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Abstract

It is well known that atomic spectral lines show broadenings,
shifts and asymmetries when light-emitting ( or absorbing ) atoms
collide with other atoms. This phenomenon, called the collision
broadening, is determined by the interaction potentials between the
colliding atoms, and by the collision dynamics. Therefore we can
make use of this phenomenon as a powerful diagnostic tool to study
these interatomic interactions. With the development of line-
broadening theories, such attempts have become very popular for some
diatomic éystems such as alkali-rare-gas pairs. In recent years,
these pairs have been widely investigated because of the
potentiality as a future gas-laser source. For alkaline-earth-rare-
gas pairs, on the other hand, only a few data have been published
so far. This is due partly to experimental difficulties. Spectra
of alkaline-earth elements which are‘collisionally broadened by
rare gases have received much attention from astrophysical interest,
i.e. in the analysis of stellar spectra. In addition, it is
interesting to compare these spectra with those of alkali-rare-gas
pairs , because both pairs have similar electronic configurations to
each other.

The present work reports on spectral-profile measurements of
alkaline-earth ( Ca , Sr and Ba ) resonance lines. These lines are
collisionally broadened by various rare gases at pressures below
one atmosphere. The measured spectral regions are classified into
two groups by the distance from the line center, i.e. the line-core-

( near the line center ) and the wing- ( far apart from the line
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center ) regions. In the present work, profiles of the line-core
regions have been analysed by a classical theory called the impact
limit of the phase-shift theory. Profiles in the wing regions have
been analysed by a classical theory called the quasi-static limit,

a classical theory called the auto-correlational ( AC ) method,

and a quantum theory called the Unified-Franck-Condon ( UFC ) method.
From the line-core-region spectra we can obtain information mainly
on the long-range interatomic potentials, while from the wing-
region spectra we can deduce the short-range interactions.

In Chapter 1, we classify various broadening mechanisms by the
species of perturbers and give a brief review on line-broadening
experiments on alkaline-earth-rare-gas pairs.

In Chapter 2, we introduce line-broadening theories used in the
present work. They are composed of

(1) the classical phase-shift theory which predicts twolimiting
cases, i.e. the impact and the quasi-static limitg,

(2) the general treatment based on the classical phase-shift
theory ( AC method ),

(3) and the quantum UFC theory.

In Chapter 3, we introduce representative methods to calculate
interatomic potentials. They are used in the discussions when
we compare the experimentally deduced interatomic potentials
with theoretical predictions.

In Chapter 4, we describe the experiments by a shock tube.

The atomic pairs studied are as follows.
(1) Ca-Ar and Ba-Ar pairs for absorption measurements.
(2) Ca'-ar pair for an emission measurement.

The shock tube can easily produce high temperatures upto 1X IOAK.
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We have measured the profiles at 4000~4600K for (1) and at
7600~7700K for (2). We have found from these measurements that if
the interatomic distance ( denoted hereafter as R ) between the
colliding atoms is large, the dominant interatomic interaction is
the van der Waals type which varies as R_6.
In Chapter 5, we describe the experiments by a heat-pipe cell.

We have investigated the following pairs by absorption measurements:

(1) Sr-rare gas ( Ar and Xe),

(2) Ba-rare gas (He, Ne, Ar, Kr and Xe).
The profiles have been measured at temperatures near 1000K. We
have found from these measurements for Sr ( or Ba )-heavy-rare-gas
( Ar, Kr and Xe ) pairs, the van der Waals interaction is dominant at
large R, however repulsive interactions occur at intermediate R
(~6&8). For Ba-light-rare-gas ( He and Ne ) pairs repulsive
interaction is dominant for wide ranges of R.

In Chapter 6, we describe the experiments by a discharge cell.

We have measured some atomic lines of argon collisionally broadened
by the same species of atoms. In the Ar-Ar collision, we can expect
the broadening mechanism is quite different from previous ones.
Therefore the comparison of profiles between these cases is
interesting. We have found that for the transitions which terminate
upon the resonance state the resonance interaction is dominant at
large R, and it veries as R-3. However when the t:ransition
terminates upon a metastable state, the van der Waals interaction
is dominant just like the previous measurements of foreign-gas
broadening.

In Chapter 7, we give the concluding remarks.
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Chapter 1. Introduction
1-1. Historical background

The broadening of atomic spectral lines is animportantprobleﬁ
which commonly appears in optical spectra from gaseous materials.
With the development of theories, it has become very popular to use
this phenomenon as a powerful diagnostic tool for laboratory and
astrophysical plasmas.

The broadening mechanism may be divided into three groups:

(1) Natural broadening due to the finité lifetime of the excited
state.
(2) Doppler broadening due to the thermal motion of the emitting
(or absorbing) atoms.
(3) Collision broadening due to collisions between the emitting
(or absorbing) atoms with surrounding particles.
In most cases we interpret a broadened spectrum as a convolution
of these factors plus instrumental function.

Theoretically, the treatments of natural and Doppler
broadenings are now well established (seee.g. Mitchell and Zemgnsky
1971), while for collision broadenings continuous efforts have been
made starting from the pioneering work of Michelson (1895).

Collision broadenings (3) may further be divided by the
species of the collision perturbers:

(3a) Stark broadening due to collisions with charged particles,
such as ion and electron.

(3b) Neutral-gas broadening due to collisions with neutral atoms.



Stark broadening is most extensively studied by Griem (1964,1974)
mainly for ionized hydrogen and helium plasma and compared with
experiments. These species are familiar in the spectroscopy of
laboratory plasmas. In astrophysical plasmas, in addition to the
above,.-neutral gas broadening becomes the problem. For example
in " cool " stars such as the Sun, which has an effective
temperature of about 6000K, the perturbing particles are
predominantly neutral hydrogen atoms. If we limit the topic to
neutral gas broadening, with which the present work is concerned,
collision pairs most extensively studied are perhaps rare-gas-
rare-gas, alkali-rare-gas and alkali-alkali systems. One of the
strong motivations for these work is the potentiality of gas lasers,
such as excimer lasers (Phelps 1972, York and Gallagher 1974).
Next most commonly studied system is alkaline-earth-rare-gas
pair. Alkaline earth is the element familiar in steller spectra.
Take Ca-He pair as an example. As previously mentioned, the
collision with hydrogen atoms plays an important role in the Ca
line observed in solar spectra. However, because of high
temperatures required to dissociate hydrogen molecules, it has not yet
been proved possible to perform reliable laboratory measurements of
collision broadening by hydrogen atoms. Then the possibility has
been discussed to replace the hydrogen atoms by light rare gases
like helium. Ayres (1977) discussed how to scale broadenings by
rare gases to yield that by hydrogen atoms. From such analyses
the abundance of Ca in the sun has been discussed (0'Neill and
Smith 1980). 1In the followings, we will see some more details of

experiments on alkaline-earth resonance lines collisionally



broadened by rare gases, since they are the main topic of this work.
For this purpose we will firstly classify the measured
spectral regions into two groups depending on the distance from
the line center:
(a) Line-core regions which is near the line center (typically
the distance from the line center sAA is \A74 < 15).
(b) Wing regions which is far apart from the line center.
As we will see in the next chapter, these regions are analysed in
somewhat different manners and are closely related to relatively
long- and short- range interatomic potentials, respectively.
Line-core measurements for various pairs of neutral alkaline-
earth and rare-gas elements have been performed mainly by English
and Russian groups (see e.g. Hindmarsh and Farr 1972, Penkin and
Shabanova 1968). Since most of the experiments were carried out
by conventinal furnaces, the temperatures were relatively low,
typically below 1000K. 1In order to observe the spectra at higher
temperatures, e.g. near 6000K like the solar atmosphere, other
techniques become necessary. One of the preferable techniques is

the shock tube, since this dbes not yield " extra " electrons
like electrical-discharge experiments. 1In the latter case the
electrons may severely infldence the spectra by Stark broadening.
Because of the high temperatures, the shock tube is also suitable
for treating ionized species. Experiments on alkaline-earth
elements with this technique is quite few (e.g.Hammond 1975,

Baur and Cooper 1977), which is one of the motivations for the

present shock-tube study at high temperatures.

In contrast to the line-core regions, wing data on alkaline-



earth resonance lines have been reported on limited pairs such as
Ca-Ar (Corney and McGinley 1981). This is partly because there
is an experimental difficulty. In the wing regions the line
intensity generally drastically falls off (down to a few orders of
magnitude). Therefore to facilitate the experiment we have to
increase the atomic densities to raise the sensitivity. However
the vapor pressure of alkaline-earth elements are relatively low,
compared to e.g. alkalis (Honig and Kramer 1969), therefore
difficult at temperatures of conventional furnaces. In the present
work,wing spectra of Sr and Ba broadened by various rare gases
are reported,using furnace technique at temperatures near 1000K.
This is probably the first extensive studies on these elements up
to date, in the meaning that it provides 1line intensities in
" absolute " values for a wide spectral range.

Neutral-gas broadenings (3b) may further be divided by the
species of the collision pertubers:

(3bl) Foreign-gas broadening due to collisions with different

species of atoms.
(3b2) Resonance broadening due to collisions with the same
species as the emitting (or absorbing) atoms.

As described in Chapter 3 the interaction mechanism shows a clear
distinction, especially at long-range interatomic-distance,
between these two cases. This difference will appear in the line-
core profile; e.g. the position of the line center shifts
linearly on the perturber's density in foreign-gas broadening,
whereas it does not shift in resonance broadening. 1In this sense;

the comparison between these cases is interesting. In the present



work, the resonance broadening of argon is studied. We treat
transitions between some excited states, which are the céndidates
for the energy pooling states in excecimer lasers.

As shown in the next chapter, interaction potentials between
the colliding atoms play essential roles in the formation of
broadened spectra. Conversely, if we had a well-established theory
on broadening and a theoretical potential, we can predict the
profile and judge if the potential is correct or not by comparing
the profile with observations. This technique has the advantage
that it yields information on excited state potentials, which are
generally inaccessible by other conventional techniques such as
beam scattering experiments (e.g.Buck and Pauly 1968).

From the viewpoint of theoretical calculations of potentials,
the most commonly studied system is alkali-rare gas. Since
alkalis have simple atomic structures, namely single—valence
electron, such calculations are relatively easy(e.g. Baylis 1969a,b,
Pascdle and Vandeplanque 1974). For alkaline-earth-rare-gas
systems, on the other hand, sophisticated calculations are quite
rare, especially for the short-range interatomic distance. In the
present work, experimentally deduced potentials are presented for
Ca, Sr, Ba-rare-gas systems and compared with existing theoretical
calculations. When there is no appropriate theoretical potentials,

we have made some calculations to compare with experiments.



1-2. Contribution of the present work

Chapter 2 briefly reviews some line-broadening theories which
are commonly used for the analysis of neutral-gas broadening. As
a classical treatment, the phase-shift theory is introduced. The
theory predicts two limiting cases, i.e. the impact and the quasi-
static limit. The former one corresponds to, so to speak, the
limit of high temperature and low perturber density, and the latter
to the opposite limit. Most of the present observations are

analysed by these methods, but at some positions in the wing

spectra where singularities are observed ( they are called

satellite or shoulder ) these treatments are invalid. Then, a

quantum treatment called the UFC ( Unified-Franck-Condon ) theory

( Szudy and Baylis 1975 ) is introduced to apply to these cases.
Chapter 3 introduces representative methods to calculate

interatomic potentials. They depend on the interatomic distance in

question. We first discuss the long-range interaction by a standard

perturbation method, which is the most common approach. If the

atoms are different, the leading term is the well-known van der

Waals force, to which some detailed explanations are given.

In the short range, where the overlap of electron clouds can not

be neglected, both perturbation method with charge exchange

and variational method appear reasonable. Since these are in

general quite complicated calculations, much effort has been made

to simplify them by modeling the potentials into various styles

( Diren 1980 ). The pioneering and probably the simplest

treatment is that of Baylis (1969a,b), which is here briefly



reviewed. Though he originally applied this to alkali-rare gas
collision, it may also be applicable to the present problem of
Ca+-Ar, since Ca+ has similar electronic structure to alkali

( single valence electron ).

