
cell windows.
A small white screen could be moved into the center of the cell by means of a
small magnet (not shown in fig. 5). It was used for alignment purposes and for the
determination of the instrumental contribution to the spectral linewidth. A more
detailed diagram of the interior of the scattering cell is given in fig. 1 of chapter II.
The cell was in direct contact with an Oxford Instrument CF ÍG0 Continuous
Row Cryostat. Cooling was achieved by pumping a coolant through a heat exchanger.
To obtain temperatures between 75 K and room temperature liquid N 2 was used,
below 75 K liquid He served as the coolant, t h e initial, rough temperature setting
was achieved by mechanical adjustment of the flow rate. Further fine regulation of
the temperature was obtained with an electric heater,controlled by the output of a
temperature sensor which was mounted near the heat exchanger. The stability over
one measurement (with a typical duration of several hours) was 0.1 K and the short
term stability appreciably better.
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Fig. S Schematic diagram of the optical cryostat.

The cooling efficiency was improved with a radiation shield. At 25 K the liquid
He consumption was a few tenths of a liter per hour.
A platinum resistance thermometer was attached to the cell to measure the temperature of the scattering gas. The temperature reading of this thermometer was often
checked at various temperatures against the vapor pressure of a gas (e.g., H2 or N 2 )
that was condensed in the cell.
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Interferometer. The Fabry-Pérot interferometer consisted of two flat mirrors, contained in a pressure chamber. The temperature of the chamber was stabilized in order
to maintain the parallel orientation of the mirrors for a long period of time. The
mirrors were polished to a flatness of A/300 and coated for a reflectance of 97% in
the region between 500 and 550 nm. They were separated by an invar spacer. The
mirror separation was 3.849 mm for the measurements for H2 and D 2 , which corresponds to a free spectral range (i.e., the frequency separation of the interferometer
orders) of 38.95 GHz. For the broader HD lines, a smaller spacer was used with a free
spectral range of 75.56 GHz. The optical pathlength of the beam crossing the interferometer was varied by changing stepwise the pressure of the gas in the chamber. After
each step the detected intensity was measured at constant pressure. In this way a
highly linear scanning could be achieved, t h é light transmitted through the interferometer was focussed onto a small aperture which served as the entrance slit of the
monochtomator. The dimensions of the aperture were chosen such that the overall
finesse was about 35.
Monochromator and polarizer. A Jarrell Ash 25 cm monochromator was used to select
a particular Raman line from the spectrum. For almost all measurements the full width
of the transmission profile of the monochromator was 0.8 nm (corresponding to 900
GHz); in a few cases 0.4 nm. The entrance slit width was always taken smaller than
the width of the exit slit. The central part of the transmission profile was then con
stant, so that no appreciable distortion could occur for most of the Raman Unes.
Special care had to be taken to avoid spurious effects in the observed spectrum due
to the very strong, polarized Rayleigh-Brillouin triplet. Because the detected intensity
of the Raman lines depends only weakly on the polarization of the exciting light [Bri
66], a geometrical arrangement of the setup was chosen so as to suppress the polarized
part of the spectrum: with the laser beam horizontally polarized, the light scattered at
right angles in the horizontal plane was detected. It was, however, observed that at
low temperatures stress birefringence in the scattering cell windows occurred due to
differences in the thennal expansion coefficients of the glass and of the window sockets.
As a consequence, the laser beam was considerably depolarized. In some cases the
intensity of the vertically polarized component at the scattering center was about 20%
of the total laser intensity. The stray light suppression of the monochromator was then
not sufficient to eliminate the Rayleigh-Brillouin triplet completely. In those cases a
Glan-Thompson polarizer was inserted in front of the interferometer which transmitted only the horizontally polarized part of the scattered light. The Raman line
spectrum is, at the densities studied, virtually independent of the polarization of the
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exciting light. The slight dependence, which is due to the diffusional broadening, is
very small [Gup 72b].
Detection system. The light transmitted by the monochromator was focussed onto an
ITT FW130 photomultiplier, which was thermoelectrically cooled to a temperature of
-25° C in order to reduce the dark noise. The output of the photomultiplier was
analyzed by a photon counting system. The detected intensity at each spectral point
was punched on paper tape. The intensities measured at the top of the Raman Unes
were between 5 and 1000 counts per second. The dark noise level was about one
count every two seconds. Because of the low light levels, the time required to measure
the spectrum of a Raman Une was rather long, usually 2-12 hours.
2.2 Gas handling procedure
nH 2 (containing 25% pH 2 ) and nD 2 (67% oD 2 ) were obtained commercially. The
purity of nH 2 was better than 99.9%, of nD 2 better than 99.6%. HD was prepared by
the action of IiAlH 4 on D 2 O [Foo 5 1 ] . After purification and fractional distillation,
the main contaminants were D 2 (1.2%) and H 2 (0.2%). pH 2 was prepared by catalytic
conversion of nH 2 into equilibrium H 2 on iron oxyde at 20 K. In the experiments, a
mixture of 90% pH2 was investigated (rather than nearly pure pH 2 ), because at this
concentration the Raman lines involving odd J levels were sufficiently intense to permit
accurate measurements. For D 2 one needed both nD 2 , which has a high oD 2 concentration (67%), and a mixture with a low oD 2 content. Such a mixture was prepared
using a method based on the preferential adsorption cf pD 2 on A12O3 at 20 K [Dep 68].
This process is complicated and the yield is small when a low oD z concentration is
required. An amount was prepared which contained 23% oD 2 . This was sufficient only
for experiments at 28 K. Measurements at higher temperatures., where larger amounts
of the mixture would be required, have not been performed.
Since the ortho-para composition of the gas was not at thermodynamic equilibrium
at the temperature of the experiment for H 2 and D 2 , the rate of conversion to the equilibrium composition was monitored during a series of measurements. For this purpose
a set of periscopes was inserted in the setup to re-route the scattered light beam around
the interferometer directly into the monochromator. The monochromator was then
scanned through the rotational Raman spectrum and from the intensities of the Raman
lines the populations of the rotational states were calculated. It was found that the
conversion rate was low; usually the change in composition over one measurement was
smaller than one percent. For a few of the measurements of longer duration, a small
correction to the linewidth was appUed. For the measurements with nH 2 and nD 2 , a
fresh sample of the gas was introduced into the cell at the beginning of each measure-
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ment. For the other ortho-para mixtures, the amounts available were not large enough
for such a procedure to be followed. In these cases, therefore, a single gas sample was
used for several measurements.
2.3 Numerical analysis of the spectra
A typical Raman Une spectrum obtained in one measurement is given in fig. 6.
The two peaks correspond to consecutive orders of the interferometer. The spectrum
was always measured over two such orders.
2.3.1 Collisional line broadening
Photomultiplier dark noise. The photomultiplier dark noise level was determined
frequently between the experiments. It was found to be very stable and the measured
spectra were corrected by subtracting a constant level.
Instrumental contribution. The observed linewidth contained an instrumental contribution which was almost entirely due to the finite resolution of the interferometer.
For the determination of the instrumental profile, the white screen inside the scattering
cell was brought into the laser beam. As the diffuse scattering from this screen did not
appreciably broaden the laser line, the spectrum of this light corresponds to the
instrumental profile. In fig. 7 an example of the instrumental profile is shown. In prin-
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Fig. 6 Example of the measured spectrum of a Raman line (nD 3 , S o (2), 77.8 K, 2410 mol/m 3 ).
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Fig. 7 Example of the measured instrumental profile.
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dple, the instrumental profile depends on the frequency of the scattered light due to
dispersion in the lens behind the interferometer, the frequency dependence of the
reflection coefficient of the interferometer mirrors, etc. The associated error is
estimated to be negligibly small. The halfwidth of the instrumental line was usually
around 0.5 GHz and constituted in many cases a fairly large part of the total Raman
linewidth. It was therefore necessary that the correction for this broadening be
executed very carefully. During a particular set of experiments, the instrumental
profile was determined several times and it was usually found to be very constant.
Distortion of the instrumental profile could occur because of the drift of the laser
frequency. After an initial warm-up of the laser, the long term drift was typically
20 MHz per hour, which could always be neglected. In contrast to this, the sudden
frequency change of 150 MHz with a mode hop was not always negligibly small compared to the Raman linewidth. For the narrowest lines investigated at low densities, an
error of about 5% could arise. It should be noticed, however, that a mode hop occurring when the spectrum is being measured in the wing of a line, has hardly any
influence on the lineshape. Only when a spectrum is measured near the center of a
narrow Une will a mode hop have a noticeable effect on the linewidth. The time between iwo mode hops" was generally of the order often hours. Because the typical
time to measure the central part of a line was one hour, only few peaks were affected
appreciably. Furthermore, in each measurement two peaks were measured and at a
later stage the halfwidths so obtained were combined with the results of a higher
density measurement to yield the broadening coefficient. Consequently, the effect of
mode hops even on the smallest broadening coefficients is estimated to be not larger
than 1%.
A Fourier transform technique was employed to remove the instrumental contribution from the observed Raman spectrum S(v), which is the convolution of the true
Raman Une profile R{p) and the instrumental profile O(y) [Coo 72, Keij 74b]:

= ƒ R(y')O(v-v')åv'.
S(y) and O(v) are periodic functions with periods equal to the free spectral range. A
simple relation exists between the Fourier transforms of the functions in eq. (3):
(4)
Because of the periodicity of the spectral functions S(P) and O(y), an interval of one
free spectral range is sufficient to calculate the Fourier transforms. In the analysis
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each of the two peaks of one measurement was separately transformed, taking the
center frequency of the peak as the zero frequency. The instrumental contribution
could then easily be removed:

Fo«

(4a)

The results obtained for the two peaks were averaged.
The validity of this method has been checked in the following ways. The instrumental contribution could be changed by removing the single frequency etalon from
the laser cavity. The laser then operated in many longitudinal modes, which were not
resolved by the interferometer. This resulted in a larger halfwidth of the instrumental
Une (1.8 GHz). The broadening of the So (1) line of nH 2 , determined in this arrangement agreed well with the value obtained with an instrumental halfwidth of O.S GHz.
In a few cases, a Raman linewidth was obtained in two separate measurements, using
different spacings of the Fabry-Pérot minors. The instrumental widths then differed
by about a factor of two. Good agreement in the resulting Raman linewidths was found
in these cases as well.
Wing suppression. The wings of the broadest HD Raman lines were partially suppressed
by the monochromator. Since the intensity variation of the suppressed part was very
small in a free spectral range of the interferometer, a correction to FÄ(r) was applied
corresponding to the addition of a constant background to the spectrum. The magnitude of this correction was at most 2% of the integrated intensity of the Raman line.
2.3.2 Collisional line shift
The measured spectra yield information not only about the broadening of the
Raman lines, but can be used to determine the collisional Une shifts as weil. In general,
the central frequency of the line changes sUghtly as a function of the scattering gas
density. Hence the peak appears in the recorded spectrum at a slightly different
pressure of the interferometer scanning gas. The scanning gas pressure at the center
of each measured peak was carefully determined. A change of this pressure with
density of the scattering gas was then converted into a change of the central frequency
of the line. Because the collisional Une shift is, in the binary collision regime, linear in
the scattering gas density, the Une shift coefficient can be determined from two
measurements at different densities.
Although accurate measurements of the collisional line shift by such means are

\
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possible in principle, the actual experimental conditions imposed rather severe limitations on the reliability of the results. It is instructive to compare the determination of
the Une shift with that of the line broadening. First, in the case of collisional
broadening, corrections can be made for all additional broadening effects. Consequently,
a single measurement is, in principle, sufficient to determine a broadening coefficient.
In the case of collisional line shift, however, one needs at least two measurements at
different densities of the scattering gas for a determination of the collisional line shift.
Secondly, the typical time required to measure the width of a Raman line was a few
hours, whereas the time between two measurements of a Raman line at different
scattering gas densities was of the order of a day. Consequently, the long term alignment drifts of the optical system affected the line shift measurements much more
severely. Usually, this situation could be improved by taking advantage of the relation
between the position of the various spectral lines. Several cross checks were made, in
particular the position of the instrumental profile, which was measured frequently, was
very useful as a reference point. In a number of cases, where the collisional broadening
coefficient has been measured, the corresponding collisional shift coefficients could
not be determined because the optics had been realigned'between the measurements
or because serious long term drift had occurred.
The reliability of the line shift coefficients was checked in a series of measurements
of the depolarized Rayleigh line. The shift of this Une is theoreticaUy known to vanish;
experimentaUy the shift was found to be zero: 0 ± 0.05 MHz m 3 /mol for nH 2 (cf.
1 MHz m 3 /mol for a typical Raman line shift).
It should be mentioned that the colUsional Une shift can be measured with much
greater accuracy if one measures only the part of the spectrum near the center of a
Raman Une. Then, a series of measurements at different scattering gas densities can be
executed within a short time. In a few cases, such a precise determination of the Une
shift coefficient was accomplished. Good agreement with the value obtained in the
usual way was found.
3. Results
3.1 Collisional line broadening
la figs. 8,9 and 10 some typical examples of the Fourier transforms of the line
spectra FR(Í) are plotted on a semi-logarithmical scale as a function of time. F R (0) is
normalized to unity. As should be expected, an exponentiaUy decaying function was
found in all cases:
= e"'*.

