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E ABSTRACT

- Measurements are descrited of Rayleigh scattering from atoms and
B molecules in the gaseous state at .2 atmosphere, 'The use of a Q-
2 5 switched ruby laser of 8 MW aversys power and care in minimizing spur-
E ious light permitted the determiration of very small depolarizations,

& In agreement with theoretical predictiors, the depolarizat.on ratio Py
% L’ (for linearly polarized light) or argon was found to be vanishingly
1 small (p, & 4,10°2). Si ilarly, for helium, Py £ 3,103, However,
1= xenon and metihane cxhibitgd nonzero depolarization ratios: 1,55 (#.25)
E E x10°% and 1,27 (*.23)x10"%, respectively., Tt is found that departures
é from ideal gas behavior provide the most plausible explanation for these
I findings, Calculations from currently available theory* are presented
% - to support this assertion, The effect of nuclear spin in xenon-129
: is considered and shown to contrihute negligibly to the measured de-
é polarization,
El 1
g Depolarization ratios were also measured in hydrogen, deuterium,
é nitrogen, anrd nitrous oxide, and foind to be lower than generally ac-
; cepted values,

Measured differential scattering cross sections at 60° for He,

8 Ar, Xe, Chy, Hp, Dp, Np, and NoO were within experimental error of
values calculated from known indices of refraction. Previous measure=-
ments*® at 69&3& had indicated the cross sections were approximately
twice as large as the calculated ones. The angular dependence of
Raylelgh scatiering in Np as a function of the polarization states of

{ both incident and scattered radiation was studied from 30° to 150°, and
f found to be uin excellent agreement with theory.
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%3, Kielich, Acta, Phys, Polonica 19, 149 (1960).
*¥*] V., George, L, Goldstein, L. Slama, and M. Yokoyama, Phys. Rev,
137, A369 (1965).
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CHAPTER I

INTRODUCTION

The unshifted Rayleigh scattering* of light by atoms and molecules
has long been the cbject of experimental inquiry. This is amply evi-
denced by the large number of articlec that have appeared in the scianti-
fic literature of the pagt fifty years, Although interes:. had waned
somevwhat in recent years, the development of the laser as an intense, mon-
ochromatic, highly collimated light source stimulated a vigorous re.cwal
of research activity. The major aim of this dissertation hes been o
make use of the unique properties of the laser to resvlve a number of pre-
viously unanswered and provocative questions regarding Rayleigh scatter-
ing, and to shed new light on several intriguing facets of the phenomenon,

In this introductory chapter a brief review of previous experimental
undertaxings is first presented. Then the scope of this research is sum-

marized and the more significent findings are pointed out inr some detail,

*The well-known phenomenon of Rayleigi scattering is an elastic event
involving bound electrons. This may be contrasted with the inelastic
Reman scattering, in which an energy exchange with the scattering moie-
cule cceurs. Of interest in numerovs recent laser scattering experiments
with plasmas l.as been Thomson scatterirg, in which free electrons are
involved. :

The work undertaken in this dissertation was confined specifically
to nonresonant Rayleigh scattering of optical radiation by atoms and
mclecules in the gaseous state at or near the conditions of STP (tempera-
ture 273°K and presswrs 29.72 in. Hg). Consequently we shall often, for
the sake of brevity, refer to this rather spenisl phenomenon with the sin-
8le term scattering. When other types of scattering are considered, suit-
able delineating phrases will be employed. Hopefully nc confusion will
be caused by this procedure.
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1.1 HISTORICAL REVIEW

The first successful observation of Rayleigh scattering in a pure,
dust-free gas, reported by Cabannasll in 1915, confirmed Lord Rayleigh's
contentionh7 that the blue color of the sky is primarily due to molecu-
lar scattering. Rayleigh's theory, derived on a classical basis, hzd
Predicted that the scatterirg should vary iunversely with the fourth pow-

er of wa\releng‘l;h.l‘8 Further corroborating evidence of this was provided

by independent experiments of Smoluchowskish and Strutt.55

Although the original Rayleigh theory had indicated that transverse-
iy scattered light should be lir:arly polarized perpendicular to the
plane of observaticn, regardless of the polarization state of the inci-
dent radiction, Strutt56 and subsequent experimentalists found otherwise.
For example, Strutt56 observed that 3.0% of the licht scattered by nitro-
gen was depolérized; i.e., polarized parallel tc the plane of observation.
By modifying his theory to include the effects of molecular asymmetry,
Rayleighh9 was able to qualitatively account for this originally unpre-
dicted effect.

Now recognizing the nature of its origin, researchers actively in-
vestigated the phenomenon of depolarization f-r many substances with the
hnope of furthering the knowledge of molecular structure. Unfortunately
these researchers were limited by various experimental difficulties, as

avidenced by the wide dispersion of depolarization ratios (the ratio of

the weak, depolarized component to the strong one) mcasured in independent
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studies, To illustrate this remark, consider the depolarization ra-

tios measured for COp by Strutt2©57 (8.0 and 1L.7%), Gans<t (7.3%),
Raman and Raoh5 (10.6%4), Cabannes and Granier? (9.8%), Baohs (9.7%),
Volkman6° (7.24%), and Parthasarathyja {9.22%) between 1515 and 1951.

Particularly perplexing has been the situation cf scatterers pos-
sessing spherically symmetric charge structures and zero totsl angular
momentum. Accoxding to Rayleigh theory, the depolarization ratios of
such molecules should vanish. However this has never been adequately
demonstrated, and coasequently has long been a source of argument and
frustratior 2

Although the study of depolarizations is the most potentially fruit-
ful area of scattering research, there has been substantial interest in
measuring cross sectlons for various gases and in investigating the an-
gular behavior of scattering. The primary motivation for these studies
has been to test the validity of the Rayleigh theory.

Owing to their difficulty, very few absolute measurements of differ-
ential scattering cross sections have been undertaken. Much more common
have been experiments tn determine relative scattering intensitles for
varicus gases. The original Rayleigh theory predicted that the ratio of
scattering intensities from two gases "A" and "B" should depend only on
their indices of refraction as (QA-l)a/(pB-l)e. This dependence was ver-
ified approximstely by Rayleigh himself.56 Later, when the theoretical

cross section was modified to include dzpolarization effects, even better

agreement with experimental values was obtained.49
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Although experiments to directly measure scattering cross sections
are quite difficult, a few have been attempted. Cabannesl@ performed
the first absolute measﬁremeht, using his experimental cross section for
argon to determine a value for Avogardo's number of 6.90 x 1023, A later

measurement by Daurel? in ethyl chloride vapor achieved a somewhat higher

degree of accuracy. However, T. V. George and co-workers at the University

of Illinois, who performed the first laser-scattering experiment, reported
the startling result that the cross sections they measured at 69&5& wer:
approximately twice as large as calculated ones.22 Neither coherence ef-
fects nor departu .. from linearity appear to account adequately for this
factor of two, and these measurements have been a source of mystery.

Quite early it was recognized that an investigation of the angular
distribution of scattering would be a valuable addition tb‘the inventory
of knowledge concerning Rayleigh scattering. However, until the appear-
ance of the laser, an experiment to determinz this angular dependence
was not considers@ feasihle, The prime reason for this was that with con-
ventional light sources, it was necessary to use condensing lenses to
strongl& focus the light through the scattering volume. The finite con-
vergence angle of the incident radiation did not permit a successful in-
terpretation of angular data. For this and other reasons, all scattering
experiments were originally performed at 90°.