The present works were performed with three experimental
apparatus, i.e. a shock tube, a heat-pipe cell and a discharge cell.
Experimental conditions vary drastically depending on the appratus,
e.g. the shock-tube produces temperatures between roughly 4000 and
8000K, while the others between room temperature and 1000K.

Chapter 4 describes the shock-tube experiments. The
transitions in question are as follows: |

(1) Ca 42274 resonance line ( 4s 2 180 - 4s4p 1Pl) broadened

by Ar.
(2) Ba 5535A resonance line ( 6s 2 180 - 6s 6p 1P1) broadened
by Ar.
(3) Ca' 3968 and 3933 & resonance line doublet ( &4s 281/2 -
2
4p P1/2, 3/2) broadened by Ar.

The measured spectral region is the line core for all cases. The
first two were measured at temperatures between 4000 and 5000K,
while the last one between 7000 and 8000K. Since such data at’
high temperatures are quite scarce, they give interesting
comparison with existing low temperature results. For example,
van der Waals coefficients for Ca, Ba-Ar pairs have been deduced
to compare with data at temperatures below 1000K.

Chapter 5 describes the heat-pipe cell experiment. This
is a technique commonly used to confine a metallic vapor with rare

gases. The transitions in question are as follows:



(1) Sr 46078 resonance line ( 5s 2 1S

0~ 5s 5p 1Pl) broadened
by Ar and Xe.

(2) Ba 55353 resonance line broadened by He, Ne, Ar, Kr and Xe.
The measured spectral region lies in the wing area, where the
distance from the line center is 1${4K| s501o§ . Structures like
satellite have been observed clearly for collisions with heavy rare
gases: They are analysed in detail by the classical phase-shift
theory and the quantum UFC treatment. It has been found the
experimental interaction potentials have wells at some short
interatomic distance. The result is compared with theoretical
calculations and discussed.

Chapter 6 describes the discharge-~cell experiment for the
following transitions:

(1) Ar 81154 line ( 1s 5 - Zp9 , in Paschen notation ).

(2) Ar 8104A line ( ls, - 2p; ).

(3) Ar 8408A line ( s, - 2py ).
These lines are broadened by the collision with argon itself in the
ground state. Here using a tunable diode laser as the 1ight source
of absorption measurement, very narrow line-core regions
( LA7\‘;§ 0.022 ) have been measured. The 8104 and 8408& lines
have been found to have small or no collision shift, which
indicates the existence of resonance interaction.

Chapter 7 summarizes the experimental findings and discussions

in the present work and shows the remaining problems.



Chapter 2. Theory of collision broadening

2.1 Introduction

To know the development of general line-broadening theories,
the following review articles would be most appropriate:

Uns6ld (1955), Traving (1960), Breene (1961, 1981), Baranger
(1962), Griem (1964, 1974), Cooper (1967), Sobelman (1972),
Peach (1980) and Sobelman et al (1981).

If we limit the topic to neutral-gas broadenings, the
following articles are also appropriate. They include experimental
results up to the respective date:

Weisskopf (1933), Margenau and Watson (1936), Chen and Takeo
(1957) and Hindmarsh et al (1972).

In this chapter for the classical phase-shift theory, we follow
mainly the treatment of the last two articles and that of Sobelman
et al (1981).

The quantum treatment by the UFC theory is developed by
Szudy and Baylis (1975). To remove the inapplicability of the
classical theory to the wing satellite, they described the
perturber's motion by an approximate formula based on the

WKB approximation.
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2.2 (Classical treatment by the phase-shift theory

The theory of spectral line broadening caused by the
interaction of a light-emitting (or absorbing) atom with
surrounding particles is closely related to the general theory
of atomic collisions. For example in many calculations of
spectral profiles we must consider scattering amplitude, cross
section and so on. These values are often important observables
in atomic collisions.

We first make the following assumptions to simplify the
problem, as are often employed in the general theory of atomic
collisions. 1In the following we shall call the light-emitting
(or absorbing) atom as an active atom and the perturbing particle
as a perturber.

(a) The relative motion of an active atom and a perturber is
quasi-classical. This assumption enables us to use the
concept of a trajectory of the perturber.

(b) This trajectory is straight.

(¢) The interaction with the nearest perturber plays the
principal role in the broadening (the assumption of
binary interaction), so that multiparticle interactions
can be neglected.

(d) The perturbation is adiabatic, i.e. the collision does
not induce transitions between different states of the

active atom.

The assumptions (a) and (b) may be valid in most thermal collisions
at low temperatures, where perturbers penetrating deeply into the

active atom are relatively few, and on the average the perturbation
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is not strong. The assumption (c) is valid when the density of
perturber is low, typically below one atmosphere. Then the effect
of many perturbers on an active atom can be separated in time.
The assumption (d) is valid when the active atom has no closely
lying states near the upper or lower state of the transition.

In this approach the active atom is described by an atomic
oscillator, and intensity distribution I(w) in question is given

by the power spectrum of the oscillation f£(t). Thus

1 T/2 2
I(w) = 1im ,J f(t)exp(-iwt)dt . (2.1)
Taoo 27T -T/2

If £(t) is treated as a stationary random quantity, (2.1) can be
rewritten in a more convenient form by the Wiener-Khintchine

theorem, as
1 %
I(w) = EReJ()@(s)exp(-lws)ds s (2.2)

where é(s ) i1s the autocorrelation function of f(t)

1 eT/2 *
$(s) = lin— F()E(t +8)dt . (2.3)
Teoo T -T/2
Time averaging can be replaced by averaging over the statistical
assembly of quantities defining the function f£(t) if the ergodic

hypothesis is used. We shall denote such averaging by < > ,then

(2.3) can be rewritten as
%
§<s>=< £COECS) > « (2.4)

where we can drop t.
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Next we shall consider f(t). Usually the atomic oscillator is
described by an elastically-bound oscillating electron. In this case
the displacement of the electron, hence the time-varying dipole

moment of the oscillator, corresponds to f£(t). It may be written

t
f(t) = A(t)exp[.i f

-

as

u)(t')dt;] R ’ (2.5)

where A(t) is the amplitude, w(t') is the instantaneous frequency
of the oscillator at time t = t' and we assumed that at t = - ®
there is no interaction. Eq(2.5) already includes the previous
binary approximation (c), because multi-perturber effect is
replaced by succesive collisions of the nearest perturbers and the
phase factor is expressed by the time integral from -oo to t. If we
put the unperturbed frequency of the oscillator as 0)0, the
frequency will remain at uJO after completion of each collision
and A(t) will remain constant, because there is no transfer of
energy from the perturber to the oscillator due to the adiabatic
assumption (d). Here we further assume that the oscillator may

change the phase by Z(t) given by
1 t
J(t) = — J av(th)dt' , (2.6)
h7-w

as the result of succesive collisions, where AV(t') is the
interaction at time t'. Then f(t) is rewritten as

£(t) = exp[i wot + i zm] , (2.7)

where is the unperturbed frequency and we have put A(t) = 1.
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If (2.7) is put into (2.1), we get

2

1 T/2
I(w) lim \J exp[—(w-wo)t+ i‘z(t)] dt
Teo 2WT | / -T/2 |

i

. 1 T/2 _ '2 .
Iow 277 \ S-T/Z exp[- awt + 1 f(O)] de| ,(2.8)

where we put Aw= W- Wy This is written again by the Wiener-

Khintchine theorem as
1 V)
I(aw) = %Ref $(s)exp(-i aw s)ds , (2.9)
0

where @(S_) is given by (2.3) with f(t) = exp[iZ(t)] as

1 (T/2
des) = 1im — exp [ §(t +s) - 14(0)] de
Taw T -T/2 v
=<exp[iZ(S)]> (2.10)

In the following, two limiting cases, impact and quasi-static .

limits, are discussed starting from this general result.
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2.2.1 Impact limit

This limit is based on the assumption that the decisive factor
in the broadening of a line is the disruption of the coherence of
the oscillations of an atomic oscillator during collisions. In
other words if the duration of collision is small as compared with
the mean time between collisions, then one can neglect radiation
during collisions and consider the collisions to be instantaneous.
Therefore the collisions are manifested only in phase shifts Z

Using this assumption of instantaneous collision, it is
possible to culculate the correlation function @(s) as follows.
We shall firétly make a differential equation for @( S). The
difference A@(AS ) = ‘@(5+ 25 ) - é(S) can be written,
from (2.10), as

Ad =Cexp[i4(s +aS J]1>-<exp[i](5)1>

= exp [i’L(S)]- exp[ia‘b]> -(exp[iZ(S%}Zil)

where AZ is the additional phase shift in time 4§

ap = _?__Z_AS (2.12)

23S

Since collisions are instantaneous, the phase shift AZ does not

depend on Z(S ). Therefore, eq.(2.11) is written as

A@ =<exp[i77(5)]> -{ <exp[iA‘L]> -1 }
é(S%(exp[iAZ] -1>. (2.13)
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The average ( » over ensemble can be calculated by taking over
all possible conditions which causes a phase change in the time
interval 4SS . If we put

n : the perturber density

¥ : the mean relative velocity of colliding atoms

f : impact parameter ( namely the distance at the closest

approach ),

the number of collisions occuring in &% is 27 fdf arm as
with impact parameters between P and P+ df ( see Fig.2.1, where

the straight trajectory assumption (b) is employed ).

Fig.2.1 The number of collisions between the time
interval 4s.
Perturbers (0) within the shaded volume
collide with the active atom (@), with
impact parameters between /9 and /0+ df .
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Thus, if <Az is a function of f only, we can write
LV
{exp[i A‘Z] -1>= 45NV j {exp[i}l(f)] —1} 27K)°df
0
= - a5RV (o -0 ), (2.14)

where we have defined optical cross sections as

00
o, = 50 [1-cos JCp)] 2T Pap , (2.15)
o0
-, = sin 7(P) 2L P4P .- (2.16)
;= f s lop) 2Bpaf
Thus eq.(2.13) is rewritten as
2P - _i. aSnV(O~ - 10v ), (2.17)

or in a differential form

%% = - %V - 10 ). (2.18)
This has the solution
$(S) = exp[ -nV(o~_ - i0v; )S] . (2.19)
By substituting (2.19) into (2.9), we get
n?o—r ! T
I(AW ) = e Vi (2.20)

(AW- 1 Fo-y )7+ ( n Vo)

This is a Lorentzian distribution, whose HWHM (half width at half

maximum ) ¥ and shift P are given by

X :n'TrOvr s (2.21)

F = n‘\_;o.,l . (2.22)
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It is easy to see from (2.15) and (2.16) that if 7(/0) increases
rapidly as /D decreases, the rapidly oscillating term siI1Z(/Q)2ﬂ7°
yields no contribution to the integral. Thus the contribution to
On; comes from iarge values of/p , while that to On_ comes from
small values of/p. Therefore for the width ¥, "strong' ( namely
/° is small, hence Z(/D) is large ) collisions contribute greatly.
This is originally the physical idea of Weisskopf (1933), who
considered the broadening arises essentially from collisions which
cause phase changes of Z 21 radian.

All that remains to press this calculation to a numerical
conclusion is to evaluate Z(/’) and then perform the integration
in (2.15) and (2.16). Since R, the interatomic distance, is given

by the straight assumption (b) as

R=\[f2+($t>2 : (2.23)

where t is the time taken from the time of closest approach ( see

Fig.2.2), 7(;’) is rewritten from (2.6) as

00
2 S‘ AV(R) R

‘Z(}D)= =3 OJ—R—Z?‘dR . (2.24)

Fig.2.2 Straight trajectory.

— vt—P A perturber (e) follows
’ a straight trajectory with
Q} impact parameter P » and

with velocity v.
Active atom
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Take for example

aC
RP

AV(R) = s (2.25)

which is the commonly-known p-th inverse power potential with a

coefficient 4C, then we find by putting into (2.24)

,p -1
F—) 4
J(P) = - fn‘f/op‘l (2.26)
F{——)
From (2.26), (2.15), (2.16), (2.21) and (2.22) we get
2 4C4
for P = 3 f:']t (T n , (2.27)

4C
p-4 Jes. (A5, gl pean e, (2.28)
h 3

4C
6  y=4.08 (——%—6— y2/553/5,

el
I

» B= ]tanE. (2.29)
5

From (2.26) we get the Weisskopf radius /Ow, which is defined as

threshold of strong collision by the condition Z(/OW) =1, i.e.
p -1
/7( 2 )AC 1 -9
/Ow = ’W—f ra . (2.30)
Fes

Finally we discuss the spectral region dw to which this
impact limit applies. From (2.19) significant contributions to é(s)
ocecur when nVO\.IS < 1 ( otherwise exp ( -nv (J\rs) is too small ).