(5)
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Fig. 8 Typical examples of the Fouiier transt'orm F/j as a function of time for H2.
o 93% pH, + 7% oH,, S 0 (l), 77.8 K, 3110 mol/m3;
• nH 2 ,S o (0), 52.7K,2490mol/m 3 ;
a nH,, So(3), 137 K, 3430 mol/m3;
v nH2, So (1), 35.0 K, 3470 mol/m'.

Fig. 9 Typical examples of the Fourier transform F/{ as a function of time for D 2
• 23% oD, + 77% pD,, So(0), 28.3 K, 687 mol/m3;
a nD,, S,(3), 148.5 K, 2250 mol/m3;
+ nu,, So (2), 42.9 K, 2200 mol/m3;
o nDj, S 0 (l), 77.8 K, 4830 mol/m3.
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Fig. 10 Typical examples of the Fouiiet transform F/j as a function of time for HD.
• So (0), 27.0 K, 1460 mol/m3;
a So(3), 148.5 K, 1890 mol/m3;
o S 0 (l), 41.5 K, 4950 mol/m3;
+ So(2), 148.5 K, 3550 mol/m3.

This corresponds to a Lorentzian lineshape in the frequency domain. In the density
range of our experiments, T is given by [Ger 68, Hes 7 2 ] :
1
lur

(6)

where Av^ is the collisional halfwidth of the rotational Raman line and Av£ iff the
contribution to the halfwidth of the Une due to the transitional diffusional motion
of the molecules. Here Av^lff is small as compared to AP^ and so, in order to obtain
Av%, a correction was applied, as discussed in the Appendix.
In figs. 11-15 the collisional halfwidths Au^ are presented as a function of the gas
density. Results are given for the rotational Raman lines of nHj, nD2 and HD and
the ortho-para mixtures of 90% pH2 and of 23% oD 2 at various temperatures between
25 K and room temperature. The number of lines that can be investigated decreases
at lower temperatures, as the number of populated rotational states becomes smaller.
In our experimental arrangement, a reliable determination of the linewidth was possible
when the relative population of the initial state associated with the line was not
smaller than about 0.2%. Only the S o (0) and So(l) lines could be studied over the
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Fig. 11 The collision-1 halfwidths for nH, (75%oH2-25%pH2) asa function of density at various
temperatures. 1 mol/m3 corresponds to 0.02241 Amagat; 1 Amagat corresponds to
44.62 mol/m'.
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Fig. 12 The coUisional halfwidths for nDj (67% oD, -33% pD,) as a function of density at various
temperatures.
• S 0 (0);o S 0 (l); + S 0 (2);a S 0 ( 3 ) ; A S O (4).
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Fig. 13 The collisional halfwidths for HD as a function of density at various temperatures.
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Fig. 14 The coUisional halfwidths for the mixture 90% pH, -10% oH2 as a function of density
at 24.8 K and 77.8 K.
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Fig. 15 The collisional halfwidths for the mixture 23% oD,-77% pD2 as a function of density at
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entire temperature range. The gas temperature could not be chosen arbitrarily low,
since accurate results could be obtained only when the density range of the measurements extended up to at least 1200 mol/m3. The requirement that the density should
be somewhat lower than the vapor density made measurements below 25 K unfeasible.
It is evident from figs. 11-15 that the collisional halfwidth of the rotational Raman
Unes is proportional to the density. In some cases slight deviations from this behavior
are perceptible. These are found almost exclusively for lines measured at temperatures
where the intensity is extremely low and where a very accurate linewidth measurement
was consequently not possible. The only such deviations which cannot be attributed
to errors due to low intensity are found for the S 0 (0) line of the 90% pH2 mixture
at 24.8 K. The most probable explanation, in this case, is that the instrumental drifts
during these measurements happened to be larger than usual.
The composition of the mixture containing about 90% pH2 varied a few
percent in the course of the measurements due to conversion to the equilibrium composition. The linewidths corresponding to an average concentration of 90% pH2 were
calculated, using a preliminary value for the concentration dependence of the Une
broadening.
From the slopes of the Unes in figs. 11-15 the broadening coefficients åv^/p were
determined. For nH 2 , nD 2 and HD these data are given in table I, where the broadening
coefficients at room temperature, as measured by Keijser et al [Keij 74b], are also
included.
In tigs. 16 and 17 the broadening coefficients are plotted as a function of the
ortho-para composition for both H2 and D 2 . In the binary collision regime, these are
linear functions of the concentration (see also the experiments of Keijser et al [Keij
74b]). The Une broadening coefficients, obtained by extrapolation to the limit of the
pure ortho and para modifications, are presented in table II.
For a discussion of the observed behavior of the Une broadening in terms of molecterms of effective cross sections according to the relation
'RR

n{v)

(7)

In this formula, n is the number'density and (»> is the average relative velocity given by
•I

-•'••'

(8)
kB is Boltzmann's constant, T is the absolute temperature and p the reduced mass of
the collision partners.
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Fig. 16 The line broadening coefficients for H, as a function of the ortho-para composition at
24.8 K and 77.8 K.
• S 0 (0);oS o (l");+S 0 (2).

pD2

Fig. 17 The line broadening coefficients for Da as a function of the oitho-paia composition at
28.3 K.
• S 0 (0);oS 0 (l).
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Table I
Line broadening coefficients bvyjp in MHz m 3 /mol a )
nH, (25.1% pHa)
T(K)

S,(0)

S„d)

S,(2)

So (3)

So(4)

293 b)
176
137
77.8
52.7
35.0
24.8

0.94±0.02
0.71*0.01
0.66±0.02
0.70*0.01
0.75±0.01
0.87*0.01
1.04±0.01

1.17*0.02
1.06*0.01
1.04*0.02
1.11*0.01
1.20*0.02
1.39*0.02
1.65±0.02

0.83*0.02
0.68*0.01
0.63*0.02
0.65*0.02

0.85*0.02
0.73±0.02
0.73*0.02

0.52±0.02

nD, (66.7% oD,:)

TOO

So(0)

S,(l)

S„(2)

S„ (3)

S„(4)

S o (5)

293 b)
148.5
77.8
42.9
28.3

1.88*0.02
1.28*0.01
1.25±0.01
1.59*0.02
2.16*0.03

1.50±0.02
Z.12±0.01
1.08±0.01
1.27±0.03
1.58*0.02

1.39*0.02
1.15*0.01
1.21*0.01
1.57*0.1

1.14±0.02
0.84*0.01
0.74±0.02

0.96*0.02
0.60±0.02

0.63*0.02

HD

TOO

S0(0)

Sod)

So(2)

S„ (3)

S„ (4)

293 b)
149.3
78.5
41.2
27.0

9.6 ±0.2
4.93*0.1
3.03±0.05
2.53*0.05
2.91*0.05

8.5 ±0.2
4.80±0.1
3.O9±O.O5
2.35±0.05
2.33*0.05

7.4 ±0.2
4.06*0.1
2.94*0.05

6.1 ±0.2
3.1 ±0.1

4.5 ±0.2

a

) 1 MHz m3 /mol corresponds to 44.62 MHz/Amagat.
b) The data at 293 K are taken from ref. [ Keij 74b |.
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Table II

Line broadening coefficients Av^/p in MHz m'/mol a)
oH,
7XK)

S 0 (0)

S.(D

S.(2)

So(3)

S0(4)

293 b)
77.8
24.8

0.8S±0.02
0.63±0.02
0.84±0.02

1.28±0.02
1.39±0.02
2.06±0.03

0.76±0.02
0.55±0.03

0.92*0.02

0.52±0.02

PH,
7XK)

S o (0)

S 0 (l)

So(2)

So(3)

S„(4)

293 b)
77.8
24.8

1.17±0.02
0.9I±0.03
I.68±0.07

0.74±0.02
0.26i0.02
0.4010.02

1.03±0.02
0.99±0.05

0.61±0.02

0.54±0.02

pDj

f(K)
28.3

S,(0)

S,(l)

1.73±0.02

3.41±0.05
oD a

7XK)
28.3

S o (0)

S 0 (l)

2.38±O.O5

0.67±0.05

a

) 1 MHz m 3 /mol corresponds to 44.62 MHz/Amagat.
b) The data at 293 K are taken from ref. [Keij 74b).

Table III
Line broadening cross sections @ R R in KT10 m3

nH, (25.1% pH,)
7XK)

S o (0)

Sod)

So(2)

293 a)
176
137
77.8
52.7
35.0
24.8

0.40±0.01
0.384±0.005
0.408t0.01
0.57±0.01
0.74*0.02
1.06*0.02
1.51*0.02

0.49±0.01
0.576±0.005
0.642*0.01
0.90*0.01
1.19*0.02
1.70*0.02
2.38*0.04

0.35±0.01 0.36±0.0l 0.22±0.01
0.369*0.005 0.394*0.01
0.384*0.01 0.446*0.01
0.54*0.02

So(3)

S0(4)

nD, (66.7%oD,)

293»)
148.5'
77.8
42.9
28.3

S„(0)

S„d)

S o (2)

So(3)

S 0 (4)

S.(5)

ï.mo.oi

0.89±0.0l
0.94±0.01
1.24*0.02
1.93*0.05
3.03*0.05

0.83*0.01
0.96*0.01
1.40*0.02
2.44*0.1*

0.68*0.01
0.70*0.01
0,85*0.05
—

0.57*0.01
0.5010.0 2
—
—

0.37*0.01

1.07*0.01
1.45*0.02
2.47*0.05
4.13*0.1

—
—

HD
IXK)
a

293 )
149.3
78.5
41.2
27.0
a

S o (0)

S„d)

S o (2)

S„(3)

S 0 (4)

4.9 ±0.1
3.56*0.05
3.01*0.05
3.48*0.1
4.94*0.1

4.4 ±0.1
3.46*0.05
3.08*0.05
3.23*0.1
3.96*0.1

3.8 *0.1
2.93*0.05
2.92*0.05
—

3.1 *0.1
2.25*0.1

2.3 ±0.1

) The data at 293 K are taken from tef. [Keij 74b].
Table rv
Line broadening cross sections @ R R in 10~" m*
oH,

T(K)

S o (0)

Sod)

So(2)

S o (3)

S.(4)

293»)
77.8
24.8

0.36*0.01
0.51*0.02
1.21*0.05

0.54*0.01
1.13*0.02
2.98*0.05

0.32*0.01
0.45*0.03

0.39*0.01

0.22*0.01

PH,
7XK)

So(0)

Sod)

So(2)

S o (3)

So(4)

293 a )
77.8
24.8

0.49*0.01
0.74*0.03
2.41*0.1

0.31*0.01
0.22*0.02
0.58*0.02

0.43*0.01
0.80*0.05

0.25*0.01

0.23*0.01

PD,

HK)

S.(0)

S„d)

28.3

3.30*0.05

6.5 ±Q.l
oD,

7ÏK)

So(0)

S„d)

28.3

4.55*0.1

1.29±0.1

a

) The data at 293 K are taken from ref. IKeij 74b].
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Fig. 18 The line broadening cross sections for nH, as a function of temperature.
• S„(0); o S 0 (l); + S„(2); o So(3); A S O (4).

300
Fig. 19 The line broadening cross sections for nD, as a function of temperature.
• S o (0);o S 0 (l);+ S 0 (2);a S 0 (3);4 S o (4);x S o (5).
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F«- 20 The line broadening cross sections for HD as a function of temperature.
• S 0 (0);o S 0 (l); t S o (2); o S o (3); aS0(4).