Using a ruby laser, George et gl,,ez performed the first scattering

measurements at angles differing from 90°. They exe—ined the scattering
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from 45° to 135° in argc.. and xenon for vertically and horizontally
polarized incident light.* Although the results for horizontally po-
larized light agreed with theoretical predictions, a striking demparture

was observed for the case of vertical polarization. This was a surpris-

ing and completely unforseen result, and consequently provoked a good deal
of controversy and conjecture.3°’58'59
However, most of this controversy was laid aside when Watson and

Clark61 reported the results of thelr studies of scattering in nitrogen

from 40° to 140°, Also using a ruby laser, they could detect no depar-

tures from theory for either polarizatior state of the ruby lignt. Fur-

thermore, studies of the angular dependence of Rayleigh and Raman scat-

tering in liquids were in accord with 't:heory.ls"w"l+2

1.2 SCOPE OF THIS RESEARCH

During the past several years. we have carried out a number of Ray-
leigh scattering experiments using a Ligh-powor. pulsed ruby laser. The
many questions raised by the discrepancies in measured cross sections,
depolarizations, and the angular distribution of scattering prompted ex-

rerimental studies in all of these arcas of research.

Probably the most immortant contributions of this work have been in

the realm of depolarization measurements. Of main interest have been

*3ince all angular experiments have been performed about the horizontal
plane, we shall refer to the two polarization states of interest-—per-

pendicular and parallel to the plane-—as vertical and horizontal,
respectively.
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spherically symmetric scatterers, in particular the atoms helium, argon
and xenon and the tetrahedral molecule methane, There has never been a
truly conclusive experimental demonstration that these particles do not
depolarize, as is stipulated by thecry. Most nonzero measurements have
been explained away as being due to various instrumental defects. Those
experiments which reported "zero" values had confidence levels which ware
too high to completely erase the continuing doubts. By gaining almost

a full order of magnitude in the capability of measuring very small de-
polariaztions, this experiment demonstrated that spherically symmetric
scatterers do not, in themselves, depolarize. However, it has also beén
found that in their departure from true ideal gas behavior, assemblies
of spherical molecules can produce measureable, thLough very small, de-

polarizgtions. For example, the depolarization ratio of xenon gas at
i

one atmosphere was measured to be 1.55(%.25) x 10~
A few nonspherical molecnles—hydrogen, deuterium, nitrogen, and
nitrous oxide-~were also studied, the prime motivation having been sup-
plied by the wide dispersion in the depolarization ratios previously
measured for these gases., It was felt that this experiment could es-
tablish reliable, accurate depolarization ratios as it had reduced or :.
liminated many early sources of difficulty. Probatl, the biggest problem
in the past was the competing presence of Raman scattered light. Since

Raman light may be strongly depolarized, it can contribute appreciably

t0 the measured anisotropy. Almost all previous experiments either failed
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to exclude the Raman scattering or only partielly reduced it. By using
a narrow bandwidth interference filter this experiment succeeded in elim-
inating all vibrational Raman scuttering and in substantially reducing
the contribution from pure rotational Raman. As a result, depolarization
ratios have been measured which are smaller that those reported in the
literature. For example, our valuv for nitrogen is a factor of 2.8 lower
than the average nf six previous representatire experiments. Although it
is not certain that all of the obscu:iﬁg effects of rotational Raman scat-
tering w~e removed, at the least new upper limits for Rayleigh depolari-
zation ratios have been determined. More positively, there is evidence
which indicates that these upper limits are not far removed from the true

values.

The large scattering crcss sections found by George gg_g;,,ae prompted

the performance of a similar measurement with nitrogen. Close agreement
with the calculated value was obtained. The rélative scattering intensi-
ties of hydrogen, deuterium, nitrous oxide, helium, arc=on, xenon, and
methane were also studied. In each case, no appreciable departure from
the calculated intensity was discovered.

Although it now appears that the validity of Rayleigh theory for
the angular distribution of scattering has been established, we neverthe-
less have included in this thesis the results of our confirming experi-
ment with nitrogen. The main reason for doing this is that this exper-
iment was done not only as a function of the polarization state of in-

cident light but alsc for that of the scattered light.

:
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In the next chapter the theoretical aspects of Rayleigh scattering
vertinent to the experimental work of this thesis will be discussed.
Specifically, the classical derivation of the scattering cross section
and depolarization will be briefly presented at first. Then in Cection
2.2 the quantum mechanical approach will te outlined. Section ?.3 makes
use Of the quantum mechanical theory to calculate the depolarizing effect
of the nonzero nuclear spin of Xe129. It is found that this mechanism
cannot accﬁunt for the measured depolarization in xenon gas.

Chapter III deals with the experimental design. The success of this
experiment was due in good measure to the incorporation into the design
of & number of recent technological advances. There have been, for exam-
ple, significant advances in optical sources, optical detectors, optical
filters, and gas purities. The laser is a distinct improvement over pré-
viously available light sources, particularly in terms of the parallelism
and excellent collimatiun of its output beam. Also its high power and
monochromacity make the laser a logical choicz for scattering experiments.
The development of electronic photodetection devices has also proven a
boon to the experimentalist working in the area. These devices exhibit
extremely high gains, some more than 107, and a wide range of linearity
extending over many decades. Consequently the photographic method, long
a part of Rayleigh scattering measurements, has largely been rendered ob-
solete. Multilayer interference filters have now reached a stage of per-

fection such that they may be used to discriminate effectively against




Raman scattered light without severly reducing the Rayleigh component.

Finally there are now commercially available ultrapure gases whose im-
purity levels are so low that they cause no detectible scattering effects.
In Chapter IV the experimental methods employed are elucidated.

Since our methods differed in several aspects from those of previous ex-
periments, they are presented in detail. It is hoped this will enable
tfuture experimenters to avoid some of the many pitfalls encountered dur-
ing the course of this research. Of particular interest should be Section
4,1, in which the techniques employed to reduce spurious light ere described.
Spurious light is light measured when the scattering volumé is evacuated,
and hence places a lower limit on the intensity of scattering that can

be detected. Other topics covered in Chapter IV are the general procedure
followed in scattering m;aaurements (Section 4.2), énd the calibration
method employed.to measure absolute values for scattering cross sections
(Section L4.3).

The fifth chapter presents final results for cross sections (5.2),
the angular distribution in nitrogen (5.3) and depolarization ratios
(5.4). These results are analyzed in terms of presently available theory,
and tk= contributions of various experimental errors are calculated.

Finally in Chapter VI, the conclusions of this work are summarized

and propusals for possibly interesting future work are suggested.
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CHAPTER II

THEORY

In this chapter, of prime concern will be those espects of Rayleigh
scattering theory that are most directly applicable to the experimental
research carried out. Our efforts in presenting this material are not
in any way intended to provide a complete analysis of the process, and
the interested reader is referred to the more substantive vorks of Ray-
leigh,z‘8 Cabannes,lh Born‘,6 Pla.czek,z‘1 Penney,ho and others.

The classical approach is first presented as it yields essentially
all of the "right" answers and elso gives free rein to physical insight
and intuition. The quantum mechanical derivation is somewhat more rig-
orous and aesthetically pleasing. It also contains in its formulation
the mechanism for calculating depolarizations directly, Consequently

the effect of the nonzero nuclear spin of xenon-129 has been computed,

2,1 CILASSICAL THEORY
The classical approach to the scattering process is a straightfor-
ward one reqniring only a few as~ -:tions:
(a) The incident wavelength is large compared to molecular dimen-
sions.
(b) The incident frequency is far removed from any resonances of

the scattering system.