Therefore the times of interest s in determining the profile
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are less than about ( nVavr )—1, while s must be much

larger than the time for which there is a non-vanishing
perturbation, i.e. the duration 'Z,:: of a typical collision ( since
respective collision is assumed statistically independent ).

Therefore

T, « s g,(m’mvr)'l . (2.31)

This agrees to the picture of Lorentz (1906), who considered the
mean time between collisions is given by T = (nVﬂ\-)_l and is much
larger than collision duration "Zt'c. From the properties of the
Fourier transform, times of interest is given by s~ Aw-l for the

frequency separation aw , therefore with (2.31)

aw T, (2.32)

- -1 . .
If we estimate by ’CC~/OW IV s aw « 1012sec with typical
values of f’w(~10_7cm) andV(r\-lOScm/sec), or in wavelength for

visible light AX <« 1A .
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2.2.2 Quasi-static limit

In the previous limit we assumed collisions occur
instantaneously, so neglected the contribution that arises in
collision duration to the line intensity. In the quasi-static
limit on the other hand, we assume perturbers move very slowly, so
we must include all contributions.

We start from the general result for I(4w ) and ®(s), i.e.
(2.9) and (2.10). When Z(s) is a slowly-varying function of s,
main contributions to I( 4w ) comes from small values of s if 4w
is large. 1In this case we expand Z(t + s) in Taylor series
about t, and take only the first two terms i.e.

4

Jc+s) = J(t) +—s= f(t) +aw-s , (2.33)
dt

then we get

§(s) =lexp(ipW-s)) . (2.34)

If P(4w ) is the probability of occurence 4w ; we may write
o0
@(s) = J exp(igaw s) P(aw )dow .
-00
Leaving the contributions from small s, we get
I(aw) = Plaw) . (2.35)

Therefore, to calculate I( 4w )dW we must find the probability
P(R)dR of the nearest perturber to be between R and R+ dR, where R

satisfies from (2.6)
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4 V(R)

dw = —— . (2.36)
+

P(R) is calculated as follows. If an active atom is surrounded by
perturbers of density n, the probability of finding a perturber in
a volume element dV (= 47tR2dR ) is given by n-dV. P(R)dR is given
as the product of n dV, and the probability of perturbers not

being at any volume element Vi (i=1---N, with N=V/ dV) within R,

P(R)dR

N
Tf(l - ndVi) n dV
i

(1 - ndV)NndV

I

= exp(-nV) n dV ( Nooo )
= exp(~ ——R"n)*4MR ndR . (2.37)
3
Therefore (2.35) is
4y 3 2
I(aw )dw = exp(- —R"n) 4R ndR . (2.38)
3

-3

Since we practically treat the case of n~1019c:m and R~10-8cm,

the exponential factor can be omitted

, dR s [dave))™?
I(aw) = 4nR%n— = nh-47CR , (2.39)
: dw - drR

where we used (2.36) and identity

dR [ dAV(R)J-l da V(R)

dw dR dw
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Eq. (2.39) can be calculated if we have an explicit form for AV(R).

For p-th inverse-power potential 4V(R), eq. (2.25), we get

_é_ _p+3
b pC p P
I(law ) = n(—) 4w . (2.40)

%

To conclude, the basic idea of the quasi-static limit is that
perturbers move very slowly and the line intensity is proportional
to the probability of finding the perturbers at the distance
corresponding to 4w . Contrary to the impact limit, the
quasi-static formula predicts profiles at large 4w , namely the

wing region.
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2.2.3 General case

There have been many attempts ( e.g. Margenau and Watson 1936,
Lindholm 1945 and Holstein 1950 ) to span a bridge over the impact
and quasi-static limits to describe the spectral region of
intermediate 4w . Here is introduced the treatment of Anderson
(1952). His idea is based on the preceding assumptions

listed as (a) ~(d) except for (c), the binary assumption. He
proposed the interactions responsible for é(s) are scalar and

additive, so f(t) of (2.6) is given by

1 (¢t 1 7% w
J ) =— 4V(R)dt" =-—J S 4V(R,)dt' , (2.41)
) o h ), 151 i

where N perturbers at R, (i=1,2"""N ) perturb an active atom
simultaneously at t = t' For weak perturbations, this scalar

additivity is not a strong requirement. Thus from (2.10)

N
(s) = i .(8) (2.42)
gE s <exp[i Eéi Z&.S J:>

phase space of N perturbers,

where we have put
1 S
7. (s) =-—-j AV(R,)dt' . (2.43)
i i
o0

Anderson (1952) further assumes perturbers' paths are mutually
independent, then the average over N perturbers can be computed by
considering just one perturber at a time uncoupled from the rest,

therefore
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. N
§(S) =<eXp[17(S)-]>phase space of one perturber. (2.44)

In this case to make the spatial average we must take the
average over x which denotes the perturber's initial position
2 - .
by R"=(x+vt )2+/02. If there are N perturbers in the space

volume with density n,
@(s)—i sz/od/o J dx exp [ 1 7(s>]}
{1--—— jZ?’C/Od/O S ax (1-exp[i g(:;)])}
exp [-n szc/ocl/o J dx (1-exp[i (s)]):] (2.45)

Il

I

where we used the relation (1 -x ),N'_\_rexp(—Nx) which is valid for
small x.
Kielkopf (1981) writes (2.45) using the spatial unit u=vs

(cm), rather than time s, as (u/v) =exp (X +1ig8) with
p ki

0((u)=nj27t/0d/9 g dx {1-cos[7<x ,u)]} (2.46)
ﬁ(u)=nj 27 d o S ax sin[f(x, ,0)] (2.47)

and
1

7(x,/0,u)=—_—S24V<[(x+y)2+/°2:j1/2>dy (2.48)

v

with y=v t, then the line intensity I(4w) is written from (2.9) as

%
u
I(aW) = joexp [—O((u)J cos[AuJ'—;— - ﬂ(u)] du . (2.49)

TV
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2.3 Quantum treatment by the UFC theory

In some cases '"satellites' appear in the wing region of the
intensity distribution. Usually they are found as a shoulder or a
maximum followed in some cases by small oscillations. In the
classical-static limit eq. (2.39), they appear at frequency
which satisfies dw/dR = 0 leading to a singularity in I(dw).
For a quantitative treatment of such observations eq. (2.39) is
therefore in sufficient. This fault comes from the static model of
perturbers, therefore to remove the difficulty we must include the
atomic motion into the theory. The theoretical work on this subject
is recently well advanced by Szudy and Baylis (1975), who called
the method UFC ( Unified-Franck-Condon ) theory due to the analogy
with the Franck-Condon approximation for molecular transitions.

The basic idea comes from the treatment of Jablonsky (1945) who
introduced WKB wave functions to describe perturber's motion, and
that of Baranger (1958) who derived a quantum expression of the
autocorrelation function. The theory is briefly outlined in the
following.

The system considered consists of a single active atom
immersed in a gas of N perturbers in a macroscopic volume V. The
starting point is the expression of Baranger for the single-

perturber correlation function ( Baranger 1958 )
FWw .8
Ps) =S p fct|i>|te (2.50)
if

where]i)»and |f;> are the initial and final perturber states, P, is

the probability of finding the perturber in ji >, and‘ﬁuffi is the
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difference of perturber state energies between|f > and i > for
emission (+) or absorption (-). To derive (2.50) we used Born-
Oppenheimer approximation to separate electronic and nuclear
motions. N-perturbers correlation function @(s) is derived

like the classical result (2.45), namely

@(s) = exp[ -ng(s)] , (2.51)
where n is the perturber density and

:“l“”fis)

g(s) = v(1 -so(s)) - v E P, [<f:i>fz< Lo P

The assumption used here is, like the classical case, that
perturbers are independent.

Szudy and Baylis (1975) calculate g(s) as follows. The
states]i) and |f > are described as Q{i(f)Q(R)YRm/R because the
interactions Vi and Vf are functions of interatomic distance R only.
Here Yg‘m is the usual spherical harmonics. Since Yﬁm is orthonormal,

the overlap integral <fli> is non-zero only when ‘i) and lf> have

the same quantum numbers f and m, and if so

R
J g&gcg(r)gll(r)dr
0

<fli>

in
g

Q(;wfi Y. (2.53)

Qli(f)e(m satisfies the equation

(

2

2 T¢ _
—7 k& (R)] >éj£<R> =0, (2.54)
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where j=i and f, and kj(R) is given with the reduced mass /u,as

2 (g+1)
k2R =L [, - v ] - £ - : (2.55)
j PV R

With some minor approximations for V> P, in eq. (2.52), g(s) is
i,f

reduced to

Wr? &= . 1 iar 2
g(s) =€ Z(2Q+1) dwfikf‘ (1-ett fiS>‘A1<;wﬁ>, >,
E. f=0 -0
* : (2.56)
where{ *+*> 1is the average over ki or equivalently over initial

energies Ei' Eq. (2.56) is the basic formula of the UFC theory to

calculate I(4w ) with (2.51) and (2.9). The calculated result is

n Zz J(Z)

(4w ) ==—-" ) 2
(aw —/3) +Yy

2

s (2.57)

where
% -4w -npg (2.58)
with

#r? o o 2
_ -1 |
}'C=+<-——'E go( 2L + D fdu‘rfikif ’A,Q,($wfi M Wei > (2.59)
i -®

and
g T :
5 _E?{;—_[=0( 20 + 1 )iAﬂ(g), 2, (2.60)

where Aﬁ is now to be evaluated for the energy difference
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Ep - E; ='hwfi= ;ﬁg s (2.61)

and ¥ and ﬁ correspond to the impact width and shift, given by
¥y -if =ng'(0e) . (2.62)

Next step is to calculate Ag by using WKB wavefunctions for

%i'(f)l as Jablonsky (1945) did. From (2.54) and (2.55) we get

the WKB solution

e /2
. () =[_J cos J.(R) (2.63)
it Rk, (R) y
where the phase is
R
Zj(R)= j ky(RDAR + x (2.64)
R, 4

for 3 =1 and £ ( Rt is the classical turning point ). From (2.63)

and (2.53) we get

. (2.65)

4030 - 775 dR'

i

[kikfjl/z JR cos 7- (R")
) - [k
N

R (R )kj(R ‘)J

where Z_= ?i - Z £ and the rapidly oscillating term from
7+ = Zi + 7 £ has been neglected in derivation. The cosine term
predicts the oscillatory behavior of the band strength.

As the final step, we apply the following stationary phase
approximation to Ay and reduce I(4aw ) to a calculable form for the
wing region. We find in (2.65) at large 3 the integrand usually
contributes significantly in the neighborhood of the points R=RC

where with (2.64)
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BI(RY =K (R -k (R)=0 . (2.66)
With (2.55) and (2.61) we find
RS = JEg-EB) = D[VeR) - V(R =4VR) . (2.67)

Eq. (2.67) has in general complex solutions R.. If they are real,

they represent transition points : positions at which,
according to the classical formulation of the Franck-Condon
principle, the transitions occur. In this meaning,
RC is called the Condon point. Although Szudy and Baylis (1975)
have given a detailed discussion on complex Condon points, we
shall not repeat it here. There are some ways to approximate 7_(R)
near R::RC » one is to expand in Taylor series
(R) = ;’(R )-+j; z”(R )(R-R')2+-£-?"(R J(R-R )3+~~° .

70 = fRI © © 6 ¢ c (2.68)
If 7_(R) is written as a cubic function of R, it is shown that Ay
is evaluated as an Airy function. Szudy and Baylis introduce a
more refined cubic expénsion than (2.68) called " uniform

approximation to treat a pair of Condon points.
Here we introduce the final result of Szudy and Baylis (1975)

to describe the wing region intensity.

2 2 ’
4ng (R_R_ ) exp [- V,(R_R_)/KT] 1/2
T(W ) = ——s e ¢ ie¢ ,36EZC' /

L(ZC) s
ty ¢ ’AVWRC)/ﬁI

(2.69)
where the summation is over all Condon points R, with complex ones.