The Raman line broadening cross sections are presented in tables m and IV. In
figs. 18-22, the cross sections are plotted as a function of the temperature. Some
general trends are evident in these pictures. Especially at higher temperature, the
cross sections for HD are considerably larger than those for the two homonuclear
isotopes H 2 and D 2 . The cross sections measured for D2 are about a factor two
larger than the corresponding H 2 cross sections. At low temperatures the cross sections increase sharply towards lower temperature. For HD, a decrease as a function
of J; is observed, a tendency that is commonly found for other gases [Jam 66]. The
dependence of the cross sections of H z and D 2 on Jx is rather complicated.
3.2 Collisional line shift
Following the procedure described in section 2.3.2, the relative frequencies of
the Raman line centers were calculated from the interferometer scanning gas pressure.
As an illustration, in fig. 23 the central frequency of the S o (0) line of HD is shown,
on a relative scale, as a function of the scattering gas density for various temperatures. The frequency is taken relative to the central frequency of the instrumental
line. The Raman Une frequency extrapolated to zero density should be independent
of the temperature. This is only approximately true for the experimentally deter-
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Fig. 21a The line broadening cross sections as a function of tempetatuie in (the limit of pute)
PH,.
• S o (0);o S 0 (l); + S,,(2)-,a S 0 (3);A So(4).
F«g. 21b The line broadening aoss sections as a function of tempetatuie in (the limit of pute)
oH,.
• S„(0); o S 0 (l); + S o (2); a S o (3);* So(4).
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Fig. 22 The line broadening cross sections in (the limits of pure) oD, and pD,. Experiments as
a function of the oitho-paia composition have only been performed at 28.3 K. For
comparison cross sections in nD, at 293 K have been included.
•S,(0);oS0(l).
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Fig. 23 The central frequency of the S, (0) line of HD as a function of density at various temperatures. The frequency is taken relative to the central frequency of the instrumental line
("ref), as calculated from the interferometer scanning gas pressure,
o 149.3 K;« 78.5 K; v 41.2 K; T 27.0 K.
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mined frequency, since the relation between the frequency and the interferometer
scanning gas pressure is dependent on the spacing between the interferometer mirrors.
Particularly in the sometimes very long periods between measurements at different
temperatures, the mirror spacing changed slightly because of instrumental drift or
realignment of the optics. It should be noted, that the drift during a particular set of
measurements, which is important for the error in the line shift coefficient, was
usually smaller. The slopes in fig. 23 represent the collisional line shift coefficients
Ai>s/p, where £a>s is the difference between the central line frequency at zero density
and the frequency at density p. The sign of Avs is positive when the Raman line moves
away from the exciting frequency with increasing density. In table V the collisional
line shift coefficients are given for the rotational Raman Unes of nH2, nD 2 and HD.
For the ortho-para mixtures of H2 and D 2 with high para concentration, no reliable
results on the line shift have been obtained. The only collisional line shift data on the
rotational Raman lines of hydrogen available in the literature are the shift coefficients
for the S o (0) and the S 0 (l) line in nH2 at room temperature, as measured by Cooper
et al [Coo 70]. These values have been included in table V and fit well in the trend
displayed by the data presented here.

3V
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Table V
Line shift coefficients Aus/p in MHz m a /mol a )
nH,

TOO

S,(0)

S„(l)

S o (2)

S o (3)

293 b)
176
137
77.8
52.7
35.0
27.7
24.8
20.2

0.07±0.03
-0.2
-0.4
-0.5
-0.6
-1.0
-1.0
-1.3
-1.5

0.09±0.03
-0.2
-0.3
-0.4
-0.7
-1.0
-1.1
-1.1
-1.4

—
-0.2
—
-0.4
—
—
—
—

—
(-0.6)
(-0.8)
—
—
—
—
—

nD2

r«)

S0(0)

S„U)

So(2)

So(3)

S.(4)

148.5
77.8
42.9
28.3

0.0
-0.4
-0.7
-1.4

0.3
0.3
0.1

0.2
0.2

-0.1
-0.6

(-0.6)

-0.5

—

—

—
—

HD

TOO

S.(0)

Sod)

So(2)

S„(3)

149.3
78.5
41.2
27.0

1.8
1.1
0.3
(0.5)

2.2
1.5
1.1

1.2
0.8
—
—

(0.1)

a

(0.8)

—

) 1 MHz rn'/mol corresponds to 44.62 MHz/Amagat.
) The data at 293 K are taken from ref. [Coo 70].

b

The accuracy of the data is discussed in the text.

The collision line shift coefficients can be expressed as effective cross sections,
analogously to eq. (7):

(9)
This cross section corresponds to the imaginary part of the optical cross section

I
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Table VI

Line shift cross sections @ R R in 1 0 " " m J
nH,

r(K)

S.(0)

S 0 (l)

S.(2)

So (3)

293 a)
176
137
77.8
52.7
35.0
27.7
24.8
20.2

0.028
-0.1
-0.3
-0.4
-0.6
-1.3
-1.4
-1.9
-2.4

0.042
-0.1
-0.2
-0.4
-0.7
-1.2
-1.5
-1.7
-2.2

—
-0.1
—
-0.4
—
—
—
—

—
(-0.3)
—
(-0.5)
—
—
—
—
.

nDj

7XK)

So(0)

S 0 (l)

So(2)

S„(3)

S0(4)

148.5
77.8
42.9
28.3

0.0
-0.4
-1.1
-2.7

0.3
0.3
0.1
-0.9

0.2
0.2

-0.1
-0.7

(-0.5)

HD

r(K)

S0(0)

S„(l)

S„(2)

S„(3)

149.3
78.5
41.2
27.0

1.3
1.1
0.4
(-1.0)

1.6
1.4
1.5
(1.4)

0.8
0.8

(0.1)

a
) The data at 293 K are taken from ref. [Coo 70].
The accuracy of the data is discussed in the text.

discussed in the general introduction of this thesis. The line shift cross sections are
given in table VI and are plotted as a function of the temperature in figs. 24,25 and
26. Positive as well as negative values are found for these cross sections. Practically
all cross sections tend towards lower (more negative) values at low temperature. A
comparison with the corresponding line broadening cross sections shows that
I S R R I is in general somewhat smaller than S R R .
At present no theoretical calculations are available for the collisional line shift
cross sections for hydrogen-hydrogen systems. In ref. [Sha 7 3 ] , Shafer and Gordon
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Fig. 24 The line shift cross sections for nH, as a function of temperature.
• S„(0); o S o ü ) ; + S0(2); o S„(3).

1

1

nD2

30

IO «,

i—^
4-6

I -•-'•

-1 -

'L

-2 -

-3

-

1

100

2X

Fig. 25 The line shift ctoss sections for nD } as a function of temperature.
• S o (0); o S,(l); + S,,(2); D S O (3); A S O (4).
Fig. 26 The line shift cross sections for HD as a function of temperature.
• S o (0);o S 0 (l); + S„(2); o S o (3).
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gave an extensive discussion about their results from close-coupling calculations on
the collisional Une shift for the S o (0) and S 0 (l) lines in Hj-He mixtures. Contributions to the cross section from the spherical and the nonspherical part of the intermolecular potential were found to be comparable in magnitude. The obtained cross
sections were, however, extremely sensitive to the precise shape of the potential used.
It will therefore not be attempted to give a qualitative interpretation of the measured
Une shift cross sections in terms of molecular interactions.

4. Discussion
In refs. [And 49, Ben 66, Sha 73] general expressions are given which relate the
line broadening cross sections to the intermolecular potential. Such expressions do
not lend themselves very conveniently to the direct calculation of the cross sections.
Neither are they convenient to serve as a basis for a discussion of the experimentally
observed behavior in terms of collision processes. We shall therefore introduce some
well known simplifying assumptions.
The intermolecular interaction is expanded in terms of the spherical harmonics of
the orientations of the internuclear axes rx and r 2 of the two molecules (where the
index 1 refers to the radiating molecule) and of the intermolecular axis R, a vector
between the molecular centers of charge (see fig. 27) [Hir 54, Gra 66, Ram 7 7 ] :

(10)

L, L, L

where, for rigid rotors,
s

'AL

, L j L (Ä)
' *

2
M,M,M

(11)

.'2

Fig. 27 Illustration of the collision geometry.

'VU
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<Lt Mt Lz M2 ILM> is a Clebsch-Gordan coefficient and £ denotes a unit vector with the
same direction as r. The strength ALi L j L(R) is dependent only on the intermolecular
distance R. For the orders of the spherical harmonics, one has the general restriction
[Ram 77]
Lt +L2 +L=even,
and, furthermore,
L, and Lj are even for homonuclear molecules.
Usually, not more than three terms are considered to be important for H2 and D 2 :

(12)

V000(R) is the spherical potential; the other terms represent the anisotropic part of
the potential. The electrostatic quadrupole-quadrupole interaction is of the form
F 2 2 4 . The term F 0 2 2 has been omitted since, being spherical in the coordinates of
the radiating molecule, it does not contribute to the Une broadening [Wit 7 6 ] .
Because the electronic configurations are virtually identical for H2 and D 2 , the potentials for the two isotopes can, to a good approximation, be considered to be the same.
For HD, where the nuclei are not identical, the molecular center of mass does
not coincide with the centre of electronic charge and consequently an extra angle
dependent term in the potential is present [Wit 76, Köh 71, Tak 63]:
,, r2, R) + Vl0.(r,,

f2,

(13)

The Vi0 i(ru r2,R) term is rather strong compared to the other anisotropic terms.
With the above assumption about the shape of the intermolecular potential, a
perturbation treatment can be applied to the expressions for the line broadening cross
sections. Much simpler equations are then obtained, in which the contributions of the
various anisotropic potential terms become additive. Particularly for hydrogen isotopes,
where the angle dependent terms in the potential are small compared to the spherical
potential, such a treatment should be expected to be applicable. The rotational Raman
line broadening cross sections for H2 and D2 can then be written as:
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onuclear =
Shorn
RR

ai102
®RR

©RR •

(14)

and, for HD, one obtains:
- ,~ti om onuclear
SHD
RR"»RR

(15)

The only potential terms that enter in a term © £ £ • * L are V000(R) and F L iL j L (Ci.
£*,&)•

An additional advantage is that, at this stage, selection rules for the collisional
transitions can be derived. The collisional transitions that are allowed, are found to be:
lOl
S RR

h =±1,

A/2=0;

Ai = 0, ±2,

A/2=0;

Ai=0,±2,

A/^O.t^

where / i refers to the spectroscopie states of the radiator (Jj and J{) and J2 to the
rotational state of the perturbing molecule. In the case of ® " R , all combinations
of the indicated transitions A/] and A/ 2 are allowed; for the particular case
J2 - 0 and £J2 = 0, S " ^ vanishes.
We shall now proceed with a discussion of the experimental cross sections as reported
in section 3.1. It is seen in figs. 18-22, where the Une broadening cross sections for the
various hydrogen gases are depicted as a function of temperature, that the temperature
dependence for HD is rather different from that for H 2 and D 2 . It will be shown later
that this is due to the important Vt 0 1 term in the HD potential. It is convenient to
discuss first the homonuclear isotopes, where the cross sections are described by <3\^
and ® "j^> and then consider the more complicated case of HD.

For the present discussion it will prove to be useful to separate the collision processes that are relevant for the Une broadening into elastic and inelastic collisions. À
collision will be called elastic if no net exchange between rotational and translation^
energy takes place within the colUsion system. Two distinct types of elastic collisions
are to be defined. Resonance collisions are collisions in which both molecules undergo
a change in rotational energy, but in such a way that the sum of their rotational energies is preserved. Elastic nonresonant collisions are collision processes in which the

I •'-•*
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Table VII
Collisional line broadening transitions for H , and D2 at low temperature

spectroscopie
transition
S 0 (0)inpH 2

(ƒ, = 0)

resonant

(0-2)
Jf. 2-0,/,: 0-2

S o (0)inoH, snu pD-4 (A = D
S 0 (l)inpH, and oDj </i = 0)
S,(l)inoH, and pD, (/, = D

(0-2)
(1-3)
(1-3)

elastic
nonresonant
®R°R'
G R R , SR'R 4
©R°R'

Jf. 3-1, ƒ,: 1-3

SR-R'.SR'R 4

./-quantum numbers describing the rotational states of each molecule, remain unchanged. À collision is called inelastic, if a net transfer of energy takes place between
the rotational and translation^ degrees of freedom.
Shortly, it will be shown that the effect of inelastic collisions on the line broadening is small for H 2 and D 2 , particularly at low temperatures. Consequently, only a
small number of collisional transitions are relevant. It is instructive to summarize the
elastic collisional transitions that can be important at low temperatures. In table VII
it is indicated which cross sections S^' R L j L of eq. (14) contribute to the broadening
of the S 0 (0) and S 0 (l) lines.
In fig. 28 an illustration of a resonance collision is given. Obviously such a process
cannot occur via a collision between an ortho and a para molecule, but only via collisions between partners belonging to the same modification. In fig. 21 we see indeed
that in pH2 (a bath of even perturbers) the experimental cross sections for the S o (0)
radiator

J

perlurber

3

Fig. 28 Schematic diagram of a resonance collision between a radiator, spcctroscopicaliy connecting the states J = 0 and ƒ = 2 (So (0)), and a perturber in state J = 0. The arrows indicate
the collisional transitions.
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asafunction of temperature for the S0(0) and the SodJlinesofHj andD,.

and S o (2) lines, involving even rotational states, are appreciably larger than those for
the S 0 (l) line (connecting odd levels). For oH 2 , on the other hand, the S 0 (l) line is
broader then the S o (0) and the S o (2) lines.
For the elastic nonresonant collisions it is seen in table VII that the contribution
of @ RR 4 vanishes in the case of pH 2 . We can now understand why the S 0 (l) cross
section is much more sensitive to the ortho-para composition than the cross section
for the So(0) line: for the S 0 (l)line both the resonant and elastic nonresonant contributions increase with increasing oH2 concentration. For the S o (0) line, the two contributions have an opposite concentration dependence.
For the cross sections for D 2 at 28.3 K (fig. 22) a similar dependence on the rotational states is observed.
Next we consider the dependence on the temperature and the molecular mass. In
the low temperature region all cross sections increase markedly towards lower
temperature. The cross sections for D 2 are larger than the corresponding H2 cross
sections. In fig. 29 @ R R Tm'1 is plotted as a function of the temperature below 80 K.
By comparing the corresponding cross sections for the different modifications, it is
seen that the behavior of the cross sections as a function of temperature and mass is
fairly well described by S R R <*mT~l.
We can gain insight about fhis dependence by considering the matrix elements
involved in the expression1 fair the Une broadening cross section, which can, for a
classical trajectory, be expressed in time dependent perturbation theory in the form