10
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11
» (c) The 1desl gas law holds so that scattering intensity from in-
= dividual particles may be added arithmetically. This implies
s that no coherent interference of scattered aves occurs.
v The classical view of a scattering event is p.ctured in Fig ~.1. An
F i electromagnetic wave i+ incident in the y direction and linearly po-
o larized such that its electric vector is
i E = 2 E,cos (ut) (2.1)
E - This vave causes the bound electron to oscillate with identical fre-
quency @,, the dipole moment induced being £
vhere the polarizability o is a scalar for the simple case (initially §
HE essumed) of spherically symmetric elect.onic charge distribution. Z

By employing the classical rules for the radiation emitted by an
oscillating dipole, a scattering cross.section can be computed. The

far field of the emitted (scattered) radiation is

wr ‘ (2.3)
Es = ?_‘:E. sing

where c is the speed of light in vacuum, r is the distance from the

LU

electron to the detector, and § is the polar scattering angle shown in

the figure. The Poynting vector S is readily calculated for the scat-

E
E
=
=
2
=
e
=
=
=
%
=
=
§

tered radiation:
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Fig. 2.1. Schematic of Raylelgn scatiering process
for classical analysis,
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Multiplying by radﬂe , using Eq. (2.2) for p, and averaging over a period
of oscillaetion, the average energy ‘ES radiated into solid angle dQp is

obtaelined:

4 vt . q
'ESC‘QI = ), Z“E;E‘Slﬁ s dﬂ;

Since the differential scattering cross section is defined as the

ratin:

Ud02 = energy scattered into solid angle dm/n?_];
incident energy/cm?

(2.4)

one need merely divide £ sd“e by the averege incident energy/cma,

c.Eg [8n:

Jdn, = LW KT sinE dr, (2.5)

The Lorentz-Iorenz relation may be used to express the polariz-

ebllity in terms of the refractive index u:

= /uz'l

(2.6)
4TTN,

vhere Ny is the number density of scatterers. Since for most gases

4~ 1, one may closely approximate p2-1 as 2(u-1). Employing this re-

‘lation and expressing the crcoss section in terms of the incident wave-

Y
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b
length A, rather than frequency, one finds:

L 2
Odn, = STgen) snlEogn (2.7)
N NS

One may observe the characteristic 1/x“ dependence of the cioss
section, which, for example, is responsible for the blue appearance of
the sky. This aleo demonstrates that the choice of a ruby laser op-
erating in the red portion of the spectrum is less ihan ideal. However
the many advantages of the ruby laser compensate for this detraction.

The direct connection of the scattering cross section with the re-
fractive index illustrates the intimate relationship of the two phe-
nomena; in fact refractior may be treated as forward ccattering.

The angular nature of the scattered light is fully described by
the sin°t factor. Thus for vertically polarized incident light, the
scattering intensity along the horizont:.1 plane is constant, while for
horizontaliy nolar :~4 iight, the scattering varies as cosaa, where ©
is the angle of scattering with respect to the forward =~ a.

The transversely scattered light should be completely (vertically)
polarized, independent of the polarizatioﬁ state of the incident wave.
As previously menticned, this part of the theory was no: borne out by
early experiments. It was subsequently realized that most scatterers
are not spherically symmetric in teir optical properties and that the
scattering consequently depends on the orientation of the molecule.

Introduction of this into the theory is done via the polarizability,

which beccmes & tensor of sercond order rather than a simple scalar.

413411
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With the scattering molecule in some arbitrary orientetion, the induced
moment is generally in some other direction than the incident field.

1cs iR component is given by:
P ) % Ej (2.8)
J

Each molacule has a set of principal zxes for which a is diagonal. By

convention:
Oy = A
Ryy # B
(2.9)
“at Xz C .
i} = o) (# J

Using this information, one can now calculate the depolarization
ratio Py for z-polarized incident .ight. This is simply the ratio for
transverse scattering of the y-polarized component to the z-polarized
one. Recalling that the scattering cross section varies as pz, Py is
obtained by averaging ¢ er &all molecular orientailons* to find < pE >

and < p? >. The result is:

¢ = {(p}) _ A +B +C'-AB-BC-AC
3y ASNA

(P2 (A BT CT) + 2(AB 2B +AC) (2.10)

It ia convenlent to define a mean polarizability a for the molecule

and an anisotropy factor 72 as:

X = -é-(A+B~C) (2.11)

*Again the ideal gas assumption must be invoked in order to perform the
averaging process,

Uy
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85 = AaBtact -AR-BC-AC (2.12)
Then P, maYy be re-expressed as:
b
3
el = ’
Sy 45t 4 ¢ \2.13)

Another anisotropic parameter that appears frequently is &, defined as:

A
i (2.14)
qu

The primar) use of the depolarization ratio D in this dissertation
is mainly a matter of personal preference. The depolarization ratio

commonly seen in the literature is the one defined for unpolarized inci-

dent 1light, and is simply related to Py

Pu = ._HV_. (2.15)
| + ev

They are entirely equivalent expressions of molecular anisotropy.
There have been 3 few attempts to calculate depolarization ratios
on a classical basis. The model employed postulated that the measured
anisotropy was due to the mutual iuteraction of dipole moments induced
in the constituent atoms of the molecule. The first attempts with this
approach were those of Silberstein.”” Ramanathanh5 and Havelock2h sub-
sequently obtained numerical results. However these classical calcula-

tions have never proved to yield any more than qualitative agreemenu

with experimental wvalues.
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The scattering cross section of Eg. (2.7) must be modified to in-
clude the effects of depolarization. This modification was studied by

6

Born,” and his results may be rearranged to yleld:

O”_ d-Qz = U;} [( | - ev) C°3LP + ev:l
where (2.16)

U, = _‘ﬁi_(ﬂ_f_'),_- (_f?_.,- )
' "N

3= 4¢,
The cross section 0yp 1s defined for the scattering of an electromagnetic
wave from state "1" to state "2," where the initial state 3s characterized
by frequency w, vmropagation direction &y end polarization vector &
and the scattered wave propagates in direction 92 with pclarization .
The angle between the two polarizatlon vectors is v.

The angular dependence of scaitering is completely described by
Egs. (2.16). However, it is instructive to express the scattering about
the horizontal plane in terms of the scattering angle 9. Four cross
sections are of interest for the four possible combinat ons of incident
and scattered polarizations. The double subscripts on the cross sections

refer to the vertical (V) or horizontal (H) polarizat.on states of in-

cident and scattered radiation, respectively:

Qu (@) =  Tp, (2.17a)

O (&Y = Oy Ov (2.17v)

N
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i)z g, e, (2.17¢)

Tun (8)= T [ coste + g, (1- coiton] (2.17a)

2.2 QJANTUM MECHANICAL TREATMENT

Employing the correspondence principle, Kramers and Heisen‘berg28

I‘ in 1925 performed the first quantum mechanical analysis of Rayleigh
] scattering. It is interesting to note that their theory also suggested
i the possibility of an inelastic scattering event occurring during which
the energy state of the scattering molecule changed by a discrzte
amount. When Ranmnyu observed this inelastic scattering in 1928, he
‘ made a valuable contribution to the efforts to substantiate quantum
‘ ; mechanics,

Dirac,20

employing a modern formulation of quantum mechanics, con-
firmed the results of Kramers and Heisenberg. ILater work by Placzekhl

explored numerous facets of both Rayleigh ard Raman scattering, partic-

ularly the application of group theory to relate scattering rhenomena
i l, to molecular symmetry properties. Other than studies of scattering near

a resonance, there have been relatively few applications of quantum

 E—

theory to Rayleigh scattering since Placzek's.

pomms

In the next several pages will be outlined 2 quantum mechanical
derivation of the important aspects of Rayleigh scattering, following

the approach of Penney.u0 The assumptions employed are essentially the
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same as those used in the classical derivation.

is ruled out. Also only incident waves are considered which are large

compered to molecular dimensions, so t*at only dipole interact.ons are

of importance. rinally scattering from a single molecule is initially

considered; hen the ideal gas assuription is invoked so that the effects
of szattering from many particles in the gaseous state may be obtalned
by a simple addition process.