ReRc means the real part and Zc and L(Zc) are given as follows. Zc

is a dimensionless parameter, defined for real RC as
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1 1/3 raV'(R)) 24V"(R ) 9-4/3
7 == L [ = H < ] , (2.70)
€ 2 kT 4 4
and for complex R, as
1 aV'(R ) 12/3
z, = ——-—(—/—“—) (ImRC)2 ————C—\ (2.71)
2 kT
L(ZC) is called the line-shape function and defined as
% -2 2 3
L(ZC) = J’O s !Ai(—ZCS) exp(-s “)ds , (2.72)
where A, is the Airy function. For 2 Iz 2 (2.69) is
i y . Tyr.p0, (2
approximated to
2
(RR )™ exp[ -V.(R R )/KT
I(4w) = 47ty —25 LY Te®e ](367752 '1/2 L(z )
c |4V (R /4 | ‘ (2.73)

This is the formula used in the present work. The procedure to
calculate I(4w ) for a 4w 1is as follows:

(1) Calculate r_ by (2.67) and (2.58), in our case they are

reduced to
$4% Thaw = avR)

(2) Calculate ZC by (2.70) and (2.71).

(3) Calculate L(ZC) by (2.72).

(4) Substitute these values and make summation as (2.73).
Eq.(2.73) predicts the classical quasi-static limit (2.39) as a
special case. For real RC with Zc» 1, we can put

]367r2c 1/2 L(ZC)::l, and (2.73) is reduced to
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davmq'l

, (2.74)
dR

I(dw ) = 2 n’ﬁ-mc-Rcz [
¢ R=R

if we can neglect the Boltzmann factor.
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Chapter 3. Interatomic potentials
3.1 Introduction

We have seen in the preceding chapter that collisionally
broadened profiles are essentially determined by the interaction
potentials between atoms. Conversely, starting from an experimental
result of broadened profile we can deduce an empirical potential by
a broadening theory. In the present work, such empirical potentials
have been deduced by the preceding broadening theories, and
compared with theoretical predictions. In this chapter, some
representative methods to calculate the theoretical potentials
are introduced.

According to the interatomic distance R in question, the
methods may be divided into three groups.

(1) 1In the long range, typically at R.Z:lOZ, the charge overlap
between atoms is well neglected and the dominant interaction
comes from the electrostatic force. In this region, the

standard perturbation theory is the most common and useful

approach.
(2) 1In the intermediate range, typically at T, t rBf,R < 104
( rA or rB is a measure of respective atomic radius ),

the charge overlap can not be neglected. In this region
both the perturbation theory with exchange interaction, and
the variational method appear reasonable.

A B
interaction due to charge overlap is important. The

(3) 1In the short range, at R< r, + r, , the repulsive
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diatomic system is treated in this case as a molecule, to
which variational methods, e.g. SCF ( Self-Consistent-Field )
method, are usually applied.
Here we shall mainly discuss regions of (1) and (2), since‘as we
will see later interatomic potentials roughly at 1123 58 are
treated in the present work.
Although bound states of some diatomic moleculeg have been
studied in detail ( see e.g. Hertzberg 1950 ), these discussions
are mainly based on simple hypothetical electronic interactions

such as the Lennard-Jones form

R12 - o RO . (3.1)

V(R) = C 6

12

More realistic calculations including excited states have been
developed recently, since Baylis (196%9a,b) made the pioneering
work on alkali-rare-gas pairs. Baylis presented a model potential
to describe the whole range of R. After his work, considerable
efforts have been made to refine the short-range potentials to
explain many observations mainly for alkali-rare-gas pairs. These
pairs have received much experimental interest as descfibed in
Chapter 1, and in addition, the theoretical treatment of the atoms
can be simplified as follows:

(i) Alkalis are treated at large R by the hydrogenic models,
which are composed of a valence electron and a frozen core
made of a nucleus plus closed shells.

(1)) Rare gases have relatively large energy separation,

so that we may neglect the electronic excitation for them.



Since alkaline-earth atoms have similar electronic structures to
alkalis ( two valence electrons plus closed shells ), we can expect
the methods which were originally applied to alkali-rare-gas pairs
are applicable to the present problems, alkaline-earth ( neutral or
ion )-rare-gas pairs, with slight modifications.

In the following, we shall firstly review the perturbation
method to treat long-range interactions for two cases, i.e. when
the colliding atoms are identical ( resonance interaction )} or
different ( van der Waals interaction ). Next we introduce two
approximate methods to calculate repulsive interaction due to
charge overlap, which are widely used ‘to replace the laborious
molecular treatment, e.g. ab initio SCF calculations. Such
replacement may be valid when we treat only small charge overlap.

Finally introduced is the method of Baylis (1969a,b).
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3.2 Long-range interaction

When interatomic distance R is large and the charge overlap

between atoms is well neglected, we can expand the interaction V(R)
1

in a Taylor series of R*~. The result is, for neutral atoms
( Margenau 1931 )
e2
V(R) =—% [x .o+ V.Y, =227, ]
R 13 173 yiY i%3
2
3 e
& 2 2 _ } ]
+ ; R4§[ri 24 z.lrj +(2xixj+2yiyj 3zizj)(zi zj)
]
3 e’ 22 2.2 2 2 2 2 2
+—~-——-2:[}ir. —SZir. -5r.z; -15212. +2(AZiZ.-XiX.-yiy.)
4 R 13 j j j j j 3 j
+ oo (3.2)

where e is the electronic charge and lVi==(xi,yi,zi) and
|Vj=(xj,yj,zj) aenote the position of 1i-th electron of one atom
and that of j-th electron of the other ( the Z axis is taken
along the R direction ). The terms proportional to R_3 and R_4
denote the dipole-dipole and dipole-quadrupole energies, and the
R_5 term denotes two parts, i.e. the interaction between two
quadrupoles and that of dipole-octupole. The next step is to
calculate the interaction energy 4 E(R) by the standard perturbation
method by putting V(R) as the perturbation on the diatomic system.

In the following two subsections, we introduce the result of

London (1930) who firstly made such a calculation.
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3.2.1 Resonance interaction

This is characteristic of the case when the interacting atoms,
one of which is excited, are identical. Since they are identical,
they can exchange the excitation energy with one another. London's
calculation (Londoﬁ 1930) shows that the first order perturbation
term is not zero. The leading term is found to be

Selaf 1

4nmw0 R ’

where m is the electron mass, &)O is the angular frequency of the
transition, f is the oscillator strength and the numerical factor
§ takes the value -2 (1) if the magnetic quantum number m, of
the excited state is 0 (£1) . According to the sum rule, the
average of J4E over all states of different mﬂ's is zero.

In order to calculate the line broadening accurately it is
necessary to take into consideration the degeneracy of levels and
the dependence of the interaction on the angular variables.

Foley (1946) calculated the mean square value over all my to get

j}ezlﬁf 23+1 /2 1
AE= ( ) —E (3.4)
87m W 2J'+1 R”

where J and J' denote the statistical weight of the upper and
lower states of the transition respectively. Then we can

readily calculate the impact broadening ¥ by (2.27) with the
3

coefficient AC, defined by AE= 4C4 R™ Recent calculations

of ¥ are reviewed by Hindmarsh and Farr (1972). They give 2% as
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20+1 \ Y2 4qels
—  n (3.5)

2K=k |(
JJ o UJO s

2J"+1

where the numerical factor kJJ. depends on J and J' and the
approximations made to take an average over all mp -

It is easy to see how the resonance effect affects the
radiation process. When an excited atom passes by an unexcited
atom of the same kind, there must be a finite probability that
the energy of the excitation will be transferred from the first
‘to the second atom, without the intervention of radiation.

This results in a reduction of the lifetime of the excited atom,

and yields the corresponding broadening of the line.
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3.2.2 Van der Waals interaction

When the colliding atoms are unlike ( foreign-gas broadening ),
London's calculation ( London 1930 ) shows that the first order
perturbation energy 1is zero, but that there is a second-order term

with the leading term for two atoms in the state k and L.

4yl
1 3e AEL £ 1 f '
bR X k' LL (3.6)
R 2m i':llz (Ek' -Ek)(EL' _El)(Ek'+E£'-Ek_E£)

where one atom is in state 1k», the other in state [£7, fkk' and
fll‘ are the oscillator strengths of transitions k-k' for the
first and £ — L' for the second atom, and Ek and EL are the
energies of the states of the two atoms. It must be noted that the
calculation was done by neglecting the electron-exchange effect, by
assuming that atoms are nondegenerate. Eq. (3.6) is usually
negative and numerically much larger for the excited state than for
the ground state, except for the highly-excited states.

This expression may be greatly simplified if the perturber has
a much greater energy separation than the other ( i.e. if it has a
lower polarizability ); this is the present case when perturber is
rare gas. If Ey (g) corresponds to rare gas, ,Ek' _Ek'«’Eﬁ' - El, s

thus (3.6) may be approximated to

1 3 e4,ﬁ4

£, £
B--—p . > LL . > kk
R 2m” f' (Ep, - Ep) K' B .- E
2,2
1 3,24 £,
=-— oS — Kk (3.7)
R m  B% B, -E
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where we have defined the static dipole polarizability of the

perturber O(B as

2,2
f ' TTh

0<Bs : > {L 5 . (3.8)
A (Egi - Eg)

If the active atom is hydrogenic, namely if it has single
optical electron, (3.6) may be further approximated by ( Dalgarno

and Kingston 1960 )
2k = R fO <k [k >, (3.9)

where 1’2 is the square of the radius of the electron. If we use

the Bates-Damgaard-type wavefunctions ( Bates and Damgaard 1949 )
6

for |[k>, we find C6 in QE = —C6R to be
1 2 2
_ 2 2 % *x _
C6—--—2e D(B ag n {Sn +1-344+ 1)} , (3.10)

2 ) is the Bohr radius, f is the orbital-angular-

where ag (E‘BZ/ me
momentum quantum number and n is the effective principal quantum

number given by

* R
n =f—-—- , ' (3.11)
E

where R and E are the Rydberg constant and the ionization energy,

Mahan (1969) extented (3.9) to include angular dependence of the

wavefunction for |k>. The result is
1 2 2
Cg=—"¢ 0(B<k,r ( 1+ 3cos 9)|k> (3.12)

2
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2

1 220 32 50(0+1) -3(m," +1)

- —el iyl aln {Sn +1-3M+1)} x ,
(20+3)(20-1) (5 13)

where e is the angle between the vectors corresponding to r and
R, and mg 1is the magnetic quantum number.

Eq. (3.6) is generally hard to calculate, since it requires a
knowledge of every energy level and oscillator strength. Eqgs.
(3.10) and (3.13) are obtained by replacing the summation in (3.6)
by some net values. To reﬁove this difficulty, several treatments
by the variational method have been proposed toevaluate C6 for the
collision of atoms in the ground S state. The three commonly used

approximate formulae may be written in the form (Kramer et al 1970)

3 w.w
c, = —d, o A% - (3.14)

B == °

Wy * Wy

where ‘XA is the static dipole polarizability of the active atom,

M)Ais some average energy for transitions from the initial state

of the active atom, and dB and (;B are defined likewise for the
perturber ( in the following we drop the subscripts A and B ).
(1) 1In London (1930) approximation, two common choices for w

are the ionization potential and resonance transition energy.

(2) 1In Slater and Kirkwood (1931) approximation,

W= ( nJo)/?2 (3.15)

where N is the number of the outermost electrons,
(3) In Kirkwood (1932) - Muller (1936) approximation,

— 2 2
w=—<r > /K. (3.16)

3



4] -

3.3 Short-range interaction
3.3.1 General remarks

In this section we treat the case when there is a charge
overlap of colliding atom. In our region ( roughly 5,€R§10K)
the electrostatic interaction is still important, therefore to
calculate the interaction we must consider both factors.