\-•-':,
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[And49j:
(16)
Here, Af is the total rotational energy change occurring at the collision considered,
and F a n i s (r) is the anisotropic part of the intermolecular potential. For elastic collisions (AZs = 0), the integrand depends on r only through F a n i s (r). In the case of
straight line trajectories with constant velocity v, the argument t of F a n i s enters only
in the combination vt. Hie integral in eq. (16) is then proportional to v~l. The Une
broadening cross section is a sum of terms containing a product of two matrix elements. Hence we find in this simple picture, after Boltzmann averaging over the
velocities, that <S RR <x tø}"2 ccmT'1, provided that the distribution of the perturbers over the rotational states is constant.
At this point it is interesting to consider the theory developed by Fiutak and van
Kranendonk [Fiu 62, Fiu 63, Kra 6 3 ] . On the basis of Anderson's perturbation theory
[And 4 9 ] , van Kranendonk calculated the line broadening coefficients of the rotational
Raman lines of nH 2 at 300 K. In this theory of which the collision model is simple to
visualize, the translational motion is treated classically, the trajectories are assumed to
be along straight lines and the results are evaluated at an average, fixed velocity. FOE
the angle dependent part of the intermolecular potential only the electrostatic quadrupole-quadrupole interaction (corresponding to the P224 term in eq. (12)) is taken
into account. Since our above qualitative discussion on the dependence of the cross
sections on the rotational states suggests strongly that the contribution of S " R is
very important, it is interesting to compare this simple model with our results. An
expression for the cross section is obtained, which can be written as [Kra 63]:
_

56ffß4

(17)

where, for a particular rotational Raman line, the elastic contribution to S(J-,, if) is
dependent only on the distribution of the perturbing molecules over the rotational
states. Q is the molecular quadrupole moment and d is an effective diameter of the
molecule. Indeed one sees that, when the population of the rotational states is constant, the cross section is proportional to (o)"2, corresponding to the experimentally
observed tnT1 dependence.
Keijser et al. [Keij 74b] applied van Kranendonk's theory to the cases of oH2 and
pH 2 , and we extended the calculations to obtain the cross sections at lower temperatures. The results, shown in fig. 30, are seen to agree rather well with the experimental
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Fig. 30 Comparison between the cross sections for oH2 and pH2 calculated with van Kranendonk's theory [ Kra 631 (curves) and the experimental results (points indicated by
symbols).
• S o (0);oS 0 (l);+S 0 (2).

cross sections, notwithstanding the perhaps rather drastic approximations that were
employed in the theory. Only for the S 0 (l) line in pH2 at low temperatures the
calculated cross sections are in error, which is to be expected, because the quadrupolequadrupole contribution vanishes for collisions of ortho molecules with perturbers in
the J = 0 state (see table VII).
An obvious limitation of van Kranendonk's theory is the approximate, classical
treatment of the translational motion. A more realistic, quantum-mechanical approach
is based upon the Distorted Wave Born Approximation (DWBA) [Rod 67]. In this
approximation the spherical wave functions, describing the relative translational
motion, are calculated, in an exact quantummechanical manner (or at least in a high
order perturbation treatment when certain approximations are used) from the
spherical part of the potential K 0 0 0 (Ä). These wave functions are then used to calculate the transition matrix elements to first order in the nonspherical potential. The
DWBA is often used under conditions that the cross sections to be calculated are small
compared to the total kinetic cross section. Because of the small non-sphericity in the
potential for hydrogen isotopes, the DWBA is often applied for these systems.
An expression of the following form is obtained for the cross sections in eq. (14)
[Coo, Sni 74]:

i. ,-'/
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2
jf=jf

^

)] •

(18)

Here, the following definitions have been used:
(19)
(20)
(21)
£> = £ƒ(ƒ+!),

(22)

where B is the rotational constant. Each term in eq. (18) refers to a particular type of
collision where ƒ; and J{ are interpreted as the states involved in the spectroscopie
transition of the radiator and J-i as the rotational state of the perturber before the
collision. The primes refer to post-collisional states. The factors Kj (J, J2 L) are constants containing 37-symbols.
An important advantage of the above expression is that the shape of the relevant
potential term^4 Li L j L(R) enters, along with AOoo(R), only in the transiational
factors e~Vlß A £ / L , L 2 L(0AE). This factor is dependent only on the rotational /-states
of the molecules through the argument ßAE representing the total energy exchange
(normalized by the thermal energy) between the rotational and transiational degrees
of freedom.
In the DWBA calculation given by Moraal [Mor 74], the spherical wave functions
of an assumed hard sphere spherical potential are further approximated, so that the
radial integral over the F 2 2 4 potential term can be analytically evaluated. Furthermore, only a crude estimate of the contribution of the V2oz term in the intermolecular
interaction is made. The theoretical results for H2 at room temperature are shown in
fig. 31. Good agreement is obtained only for the S o (2), S o (3) and So(4) lines. No
calculations were performed for lower temperatures or for D 2 .
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Fig. 31 Comparison between the cross sections for oHs and pH2 at room temperature calculated
by Moraal [Mor 741 (A) and the experimental cross sections (*).

Recently, Coombe and Köhler [Coo] again calculated the collision line broadening
on the basis of the DWBA, but with a square well model for the spherical part of the
interaction. Both © ^ and <3™£ were evaluated without making further essential
approximations. The square well parameters were adjusted to obtain the K ist fit with
the experimental data. In fig. 32 the calculated cross sections for oH2 and pH2 are
shown along with the experimental results. It is seen that reasonably good agreement
with experiment is obtained. The @|°^ was found to be very sensitive to the choice
of the parameter characterizing the repulsive wall diameter. Equally good agreement
with the experimental results for D 2 could be achieved only by changing slightly this
parameter.
It should be remarked that much of the observed behavior of the H2 and D 2 cross
sections can be explained using qualitative arguments, without making assumptions
about the precise shape fo the intermolecular potential. This indicates that it should
be possible to reproduce the general features with many different models for the interaction, and one can hence conclude that a rough agreement of theoretical results with
experiment is not sufficient to discriminate unambiguously between different potential
models.
The uncertainties in the theoretical results presented above are usually ascribed
largely to the approximations that were required for the calculation of the factors
/
L, L2 L- An inverted procedure in whichI Li L j L is calculated from the experimental
cross sections is usually not possible, since in general many of these factors are involved
in one single cross section. In the present case, however, one has, at the lowest tempera-
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Fig. 32 Comparison between the cross sections for oH, and pH, calculated by Coombe and
Köhler [Coo] (curves) and the experimental cross sections (points indicated by symbols).
• S 0 (0),oS o (l); + S 0 (2).

tures, the simple situation, that only very few collisional transitions are possible. Hence
very few translational factors are of importance. It will be shown thai, for a particular
temperature, the number of cross sections that are available from experiment, is larger
than the number of translational factors. An overdetermined set of equations is then
obtained from eq. (18), which is used not only to calculate the translational factors,
but further to make an internal consistency check.
For the So(0) and the S 0 (l) lines in a pure hydrogen modification at low temperatures, where all perturbers are in one single rotational state, eq. (18) can be reduced to
(see also the more explicit form of eq. (18) in ref. [Mor 74]):
£202

and

r224=
ÖRR

2(4./?+ 1 2 4 - 3 )

f 12
J2(J2 + 1)
125 (2/ 2 -l)(2/ 2 +3)

haz(0)+

[inelasticterms] (23)

(4jf + Í24
zi
<2/|-l)(2f,+ 2

3) (24+7)
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1225 (2/ 2 +l)(24 + 3)3
9 (ƒ,
50 ( 2 / 2 + l ) ( 2 / 2 + 3 )

(2/i

X / Z 2 4 (4j3ÄL/j - J21) + [inelastic terms].

(24)
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Jf is written here as J-t + 2. The term containing 7 2 2 4 (40ßL/j - J21) in eq. (24) refers
to resonance collisions; when Jx ^J2,I224 (4/35 l/j - J21) is very small.
Substituting eqs. (23) and (24) into eq. (14), we see that © R R is determined by
the two unknowns I202(0) and I224(0) (the small inelastic terms can be estimated).
For H2 at 24.8 K, we have measured four such cross sections (for the S o (0) and
S,, (! 1 lines both in oH2 and pH2 ), yielding th» overdetermined set of equations for
the determination of I2 0 2 (0) and I2 2 4 (0).
We will first indicate how the corrections for the inelastic terms in eqs. (23) and
(24) are made. For three of the four mentioned cross sections, the inelastic contributions can, within the DWBA, be directly expressed in terms of S(0001), the cross
section obtained in rotational relaxation experiments [Sni 74]. This cross section has
not been measured at low temperatures, but in ref. [Pra 72] a method is given to
calculate (3(0001) from values measured at higher temperatures. The inelastic contributions are indeed found to be small (about 2 x 10"" m 2 ), and the one that cannot
be calculated (for the S 0 (l) line in pH2) is taken to be of the same magnitude.
The elastic part of the cross section is then obtained by subtracting the inelastic
contribution from the experimenta! cross section. We see in eq. (23) that S R R for
the S 0 (l) line in pH2 directly yields I202(Q)- When this value is then substituted in
the expressions for the S 0 (0) Une in pH2 and in oH2 and for the S 0 (l) line in oH 2 ,
each of these equations gives a value for I2 2 4 (0). In table VIII the values for I202 (0)
and / 2 2 4 ( 0 ) thus obtained are given.
A similar calculation can be performed for H2 at 77.8 K and for D 2 at 28.3 K. For
H2 at 77.8 K the estimated corrections for the inelastic contributions are larger: about
4 x KT22 m 2 . The inelastic contributions for D 2 at 28.3 K are taken to be a factor
two larger than the corresponding H2 values, in accordance with the (few) experimental
data for ©(0001) for D 2 [Slu 6 4 ] . The results for these systems are also included in
Table VIII
Calculated values for/, 0 2 (0) and/ J24 (0) in 10~20 m2
/0*
A,.(0)*)

/

b
H 2 , 24.8 K
H 2 ,77.8K
D,,28.3K

4.7 t 0.2
1.4 ± 0.1 s
10.s ± 1

120 ±5
36 ± 2
220 ± 10

81 ± 5
37 ± 3
246 ± 10

*) obtained from / I ( ,,(0) and a) S R R for So(0) in pH3 resp. oD 2 ;
W @ R R for So (0) in oHj resp. pD,;
c) ©RR for S 0 (l) in OH, resp. pD,.

100 ± 3
39 ± 1
218 ±6
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table VIII. The indicated errors refer exclusively to the errors in the experimental line
broadening cross sections and involve neither theoretical uncertainties nor errors
associated with the estimation of the inelastic contributions.
It is seen in table VIII, that the three values for I2 2 4(0) agree with each other for H2
at 77.8 K and also for D 2 at 28.3 K. For H2 at 24.8 K, however, a discrepancy is found
which is too large to be explained from experimental errors. As an explanation for
this it might be proposed that, in the derivation of eqs. (23) and (24), the molecular
wave functions have not been symmetrized. In chapter II, however, in a similar analysis
of the cross sections for the depolarized Rayleigh line, a distinct discrepancy is found
between the value for I2 02(0) calculated here and the value obtained from the depolarized Rayleigh line broadening in (the limit of) pure pH 2 . Since in both cases the
cross sections refer to collisions of unlike particles (radiators in odd / states perturbed
by molecules in state J = 0), the above explanation referring to symmetrization is
clearly not appropriate. Another possibility is that, apart from ® R°R2 and <SR2R in
eq. (14), other teims in the cioss section play a significant role. Thirdly, we mention
as a possible explanation for the discrepancy that the DWBA might break down for
the hydrogen molecules at low temperatures. Some support for this assumption is found
in ref. [liu 77], where the results obtained in DWBA calculations on the system H 2 He at 20 K were found to deviate considerably from the values obtained in exact
calculations. The discussion on these discrepancies will be continued in chapter II.
4.2 HD
The interpretation of the line broadening cross sections for HD is more complicated
than for H2 and D 2 , where inelastic contributions could be neglected at low temperatures. In the case of HD one has to take into account not only the predominantly
elastic processes connected with g h o [ n o i l u c I e a r , but also the inelastic collisions
associated with ( S ^ R (e<l- ( 15 ))- The contribution of ©J^ 1 to @ R R is known to
be the dominant one at room temperature [Keïj 74b, Köh71] ,but at lower temperatures it is certainly not possible to neglect ghomonuciear^ b e c a u s e t n e elastic Une
broadening cross sections increase strongly with decreasing temperature. A quantitative analysis, similar to the above treatment of H 2 and D 2 , cannot be performed
here, because in this case the number of experimental cross sections is smaller than
the number of important translational factors.
In the following we will therefore adopt a somewhat different approach. Since the
behavior of ©R'R 11 o n u c I e a r is by now rather well understood from the discussion of
the previous section on H 2 and D 2 , a quantitative estimate can be made of © R°R" o n u c l e a r
for HD. By substracting this contribution from the experimental value for @ R R , one
o b t a i n s © ^ 1 (eq.(15)).
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Fig. 33 Estimated®' 0 ' as a function of temperature for HD.
'RR