Since the scattering problem cannot be solvred rigorously, an ap-
proximaticn & oproach, based cn time-dependent. perturbation theory, ic
necessary. Thus the Hamiltonian for the system is broken intv two parts,

the zero order contribution H® and a perturbing part V:

Moo= K sV (2,18)
HO, in turn, consists of two parts, the first being a Hamiltonian HM

for the internal motion¥* of the molecule. Because of the inverse de-

pendence on mass, only the electrons are treated. Thus:

Ne Pz
™ ;
8 _—J—_—
H S_‘, T (2.19)

-

*In the consideration of scattering from a single particle, it is con-
venient to remove the dependence on external motion by introducing a
center-of-mass transformation. Consequently the "internal motion" re-
ferred to is that of the electrons and nuclei shout the molecular center
of mass. Observe that masses m, charges e, and momenta p are reduced
electronic masses, charges, and moment: associated with the particular
transformation required by the molecule of interest.

Thus, res-nant scattering

|
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where Py 1s the (reduced) moment.m of the J*h (of N, total) electron.
The second part of & is a Hamiltonian HR for the radiation fields in
a cubic cell of side L, Using the standard Fourier technique and re-

quiring that periodic boundary conditions on the cell walls be satisfied,

one has:

xI
H
1

where ot and @ are the well-known photon creation and destruction opera-
tors. The A summation implies a sum over all propagation vectors gk
allowed by the boundary conditions and over the two orthogonal polariza-
tion states ¢, essoclated with each k.

The perturbation consists of terms relating to the interaction be-

tween the radiation field and the bound electrons:

i Lz
vV = vV +V (2.21)
where
M .
: = ..e_ L] N
Vv ch AJ -EJ (2.22)
Jd
Ne
L - e rA
Vo= ) e A (2.23)
J
The vector potential Aj is given by:
— Va. . SARef Ry - Y
A=y (amhe) e [ oTe Y, e BN ] (2.24)
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where r, 1s the location of the )R electron from the center of mass.
The eigenfunctions of the unperturbed Hamiltonian factor into in=-

ternal and radiation state functions. That is:

KoY ) = (g, + €)X IN) (2.25)
where

K'Y = Ele (2.26)
and

'Y = gqln) (2.27)

The radiation states further factor:

My = M>M - - -y - - (2.28)

where 1, is the number of photons having propegation vector k) and polari-

zation state €\

An analysis of the scattering event requires a consideration of the

transition in the system from an initial state "i" to a final state "f"

described by:

I = )Y NYMIMD = ez i) (2.29)

Y = 16D s ing = 1)) (2.30)
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Thus in the scattering process the number of photons in stute "1" de-
crease by one, the nunber in ‘ate "2" increase by one, while the re-
maining photon states (schematically designated IqR >) are unchanged.
Since Raman scettering can be included in this treatment without addi-
tional complication, the internal molecular state will be allowe . to
change from |b > to Ib: >. later when the analysis is specialized to
Rayleigh scattering, the requirement that |b' > = |b > will be imposed.

The probebility per wat time for the scattering transition to take

place is given by
— (s
Tt = 2 |Vﬁ - L Vea Vol |S(E;L\ (2.31)
g~ Ea
vwhere the summation over all .cco=sible intermediate states "g" is re-
st.icted from including the initiel and final states. The double sub-
script notation on the perturbation V implies that matrix elements are
taken between the two indicated states. On the other hand, Efy = Ep-Ej.
Conservation of energy is implied by the delta function &(Egq). The
transition probability of £q. (2.31) is the result of carrying perturba-
tion theory to second order. This is necessary if the scattering process
is tovbe descrived with sufficient accuracy.

The calculation of the transition probability is substantially sim-
plified by virtue of the fact that Vl connects only those radiation
states which are identical except for the addition or subtraction of a
single photon. Furthermore V2 only connects those states whicn are

either the same, or for which two occupation numbers are different (each

it s R STttt
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changing by one), or for which one occupation number increasses or de-
creases by two. Consequently in the first term within the absolute
square of Eq, (2.31), all matrix elements of vi vanish, and in the sec-
ond term, products of matrix elements of V6 with matrix elements of V2
also vanish., The fourth order corrections due to products of matrix

elements of V2 are neglected in this analysis. Thus the transition

probability becomes:

T X\ ? ‘b

! [
-Z (V‘)bﬂ,_b"'l" (V) b’

" (2.32)
b'n" bn,bn

where b" and " refer to permissible intermediate particle and photon
states, respectively. The matrix elements between photon states of Vi
and V2 may be calculated in a straightforward manner, Also employing

the dipole approximation, one finds:

T 2 [ @\ famhe,d alien) :
b~ ( )( ) e QUhI‘S(wa'U|t)(2'33)

- \mdY 2 | X9 Y

where

Agp = Ne €,-€;, Sy,

! G R D R CILITR I LAL) 3L
Z[ + ] (2.34)

hwm Wy = Wy Wy L)y

L“

W'y, = ;!\- (Eg - E) (2.35)
Ne

Py = y_ by - &, (2.36)
y .
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Observe that the presence of w)p, the difference between the incident
and scattered frequencies, results from the earlier generalization to
include Raman scattering. For Rayleigh scettering, of course, anyp van-
ishes,

Following suitable manipulations to remove the explicit dependence

on electron momenta, one has:

Ouy = ™MWy () - Wiye) X-[<b.l\1lb"><b"‘r.‘ b)

) W, -~ e
L Iy i L
Z <oln e el |
“‘)‘ 'S “)b..;.' J (2-37)
where
Ne
o= [_Is ‘€, (2.38)
J

The "quantum” polarizability tensor (cjplyy+ is simply related to ay, by

g *
e = e . y
(S Ty %6 (2.39)
or
e L T aIm e e 1oy
\C\"-)bb e [ <b|u':.: i\owllo,jb_)
b"

. 4ol m\u")(b“mﬂs)]

u)bllb' -~ w' (2. hO)

where D is the dipcle moment operator:

o, = e Y,

Studies of this polarizability tensor will yield all necessary in-
formation regarding the scattering cross section itself. 1In order to

gsee how cjo is related to the cross section, we return to the transition
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probability and note that one is really interested in the transition from
photon state n to state n'. Consequently the transitinu probability is
averaged over all initial particle states and summed over all final
ones:
Toay - Zp*‘ Ton— en (2.41)
bb'

where P, is the probability the molecule is initially in state v > .

The cross section 012 for a photon of polarization € frequency
) and pr-pagating in direction Ql to be scattered into solid angle
dlp about direcvtion {» with polarization € and frequency wy 1s:

T dl2y & T(&,01, 20> & D, e dn

3
(ii) () Ty - Ame
ne/ \am !

(2.42)

Substituting Egs. (2.41), (2.33), and (2.39), and using the free space

dispersion relation (hck, =M, ), one has

Jip dft. = [Pb (q\x\bb' A (2.43)
bb
where
3 I.‘:
(T gy = (“";“""9 l (C) by (2.44)
C :

We have set 1, = 0 as it otherwise contributes to stimulated scattering,
which is not considered in this analysis.
The angular dependence of scattering is derived easily by further

consideration of |c12|2, as this is the only part of the cross section

T e

[T
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-
=
i
g

(2.44) depending on angle. To do this, we introduce a coordinate system

oriented such th.. & 1s along the z-axis and € 1s in the x7z plane.