For the electrostatic interaction, the discussion in the
preceding section is still available here, but it needs some slight.
modifications. As an example, the van der Waals interaction may
be modified as follows. Koide (1976) introduced a damped

dispersion interaction to include the charge-overlap effect such as

4E = - X(R) c6R“6 , ‘ (3.17)

where C6 is the usual van der Waals coefficient and CK(R) is the

damping factor satisfying

(R:small ) 0&— Z(R)=—> 1 (R:large). (3.18)

By X (R) we can compensate for the defect that the R_1 series
expansion (3.2) is invalid at small R where the charge overlap can
not be neglected,

The other factor, i.e. the repulsive interaction due to charge
overlap is usually calculated by a variational method such as the
SCF method. 1In such ab initio calculations, we usually construct
antisymmetrized products of electron orbitals. The ground-state

eigenfunction is then approximated usually by the normalized
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product or linear combination of products which minimize the energy.
Straightforward application of such calculations becomes
prohibitively difficult when we treat complex atoms with several
electrons.

However in our case of small charge overlap, we can greatly
simplify the problem by assuming the perturbers ( rare gas ) and
core electrons of the active atom remain unperturbed. This
assumption is valid for intermediate range of R, where the
perturbations are much smaller than the excitation energies of
rare gas and core electrons of active atom. For example, alkali-
rare-gas pair is treated as a three body problem, namely a valence
electron of alkali, its unperturbed ( or frozen ) core and a rare
gas. Thus the repulsive interaction between these three bodies may

be written as

vV = Vv + v + Vv

el eB AB (3.19)

where Vo (VeB) denotes the interaction between the valence
electron and the alkali core ( rare gas ) and VAR the interaction
between alkali core and rare gas. When a rare gas approaches an
alkali, it will firstly have a repulsive interaction with the
valence electron ( VB ) and then with the alkali core ( VAB ). Thus
in the intermediate range of R, Vop is important in the first place.
There are two common approximate calculations for VoR called
the Gomb4s' pseudopotential and Fermi potential. Since they only
treat electron-rare gas collision, they are well adapted to the

study of collision between highly-excited atom and rare gas, where

the core of the excited atom plays only a negligible role.
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3.3.2 Gombéas' pseudopotential

The pseudopotential of Gomb4s (1967) is based on the Thomas -
Fermi statistical model of the atom. Instead of treating electrons
as indistinguishable fermions, it is convenient to think of them as
Boltzmann, i.e. distinguishable, particles with an added
pseudointeraction that causes to mimic fermions. The total state
of an N-electron system may then be written as a simple product of
N one-electron states 0((1)/3(2)'--- V(N). Now the Pauli
exclusion principle is satisfied simply by the condition that the
states labeled by o, By o 9 may be mutually orthogonal.
Assume that the electrons labeled 1~ (N-1) occupy the N-1 lowest
levels of the system. Because of the orthogonality condition, the
N-th electron must occupy a state of some minimum, say Ep.-Ey
above the ground state. Futhermore this state will be spatially
correlated with the lowest N-1 states.

A pseudopotential that leads to a similar behavior is derived
by treating the electron distribution at each point as part of a
free-electron gas. The minimum energy E_. 1is then ‘%fP;/m-+V,

F

where PF is the Fermi momentum, m is the electron mass, and V is
the actual potential energy of the system. Since the electron

density /0 is related to PF in that the phase-space volume of an

electron state is ( 27mh )3 per spin orientation, we obtain

4 3 3
/?= 2-(-3-—7CPF>/<27rﬁ) . (3.20)

Thus we get for the minimum energy of the N-thelectron
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Eg = [(37c2ﬁ3/0>2/3/2m] f V. (3.21)

In other words, in the free-electron model, the N-th electron has a

minimum energy at |y of
G(Iry = [37: h /unr)] / 2m . (3.22)

The repulsive interaction between an electron and rare gas is
obtained by putting /9(lr) as the density distribution of the rare

gas.
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3.3.3 Fermi potential

We briefly review the approach of Smirnov (1967) and Roueff
(1970). We assume that the valence electron of alkali is slightly

bound to the core ( this is the case when the valence electron is

highly excited ). Let EA= -—;- ﬂz be the electron binding energy,

Jr and |R the position vector of the electron and rare gas relative

to the alkali core and 6' the angle between vectors |R and

IR- I (sl ) ( see Fig. 3.1 )

e

, , Fig.3.1 The three-body model of
i ir an alkali core (A), a
[ 8N rare gas (B) and an

A |R B : eleci;ron (e).

We assume R, r» r', thus
r>~R-r'cosf' . (3.23)

If we write the wavefunctions of the electron in the absence and
presence of the rare gas as (P and (p respectively, they satisfy

the Schrodinger equations

HA$0= EASOand (HA+V)¢= E ¢,

from which we get the interaction V(R) by subtraction and

integration in the whole space
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V(R) = E - E, = j()o"‘v(,édq:/ jSO*(,éd T, (3.24)

where v 1is the interaction operator. By using the exponential
nature of the asymptotic form for ?(r):: ;r“exp[-ﬁrj , we get

with (3.23)

Piry= Pr) exp[ Fricos §[1- (rx'/R)Icosh+ 0 R™2)] , (3.25)
and similarly

U= PP [1- (rr /RIcos8+ 0 (R7DH] (3.26)
So (3.24) can be expressed as follows:

2
V(R) X (R) 'co (£')]1-(2rr'/R)cosf |dIr'’
q exp[ﬁr CS&]V¢ [ r 6].(317)
Next we expand exp[(3r'cose] and 90(r') in Legendre polynomials

and integrate over angles, the result is

2 00
27ch
V(R) = —————yz(R) > (20 +1)sin§_ . (3.28)
2=0 ®

mf

The phase shift Sezcan be calculated by the modified effective
range theory of 0'Malley et al (1961), then the final result is

with a correction for the last term ( Lewis 1980 )
2
V(R) = —— LY R) , (3:29)

where L is the scattering length given by

T3 MLB@ZQ (34ots >-1_ WY (3.30)
Ny

1
L=l — 7=
Ly 3Lg 3L, 5
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HereliB is the rare-gas polarizability, and L0 is the scattering
length for zero kinetic energy of the electron. Eq. (3.29) is
called the Fermi potential, since Fermi (1934) first derived

this type of potential with L=1L,;.

3.4 Model potential of Baylis

As previously described (see Fig. 3.1), this model consists
of a frozen core, it's valence electron, and a rare gas. In this
case, we do not press the restriction R, r » r'. Therefore the
interaction includes many contributions, namely the electrostatic
interaction between them and repulsion such as (3.19). Baylis

(1969a, b) writes the total Hamiltonian as

H=HA+HB+T+V, (3.31)

where Hy ( HB ) is the Hamiltonian of the isolated alkali (rare
gas), T is the kinetic energy of the relative motion, and V is the
interaction between them. As described in 3.3.1 in ab initio
calculations of H, we usually construct antisymmetrized products

of one-electron orbitals to satisfy the Pauli exclusion principle.
Considerable simplification is effected by using nonorthogonal
wavefunctions together with pseudopotentials of the Gombas' type.
They replace the antisymmetrization procedure of the total
wavefunctions of the system. This is the first major approximation.

Thus we put
VO, R =F(r, R) + e, B) +wR) , (3.32)

where G and W are the Gombds' pseudopotentials due to electron-
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rare-gas and alkali—core;rare-gas interactions respectively, and
F is the electrostatic interaction. Since we treat adiabatic
potentials, we can omit from (3.31) T due to nuclear motion, and
we can put HB==O since the excitation of rare gas is well
neglected here as mentioned previously. Thus Baylis writes (3.31)

as
H=HA(|r) + V(ir, IR), (3.33)

Then he diagonalize (3.33) in some suitable basis set. Here
he makes the secbnd major approximation, i.e. for this basis set
he uses a finite number of isolated alkali's atomic state. This is
found to be equivalent to applying the variational method to the

problem, where the trial wavefunction is chosen as

¢=.>_'i_ c,p. . (3.34)

Here Epi is the eigenfunction of the electron which satisfies the

equation

0P, =e 9P, (3.35)

where Eiis the energy of the atomic state given by experimental
results ( Moore 1971 ). The minimization condition of

< (PlH{SL)/( (,é[(’b) is reduced to solving the secular equation

det

v +[E -V § 4 l= 0, (3.36)

where

Vik3<§01|"(“’"R)l§Pk> : (3.37)
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The third major approximation is to represent the rare gas
atom only as a polarizable dipole with polarizabilityC%Ia( given
by Dalgarno and Kingston 1961 ) and radius LA (<€ R). Baylis

writes F as

1
FOr,R) = -— ol [EZ (i, iR)
2

1 R i
-— ez[—- } for r'>r (3.38)
2 B R3 r'3 0
o1

2 1 1
--—O('Be [—T -;—4- for r'< LI (3.39)

where [E is the electric field due to valence electron and to the
alkali core ( assumed to have a charge +e ). The attractive
potential F(Jr,IR) dominates at large R and takes the van der Waals

form (3.12) asymptotically:
FUF,IR) ~ - of e? 1% (1+3cos?9)r7° (3.40)
Rey 2 B

where 9 is the angle between | and |R .
G is given by (3.22), i.e.
2/3
h? st o (e (3.41)
GCIF,IR) =— Jis: ’ '

2m

where /OB' is the charge density of rare gas. Note that the total
energy arising from the pseudointeraction of an electron

distribution with itself is

2 2

P (r)y 4 » 3t
J'd3n» j F ap ——-(371:2/o)2/3=——<3712)2/3jd3|r/05/3<)r).
0 Zm 10m (3.42)
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If we write the total charge density as /0(!r)==/0A (x) +/OB (r'),

W(R) is just the pseudointeraction energy of /9 less than that of

/OA and/OB, thus

3h?

. 2 2/3 3 5/3 5/3 5/3
W(R)—_“'_ 37( ' - 1
1 ( ) Jd H{[f (r)+ Pp(r )' (r)_/D (r")

£ -
2.2/3 3 2/3
x—(37) a’ir P, (x) (r') for <</° . (3.43)
om J A B /DA B

f; B is calculated by the simplified SCF method of Gombas (1967)

and expressed as

/D(x>=(1/47c>23<s)x“‘3)e><p [-2/3(s>x] , (3.44)
S

where the sum extends over all the shells of the rare gas and
alkali-core ion ( in practice Baylis calculates the outermost
shells ), and o, ﬁand g are variationally determined by Gombéas
(1967).

V(Ir,JR) is shown to be a function only of the magnitudes r
and R, and of cos@, therefore we can expand V in Legendre

polynomials as

o0
VI, IR) = > V" (x,R) P (cos B) , (3.45)
o
where
VE(r,R) = F2(x,R) + 6P (x,R) +WR) O ¢ - (3.46)

By this expansion we can separate the integration vik(3'37) into
the angular and radial part. Baylis further makes some minor
approximations to reduce F, G, and W into calculable forms, which

is not repeated here.
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This procedure includes one adjustable parameter Tye This is
determined so that calculated ground-state potentials have the same
well depth and position as those experimentally derived ( Buck
and Pauly 1968 ). It is the reason why this is called the
semiempirical pseudopotential method. Pascale and Vandeplanque

(1974) recalculated this by extending the set of basis functions

P; -
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Chapter 4. Shock-tube experiment

The present shock-tube experiment consists of absorption
measurements for Ca-Ar and Ba-Ar pairs, and an emission
measurement for Ca'-Ar pair. There is a slight difference in
the apparatus between these two cases. First we briefly review
the principle of shock-tube, then give the detail of the present

experimental setup in the following sections.
4.1 Principle of shock tube

Diaphragm-type ( or conventional ) shock tubes have been
widely used for these 30 years in the study of the shock-wave
structure, supersonic beams, high-temperature gases, and weakly
ionized plasmas, because they can easily produce high temperatures
up to l}§104K, with a relatively large volume in LTE ( local
thermodynamic equilibrium ). A typical application is the study
on molecular reactions, such as the vibrational and rotational
excitations ( see e.g. Kuratani and Tsuchiya 1968 ). There is
another type called electromagnetic shock tube which produces
very high temperatures by the use of the electrical discharge,
however in the following we limit the topic to the diaphragm
type used in this study.