In the low temperature range, ©^»«»nuclear c a n b e es tim a ted from eqs. (23)
and (24), because the values I2 02(0) and / 2 2 4(0) are known to scale roughly proportional to the molecular mass. In the high temperature range, where about 50% of the
HD molecules are in an even rotational sta.'e, a similar scaling of the cross section for
a H2 mixture containing 50% pH 2 can also be expected to give a rather good estimate
for (ghomonuciear*) ^though ^ ,j e s c r i ], e ^ p i o c edure cannot be expected to yield
very accurate results for @^<R™«"lucIeari e v e n a n appreciable error does not affect the
values for S ^ 1 very much, since in most cases S R ° R ' is considerably larger than
homonuclear
SRR

In fig. 33 the values for S ^ 1 , calculated for 27 K, 78 K and 293 K are shown.
The dottes lines connecting these points were drawn, using the HD broadening cross
sections measured at other temperatures, together with estimates for
obtained from interpolated values for oH2 and
*) This procedure at high temperatures can be justified by examining the explicit form of eq. (18).
As a chec'% the cross sections for nD2 at room temperature were calculated in this way from
the cross section for a corresponding H, mixture (33% oH.,-67% pH,). The experimental
values for nD2 were thus reprodur- d with an accuracy of 10%.
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At temperatures above 100 K the inelastic cross sections © R °R are seen to be
increasing functions of the temperature. This is understandable, since at higher temperature the increased translational energy makes collisional rotational-translational
energy exchange more probable. Even at the lowest temperatures appreciable values
for the cross sections are found. The magnitude is of the same order as ©(0001), the
cross section for rotational relaxation (2.6 x 1Ò"*0 m 2 [Pra 70]), which is essentially
the inelastic cross section for deexcitation from J = 1 to J = 0.
At high temperatures the cross section decreases with increasing J,. This is associated with the large energy level spacings at high values of the rotational quantum
number, which makes inelastic transitions improbable for radiators involving high
rotational levels.

APPENDIX
Diffusional correction
The linewidths obtained from the Fourier transform F/{(f) represent the actual
broadening of the rotational Raman lines as determined by the molecular dynamics
of the scattering gas. The broadening mechanisms are, apart from the negligibly small
natural broadening, the collisional broadening due to perturbations of the internal
molecular motion, and the diffusional broadening associated with the translational
motion of the molecules. At densities high enough that kl < 1, where k is the magnitude of the difference between the wave vectors of the incident beam and of the
scattered photons, and I is the mean free path of the molecules, the Une shape is
Lorentzian [Ger 68]. The halfwidth is then given by:

Aí£ tal = ,

+ AÍ

,ÇAO.1=^R

+Bp

(Al)

with

P

(A2)

DR is a diffusion constant (the dependence on the density p is explicitly shown), and
B is the collisional broadening coefficient.
The situation is illustrated in fig. Al, where the halfwidth as a function of the
density is shown for the S 0 (l) line of nH 2 , measured at 137 K. In principle a plot of
£ t ' p versus p2 gives, at densities where kl < 1, a straight line with slope B, and
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6000

Fig. Al Halfwidth of the S 0 (l) line of nH, at IS? K as a function of density. A»° o p p l B r is the
calculated Doppler halfwidth. The closed circles represent the halfwidth including the
diffusional contribution. The open circles represent the corrected values.

the value of D R P is then found from the intercept with the A v £ t a l p-axis. Since, however, the purpose of the present investigation was to determine B, the measurements
were restricted to high densities, where the colh'sional contribution dominates the
linewidths. It was decided to apply a correction for the diffusional contribution, using
a value for the diffusional constant obtained from literature. For H2 the selfdiffusion
constant D was taken as measured at various temperatures by Hartèck and Schmidt
[Har 3 3 ] , lipsicas [lip 62] and Hartland [Har 62]. Àt temperatures where D has not
been measured, an interpolated value was used (see fig. A2). For HD and D 2 the
diffusion constant was determined from the H 2 data, employing the approximate
relation for isotopes:
(A3)
It is known from experiments performed at room temperature by Cooper et al
[Coo 68] and Gupta et al [Gup 72b], that, for the S 0 (l) line of nH 2 , the value of
DK is some 20% higher than D. In the density range of our measurements such a
difference is, however, too small to affect the line broadening coefficients appreciably
(less than 1%).
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Fig. A2 Dp as a function of temperature.
• ref. [Har 33]; o ref. [Lip 621; + ref. [Har 62].

In fig. Al the corrected halfwidths are also depicted. Even in the low density
region, where Wis not much smaller than unity, the corrected halfwidth is found to be
proportional to the density.
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CHAPTER II

THE BROADENING OF THE DEPOLARIZED RAYLEIGH LINE
FOR HYDROGEN ISOTOPES AT LOW TEMPERATURES
1. Introduction
The line shapes in the depolarized spectrum of light scattered by a dilute molecular
gas are known to be related to the effect of collisions on the internal molecular
motions and hence provide a promising source of information about the angle dependent part of the intermolecular potential [And 49, Ber 76]. The depolarized spectrum
consists of a number of discrete lines, of which the frequency displacement with
respect to the exciting frequency is associated with the energy exchange that occurs
in the scattering process between a photon and a molecule [Fab 68] (see also fig. 1
of the general introduction to this thesis).
In the case of the rotational Raman lines, the rotational energy of the radiating
molecules undergoes a change, with, for linear molecules, the selection rule Jf - ƒ; = ±2,
where /; and Jf are the initial and final states of the spectroscopie transition. A nondisplaced line is also present in the depolarized spectrum, which is referred to as the
depolarized Rayleigh line (DPR). It is closely related to the Raman lines, but in this
case the initial and final spectroscopie states are identical (Jf — 7j = 0). An important
difference between these two types of spectral lines is that a rotational Raman line is
associated with radiators in one particular pair of spectroscopie states J-, and Jf, while
for the DPR line, with J\ = Jf, all molecular rotational states contribute (with the
exception of state J = 0, which gives no contribution to the DPR line).
An interesting aspect of the DPR line is that the theoretical expressions for the
broadening are very similar to certain other, conceptually quite different phenomena.
In particular, the results of measurements on the Senftleben-Beenakker effect for the
viscosity [Bur 73, Dit 77] and nuclear magnetic resonance [Har 64, Spe 69, Lal 69]
are closely related to it [McC 72, Keij 74a, Sni 74].
In this chapter measurements on the collisional broadening of the DPR line in
gases of hydrogen isotopes at low temperatures ire to be presented. In light scattering
theory the collisional broadening is related to the decay of spontaneous fluctuations
in the average orientation of the molecules. For a system in which the rotational
quantum numbers of the radiating molecules are typically sufficiently large to permit
a classical description, the line broadening mechanism can be illustrated by the
following simple picture [Gor 66b]. An incident beam of light induces in a molecule
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with anisotropic polarizability an oscillating electric dipoh which is, in general, not
parallel to the electric field of the exciting light. The amplitude of the depolarized
scattered light wave depends on the orientation of the molecule, and hence collisional
reorientations result in a modulation of the amplitude, leading to a broadening of the
line.
This classical picture is applicable to most gases (e.g., N 2 , CO 2 , and OCS), but it
breaks down for the very light hydrogen isotopes, where a large fraction of the molecules is in the lowest rotational stales. For those systems, a quantum mechanical
description is necessary, in which the line broadening is related>to a decay of fluctuations in the local instantaneous mean value of 'ut± JJ (sometimes called tensor polarization) [Hes 70a]. u is here a unit vector along the molecular axis,
denotes the
symmetric, traceless part of a tensor and the superscripts indicate here the part of
the tensor operator 'uu.' that is diagonal in the rotational quantum number J (see also
the general introduction to this thesis). Usually, 'uuJJ is expressed in terms of the
tensor 'JJ' by

IT

0)

The intensity of the DPR line scattered by dilute gases of simple molecules is
extremely weak, and the line is difficult to separate from the very strong polarized
Rayleigh-Brillouin triplet. Consequently it was not until the advent of the laser that
an experimental study of the shape of the DPR line became feasible. In 1968 Cooper
et al. [Coo 68] reported the first experimental results for the line broadening of the
DPR line for H 2 , N 2 and CO2 at room temperature. A few years later Gupta et al.
published line broadening coefficients for hydrogen isotopes and mixtures of H 2
with noble gases [Gup 7 2 ] , and Keijser et al. reported results obtained in room
temperature measurements for a large number of linear molecules [Keij 74a] and for
N2 -noble gas mixtures [Keij 74b]. These experimental investigations were accompanied by several theoretical studies, particularly t y Hess et al [Hes 70a, 7Õb, 72,
73], Shafer and Gordon [Sha 73] and McCourt, Rudensky and Moraal [McC 7 3 ] .
In the work of these investigators it was shown that the interpretation of the observed
collisional broadening was fairly complicated because of the many rotational states
that contribute to the DPR line. The present study of hydrogen jsqtRpes at low temperature was undertaken because these systems permit a rriilcli sinipjer interpretation
by virtue of the very small number of occupied fotfltiotwl stiltes. Furthermore, because
it is possible to vary experimentally several essential parâiiiètèrs iHdeperidehtly
(temperature - down to 25 K - , molecular mass, ortho-para composition), the hydro-
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gen isotopes are very attractive for a detailed study of certain, well defined collision
processes relevant to line broadening.
In the next part of this chapter, a description of the experimental setup is given.
Then the numerous corrections which have to be applied to the measured spectra in
order to obtain the actual coUisionally broadened line shape are discussed. Next the
results of measurements on nH 2 , nD 2 , HD and pH2 are presented and expressed in
terms of effective cross sections. The line shapes are found to be Lorentzian, corresponding to a simple exponential decay of the tensor polarization fluctuations. For H2 and
D2 the cross sections are interpreted chiefly in terms of collisions for which àJ = 0.
The experimental DPR cross sections at low temperature are compared with rotational
Raman line cross sections reported in chapter I. It is found that the relative magnitude
of some of these cross sections deviates from that predicted by calculations based on
the distorted wave Bom approximation. Finally, the results are compared with independent data (from experiments on the Senftleben-Beenakker effect in the viscosity and on
nuclear magnetic resonance) via the concept of effective cross sections.
2. Experimental
2.1 Apparatus
The experimental apparatus used to measure the DPR line broadening was very
similar to the one employed to measure the line broadening of the rotational Raman
lines at low temperatures (see chapter I). The output of a single mode Ar ion laser
(about 1W) was focussed into a scattering cell. This cell was mounted inside a continuous flow cryostat with which temperatures between 5 K and room temperature
could be maintained. In front of the cell, a polarizer was placed to insure that the
incident laser beam was vertically polarized (i.e., with the electric vector in the vertical
direction) to a high degree. The light scattered at right angles in the horizontal plane
was collected and passed through a Glan-Thompson polarizer which was set to block
the vertically polarized component. A monochromator was utilized to suppress the
depolarized spectral components at frequencies away from the exciting laser line
(Raman lines). The shape of the DPR line was analyzed by a pressure scanned FabryPe'rot interferometer. The transmitted light was detected by a thermo-electrically
cooled photomultiplier in combination with photon counting equipment and the
measured count rates were punched on paper tape.
In preparation for the present experiment, the apparatus described in chapter I
underwent several modifications, which are discussed in detail in the following.
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Laser. As a result of thermal variations of the laser cavity length, the laser frequency
exhibited a slow drift. Occasionally, when the gain of the mode in which laser action
took place became appreciably lower than the gain of an adjacent mode, laser action
was suddenly transferred to the mode of higher gain (mode hop) and the frequency
changed correspondingly by about 150 MHz. Although these disturbances usually
occurred at a fairly low rate (about once in ten hours), it was desirable to reduce
these distortions of the spectral frequency scale in order to be able to detect small
deviations from the Lorentzian line shape in the DPR line profile, therefore, one of
the laser mirrors was mounted onto a piezo-electric translator. Hie cavity length was
slightly modulated at a frequency of 500 Hz and the corresponding variation in laser
output provided a correction signal, which was used to feed just such a D.C. voltage
to the translator, that the mirror was kept at the position of maximal laser gain. The
remaining long term frequency drift, due to thermal expansion of the single frequency
etalon, was too small to introduce,an appreciable error. The frequency variations
due to vibrations in the laser cavity that were too fast to be compensated by the
stabilization system, give rise to an effective laser line halfwidth of 15 MHz, which
was small compared with the overall instrumental linewidth of about 500 MHz.
Scattering cell. The scattering cell was a small brass cylinder with a diameter of
4.4 cm. It was cut into two halves to allow replacement of windows and other parts
that were mounted inside. Indium O-rings were used for all vacuum seals. In fig. 1 a
schematic diagram is given, which shows a cross section of the cell in the horizontal
plane through the laser beam. The cell contained entrance and exit windows for the
laser beam and a viewing window to transmit the scattered light. In order to be able
to separate the DPR line from other contributions to the scattered light at the laser
frequency, the cell had to fulfill exacting standards of optical quality. The polarized
Rayleigh-Brillouin triplet, which was several orders of magnitude stronger than the
DPR line, had to be reduced in intensity to a small fraction of the DPR line intensity,
by passing the scattered light through a polarizer. The required rejection of polarized
light could only be obtained if a very small depolarization in the cell windows occurred.
Since at low temperature the windows were subject to considerable stress as a result
of the different expansion coefficients of the glass and the window mounts, a special
type of glass (zero stress optical coefficient glass) was selected for the entrance and
viewing window in order to avoid depolarization of the light due to stress birefringence.
A disadvantage of this material was that it was difficult to polish, susceptible to
staining, and characterized by a high index of refraction. Hence, a greater amount of
parasitic laser straylight was introduced with this glass than with the more commonly
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Fig. 1 Schematic cross section of the scattering cell in the horizontal plane through the laser
beam. Diaph: diaphragm; Gas: scattering gas. The entrance and exit windows of the
vacuum jacket are placed under the Brewster angle with respect to the laser beam.
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used types of glass. The scattering cell had to be designed with great care in order to
shield the central parts imaged onto the detection system from this strayÜght. The forward scattering from the entrance window (which was much more intense than the
backward scattering from the exit window) was for the most part stopped by a narrow
diaphragm, and the small portion passing through was trapped in the diaphragm system
near the exit window. Since the laser light that was reflected from the exit window
would, in this arrangement, be scattered by the narrow diaphragm into the center of
the cell, a small prism was affixed to either side of the exit window, in such a way that
the laser beam struck the glass surface at the Brewster angle. A light trap positioned
opposite the viewing window provided a dark background for the photomultiplier. The
inner surface of the cell was painted black (3M Nextel velvet coating, 101-clO). In this
arrangement the stiaylight reduction was very effective: while S x 1 0 ' 8 photons
entered the scattering cell per second, once every 100 seconds a photon was, on the
average, detected when the cell was evacuated.
Interferometer and monochromator. The Fabry-Perot interferometer employed to
investigate the spectral profile of the DPR line had a free spectral range of 38.95 GHz
and a finesse of about 45. The input slit of the monochromator, which served as the
pinhole for the interferometer, had a smaller width than the output slit and as a result
the central part of the transmission profile was constant. The halfwidth (chosen
between 300 and 1000 GHz) was much smaller than the separation between the DPR
line and the nearest Raman lines (about 10 THz for the hydrogen isotopes). In some
cases a small fraction of the wings of the DPR line was suppressed by the monochromator. This could be corrected for by adding a constant background to the
interferogram.