Then:

pusy gy gy gug  GE9

‘D' = Dz (2-1"'5)

1

A
#

Dy = O« s 4+ D, cosV (2.46)

o i
13

where ¥ is the angle between €, and ¢,. Putting these in Eq. (2.40):

pasarente
. a

(Cu\bu = _'.Z [ <b| Dz lb“)(b“ ' Dx S\V\\‘f__*-_’_\); CO&‘U l b‘z
h )

Wy - W
B b'b !

N ulpesinW + Dy c«q_f;_j_\f"l_p“)(s' 1Dz lb )]
‘\)b" b' L LL)|

(2.47)

In order to firther analyze this, it is necessary to make use of perti-

e 1310010

nent properties of the particle eigenstates Ib >. The properties derive
from the fact that the total internal angular momentum J is a constant

of the motion, Thus the eigenstates can be chosen Lo be eigenfunctions

of J° and J,, and |b > can be designated |TIM >:
JHTIMY = J(I+NITTH) (2.15)
1 . . i
B JITIM, = M oiTTIny \2.49)
and also
) -
HIITIM) = EcglTTM) (2.50)
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The quantum number T is used to denote all those quantum numbers other
than J and M necessary to describe the state of the molecule.

For eigenfunctions of the type [TJM >, there are well-Kknown se=

lection rules for matrix elements of Dy and Dz.15 Specifically:
| (TIMIDUTINY « 0 H' 4 ™

(2.51)
T’ D ITIM) = O M o#F M

The eigenfunctions |TJM > are now introduced into Eq. (2.47), and the

sum over M" is readily accomplished by applying the selection rules

atove:

Colesmapyp = [ (TIHID | I M TTHIDesiY 4 Do cosWITT 1)
t"J" wt'.J: 'C : = ‘t)’

+ CTTMIDe sin? 3 Dacos? ITTHNTIN D ITTHY ]
Q)tan, t:J, 4 w'

(2.52)
Upon taking the absolute square of Cyps OME observes that coefficients
of sin y vanish when M' = M while coefficients of cos y vanisl. when

M' # M. Thus no cross products of sin y with cos ¥ survive, and one

simply has:
s . 2
l(c\l\tSH-. t'J.H.! = Cod + l (cz_z\t-r”_.-:lslﬂl I

.~
+ siatW I(C;x\t:rn-o‘t‘:)' M (2.53) A

.
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Using Eq. (2.44):

m—“-\tim—'t‘:l'n' = cos*¥ (Spadgym-» T'r'n’

+ osint ¥ (Toy) 5 el
0GR xlIcT > T’ (2.54)

Recalling the definition of the depolarization ratio Py it is clear that:

(@ can»van = S dcom.cgw (2.55)

(TraYtgm T3t

Using this in Eq. (2.54), employing a simple trigonometric identity, and

returning to more compact notation, one arrives at:

[Ty = {[ =@ eos¥ v (g au ) (Tadyy  (256)

This is exactly the same angular dependence calculated in Section 2.1,
demonstrating that classical mechanics and quantum mechanics are equally
valid in describing this portion of the scattering process.

By employing & quantum mechanical express.o>n for the refractive
irdex u’Bh,7 and proceeding from the theory outlined in this section, it
is possible to show that the scattering cross sectim is proportional
to (p'l)e, Just as was found clza.ssica.lly.l"O Although the explicit de-
pendence on the refractive index is the same, the two cross sections

are not identical. However, it appears that the so-called quantum cor-

rection is aegligible away from resonance and in the visible part of

the spectrum.
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2.3 DEPOLARIZATION THEORY

The applicability of quantum mechanics to the calculation of Ray-
leigh depolarization ratios has primarily been confined to pinpointing
those cases for which p, should vanish. “ne of the few nonzero calcu-
lations is due to anney,uo who exprecsed the depolarization ratio in
terins of the emission oscillator strengt., and then performed the compu-~
tation for cesium, whore oscillator strengths are known.

It is easily demonstirated that if the total angular momentum J of
a scatterer is zero, then the Rayleigh depolarization venishes. Since
Rayleigh scattering is being ccusidered, J' = J = 0, and then neces-
sarily M' = M = 0, Recalling the selection rules (2.51), one sees that
Cax (and consequently both o,, and py) must vanish. This is the basis
of the contention that atoms such as helium, argecn, and xenon should
not depolarize.

In attempting to explain our measured nonzero value for the depo-
larization ratio of xenon, we have investigated the effect of the non-
zero nuclear spin (%"n) of Xe129.* To do this, we note that i consists
of three parts: Hamiltonians for the electronic motion (He), for the
nucleus (HN), and for the interaction between the eliectrons and the
nucleus (HEM):

n e N en

H = H + K + H (2.57)

*The possibility of atomic depolarization arising from nuclear spian ef-
fects has been considered by Pla,czek.l‘1 He has indicated that except
near resonance, no depolarization from these effects snould be observ-

able,
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The total angular momentum of the atom, here designa F, is the sum

of the nuclicar spin I and the total angular momentum of the electrons K:
E o= o« o+ 0T (2.58)

Since F2, F,, K?, and 12 are constants of the motion, the particle eigen-

states can be chosen to be |fmkia>, where

FlewRiod = Elé+1)[Ewmiia) (2.59)
Falfwmkia) = wm [Ewmkiad (2.60)
KAt wmeria) = kikeDltmkia) (2.61)
It meia) = ((Le) Ibvakiad (2.62)

and also
H S wmiia) = Erpialf mieia) (2.63)

The quantum number & plays the same role as T of the previous sec-
tion in representirg all the unspecified quantum .umbers. The polariz-

ability of Eg. (2.40) now is:

(3%m_\}[«mmwmwuaxwmemﬂwﬁﬁ_
‘ i ! "
W m 'hC“w"H' Do - Wy

" 11}

[/

o 46 akia D16 e RGO WK Al lfwkia) }
Wiee + oI

(2.64)

i)

HITBHITER

ittty i

A et

e sanidiiann




T------------------------------------------..............:
31

Observe we have specialized to the case of Rayleigh scattering, where the
final state differs from the initial state at most in the quantum number

m. The compact notation b, b" for the frequency subscripts has been re-

tained.

It is now convenient to make use of vector coupling coefficients

(here Wigner 3j symbols, as define., for example, in Messiath) to de-
compose the eigenvector |fmkia> as follows:
LSRR e\ . .
fwmkia) = () “&cm’\L( A ¢ c) lplenpa) (2.65)
wep pem )
/A
where
I, {%/A> = M li/*)
_ . (2.66)
Kplip) = (m-/u\h/u)
Then, for example: 3
0 “ n k-." ‘\'."&L“-Y " [} -.'
{Ewmleial Dyl €'m'le (o) =[('” e "™ "
/o/“ll
0 k \. ; R L (L/Lk V)(kN/AC\\DK'h“ u na>
N VAN
. (2.67)
The well-known Wigner-Eckart theorem is now employed to express the

dipole moment matrix elements in terms of reduced matrix elements, which

.. are independent of magnetic quantum numbers:

(owon al DK whou o) (2.68)

S B
- = (-l\ /A(O\\L\\D\\ ') (-WN/A x w"-/u)

=
ES
E
=
X
=
= 3
e
=5
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The subscript o may take on values O, tl, where by definition:

(2.69)
fg_ L)

Using the Wigner-Eckart theorem and also the orthonormality of the |ipu>

eigenstates, Eq. (2.67) becomes:

—_— Ln-k“-)ﬂ“‘w

°Q (] [T 'I N :/L
Gwlial 0 S w Say = ) @6+ ()
=
R o & n"Lc") S
) SLL"' WA oM W'"/A/A -w " WA wx";u
) Leflolla i) (2.70)

In analyzing Eq. (2.64) it is convenient to define the following:

= Z(C whial DICW i CaNEWR L IDE fwmkia)y  (2.72)

M“

Using (2.70), this becomes:

Zes T ) TP e s [<arlipllaed|”
/.A

[ ¢ N AN A
) fmp n m W' gl - ml Wk -w"')

S WAL ST
) e ' - -] M/A X w\"/u/l (\-w‘;u T ow] o (2.72)

Now specializing to the case of xenon, one notes the ground state
electronic angular momentum venishes (k = O). The only allowed inter-
mediate state is k" = 1. The following familiar properties5° of the 3]

1 &2
symbol (bl b })ma.y be used to simplify gac
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(2.73)
Thus the first and second 3j symbols of (2.70) require that m = p,

m' = p', end 1 = £, and C becomes:
] )

Cyr TGN (@80 § 8 Kaol DN N

‘ c Cu ‘ c ‘ll
(.’() » \ i
W owm o=t iw -w o - J

I R - N
(K‘ ( i1 L )
\O a\w-\m/ o T W-w
(2.7%)
Tt is & simple matter to again apply the 3J symbol properties whea

specific values are assigned to @ and o. Thus:

Y
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One can now use these to calculate c¢,, and cgzy:

¢ = q“ .z;!..oe . I
e ﬁZ[whb— ' Wiy 4 W) J
or .
Cpy = .SZT[(zc‘n)l(ao\\Dufé'\)\ SN
ol N (2.76)
W) —gs [
w“b - w“ (] m -M
and
-~
Cz,( = % ( Coq = col)
Y Z ['—"ro-v ~Gor 4 Guo - §:°]
i Wiy - @) W'y + @,
e
[N-¥
or

U

Cp = J* Z(zc“»n\monm\a"m‘
‘\a“

(\cc")( f-e“) \;c‘\cc
W Spewn 0 wom/lm waowm) =8y g0 mom/| v -

W'y - W
|c¢)|cc"\ - e"\(.
— Sm‘,vm-l O WM -w-) \Lyn owe) T Sw Wl \O W -W\ =l wm-

wb"b + UJ\

In order to determine the cross sections g,, and gy, One returns to

Egs. (2.43) and (2.44), noting that B, = 1/(2f+1) and W1, = 0. Thrs

= (2.78)
Ui (2¢+\\c. Zlc‘-‘l

and

TR
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Ve = w M (28" +1}L 28" 40
(26+\) ¢t Ak

c“ c‘l Q‘ &!\l

Y {aoll nia l‘)!"l <aolipihio | *

- —--p_h_".b. __a_).b:',b . - " (1}
o5 T wer (6,60 ")
(2.79)
where
S, (5,8, (Ve oYy o e
= \ "
ARE Z;: ) vn-vn) (‘; -*n) (2.80)

This sum may be performed via suitable manipulations which make use of

the following relation between Wigner >Jj symbols and Wigner 63 symbols50

a 82 8.5
(designated [ 1 ):
bl b2 b3

b\ [ A yaty + W,
X(m'. ™ »:,)( r; ﬂ‘:_-’)yi‘s) = Z(-.)Js% Dt (283 + V)
3Ny

My

(()éjl jbjsk 'el ox l}\ 3' 2\_ Rs)(a'el)
JIE 1 3 N W\Ln}/ ™M, M-ny
Using this relation and the orthogonality properties of 3] symbols, one

IR

can show:

st

\TT-crd R I S
=Z<») mm{l 3'"5H\ ! 1
S

s V0 s
£ (-c ac-a)\—d bd-\:)

(2.82)
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Equation (2.80) can be rearranged in this form by employing appropriate

properties of the 3J symbols, with the result:

z 2 T
A aw £ ¢ [ Y
gueeer = Jaseof T LEV(LLS
S=0
The sum over the dummy variable S is performed hy substituting tabulated

values for the three 3) symbols:
"o - ' ;“ i c b 9“ \ g b
»8|(";;|c ) - '-5" [ {‘ cm og + z {\ ‘m L& ] (2.85)

At this point, we specilalize to the case of %e129, 1In order to
pernmit a numerical‘calculation of the cross sections (and hence the de-
polarization ratio), we shall only include two intermediate electronic
states in the sum over a". Although many other states are also access-
ible with reasonabl. protability, it would be impossible to include them
and still obtain numerical results., Clearly this approach will not
yield the correct values for the cross sections. On the other hand, it
should give a reasonable order of megnitude estimate of the depolariza-
tion ratio.

The two intermediate states considered here, designated a," and ap",
are the two possible 5p563 #lectronic states. The energy level diagram36

of Fig. 2.2 gives the wave numbers for the transitions from the 5p6

ground state. Each of the levels is hyperfirne split into two lines be-

3

s

cause of the i = = nuclear spin.27 Consequently the transition frequency

o

may be written:

W'y = Ou*,ab = Waa + (§)avg (2.84)
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Fig. 2.2, Energy level dlagram for transitions in Xe
from 5pP ground state to 5pJ6s excited states.
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where, by definition:

.0 ¢ - 3/2
(ol n = $

[ (fwla " - e

(2.85)

fince (5w)a,, is much smaller thac both ay and wymg, it can be com-

; o pletely neglected in the calculation of 0,55 SO that upon substituting

o

Eq. (2.83) into (2.79), one finds:

Q2 = 1‘;:? Z‘(ooub\\a&‘u)\ \KaolDha* "
F L

(‘)[ e ]
(W - W Wy - ™)

TN R G LTy R

Usiag the following property of 6j symbols:20

Z(zun {}' " J'H " B —(ZSJ—"j—T (2.87)
4

uRBURY st

one can show:
. q (11}
Tpr = AL Y\('AD“ vha 31t i¢aoiiol o N
qh‘ Cq xL"_o"
u’ — wbu‘. wa"' o
i (o = W) Wana ~ w¥) (2.88)

g

D=
.

The reduced matrix <lements are related to emissicn oscillator i

G

L]

strengths fa"k",ak oy the following relation: 12

!wo ey

Qa“\i‘ak - ;-c':’lt\ ( “Jzakh,“ odg) \<0K“ ol & - ku”

(2.89)

S s s

T = Nl e SO S TP —— 5 -




q

‘TZZ = (1 c " c ' — UJ\
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(2.90)
where To is the classical radius of the electron:
- et
o = —y (2.91)
To calculate 0,4, one returns to Egs. {2.77) and (2.78):
4
“"J\ L] . A -
= - (2871, " a1 daoll pliaiyl
Tax 1828 + 1N ¢ k™ Z Tt " BT
clclllallaﬁ
(‘)l<aon D“““‘)r-’4t( ‘-‘ cul Qm)
{2.92)
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Using Eq. (2.82):
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Carrying out the sum over S and using known values of 3} symbols:
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»ring use of the 6j property of Eq. (2.87), one can show:
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(2.95)

As a consequence of the vanishing of these sums over f" (and also

similar sums over f") many terms in the equation for o,y drop out. This

is seen by making the following d=finitions and recalling (2.84):
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(2.96)
Expanding the two frequency dependent factors in Eq. (2.94) and keeping

only terms to second order, one has:

| {
_L J—— -t S———— . @ = - “
(W' = ) (W gy, -w) (Wap+ W (wgny + W)
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In light of Egs. (2.95) it is clear that all the terms indicated above
will disappear in the gzy calculation except for the product terms

b 4 ; *
(Aw)a"f"\w)a'"f'" . Consequently:

) ———
q-;‘ 2x “ TL> CG'Q‘QO c&\"‘\,&o V (ch‘_‘\(zgm 1)

e © — fea, “b%a. {__
a'Q" el
mf 2 [(cw\;nc (Au\5‘~+ (BVinge (6 g &c* \ ‘T' 2(:“ \ c(
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(2.99)

The following values for the hyperfine splittingo-27 and the oscil-

lator strengths3 may now be used to calculate the scattering cross sec-

tions:

5‘*)9."' = o0.a42 « 10" sec”

§wa' = 548 % 10" sec’
o r $o.;‘|' ao s O' 250’
farr,00 = 0138

The results for 6943& ruby laser light are:
29
U,y & 255 <10 cm®
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Observe that, as anticipated, the calculated value for o,, is ap-
preciably in error: lower than the known cross section by a factor of
45, However the calculated depolarization ratio is so much smaller—
approximately eight orders of magnitude-~than the minimum measurable de=-
polarization that we can practically conclude Py = 0.*% Thus the main
value of the above anslysis is that it lays to rest speculation that
ruclear spin might render noble gas atoms optically anisotropic to a
measurable extent, Only near resonance does it appear there would be a
possibility of observing this effect,

Using a formulation quive similar to that outlined in this section,
we have also investigated a possible depolarizing mechanism in methane.

The anrlysis included the interaction between the scattering electrons

and the rotational motion of the nuclei of the molecuie. Again the esti-

mated depolarization ratio was orders of magnitude too small to have

been measured,

*Although %e131 has an isotopic abundance in natural xenon comparable
to that of Xel29, there is no reason to believe a calculation of the
depolarizing effect of its nuclear spin would lesd to any signifi-
cantly different results nor to a change of our basic conclusion,
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CHAPTER III

DESCRIPIION OF EXPERIMENTAL APPARATUS

The experimental arrangement employed in the scattering measure-
ments is schematically depicted in Fig. 3.1 and photographed in Fig. 3.2
The iight beam from a Q-switched* ruby laser was focused through an an-
gular filter and polarized by a Glan-Thompson prism. As the beam pascsed
through the scattering chamber, containing a pure, dust-free gas at one
atmosphere pressure, scattering events took place. The scattered light
was measured by a red-sensitive photomultiplier tube PMl in the scattering
detector, a series of apertures in the observation port limiting to approx-
imately one centimeter the length of beam viewed. A precision rotatable
polarizer and a narrow band interference filter permitted polarization
analysis of the unsnifted Rayleigh light.

In order to normalize the scattering data for shot-to-shot changes
in laser intensity, a second photomultiplier tube PMy> in the intensity
monitor viewed the reflection of the primary beam off a diffuse scattering

surface.

3.1 LASER AND ASSOCIATED OPTICS
The laser was & commercially available unit produced by Lear-Siegler

Incorporated. It consisted of a separate power-control console and the

#The laser was operated in a single-spike mode by spoiling the "Q" of th=
resonant optical cavity until a high power density was obtained.
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laser head, which contained a l/h in. diam by 3 in. long ruby rod with

Brewster angle faces. Capacitors totaling 4 uf in the power-control

console were typically charged to 4000 v and then discharged across a
xenon spiral flash lamp to provide laser pumping action. Q-spciling was

performed by a saturable uranyl glass filter.

The laser beam, of 69h3ﬂ wavelength, emerged as a pencil of light

of elliptical cross section, 1/4 in. by 5/32 in. Divergence was small

but finite: approximately 1.5 milliradians full angle divergence. The
power output was measured by Lear-Siegler to be typically 8 Mw, with a
pulse width of 25 nsec (full width at half maximum). There wag a ten per
cent shot-to-shot reproducibility of laser energy. Despite the use of

a Brewster cut, 90° c-axis ruby rod, the output beam was only about 80%
polarized.

The front face of the laser head was mounted flush against a bracket,
which, in turn, was rigidly attached to an aluminum table.* As shown in
Fig. 3.%*, the laser, its associated optics, and the scattering chamber
were all mounted or the four foot long aluminum table, which served quite
adequately as a poor man's optical bench.

The main function of the angular filter was tc suppress the small
fraction of laser light that diverged at relatively large angles (greater
than one degree). 'This was accomplished by focusing the beam with lens

I, (6.3 cm focal length) through a blackened pinhole aperture, .060 in.

*A shim-screvw arrangement allowed three-axis positioning of *he laser bracket

for optical alignment.
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diam. 1In addition the angular filter produced a beam of light which

was slightly convergent through the scattering volume, the result of po-
sitioning lens Lo (8.2 cm focal'length) approximately 8.8 cm beyond the
aperture, The half angle of convergence was 1.6 milliradians, with a
nominal beam diameter at the center of the scattering chamber of 0.24 in.

The two lense: and the aperture were held in a cylindzr, which main-
tained centerline alignment, whiie permitting adjustment of relative po-
sitions of the three components., The cylinder could be oriented about
all three axes to bring it into alignment with the laser beam.

The Glan-Thompson prism was a specially constructed, air-spaced
linear polarizer, designed to transmit, without deterioration, laser pulses
up to 25 Mw. The major and minor principal transmittances of the prism
for red light were approximately 1.0 and 5.10'6, respectively. Thus the
prism produced a highly pelarized beam, a prime requirement for experi-

ments of the type undertaken in this research.

3.2 SCATTERING CHAMBER

The scattering chamber was constructed by welding a 14 in. square
plate to the bottom and an 8 ir., square flange around the top of a six
in. length of aluminum pipe. The position of the chawber above the
aluminum mounting table was adjustable by means of shim screws in the base
plate. A flange-top plate arrangement permitted access to the interior
of the chamber, and a viton O-ring seated in a groove in the top plete

and bearing against the finished top of the pipe provided a satisfactory
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vacuum seal. In order to rerder the interior of the chamber as optical-
ly dark as possible, the sides, bottom and top plete were sandblasted to
a matte finish and then the entire chamber black anodized.

Holes for the cbservation ports were bored in the side of the chamber,
the machinist using a 0°0l1' indexing table to attain the required accwracy.
These holes were located on one side at 105° and 135° with respect to the
main or“ical axis, and on the other side at 30°, 60°, §0°, 120°, and 150°.
To further ensure accurate positioning of the ports, vertical brackets
were mounted around the base plate at approrriate positions. The 6 in.
long observation port tubes, which had also bheen black anodized, were then
slid through the brackets and into the bored holes. Torr-Seal, a very
low vapor pressure epoxy cement manufactured by Varian Asscciates, was
vsed to permanently attach and vacuum seal the ports to the scattering
chamber.

In order to define the scattering volume viewed by the detection op-
tiecs, four equally spaced, .250 in. x .375 in. knife edged rectangular
apertures were positioned in each observation port, the longer edge cf
each being vertical, Alignment and spacing of the apertures was accom-
plished by cementing them with Torr-Seal to the ends of spucer tubes, as
shown in the photograph of Fig. 3.4. All apertures and spacer tubes were
black anodized. The tight fit of the spacer tubes inside the observai:ion
port tubes effectively prevented any vibration present from rotating or

moving apertures out of position,
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Strain-free Pyrex windows were permanently affixed to the end of
each observation port, Torr-Seal again being chosen for this tasi.