A shock tube consists of a high-pressure region ( typically
up to 10 atmospheres ) called the driver section and a low-pressure
region ( typically up to 50 Torr ) called the test section
separated by a thin diaphragm ( see Fig. 4.1 (a)). If the
diaphragm bursts, a compression wave which rapidly steepens to

form a shock wave moves into
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the test section, and simultaneously.an expansion wave moves into
the driver section. Fig. 4.1 (b) is the conventional method called
the x-t diagram to show the flow, where the full heavy line
denotes the surface of shock wave called shock front, the dashed
line the contact surface to separate the two gases, and the chain
line the expansion wave. The region is divided into five sections,
i.e.@test section,@ incident- or primary-shock region, @ low
temperature region due to the propagation of expansion wave, @
driver section at the initial pressure, and@reflected—shock
region. To see the temperature and pressure at certain time t0 s, wWe

cut (b) at t=t, to get (¢) and (d).

Driver section
Diaphragm Contact surface
P

@ T ’ :‘% = Test section Fig.4.1

Principle of shock tube.

® (a):Schematic drawing of a
diaphragm-type shock-tube.

(b):x~t diagram showing the
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The region(:)behind the shock front is heated to high température
by adiabatic compression. An advantage of shock-tube is that the
temperature T,, the pressure P, and the particle densityn, in this
region are easily calculated as follows ( see e.g. Kuratani and

Tsuchiya 1968 )

2
p2={1+__0;1—(M2—1)}p1, 4.1)
+1
1

(y,+1) M2
n2=={ 7 }nl , (4.2)

2+ ( Tl-rl) M

2 2
T=[2+(b’1-l)M][2r1M—(b’l-l)]T 3
2 (r1+1)2M2 1

where Pys 0y and T1 denote the initial values of the test section,
J’l is the heat capacity ratio of the test gas, and M is the Mach
number defined as the ratio of the shock velocity U to the sound

speed aq of the test section.
M=1U/ay (4:4)

with

ag =Jryp /oy - (4.5)

For example to know T2 we substitute measured values of Tl’ U, Py
ny and known constant a’l into (4.3), (4.4) and (4.5). We can
similarly calculate the corresponding values for the reflected-
shock region(). Egs. (4.1) through (4.3) are called the Rankine-

Hugoniot relation.
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4.2 Absorption measurement for Ca-Ar and Ba-Ar pairs
4.2.1 Introduction

Though there are some previous measurements on alkaline-earth
( neutral )-rare-gas systems, they are mostly limited to low
temperature regions below 1000K (e.g. Penkin and Shabanova 1968,
Chen and Lonseth 1971, Smith 1972 and Bowman and Lewis 1978 ), and
high temperature measurements are quite scarce. To the author's
knowledge, there is no report on the broadening of neutral Ca (or Ba)
resonance lines at high temperatures caused by rare gases ( except
for Ca - He, Driver and Snider 1976 ). Here we study the broadening
of these lines by Ar using a shock tube at ~4000K, and compare with
data at low temperatures.

Ca (or Ba) vapors are heated in Ar buffer gas in the primary
shbck region ((:)in Fig. 4.1 ). Since this region passes an
observation window in about 20Q/<sec., the scanning of the profile
must be finished within this time. For this purpose we use a
photo-diode array called image sensor. The detail of the experiment

is given in the next section, followed by results and discussions.
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4.2.2 Experimental apparatus

(a) Shock tube

Fig. 4.2 shows the shock tube along with the evacuating
system. The shock tube consists of a copper tube of inner
diameter 4.7cm and length 3.4m, and a brass damp tank. The copper
tube is separated by a thin aluminium diaphragm into two sections:
the driver section which contains hydrogen gas at about 10
atmospherers, and the test section which contains Ar at about 10 Torr
with Ca (or Ba). The method to evaporate a metal sample is
discussed in detail by Kosasa et al (1976). We generate a shock
wave by bursting the diaphragm with needle's attack and measure the
shock velocity by two platinum heat probes in the test section.

The glass tube serves as the observation window.

Needle Diaphragm Pt probe  Window(glass tube)
Driver section ’

D £ rd Test section e 5 “Damp tank

High-prissu\re“:g E

gauge

Low-pressure gauge
( Hg manometer )

H, gas

Fig.4.2 Shock tube and the gas-handling system.
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(b) Optical arrangement

Fig. 4.3 shows the optical arrangement of the experiment.
G is the cross section of the glass-tube window. A comtinuum-
light source FL ( Xe-flash lamp ) is triggered synchronously
with the passage of the shock-heated region through G. The
transmitted light is focused on the entrance slit of Sy about
ZOO‘Mm in width. Sl is an Ebert-type spectrometer with a focal
length 50cm. Using a 1200 grooves/mm grating in the first order,‘
it has a reciprocal linear dispersion of 16.6 Z/mm in the
measured spectral range. The exit slit is removed and the image
at this position is re-focused on the image sensor IS by a lense
L3 with a magnifying power of unity. For IS we used MEL512KV
(Matsushita Electronics Corp.), which has a photo-diode array
of 512 elements ( the unit element has the area of 28 x 464 ymz).

Details of the signal processing is described by Harima et al

(1980).
0 I Nz Fig.4.3
1 Schematic diagram of the
L optical measurement.
Ly 4 G Ly G:glass tube.
FL Gﬁ::ﬂ::::::é}::::ﬁ::>> S FL:Xe-flash lamp.
. 1 L:lense.
/ M) E<:§:> 81:50cm spectrometer.
J 1S L3 IS:image sensor.
D:dye laser.
52 MZ:Mach-Zehnder interferometer.

82:3,4rn spectrograph.
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To know the ground-state density of sample vapors we make
the hook measurement ( Marlow 1967 ). An N2 laser-excited dye laser
D is triggered simultaneously with the flésh lamp FL. The light
passes a Mach-Zehnder interferometer MZ whose one arm goes through
G. The interference-fringe pattern was observed by an Ebert-Fastie-
type spectrograph 82 of focal length 3.4m. Using a 1200 grooves/mm

grating in the first order, it has a dispersion of 2.53/mm.

4,.2.3 Results

Fig.4.4 shows the typical transmission spectra of

21

(a) the Ca resonance line at 42278 (4s 80—434p 1P1)’ and

(b) the Ba resonance line at 55352 (6s2 lSO—6s6p lPl), where

the transition at 55194 between triplet states (6s6p 3Pl~

6s6d 3DZ) also appears.

The experimental conditions are as follows:

for (a) T=4.6x10°K, [Ar]=l.5x1018cm—3

for (b) T=4.0x10%K, (Ar)=1.4x10"8en™> and (Bal- 5.4 x 10*%en™>,

and [(Cal=2.5x 1015cm-3,

where T denotes the temperature of the shock-heated region, and

[MJ(M=Ar, Ca or Ba) denotes the density of the respective elements.

(a) Ca 4227A (b) Ba 55‘353 ?5192\

Fig.4.4

Typical. transmission spectra
of Ca and Ba broadened by

TRANSMITTANCE
TRANSMITTANCE

"#F-Ar' The lower spectra were
e 4 obtained by smoothing the

3A ‘ upper raw spectra.

<«—— WAVELENGTH <—WAVELENGTH
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We can see from Fig. 4.4 that

(1) both resonance lines are nearly symmetric, but have slight
tails to the red side.

We have also found by changing [Ca] or [Ba] that

(2) the total absorption W defined by
1)
W=[O(IO-I)/IOd7\, ' (4.6)

where IO and I are the background- and the transmitted-light

intensities respectively, has a density dependence approximately

Woc [Ca]l/z ( or [Ba]l/z ). (4.7)

Before discussing these observations, we consider the effect
of the apparatus function ( AF ) on the profile. 1If a spectrometer
has slit widths X4 and X, for the entrance and the exit slit, and
a reciprocal linear dispersion 55, its AF may be estimated by a
trapezoid whose upper and lower sides are given respectively by

le—x2l¢ and (%, +Xx, )P '(s<‘ae Fig. 4.5).

le - x2|¢ .Eig. 4.5 Apparatus function.
Xyt entrance-slit width.
Xt exit-slit width.
¢ : reciprocal linear

(x1 +X,) 95 dispersion.

In this experiment we can put X, = 200 M Ky = 28 pm (i.e. the
width of the unit of the photo-diode array), and ¢= 16.6Z/mm,
therefore the present AFvis given by a trapezoid whose mean width
is NBK.. Since the observed spectra have the same order of width,

it is well estimated that the spectra are severely distorted by AF.
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Thus to discuss the profile characteristics, such as (1),
in a straightforward manner we must first remove AF from the
observed profile by deconvolution. However it is very difficult
in this case, because in the first place we can not determine
AF accurately and secondly such a deconvoluted profile is estimated
to have many spurious oscillations since the raw data has low
S/N ratio due to the thermal noise from the image sensor ( see
Fig. 4.4). Therefore in the following we discuss the total
absorption W. This quantity is not sensitive to such a noise
and in addition, as shown below, is not affected by the
distortion of the profile due to AF.

I1f we take AF into account, the integrand of W in (4.6) is
given as a convolution of [I(A)-—Io(l)] / I(A) and K(A) ( the

apparatus function ), thus W is written as
00 [
W= [O —£K(7\- nq) [1(7\1) - IO(7\1)] / Ty d?Ll}dl.

DePrima and Penner (1955) have shown that this reduces exactly
to (4.6) when K(A') and [}(ﬂ) —IOCK)J / I(A) differ from zero
for only a limited range of A' and A, and when the range of’ﬂ1

is large enough to include-all contributions to W.
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4.2.4 Discussions
(a) Lorentzian width

The observed relation (4.7) may be explained as follows. We
firstly assume the absorption coefficient k(4w ) is given by the

Lorentzian form (2.20) of the impact limit, i.e.

27 e*(u]E Yo/
me (Aw~ﬁ)2+ TLZ

s (4.8)

k(AW’)={

where e and m are respectively the electron mass and charge, c is

the light speed, f is the oscillator strength, [M] (M=Ca or Ba)

is the metal-vapor density, and p and U'L are the shift and width

respectively. The multiplying factor in { } has been introduced

so that k(4w ) satisfies the well-known relation ( Mitchell and

Zemansky 1971 ) for the total integrated absorption coefficient
2m?e? (M) £

0
j k(dw )dw = . (4.9)
0 mc

The transmitted-light intensity I(d4wr ) is related to the
background intensity IO ( assumed here to have no 4w dependence )

as
T(aw) =Tgexp [-k(aw) L], (4.10)

where f, is the absorption length ( in this experiment £=4.7cm, i.e.

the diameter of the shock-tube ). Thus the total absorption W is

[
W=J‘ (I-IO)/IOdALU'
-&
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o0
- g {l—exp [-k(aw)ﬂ,]}dmu- . (4.11)
=00

By substituting (4.8) and neglecting ﬂ and TL, we get

2xe? [u] £4 7, \M?

mc

w=2\x"

oC [M]l/z (4.12)

if B}ﬁhas not strong dependence on [MJ. Thus (4.7) can be derived
by assuming 4w » ﬁ, XL, i.e. that k(4w ) is determined by the
wing region of the Lorentzian form(4.8). If we define W in
wavelength unit, we multiply (4.12) by )_02/ (2%c ) , where )_0 is

the resonance-line wavelength, so we get

W

1

00
S_oo(I—IO)/IOdl (4.13)

X2 C2r, (MIEL T /P (4.14)

where r_ ( =e2/mc2 )y is the classical electron radius.
The value [M]fﬂ can be obtained by the hook measurement as

( Marlow 1967 )

K 42

(M5 -

3 (4.15)
o Xq

where K and A are respectively the interference-fringe order and

the hook separation. From (4.14) and (4.15) we get

cw2

71:1(1041

27, = 5 (rad.sec. b . (4.16)

This method to deduce TL from simultaneous measurements of W and

A is called the Penkin's total-absorption method (Marlow 1967 ).
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In addition to the width TF ( the foreign-gas broadening ),
there are in general other mechanisms which contribute to the
Lorentzian width TL » such as natural broadening ( TN ), resonance

( TR) and Stark broadening ( X‘S ), so that

TL = TN T T TS . (4.17)

'b"s may be well neglected in the present experiment, since there
are not many charged particles ( ion and electron ). TN is easily
calculated by recent measurements of f value (e.g. Miles and

Wiese 1969 ). TR may be calculated by the preceding formula (3.5).
Thus we can deduce TF by subtracting these values from TL . Table

4.1 shows typical results.

Table 4.1 Typical results.