2.2 Gas handling procedure
The gases nH2 (containing 25.1% pH 2 ) and nD2 (66.7% oD 2 ) were obtained commercially. The purity was better than 99.9% for nH2 and better than 99.6% for nD 2 .
The purity of HD, prepared by the action of LiAlH4 on D 2 O and purified by fractional
distillation, was 98.7%, with D 2 as the main contaminant. pH 2 was prepared by
catalytic conversion of nH2 into equilibrium H2 at 20 K on iron oxyde. The line
broadening could not be measured in (nearly) pure pH 2 , since the intensity of the
DPR line is, at 28 K, proportional to the oH2 concentration, while the parasitic contributions to the spectrum (see below) are independent of the ortho-para composition.
It was therefore decided to perform measurements with a mixture of 84% pH 2 , and
the result was (linearly) extrapolated to the limit of pure pH 2 . The rate of conversion
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38.9S GHz
free spectral range

'

Fig. 2 Example of the depolarized Rayleigh line spectrum (nD,, 77.8 K, 4040 mol/m3).

to the equilibrium composition of the ortho-para mixtures, determined by measuring
the intensities of the rotational Raman lines (see chapter I), was always found to be
low. In a few cases a small correction had to be applied.
3. Corrections
An example of the DPR spectra is shown in fig. 2. In a typical measurement, the
intensity profile was sampled at about 250 equidistant points per free spectral range.
The average intensities were 1-100 counts per second. Two adjacent interferometer orders were always recorded and to each peak in the spectrum a Fourier
transformation was applied [chapter I, Keij 74a, c]. Several parasitic contributions
were present in the measured spectra for which a correction had to be made. In fig. 3
a schematic representation is given, both in frequency and time domains, for the
various effects that contribute to the spectrum. In the following each of the corrections is discussed in detail. In principle, every correction could be applied both before and after the Fourier transformation. In practice, however, most corrections
were more easily performed in the time domain.
Photomultiplierdark noise. The dark noise of the photomultiplier (about one count
per two seconds) was frequently measured and found to be very stable. A correction
was made by subtracting a constant level in the measured spectra.
Instrumental broadening. An important part of the observed linewidth was due to the
finite spectral resolution of the apparatus. The instrumental profile was determined
many times by bringing the white, diffusely scattering screen into the center of the
cell. The halfwidth was usually about 0.5 GHz and the shape of the instrumental line
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Fig. 3 Schematic representation of the various contributions to the measured spectrum. The
spectral shape I(y) is shown in frequency domain, together with the corresponding Fourier
transform F(r) in time domain. Furthermore, the density dependence of the integrated
intensities (as far as applicable) and of the linewidths is indicated.

was found to be quite constant. In the frequency domain, the measured spectral line
shape S(y) is given by the convolution of the line shape R(v) governed by the scattering
processes occurring in the cell and the instrumental profile O(y) [Coo 7 2 ] :
'•-•.-.'f

S(v)= ƒ

R(p')O(v-v')dp'.

(2)
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In the time domain, a simple relation exists between the Fourier transforms of these
functions:
(3)
Deconvolution was therefore performed by division of F$(f) by Fø(0- As a check on
this procedure, measurements with different instrumental linewidths were sometimes
executed on the same systems; the values, found for Fjf(t) always agreed very well
(see also chapter I).
Vacuum straylight. Although the laser light that was scattered by the cell windows
was rejected very efficiently, a small amount did arrive at the photomultiplier. This socalled vacuum straylight was not broadened in the scattering cell and hence its line
shape was identical to that of the instrumental line. After deconvolution, this straylight gave rise to a constant contribution in the time domain for which a correction
could easily be made. Although this correction was usually very small, there were a
few cases in which the DPR line was so weak that the vacuum straylight intensity was
about 1% of the integrated DPR line intensity.
Polarized straylight. For virtually all gases, the intensity ratio of the DPR line to the
polarized Rayleigh-Brillouin triplet can, to a very good approximation, be described
classically [Bri 66] and is, accordingly, ahnost temperature independent. This is, however, not true for the hydrogen isotopes, where the strong /-dependence of the
depolarized scattered light intensity at low values of ƒ plays an important role (see
eq. (3) of the general introduction). Particularly in the cases where most of the molecules were in state J= 0, which gives no contribution to the DPR line intensity, a
highly efficient rejection of the strong polarized component was necessary.
For the small fraction of the polarized scattered light that could not be suppressed,
herein referred to as polarized straylight, a correction had to be applied. Its spectral
profile was determined by rotating the Glan-Thompson polarizer over 90° and recording the spectrum of the polarized component. The effective width is, at the densities
considered, mainly given by the density independent frequency separation of the
three Rayleigh-Brillouin components. For the calculation of the intensity of the
polarized straylight, the rejection ratio of the setup had to be determined, i.e., the
ratio of the polarized straylight intensity to the intensity of the polarized light before
entering the polarizer. For this purpose the depolarized spectrum of Ar (or, at the
lowest temperatures, of He) was recorded, in which the narrow contribution of the
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polarized straylight could easily be separated from the weak, broad background due
to collision induced scattering (see below). Then the Glan-Thompson polarizer was
rotated over a small, known angle (the alignment of the optics, which depends on the
orientation of the polarizer, was then only negligibly affected) and from the transmitted spectrum the polarized intensity incident on the polarizer was calculated. In
this way it was found that a rejection of 5 x 10~* could be attained over the entire
temperature range, indicating that even at the lowest temperatures no significant stress
birefringence occurre:' in the cell windows. In most cases the total polarized straylight
intensity amounted to somewhat less than a percent of the integrated DPR line
intensity. For HD at 30 K, where the Rayleigh-Brillouin triplet was 8000 times stronger
than the DPR line, the correction was an order of magnitude higher.
Collision induced scattering. So far we have considered only the depolarized light
scattering associated with the anisotropy in the polarizability of individual molecules.
At high densities, however, an additional contribution to the depolarized spectrum
becomes important, which is usually referred to as collision induced scattered light
[Lev 68, McT 71, Gel 74, Kna 75]. It arises partly from the fact that the oscillating
dipole, induced in a molecule by the field of the laser beam, induces in turn in other
molecules — at short distances — a small dipole, which is in general not parallel to the
exciting field. Another effect that plays an important role is the electronic distortion
during molecular collisions, which yields an additional, transient anisotropy in the
polarizability. In the binary collision regime, the total intensity of this spectrum is
proportional to the square of the density. The width, related to the inverse duration
of a typical collision, is large and consequently the wings were suppressed by the
monochromator. Because the width of the collision induced line was large compared
to the free spectral range of the interferometer, the spectrum was observed as a flat
background in the interferogram. In the Fourier transform this corresponded to an
extra contribution at time t = 0, which was, relative to the total DPR line intensity,
proportional to the density and could thus be identified. For most systems the contribution was, at the highest densities, a few percent of the integrated DPR line intensity. When, because of a large population of the state 7 = 0, the DPR line was relatively
weak, the correction was much larger: for HD at 30 K the collision induced contribution was, at the highest density, only slightly smaller than the total intensity of the
DPR line.

Diffusional broadening. The broadening of the DPR line as determined by the dynamics of the scattering gas, contains, apart from the collisional broadening, a contri-
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bution due to the familiar Doppler effect resulting from the translational motion of
the molecules [Ger 68, Güp 72, chapter I ] . At moderately high densities the line shape
is given by the convolution of the exclusively collisionally broadened line and a
Doppler broadened Lorentzian Une with a halfwidth

(4)

where D is the diffusion constant for tensor polarization, p the density and k is the
magnitude of the difference between the wave vectors of the incident beam and of
the scattered photons [Hes 72]. For HD, this diffusion constant, which is slightly
different from the ordinary diffusion constant, was calculated from @(1200), the
decay cross section for transport of tensor polarization W TT [Hes 70a, b] :

1
n ©(1200)

V

32/i

(5)

where n is the number density, kB is Boltzmann's constant, Tis the absolute temperature and n the molecular reduced mass. €(1200) has been obtained from measurements of the magnetic field dependence of the thermal conductivity [Hee 74]. For
H 2 and D 2 , Z) was estimated from the values for HD, using the relation for isotopes,
that the diffusion constant is approximately inversely proportional to the root of the
molecular mass. The correction (always smaller than 5%) was then applied analogously
to the conection for the instrumental broadening, by dividing the Fourier transform of
the DPR line profile by exp (-2iråu^ft r).
4. Experimental results
The Fourier transforms essentially represent the time correlation functions describing the decay of the tensor polarization," and hence., in the binary collision regime,
the time scale for these functions is inversely proportional to the density. It is therefore useful to introduce a reduced time scale

Po

(6)

where p 0 is a reference density (1 mol/m 3 ). hi figs. 4 , 5 and 6 most of the Fourier
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Fig. 6 Fu versus t* for HD.
77.8 K: o 625 mol/m3; A 1250 mol/m3; v 1840 mol/m3; a 2600 mol/m3;
O 3290 mol/m3; X 4030 mol/m3.
30.0 K: • 656 mol/m3; A 1100 mol/m3; r 1690 mol/m3; • 2180 mol/m3.

transforms as a function of t* are given on a semi-logarithmical scale for nH 2 , nD 2
and HD at various temperatures and for a 84% pH2-16% oH2 mixture at 28.0 K.
Ffi(0) is normalized to unity. It is noted that the apparently large spread in the data
at low values of FR is a result of the logarithmical scaling procedure; in the region
where FR(Í*) is about 1 0 ^ , the deviation of the values from the average is, for most
cases, less than 0.5% of FJJ (0), which represents the total intensity. For the 84%
pH2-16% oH2 mixture and for HD at 30.0 K, where the intensity of the DPR line
was low, this accuracy was not attained. As is expected, the results, for different densities, scale to one single curve. This confirms that the collisional broadening of the
DPR line is, in the range of densities studied, indeed linear in the density. Furthermore, since the other, spurious contributions to the spectrum have density dependences different from that of the collisional broadening, the observed coincidence
for most of the data indicates that, after correction, no significant effects of these
contributions are present.
For temperatures below room temperature, the Fourier transforms exhibit hardly
any significant deviations from exponential behavior. This is in contrast to the results
for room temperature, where Keijser etal. [Keij 74a] found appreciable departures
for nD 2 and HD. These were ascribed to a dependence of the tensor polarization
decay on the rotational states of the molecules. For the presently investigated systems
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of hydrogen at low temperatures, however, the contributions to the DPR line arise
chiefly from only one rotational state (J = 1), and consequently the spectral line shape
is determined by one single relaxation time (see further the more extensive discussion
in section S).
In order to characterize the shape of the Fourier transform, Keijser et al. introduced
the quantities V and f. V is given by the initial slope of F Ä (r):

f=o

(7)

and f is related to the time integral of FR(Í):