The blackened walls of the chamber unfortunately did not provide
a suificiently dark background against which to view the scattered rad-
iation. The normal pirocedure is to use a tapered glass horn, into which
backgrcund light makes multiple refiections and is thereby supprescsed.
For two reasons, this method was rejected. The first reason was that the
use of glass horns would have resulted in an unwieldly design that signif-
icantly reduced the number of angles at which scattering could be viewed.
Of greater importance was the fact that a superior black body of low cp-
tical reflectivity and remarkable compactness was available. Pictured
in Fig. 3.5, it consisted of a vertical stack of approximately 100 stain-
less steel razor blades held tightly in a yoke. The yoke was suspended
from the scattering chamb r top plate in a position opposite whichever
observation port was in use., Very little light was reflected from the
sharp razor blade edges; most was lost in multiple reflections between
adjacent pairs of blades. Measurements with a He-Ne gas laser of the re-
flectivity of this ru-or blade assembly showed a factor of two improvement
sver a blackened glass hcrn.

The laser heam passerd through the scattering charver via tiae entrance
and exit ports. Holes for these ports were bored in the chamber walls
at the same time as the observation port holes. In order to permit ro-

tation of the end window of the entrance port, two Pyrex tubes with mating
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ground glass Joints were employed. Low vapor pressure Apiezon "T"
vacuun grease was used on the Joints, The male tube was cemented to

the chamber with Torr-Seal and further held in place by a bracket iden-
tical to the ones used with the observation ports. The end of the female
tube was cu% at Brewster's angle for a strain-free Pyrea window, which
was attached with Torr-Seal, Several knife-edged baffles of circular
aperture were positioned in the entrance port by means of =liding

spacer tubes, With the exception of the baffies, the exit port was i-
dentical in design %o the entrance port. Both ports were wrepped with

black taye to prevent extraneous light from entering the scattering

chamber.

3.3 VACUUM-GAS FEED SYSTEM

The vacuum-gas feed system is depicted in Fig. 3.6. The prime con-
sideration in the design and construction of this system was minimizing
as far as possible the presence of contaminants in the scattering chamber.
Thus, for example, all components were carefully cleansed and degreased
by techniques suggested by Guthrie.25 Also, particular care was exer-
cised to avoid using high vapor pressure materials, particularly above
the high vacuum, stainless sieel wvalve, Vl. Tubing was either stainless
steel or OFHC copper.

All gases were purchased from the Matheson Company with the highest
purity levels consistent with the type of experiments contemplated. In

general, these were either their research or ultra-high purity grades. The
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double needle valve arrengement (V5 and V),) in the gas feed line permit-
ved fine cont:iol of the flow rate so that the scalttering chamber could

be slowly filled to pressure.* O0il, vater ard any particles approximately
12 microns 11 size or larger were removed from the fill gas by a Matheson
ges purifer containing a molecular sieve desiccant.

Gas pressure was measured by'a stainless steel. Bourdon gauge. This
compound vacuum-pressure gauge had 0.5% full scale accuracy. Evacuation
of the system was normally accomplished by a mechanical pump, although
an air-cooled oil diffusion pump was avai” :ble when pressures below
one micron were desired. Thermcocouple and ionization gauges were used

{or low pressure measurements.

3.4 SCATTERING DETECTOR

The function of the scattering detector was to measure thes inten:ity
and polarization state of the unshifted Rayleigh scattered light. .2 de=
tection device itself was an RCA 7265 photomultiplier tube (PMi) vith tri-
alkali S-20 photocathode having approximately 2.5% quantum efficiency at
69438, Gains up to 2,107 were yielied by the 14 stage dynode structure.

The assembly containing the photomultiplier tube and the other de-
tector optics is pictured in Fig. 3.7. In order to assure consistent a-
lignment with each observation port, the assembly pivoted about the ver-

tical centerline of the scattering chamber and was adjustable vertically

*Observe that the use of the Pyrex tubes with ground glass Joints pre-
cluded filling the scattering chamber to above one atmosphere pressure.
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by means of 1ts suppert rod.

An O-r ng was employsd etween 8 sliding aluminum tube and & col-
lar around the observation port in use and light-tighu caps were mated
to collars around each of the siz unused ports. These measures, plus oth-
er elements of the scattering detector design, effectively prevented light
not emanating from the scattering chember from reaching the detector. 1In
fret, no increase above photomultiplier dark noise could be detected when
lights were turned on inside the experimental dark room.

The polarization analyzer was Polaroid HN22 material laminated in
instrument grade glass., Specifications for its major and minor principal
transmittances for 69438 light were 0.59 and 3.16°€. The 1 in. dium analy-
zer was mounted in a precision divided circle whose angular position was
readable by a vernier scale to an accuracy cf 0°0l',

In order to reject Raman scattered radiation and light not generated
by the laser ruby (particularly light from the Xenon flash lamp), a nar-
row bend interference filter wes mounted between the analyzer and the pho-
tomultiplier., Measurements of the spectral transmission of the filter
indicated that it had a peak transmission of 53% at 694248 and a full width
at half maximum of 558. At wevelengths below 6775A, the transmission co-
efficient wes less than 0.1%.

Experience with the operation of S-20 photomultipliers determined
that they were sabject to variations in sensitivity as & result of temper-

ature changes, photocathode fatigue and previous operating history, and
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other uncatalogued effects. Uhis operational churacteristic alone
necessitated the design of a method of monitoring the photomultiplier
response during scattering experiments. However, an egqually strong
motivating factor became apparent. This was the discovery that in order
to accomplish all of the experimental objectives, it was necessary to
adjust the photomultiplier guin (by varying the applied voltage) over a
significant range. Thus experimental data had to be normalized for these
changes in gain,

The monitoring method chosen was a diffuse pinhole light source
which could be lowered nto position to be viewed by the photomultiplier
through the interference filter and the polarization analyzer. A seated
keyway arrangement assured that the light was always lowered into the
same position. The source of light was a neon bulb Ny, with a rated life-

time of 50,000 hr.

3.5 INTENSITY MONITOR

The intensity monitor, used to compensate scattering data for changes
ir Laser energy, employed a second RCA 7265 photomultiplier tube PMQ.
The chassis enclosing this tube was light tight with the excéption of a
small ape?ture through which was vieved the diffuse reflection of the di-
rect laser beam. As the diffuse scattering surface was more than two me-
ters from the intensity monitor, alignment problems were negiigible; small

changes in the position of the laser spot resulted in no measurable changes

in the monitored intensity.
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A broad-band, low transmitting filter wa: placed in front of the
aperture in order to reduce the lighu intensity reaching FM,. At this
lovwer light level, the phctommliiplier operated in its lineur regime and
yet sufficiently large numbers of photoelectrons were gensrated at the
cathode to yield good statistics, Hence the intensity monitor output
wus always proportionel to laser energy.

The sensitivity response of PM2 was monitored by another diffuse
pinhole ligh*t source (neon bulb Np) permanently mounted inside the chassis

enclosure,

7.6 ELECTRONiCS

The basiz components of the electronic circuitry are displeyed in
Fi;. 3.8. Voltage fcr the photom. .tiplier tubes was supplied by two
Hamner ower supplies having very high voltage stability and low rvipple.
The voltage divider networks were wired according to RCA specifications,
with carbon deposited resistors employed tecause of their low noise charac-
teristics. In order to r=duce their heating effects, the resistors w:r
housed in scparate chassis, Focusing and accelerating voltages wer= ad-
Justed by meuns of trim pots to maximize tube gain.

During scattering experimentation, the anode signal from eacu photo-
multirlier was measured by a Tektronix type 555 dual-beam oscilloscope.
The 1 M § input resistance tn the CRO and the lumped paraliel csvacitance
of photomultiplier output, co-axial cable, and CRO input formed an inte-
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