Tl ar (Ml w Y| %| %%
18 14 -8 9 . =1

unit 10° K ]gmg 1gm-3 Kc);m 10" radian-sec

Cal2278) 4.6 | 1.2 | 36 |88 (87|25 |0.2] 6.0

Bais3sA) 4.1 | 1.6 [1.4 | 2.7]7.7]0.0]0.1] 75
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(b) Optical cross section and van der Waals coefficient

If we assume ?’F is determined by the van der Waals
interaction a4 V(R) = - AC6/R6 between calcium ( or barium ) and argon,
3‘F and the optical cross section O may be related to ¢1C6 from

(2.21) and (2.29) as

e
TF=4.08( £6> 733 (ar) (4.18)
2/5
4c
o -_TF . 4.08( 6) 725, (4.19)
T [Ar] v 4

Since the present shock tube has a high reproducibility of T
and [Ar] , we repeated the measurements in the following conditions
about 10 times to obtain the mean value of YYF, and from the result
we calculated 4C6 and Ovr:

for Ca T=4.6(fo.2)x1031<, [Ar]=1.4(t0.07)x1018cm'3,

for Ba T-4.1(*0.2) x 107K, [Ar] =1.6(%0.08) x 10'%m™>.

Table 4.2 shows the obtained values of 41C6 coefficients along with
the low-temperature data of Penkin and Shabanova (1968). They also
calculated the values in ( ) by using the relation (3.10). We find
the present result agrees well with previous experiments but is
much smaller than the calculations in ( ). This is probably due to
the erroneous use of (3.10), since it is strictly applicable only
to the hydrogen-like atoms. Table 4.3 shows the deduced optical

cross section. We can not compare the present result directly with

the previous data, since the temperature is quite different.



-65-

However if we calculate o~ at the present high temperatures using
the above AC6 values of Penkin et al, the result (%) shows a good
agreement with ours. Thus to conclude, the observed foreign-gas
broadening is well understood by the van der Waals force between
calcium ( or barium) and argon, and the coefficient agrees well

with previous measurements at low temperatures.

Table 4.2 AC6 force constant (10-58 erg'c’:m6 ).

Penkin et al (1968) This work
Ca (4227R) 1.28 (1.83) 1.1
“Ba ( 5535R ) 1.42 (2.16) 1.4

Table 4.3 Optical cross section 0\; (10_16 cm2 ).

Penkin et al (1968) This work *
o 179 118*19 128
Ca (4227A)
( at 850K ) (at 4600K)
o 200 148 £+ 18 149
Ba ( 5535A)
( at 940K) (at 4100K)
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4.3 Emission measurement for ca'- Ar pair
4,3.1 Introduction

As described in Chapter 1, many broadening experiments have
been performed on alkali-rare-gas pairs since they are
experimentally convenient and the hydrogen-like structure of
alkalis are amenable to theoretical treatments. The isoelectronic
singly-ionized alkaline-earth elements have recieved much less
attention although they are important for an understanding of
steller spectra in which their lines are often the most prominent
absorption features.

In the neutral-neutral collisions, the leading term of the
long-range force is the van der Waals interaction which varies as -
R-6, whereas in the ion-neutral collision it is the polarization
force which wvaries as R_A. However, it is the difference potential
between the upper and the lower states of the transition that
practically affects the broadening. So the view exists that the
difference between the polarization force and the van der Waals
force might not be appreciable ( Bottcher et al 1975, Giusti-Suzor
and Roueff 1975). On the other hand, the electrical charge on the
ion makes the atomic radius of ions smaller than that of the
corresponding neutral alkali metal atom, which may cause the
reduction of the optical cross section.

In this experiment we study the Ca* resonance line doublet
(43281/2 - 4p2P1/2,3/2) at 3968 and 3933& broadened by Ar. This

pair was investigated before at low temperatures by Bowman and
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Lewis (1978) and Giles and Lewis (1981), and only for the 39682
line at high temperatures by Holmes et al (1969) and Baur and
Coopér (1977). Although we use almost the same shock tube as the
previous study, some minor changes are made to observe the spectra
in higher-temperature atmosphere. For example, a reflector is
placed 5mm downstream from the observation window and spectral
lines are observed from the reflected-shock region ( namely(:)in
Fig. 4.1). Next we outline the experimental setup and the method
of analysis, and give results and discussions in the following

sections.
4.3.2 Experimental setup

Fig. 4.6 shows the block diagram of the measuring apparatus.
The apparatus to make the hook measurement ( NZ' laser excited dye
laser, Mach-Zehnder interferometer, and 3.4m Ebert-Fastie
spectrograph ) is the same as the previous study. A greatly
different point is that the spectral profile was measured by a
rapid-scanning spectrometer with a synchronized rotating mirror
( for details, see Urano et al 1971 ). The previous method ( image
sensor ) was not feasible for this experiment, because our image
sensor has low sensitivity in the relavant spectral region, and in
addition its resolution is not high enough for this study. The
spectrometer with the rotating mirror has a focal length 50cm, and
a reciprocal linear dispersion of 16.6Z/mm with a 1200 grooves/mm
grating in the first order. The output signal from the spectrometer
is recorded in a wave memory ( NF , type WM-852 ) and then
displayed on an XY-recorder and/or punched on a paper tape. The
punched data are processed by a computer. Fig. 4.7 shows an

example of the measured profile.
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34m  Ebert -Fastie

Spectrograph
Mach - Zender
Interferometer N N Siit Rotating Mirror System
Shgcl‘;-
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N, Laser

Dye Laser
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Fig.4.6 Block diagram of the meaning apparatus.

3968A

INTENSITY

-

Slit width

Fig.4.7 Measured profile of Ca’ resonance line
at 3968R.
Temperature of argon gas: 7960K.
Argon density:[Ar]= 4.77){1018cm-
Optical thickness of emitting gas: log T(0) =3.1
Scanning speed of wavelength: Oé8ZCus.
Slit width of spectrometer: 0.4A.

3
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4.3.3 Method of analysis

A new method of measuring the small width of a collisionally
broadened line using a low-resolution spectrometer has been
developed. This method takes the advantage of the self absorption
of the emitting layer.

If the optical thickness, i.e. the product of the absorption
coefficient and the absorption length, of the emitting layer 1is
large, the measured profiie may be quite different from the true
profile. Baur and Cooper (1977) counsidered this problem in the
case when the optical thickness at the line center is ’2(0):5 1.
In the present case we treat T0) two to three orders of magnitude
larger than that. This is because we had to prepare dense ( 1013A¢

1014 cm“3

in the ground state density) calcium vapor, to make the
light intensity large enough for the small aperture of our

spectrometer.

We firstly assume that the true line profile It(ALu ) is given

by a Voigt function
)

I (aw) = (a/T0) 5 exp(~y2) /[a2 + (aw - y)% | ay, 4.20)

-

where a is given by

a=aln2 ' I (4.21)

JIL(D) denotes the Lorentzian ( Doppler ) width of the line in HWHM.
We can easily show that the measured profile Im(AuI) is given by

the optical thickness T (4w ) as

1-exp [-— "C(aw')]
T(aw)

I (dw)= T (aar), (4.22)



-70-

Here according to our assumption, T(aw) is given by
T(aw) =T 1. (aw) / 1.(0) . (4.23)

By defining the width 9 ( HWHM ) of I (aw) we get from (4.22) and
(4.23)

I.(9) 1 l-exp |- TOI(Y)/1_(0)
LA RN e[ £ t ], (4.24)
I_(0) 2 1-exp[-T(O)]

which may be rewritten as

I.3) Ino - Ly (1+exp (-ToD

It(O) T (0)

(4.25)

Fig. 4.8 shows the relation between T(0) and y which satisfying
(4.25) for various values of a. If T(0) and 9 are simultaneously
measured we can determine the value of a in Fig.4.8 as the

intersection of lines corresponding to these values.

Fig.4.8

Apparent half-width ) versus the
logarithm of optical thickness
for various values of a ( the

Voigt parameter ). For convenience,

Y is measured taking fD as the unit.
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T(0) is calculated by the relation ( Mitchell and Zemansky
1971)

T = T2 refL[Ca’] /¥y (4.26)

where [Ca+] ( the ground-state density of ca’) is obtained from the
hook measurement, and TD is calculated from the temperature of the
shock-heated region. ‘

y is known from the measured profile Im(AUJ' ). Since the
profile is distorted by the instrumental function, we have to remove
the effect by deconvolution calculation in advance. We have
measured the instrumental function by illuminating the spectrometer

by the He-Ne laser line at 63282\.

4.3.4 Results and discussions

Like the discussion in 4.2.4(a), TL is the sum of many

Lorentzian components ( see eq. (4.17)). First we discuss Ts

( Stark broadening ). Although ionization degree of argon is very
small (N10_3) at the present temperature (~~7700K), the ejected
electrons from argon may have a non-negligible contribution to TS,
since the argon-gas pressure is relatively high. We have calculated
electron densities by the Saha equation and estimated TS to be

20 ~30 X 10_3cm-1 using the value of Baur and Cooper (1977). By
subtracting B“S ( other factors are negligibly small ) from zﬂL we
get the broadening by argon B"F. Fig.4.9 shows the measured g

values (o) together with TD(O). The straight lines are obtained by

the least-squares fit to )"F .
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300 300

(a) Fig.4.9
= Half width ¥ (e)
5 20 Bl
S and ¥ (o) of Ca
s resonance lines at
3 100 39684 (a) and
g 39334 (b), versus

argon density.

[Ar] (10%cm™) JAr] (10%m™ )
Table 4.4 Comparison of the broadening coefficients (10 2% t/endy.
Experiment
Temperature 765T80K 7466800K 76301350K 7700%400K
39683 l.57f0.04a 2.97t0.67b 2.60%0.81°¢
39334 1.62%0.08% — — 2.84%0.85°
Theory 1.112 2.20¢ 2.21¢ 2.22°

a:Bowman and Lewis (1978). b:Baur and Cooper (1977). c:0ur results.
d:the value in Bowman and Lewis (1978) for this quantity seems to

have a misprint. e:calculated by the hydrogenic model.

The slopes of the lines give the broadening coefficient
Tf/[Ar] (=vo. from (2.21), i.e. the product of the mean relative
velocity and the cross section). They are given in Table 4.4 along
with other observed data and calculated values by the classical
impact formula (2.29). The temperature of Baur and Cooper (1977)
is about the same as ours, and the agreement is fairly good. The
calculated values are about 50% too small. This indicates a more
elaborate quantal consideration is necessary.

Giusti-Suzor et al (1975) gave a theoretical value of
20 3

cm_l/cm for Ca'-He system. On the other hand, the

2.3x107
observed value for K-Ar is about 50% larger than that for K-He

system ( Hindmarsh and Farr 1972 ). If this rule can be applied to
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Ca+, broadening coefficient for Ca'-Ar will be about

20 -1 -3
cm ~/cm

3x10° , which is close to our value.

Giusti-Suzor et al also investigated theoretically the
broadening for the isoelectronic systems Rb-He and Srt-He.
According to them, the collision broadening for sr'-He is about 50%
smaller than that for Rb-He. They attributed this difference to the
reduction of the atomic radius, and consequently of the optical
cross section. If the same reasoning can be applied to the present

zocm-l/cm-3 observed for

case, the broadening coefficient 3.76§<10f
K-Ar system ( Hindmarsh and Farr 1972 ) will give a value close to
ours for the Ca'-Ar system.

Similar discussions may be given based on the model potential
of Baylis (196%9a,b). Since Ca’ has the hydrogen-like structure, we
can apply his method to calculate the potential for cat-ar pair.

Our result is displayed in Fig.4.10 together with the Baylis'
calculation for K-Ar for comparison. Here the difference potentials

4\7=V(2P —V(zsl/z) at large interatomic distance are shown.

1/2
In the classical discussion of Weisskopf (1933), long-range
interactions near the Weisskopf radius ( in this case jow':'. 10&)
essentially determine the broadening. We find the long-range
attraction for Ca -Ar is weaker than that for K-Ar. This indicates
the small cross section for‘the former pair. Such an weak
attraction is probably due to the compact valerice-electron cloud of
ca’. Fig.4.11 shows the square of radial wavefunction for the
valence-electron of Ca’ and K. Since the valence electron of ca’ is

more strongly bound to the core ( charge of +2e ) than that of K, it

has a peak of charge distribution at a smaller distance from the core
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than that of K. Finally we comment on the polarization force. The

inset figure of Fig.4.10 shows the logarithmic plot of <4V, from

which we can deduce the power dependence of R. We have found the

relation 4V(R)e< -R_S'1 holds at 10§RS,ZOK for Cat-Ar pair.