(8)
For a simple exponential decay the corresponding Une shape in frequency domain
is Lorentzian:

(9)
where v is the light frequency, Io the integrated intensity and Ai>£ the halfwidth at
half height. We have then Av^ = r = f. Since, for the measurements below room temperature, the deviation from exponential behavior is always small (see figs. 4,5 and 6),
we shall, in analogy to the treatment in chapter I, present all results in terms of A ^
(more precisely, in the cases where T and f a'e not exactly equal, the value of T is
used for Av^).
The data for nH2 and the 84% pH2-16% oH2 mixture at 28.0 K can be used to
determine AK& for the limit of pure oH2 and pH 2 . Of course, in pure pH2 at 28.0 K
DPR scattering does not occur, since virtually all molecules occupy state J = 0. However, when we take Ac^ in the limit of pure pH2 we obtain the broadening for the
DPR line scattered by ortho molecules (ƒ = 1) in a bath of J = 0 perturbers. The limits
can easily be found, since in the binary collision regime the linewidth is theoretically
known to be linear in the pH 2 concentration (fig. 7).
In table I the DPR line broadening coefficients Ap^/p are given for the investigated
systems, along with the results for room temperature as reported in ref. [Keij 74a].
In order to relate the experimental results to specific theoretical concepts of the
associated collision processes, it is convenient to introduce Une broadening cross sec-

1
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Table I
Experimental results
nH,

UK)

2931)
149
78.2
42.4
28.0

1.21 ±0.01; 1.19 ±0.01
0.91 ± 0.01 s
1.04 ± 0.01 s
1.31 ± 0.02
1.61 ± 0.03

0.50"
0.53«
0.84s
1.44
2.18

± 0.005
± 0.01
± 0.01 s
±0.03
±0.05

pH,

T(K)

A«%//> (MHz m3 /mol)

©DPR(10" 2 °m a )

293 a)
28.0

1.26 ±0.02; 1.26 ±0.02
0.42 ± 0.08

0.53 ± 0.01
0.58 ±0.1

oH,
TQQ

28.0

&V14/P (MHz m 3 /mol)

2.02 ± 0.05

®DPR(10" 2 O m 2 )
2.71 ± 0.05

nD2

T(K)

úvi/i/p (MHz m 3 /mol)

©DPRd 0 " 20 m 2 )

293 a)
77.8
31.0

1.77 ±0.02; 1.57 ±0.02
1.07 ± 0.02
1.44 ± 0.03

1.05 ± 0.02
1.23 ± 0.02
2.63 ± 0.05

HD
T(K)

Afi^/piMHzm'/mol)

®DPR(10""m 2 )

293»)
77.8
30.0

6.25 ±0.1; 5.73 ±0.1
2.97 ± 0.05
2.4 ±0.1 s

3.21 ± 0.06
2.96 ± 0.05
3.8 ±0.3

a

) The data at 293 K are taken from ref. (Keij 74aJ. Because at this temperature a significant
deviation from exponential behavior was observed for F/j(i*), the two broadening coefficients r/p and r/p are given (eqs. (7) and (8)).

1 MHz m3/mol corresponds to 44.62 MHz/Amagat.
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Fig. 7 The Une broadening coefficient fot H3 as a function of the oitho-para composition at
28.0 K.

tions. These ate defined in terms of the measured line broadening coefficients in the
following way:
2JT AVJ4 = n <»>

(10)

Here, <») is the average relative velocity given by
<!>> =

01)

where kB is Boltzmann's constant, Tis the absolute temperature and ju the reduced
mass.
The values for the line broadening cross sections, computed from the broadening
coefficients according to eq. (10), ate given in table I and depicted in fig. 8.

5. Discussion
5.1 Line shapes
In line broadening theory, the decay of tensor polarization can be expressed in
terms of a cross section matrix with elements S / y . The correlation function gover-
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o1Fig. S The line broadening cross sections for the DPR line as a function of temperature.
• nH,; + pH3; * nD 2 ; • HD.

ning the line shape of the DPR line is then given by [Sha 73, Keij 74a] (see the general
introduction to this thesis):
JJ

(12)
2 pjdj

Here, pj is the fractional population of state J and
J

_,

ƒ(ƒ+!)

_

a

(13)

The diagonal elements of this cross section describe the decay of the polarization
TTld2 - %) in rotational state J, and the off-diagonal elements describe the transfer
of this polarization between the states J and J'.
In general, expression (12) represents a complicated time evolution and the corresponding line shape cannot be characterized by one single parameter. It was, however, shown in the previous section that in the particular case of hydrogen isotopes
at low temperatures the expression is much simpler:
(14)

•

•a
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At those temperatures the only states that are appreciably occupied are J = 0 and 7 = 1 .
Because in eq. (12) the terms in C D P R (i) involving J = 0 vanish (d0 = 0), only one
element of the cross section matrix, © 11, gives a nonzero contribution and hence
eq. (12) reduces indeed to an exponential function. The experimental cross sections © D P R
can thus be identified with the theoretical cross section describing the decay of tensor
polarization for molecules in state J = 1:

n - © DPR-

(IS)

When we apply these considerations to the measured Fourier transforms depicted
in figs. 4 , 5 and 6, it is seen that, in the temperature range where the population of
the states ƒ = 2 , 3 , . . . is negligible compared to that of state J= 1 ( T < 100 K for
nH 2 , T£ 50 K for nD 2 , 7"^ 50 K for HD), the Fourier transforms are indeed exponential functions within the experimental error. For nD2 and HD at 78 K (and for
nH2 at 300 K, see ref. [Keij 74a]), where a small percentage of the molecules occupies
state J = 2, slight deviations from exponential behavior are visible. For nD 2 and HD at
room temperature, Keijser et al. found appreciable deviations, reflecting the still larger
spread of the molecules over the rotational levels.
5.2 Cross sections
5.2.1 H 2 and D 2
Qualitative discussion. Especially for the homonuclear isotopes at the lowest temperatures, the interpretation of the DPR line broadening is very simple. Because coUisional
transitions àJ = ±1 are spin-forbidden, the energy gaps between two rotational energy
levels of a molecule are very large compared to the thermal energy. Consequently, every
molecule is in the lowest rotational State that is possible within the modification to
which it belongs, and collisional transitions with tJ =# 0 can be entirely excluded*).
The"only possible transition leading to line broadening is then a reorientation within
the rotational manifold J = 1. The linewidth at 28.0 K was measured not only for
nH 2 (75% oH 2 -25% pH 2 ), but also for a mixture of 16% oH2-84% pH 2 . hi both mixtures the only contribution to the DPR line arises from molecules in state ƒ = 1.
Accordingly, linear extrapolation of the cross section to the limit of pure pH2 yields
the reorientation cross section for molecules in state J = 1 in a bath of/ = 0 perturbers,
*) This is in contrast to the situation for the rotational Raman lines (chapter I], where, even at
the lowest temperatures, resonance collisions are important, at which both collision partners
undergo a rotational energy transition equal in magnitude, but opposite in direction. These
collisions are possible in the case of the rotational Raman lines because the radiators are optically excited and therefore not in thermal equilibrium with the gas.
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while S D P R f° r P u r e °H2 describes the reorientation efficiency for J = 1 molecules
perturbed by J = 1 molecules. It is seen that the cross section in oH2 is much larger
than in pH 2 . This indicates that molecules in state J = 1 are much more effective in
reorienting the radiators than molecules in state J = 0. A quantitative discussion of
this difference will be given shortly.
When the temperature dependence of the line broadening cross sections for nH 2
and nD 2 is considered, it is seen that, above 100 K, the cross sections are approximately constant; below 100 K, however, a marked increase towards low temperature
is observed. In chapter I a similar behavior was found for the rotational Raman lines
for H2 and D 2 . More specifically, it was found there that at low temperatures, where
the distribution of the molecules over the rotational levels was constant, the line
broadening cross section was approximately proportional to T"1. Furthermore, when
an oD2-pD2 mixture was compared with a corresponding para-ortho mixture of H 2 ,
the rotational Raman Une broadening cross sections were found to be somewhat
more than a factor two larger. In a simple picture this behavior could be explained
assuming that the molecular velocities at a collision are constant and the trajectories
along straight Unes. The interaction time is then inversely proportional to the
velocity and, provided that the populations of the rotational levels is constant, this
results in a mT~l' dependence for the cross section, where m is the molecular mass
(see chapter I).
In fig. 9 a plot is given for @ D P R T versus r for nH 2 and nD 2 at temperatures
below 80 K. The temperature dependence is seen to be rather well described by T~l.
At higher temperatures, where the rotational populations become temperature dependent and where collisional transitions with A/ # 0 can no longer be neglected, the
T~l behavior is not observed.
100

nD2
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Fig- 9 ©DPR 7* as a function of temperature.
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A scaling of the cross sections for nH 2 and nD2 proportional to the molecular
mass is not expected to give good results because the populations of the rotational
levels in nH 2 and nD2 are quite different. A direct comparison between the cross
sections for H2 and D 2 in the limit of the pure modifications is not possible, since
data for oD 2 or pD2 are not available. However, at 28.0 K, where the Une broadening
cross section for H2 has been measured as a function of the ortho-para composition,
one can take the cross section for a H2 mixture with a rotational population profile
corresponding to that of nD2 (pj=0 = 0 . 6 7 , p / = 1 = 0.33). Correcting for the temperature difference (28.0 K for H 2 ,31.0 K for nD2 ) according to < 5 D P R « 71"1, one has
for this H 2 mixture at 31K ® D P R = 1-13 x 10"20 m 2 . Indeed this is roughly half the
cross section for nD2 : © D P R = 2.63 x 10"^° m 2 .
Quantitative discussion. At the present no detailed explicit theoretical calculations
for the DPR line broadening of hydrogen at low temperature have been published.
Formal expressions have been obtained within the framework of the distorted wave
Born approximation (DWBA) by McCourt and Moraal [McC 7 2 ] , but there are no
numerical results for the DPR line of hydrogen at low temperatures. We shall use such
equations in order to acquire a more quantitative insight in the line broadening results.
In theoretical calculations, the intermolecular potential is usually expanded in terms
of the spherical harmonics of the orientations of the molecular axes)"! and r 2 and of a
vector R_ between the molecular centers of charge [see also the more extensive discussion in chapter I]. Only the first significant terms are retained, and for the homonuclear
hydrogen isotopes the cross section is then, in a first order perturbation treatment,
often written as:
—
©homonuclear
DPR

»224
?

DPR'

(16)

where the indices indicate to which term in the expansion of the potential the cross
section is related.
Following the pattern of the discussion in chapter I, we consider the situation at
low temperature, where all molecules are in state J = 0 or / = 1. For hydrogen in the
limit of a pure modification, the terms in the Une broadening cross section for the
DPR line are then given by [McC 72, Coo]:

S202
DPR

_

6

i

rrf.
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(17)

and
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.224

•'DPR

_

36

62 S

(2/2-l)(2/2+3)

(18)

Here, J2 is the rotational state of the perturbing molecules. The factors / 2 o z (0) and
^224(0) are independent of the rotational states of the molecules. They are related
to the translational motion of the colliding particles and hence depend on the temperature.
It is seen in eq. (18) that, in the limit of pH 2 , with all perturbers in the rotational
ground state (J2 = 0), S " P 4 R vanishes. I2oi(O) can thus be directly determined from
® DPR in pH 2 : at 28.0 K one obtains:
/2O2Í0) = (2.4 ± 0.5)x 10"™ m 2 .
h 2 4(0) is found by substituting this value for ƒ2 02 (0) in the expression for the cross
section for oH 2 :

These values can be compared with the results found for I2 02(0) and I2 2 4(0) from
similar calculations for the rotational Raman line broadening cross sections for H2 at
24.8 K [chapter I ] . To this end, a correction is applied for the temperature difference
to obtain the Raman cross sections at 28.0 K (according to the T~l behavior observed
in chapter I). One finds then
= (4.1 ± 0 . 2 ) x ltT 2 0 m 2

Í

106 ± 5 I

from the H 2 rotational Raman
lines at 28.0 K

72±5 J xHT10 m'
89 ±3 j

The values quoted for7 22 4(0) are the results obtained from the various Raman cross
sections. Although ihese Raman values for I22 4(0) are seen to be in disagreement with
each other, they are of the same magnitude as I224 (0) calculated from the DPR
cross sections. A marked discrepancy, however, is observed for the two values of
7202(0) obtained from the Raman and the DPR lines, which are different by a factor
two.
The measurements of the DPR line broadening of D 2 have been restricted to the

s
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normal mixture, and hence a similar procedure is not possible in that case. It is, however, easily demonstrated that the result on nD 2 at 31.0 K also shows the above discrepancy. From the rotational Raman line broadening cross sections at 28.3 K,
measured for D 2 as a function of the ortho-para composition (chapter I), one has
(applying again a Tl correction for the small temperature difference):

= (208±20)xl0"*°m2

}

from the D 2 rotational Raman lines
at 31.0 K.

Using this value for 7 2 2 4 (0) together with the experimental value of ® D P R at 31.0 K
for nD 2 in eqs. (16) - (18) yields:

/202(0)=(4.3±0.7)xl0- 20 m 2 ,
which is also roughly a factor two smaller than the value for I202(0) obtained from
the rotational Raman lines.
The serious discrepancies in the obtained values for 7 2 0 2 (0) cannot be ascribed to
the fact that identical particle effects have been neglected, since the cross sections
from which these values have been calculated ( S D P R m pH 2 and the broadening
cross section for the S 0 (l) line in pH 2 ) refer to radiators in odd /-states in a bath
of J = 0 perturbers. The most obvious other possibilities are: (i) that the assumptions
made in de DWBA are, for the present cases, not sufficiently realistic to yield accurate
numerical results, and (ii) that, in addition to the terms that have been considered
(eq. (16)) in the cross section, there exists another term (or several terms) which
plays an important role.
In recent theoretical calculations on the system H2-He, which is in several respects
similar to H2-H2 at low temperature, some support can be found for the first explanation. Liu and McCourt [Liu 77] calculated, in the DWBA, DPR line broadening cross
sections for H2 perturbed by He, and found for 20 K a serious deviation from the
results obtained by Shafer and Gordon [Sha 73] in more exact close-coupling calculations. This might indicate that the DWBA breaks down at low temperatures. The
DWBA is generally accepted to be the most convenient approximate theory to treat
H2 systems. If this theory cannot be used at low temperatures, the only reliable
approach for such a system would be to perform calculations of the type that were
presented by Shafer and Gordon. This would be unfortunate because such calculations require considerably more effort to perform, in terms of both preliminary work
and actual computer time.
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5.2.2 HD
For HD, the cross section is considerably larger than for the homonuclear gases.
This is due to the important Vx o i term in the angle dependent part of the interaction,
which gives, in first order perturbation theory, rise to inelastic transitions LJ = ±1
[see chapter I]. To a good approximation, @ D P R for HD can be expressed as
ishomonuclear
SDPR —
- »DPR

DPR»

(19)

where @ D ° P R is the contribution associated with the Kt 0 , potential term. At high
temperatures, where several rotational states are occupied, the situation is rather
complicated. At the lowest temperature, however, one can, in a manner similar to
the procedure described in chapter I, estimate © D ° P R . Assuming that (gh ) '' P I R OIluclear
is proportional to the molecular mass, the contribution of this term to @DPR f ° r HD
is determined from the experimental cross section for an oH2-pH2 mixture with the
same rotational population profile. Subtracting this value from the experimental
value of <B DPR for HD, one obtains S D P R =2.9 x 10~20 m 2 .
This value can be compared with 8(0001), the cross section for rotational relaxation obtained from acoustical absorption experiments. At 30 K, where almost all
molecules are in state J = 0, only transitions J = 1 ->•/= 0 are important for ®(0001).
For SJJVR a t this temperature, the only contiibution arises also from J = 1 -* J - 0
transitions. Prangsma et al [Pra 70] found for (3(0001) in HD at 30 K the value
2.6 x 10"20 m 2 , which is indeed close to our result for @ D ° P R.
6. Comparison with results from other experiments
6.1 Senftleben-Beenakker effect for the viscosity
At this point, we shall compare the present results to those of experiments concerning a quite different physical effect. This comparison is made possible by kinetic
theory. Specifically, we compare the line broadening results with those obtained in
measurements of the Senftleben-Beenakker effect in the shear viscosity. The dependence of the viscosity on the magnetic field can be interpreted in terms of an effective
cross section @ S B which is commonly attributed to the decay of a polarization
TJ R(/) 2 where R(/) 2 is some function of/ 2 [Sni 7 4 ] . In general, it is more
appropriate to compare @ S B with @ D P R rather than with @ D P R [Sni 74]. © D P R
is related to the time integral of the correlation function C D P R (r) by [Keij 74a]:

(20)
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S D P R is expressed in terms of the cross section matrix ©_/_/' introduced ineq.(12),
by:

(21)
S pjdj2

When C D P R ( 0 is an exponential function, one has © D P R

=

© D P R - to systems

2

where only one J level contributes to the polarization, R ( / ) is a constant and consequently the decay time is insensitive to R(J 2 ). At low temperatures, where only
state J = 1 contributes © S B should therefore be equal to © D P R In fig. 10 the experimental data for © S B . taken from refs. [Bur 73] and [Dit
77] are given together with © D p R . F o r n H 2 andnD 2 experimental values for © S B
are available only at temperatures above 140 K. This is because, in viscosity experiments, the production of the TT R(J 2 ) polarization from the velocity polarization
arises, according to first order DWBA calculations, from inelastic collisions [Mor 7 1 ] ,
which, for nH2 and nD 2 , do not occur at low temperatures. In sound absorption
measurements, the cross section for inelastic collisiohs is found to be strongly dependent on the ortho-para composition of the gas [Jon 6 8 ] . Therefore, even at temperatures around 150 K, where the population of state ƒ = 2 is rather small, a significant
contribution from molecules in this state to the polarization might be present. Consequently, one cannot identify © D P R a n d © S B a t those temperatures and indeed
it is seen that © S B is somewhat larger than the interpolated values for ©DPR •
For HD, on the other hand, inelastic collisions occur even at the lowest temperatures [Pra 70]. There, contributions to the 'JJ' RC/2) polarization arise only from
molecules in state J = 1 and we find experimentally that the results for © S B and
© D P R agree very well at low temperature (fig. 10) (except the value of © S B at 31 K
which seems to be in error). At room temperature, more rotational levels are
populated and, accordingly, significant differences are observed between © D P R
and © S B .
6.2 Nuclear magnetic resonance
The description of nuclear magnetic resonance (NMR) experiments in dilute gases
of diatomic molecules is closely related to that of the DPR line broadening, because
both phenomena are governed by the decay of the tensor polarization [Gor 66a,
Sha 73, Keij 74a]. For D 2 and HD, the relaxation of the deuteron spins is dominated
by the interaction of the nuclear quadrupole moment -vith the electric field gradients
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300
Fig. 10 Comparison of ©DPR. ®SB and @NMR- The values of the Senftleben-Beenakker
effect ate taken from refs. [Bur 731 and [Dit 77]; the NMR data are obtained from ref.
[Har 64].
©DPR : " i H j ; * nD 2 ; • HD.

of the molecule. 7\ is related to the decay of the 'JJ' /(J 2 - %) polarization; in the
extreme narrowing limit, one has for D 2 and HD [Keij 74a, Bio 76]:

(22)
is defined analogously to © D P R in ecl- (21) [Sha 7 3 ] :

(23)

In this equation ©y-7 occurs which differs from Qj-j in eqs. (12) and (21) in that
only selfcorrelations are considered here. At low temperatures where only the states
/ = 0 and J = 1 are appreciably occupied, eq. (22) reduces to
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(24)

In fig. 10 the NMR cross sections calculated from the Ti data for deuteron
resonance in HD, as reported by Hardy [Har 64], are shown. It is seen that at low
temperatures good agreement is found with S o PR • Below 60 K, Hardy measured
also the relaxation for pD 2 molecules in a bath of nD 2 . Since our result at 31 K for
© D P R innD 2 refers essentially to radiators in state J = 1 in a bath of nD 2 , it is
interesting to compare the two cross sections: © N M R = 2.14 x 10"2 ° m 2 ,
©DPR - 2-63 x 10"20 m 2 at 31 K.
For temperatures above 60 K, NMR data are only given in ref. [Har 64] for the
relaxation of 0D2 in a bath of nD 2 , which cannot be compared with our result on
nDj.
NMR for H2 is determined by spin-rotation interaction as well as spin-spin
interaction. Since a separation of these two effects on an experimental level cannot
be accomplished, a comparison with our DPR results is not useful.
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SAMENVATTING

Ondanks een lange historie van onderzoek naar de wisselwerking tussen moleculen
is zelfs voor waterstof, het eenvoudigste molecuul dat er bestaat, de rol die het
hoekafhankelijke deel van de wisselwerking speelt bij botsingsprocessen tussen de
moleculen, niet goed bekend. Een belangrijke oorzaak is, dat de invloed ervan op de
meeste fysische verschijnselen wordt overschaduwd door het effect van het bolvormige deel van de potentiaal. Een van de verschijnselen waarin het niet-bolvormige
karakter van de moleculen een overheersende rol speelt, is het Ramaneffect bij lichtverstrooiing. Wanneer intermoleculaire botsingen plaatsvinden waarbij de rotatietoestand van de moleculen wordt veranderd, wordt het lichtverstrooiingsproces verstoord. Als gevolg hiervan treedt een verbreding en een verschuiving van de Ramanlijnen op.
In hoofdstuk I van dit proefschrift worden onderzoekingen beschreven naar de
botsingsverbreding en -verschuiving van de rotatie Ramanlijnen van H 2 , D 2 en HD in
gasvormige toestand bij lage temperaturen. Een beschrijving wordt gegeven van de
apparatuur en van de methode waarmee de gemeten spectra werden geanalyseerd.
Het onderzoek is gericht op waterstofisotopen, omdat deze systemen een aantal
eigenschappen hebben die de interpretatie van de experimentele resultaten belangrijk
vereenvoudigen. De intermoleculaire potentialen zijn sterk verwant (voor H 2 en D 2
zelfs vrijwel identiek), zodat de resultaten onderling direct kunnen worden gerelateerd. De bezetting van de rotatietoestanden kan bij de homonucleaire moleculen
experimenteel gevarieerd worden door verschillende mengsels van de ortho- en paramodificaties te prepareren. De verschillen in energie van de interne toestanden zijn
zeer groot; door de experimenten bij lage temperaturen uit te voeren, kunnen de
moleculen in hun laagste rotatietoestanden worden gebracht, zodat slechts weinig
botsingstypen voorkomen.
Onder deze omstandigheden was het mogelijk na te gaan op welke wijze de met
de lijnverbreding samenhangende effective botsingsdoorsneden afhankelijk zijn van
een aantal belangrijke parameters. Gevonden is, dat het gedrag als functie van de
temperatuur T en de moleculaire massa m vrij goed te beschrijven is als mT'1, mits
de verdeling van de moleculen over de rotatieniveaus constant is. Door de resultaten
voor de verschillende Ramanlijnen onderling te vergelijken, is bepaald, hoe de botsingsdoorsnede afhangt van de rotatietoestand van het spectroscopisch geexciteerde
molecuul. Daarnaast is de invloed van de rotatietoestand van de botsingspartner (niet
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spectroscopisch geexciteerd) vastgesteld, door de lijnverbreding als functie van de
orthp-para samenstelling van het gas te meten.
Uit de literatuur zijn theoretische uitdrukkingen voor de botsingsdoorsneden
bekend, die zijn berekend met behulp van de distorted wave Born approximation
(DWBA). Voor lage temperaturen zijn hieruit eenvoudige relaties tussen de diverse
botsingsdoorsneden afgeleid die het mogelijk maken de bijdrage van de verschillende
termen van de hoekafhankelijke potentiaal (P2 en QQ) te bepalen. Voor H2 bij 25 K
is gevonden, dat deze theoretische relaties niet in overeenstemming gebracht kunnen
worden met de experimentele gegevens.
Voor HD werd een schatting gemaakt van de belangrijke, inelastische bijdragen
tot de botsingsdoorsneden die corresponderen met de Pi -term in de intermoleculaire
potentiaal.
In het tweede hoofdstuk zijn experimenten aan de met de rotatie Ramanlijnen verwante gedepolariseerde Rayleighlijn beschreven. Deze zwakke spectraallijn is niet in
frequentie verschoven ten opzichte van het exciterende licht en daarom experimenteel moeilijk te scheiden van andere, intense componenten van het verstrooide licht
die bij dezelfde frequentie worden aangetroffen. De lijnverbreding bij lage temperaturen is voor de gedepolariseerde Rayleighlijn nog eenvoudiger te beschrijven dan
voor de rotatie Ramanlijnen. Een kwalitatieve interpretatie van de gemeten effectieve
botsingsdoorsneden bevestigt in grote lijnen de conclusies die in het eerste hoofdstuk
zijn getrokken. Een kwantitatieve vergelijking van de resultaten uit hoofdstuk I en II
toont echter aan, dat de in DWBA theorieën gebruikte uitdrukkingen niet in staat
zijn de experimenten bevredigend te beschrijven. De implicaties van deze discrepantie worden aangegeven.
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