This power dependence is between that of the van der Waals

interaction (-6) and that of the polarization force (-4)

R(A)
8 12 16

Fig.4.10
Difference potentials for
Ca"-Ar and K-Ar pairs by
Baylis' model potential.
The inset figure is the

logarithmic plot.
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Chapter 5. Heat-pipe cell experiment
5.1 1Introduction

In the preceding chapter we have investigated the line-core
region of the resonance lines and discussed mainly the long-range
interactions from the result. In this chapter we present
absorption measurements for the wing region and discuss relatively
short-range interactions.

We have seen in the first chapter that data of wing region
is quite scarce for alkaline-earth-rare-gas systems, and this
comes partly from experimental difficulties. The related
experiments may be listed only as follows: at low rare-gas
densities where the binary interaction between these atoms
dominates the collision process, strontium resonance line
broadened by helium and argon ( Farr and Hindmarsh 1971 ),
barium principal series broadened by xenon ( Kielkopf 1978 ),
and magnesium and barium resonance lines broadened by rare
gases ( Zhuvikin et al 1979 ).

Here we measure wing spectra of the resonance lines of
strontium and barium broadened by various rare gases.

In the meaning that () the absorption coefficients are given

in "absolute unit" ( the definition is given in the next section )
and (:) the measured spectral range is much wider than previous
measurements, we believe the present result will be the first

extensive study for these lines.
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From the result we can make detailed discussions on the
interatomic potentials for Sr ( or Ba )-rare-gas pairs. Here
we use two line-broadening theories, namely the classical
phase-shift theory ( both the general- and the quasi-static-
treatments ) and the UFC quantum treatment. Sophisticated
calculations of the interatomic potentials between alkaline earth-
rare gas have been reported on very limited pairs; Ca, Mg-He, Ne
( Malvern 1978 ) and Mg-He ( Bottcher et al 1975). Therefore, the
present empirical potentials will be a very useful guide for future
comparisons with theoretical calculations.

We notice that the alkaline-earth singlet lines have recentry
received much attntion in connection with the collisional
redistribution of radiation. From this viewpoint, collision-induced
fluorescence spectra in the wing region have been reported for Sr-Ar
( Carlsten et al 1977 ) and Ca-Ar pairs ( Corney and McGinley 1981).
For Sr-Ar pair, Thomann et al (1980) made a polarization
measurement of the fluorescence spectra, and Julienne (1981, 1982)
have explained the spectra based on his calculated potentials.

In the next section we describe the detail of the absorption
cell, the optical arrangement, and the data-reduction method. These
are almost common to the experiments for Sr-rare-gas and Ba-rare-gas
pairs. Then we show the results and discussions separately on these

two cases.
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5.2 Experiment
5.2.1 Absorption cell

In making spectroscopic measurements on metal-vapor-rare-gas
systems in a confined cell, the following conditions must be
satisfied: CD the metal and rare-gas atoms mix uniformly () in a
well-defined region, (:) the temperature and vapor densities are
accurately known, and(:> the obsérvation windows are kept free of
metal deposit. A conventinal type of cell ( see, e.g. Pollock and
Jensen 1965 ) which uses two separate cells can well define the vapor
region by the length of the inner cells, but does not fulfill the
condition (:).

The heat-pipe cell developed reqently by Vidal and Cooper
(1969) ideally satisfies (:),(:) and (:), since it confines a metal
vapor in the central region by the rare-gas pressure ( see the
schematic figure in Fig.5.1 (a) ). Thus, this operates well when
the metal-vapor pressure is high enough to equilibrate with that of
rare gas ( typically ~10 Torr ). It has a woven mesh in its inside,
which acts as a wick to return the metal condensate back to the
center by the capillary force. However this type of cell is not
necessarily suitable for the present purpose. This is because, in
the first place, the metal and rare-gas atoms mix mainly in the
boundary layer ( the hatched area ) and we can not observe only this

mixed region if we look at the cell through the axis. The second

2 1

reason is that the present metal-vapor pressure is low ( 10 “~~ 10"

Torr, at T~1000K ), so that we can not equilibrate the pressure
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Fig.5.1 Schematic arrangement of the heat-pipe cell (a),

the present cell (b) with L =20cm, and the
temperature distribution (c).
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with that of the rare gas.

Our cell design is shown in Fig.5.1 (b). There is no mesh
inside the tube, and the metal-vapor region is defined by the
temperature distribution of the cell. It was made according to the
design of McCartan anf Farr(1976) with some modifications. It is
made of a stainless-steel tube of inner diameter 3 cm and length
50 cm with a water-cooled quartz window at each end. 1Its central
portion has copper baffles and is heated by an external nichrome
heater for about 20 cm of its length. The metal is vaporized and
mixed with rare gas in this region and the windows are kept almost
free of metal deposit. Rare gas is introduced into the cell through
a gas-handling system incorporating pressure gauges.

Temperature distributions along the cell axis are measured by
a thermocouple in an inserted quartz tube. Another thermocouple is
connected to a temperature-controlling system. The measured
temperature distribution in Fig.5.1 (¢) shows well-defined hot
regions. Since the rare-gas pressure is a few orders of magnitude
higher than that of the metal, the metal vapor is well diluted
with rare gas in this region. Though the metal density may have a
gradient -along the cell axis due to diffusion, we can neglect this
effect in our analysis because we make the hook measurement and
integrate the density along the axis. For Ba-rare-gas system we
somewhat simplified the cell structure, since barium is highly
reactive at high temperatures and attack the cell elements made of
copper.

Though our cell is slightly different from the usual heat-pipe
cell, it has a similar mechanism to that in confining the metal
vapors by rare gases and keeping the windows free of metal deposit.
In the present study, we will call ours simply as a heat-pipe cell

for convenience.
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5.2.2 Optical arrangement and data reduction

Fig. 5.2 shows the schematic diagram of the experiment.
Light from a 30 W tungsten filament lamp is split into two beams.
The sample beam which traverses an absorption cell and the reference
beam which traverses the ambient atmosphere are chopped at different
frequencies, 150 and 210 Hz respectively, by a mechanical chopper
which has a rotating wheel with double-beam windows at different
radii. The two beams are focused on the entrance slit about 40 /um
wide of an Ebert-type scanning monochromator of focal length 50 cm.
Using a grating of 1200 grooves/mm in the first order, the
monochromator has a dispersion of about 16.6K/mm in the measured
spectral region. To check the instrumental function, the profile of
the He-Ne laser line at 6328 & was measured. It is a Gaussian-like
shape of FWHM about lcm-1 with a slight tail to the red side. The
signal from a photomultiplier is led to two lock-in amplifiers and

is then separated into the intensity of the sample beam (I) and the
reference beam (IO) by synchronizing with gate signals from the
chopper. I/I0 is obtained by a divider ( Teledyne Philbrick 4452)
and is recorded on a strip chart. Our mirror/beam-splitter system
is arranged as a Mach-Zehnder interferometer, therefore it is also
used to measure the metal-vapor density by the hook method ( Marlow
1967 ). The hook spectra were obtained using a 1 m-focal length
Czerny-Turner-type spectrograph with an N2 laser-excited dye laser
as a light source.
The absolute absorption coefficient is defined as the

measured absorption coefficient divided by the product of the
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Fig.5.2

Schematic diagram of the experiment.

Full arrows show the optical path.

W:W lamp. PS:Power stabilizer. BS:Beam splitter.
CH:Chopper. SM:0.5m scanning monochromator.
PM:Photomultiplier. LA:Lock-in amplifier.
D:Signal divider. R:Chart recorder.

N, and Dye:Nz—laser—excited dye laser.

SG:1m spectrograph.
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metal vapor and rare-gas densities. This is deduced as follows.

Assuming the usual absorption law (4.9)
I(4w ) =Ty(aw)exp [-k(aw ) L ], (5.1)

where k is the absorption coefficient at 4w and ‘Q is the

absorption length, it is given in cm5 by

k(dw) Q1 (aw) L1Caw)]

(MI[R] L [ [®]

s (5.2)

where [M] and [R] are the densities of the metal vapor and rare gas
respectively.

IO(Aco )/ I(4w ) is obtained from the transmission
measurement. ‘QEM] is obtained by the hook method as (4.15)

( Marlow 1967 ), i.e.

T K 42
3 )
ref 10

M4 - (5.3)
where K and 4 are the interference-fringe order and the hook
separation, re is the classical electron radius, A‘O is the
resonance-line wavelength, and f is the oscillator strength ( we
used the value £=1.9 for Sr (Kelley et al 1974 ), and £=1.6

for Ba ( Miles and Wiese 1969 ). We measured Oﬂﬂ,before and after

each scan of the profile. [R] ( cm-3) is known from the ideal-gas

relation

(R] = 9.66 x 108 p/T , (5.4)

where p is the rare-gas pressure in Torr and T is the cell

temperature in Kelvin.
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5.3 Results and discussions

5.3.1 Sr -rare gas

(a) Observed profile

Fig. 5.3 shows typical transmission spectra of the Sr resonance
line broadened by (a) Ar at 938K and (b) Xe at 1011K for various
pressures below one atmosphere. They are plotted against the
wavenumber separation from the line center 4)) = 9-—i% (cm_l),
which is converted to 4w (radian'sec-l) by 4w'=27%c ay (c is
the light speed ). In both cases they have asymmetric wings to the
red ( 4V < 0) side, which become apparent as the rare-gas pressure
increases. In the case of Xe, a prominent satellite or shoulder
appears at about -50 cm—1 superimposed on a strong tail and its
position does not change with the Xe pressure.

Fig. 5.4 shows the absolute absorption coefficients on a
logarithmic scale. To cover the whole range of data, Q[Sr] was
varied between 2x1014 and 2 )(1016cm_2 by changing the cell
temperature between 817 and 1011K and the rare-gas pressure was
varied between 50 and 700‘Torr. The data near the line center were
obtained at relatively small values of [Sr] ( therefore at low cell
temperatures ) and[RJ » while for the outer region they were
obtained at relatively large values of ﬁ[Sr] and[R].

The results under these various conditions converged well
within our experimental error limit and were linked smoothly to
each other ( this figure shows only typical examples for clarity).

This fact means, firstly, that the proportionality between the

absorption coefficient and the product of Sr and rare-gas densities

holds well in the measured spectral range, and secondly, that the

present temperature variation has a negligible effect on the profile.
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The former point indicates that the absorption coefficient is
determined by the binary collision between a Sr atom and a rare-gas
atom. This is, as seen in Chapter 2, the basic assumption of the
line-broadening theories used in the present work. The latter point
( small temperature effect ) will be discussed later.

In the first place, we discuss the red-wing (4Y<0) profiles.
For both Ar and Xe, an approximate -3/2 power dependence appears at
ZSIAVlSJOcm_l. The same dependence has been found for Sr-Ar pair
at Ar pressures below one atmosphere by Farr and Hindmarsh (1971),
and at several tens of atmosphere by Chen and Wang (1978).
A prominent shoulder appears near —50cm-1 for Xe, while for Ar a
very diffuse structure appears near -20cm_l. Next we see the blue-
wing (4Y>0) profiles. Both profiles vary rapidly with an
approximate -3 power dependence and have rather slight tails. This
is a more rapid variation than that of the -7/3 power dependence
first predicted by Lindholm (1945) based on a simple quasi-static
theory ( we can not derive this dependence within the framework of
the present theoretical treatments ). A similar dependence has been
found in many alkali-rare-gas systems ( for example, Chen and Phelps
1973 ) or in other systems such as Tl-rare-gas ( Cheron et al 1977 ).

From the measured instrumental function of the monochromator,
the profiles are believed to be free of distortions at‘A))|2,3cm_l,
yet the data have some experimental uncertainty coming from three
sources (see (5.2)), namely the evalution of ﬂu(IO/I),[[Sﬂ and [R].
The third makes a negligible contribution compared with others in
our experiment. The first makes the largest contribution in the
outer region, while the second makes the largest contribution near

the line center. we estimate the uncertainty limit to be roughly

60% at |49 ]|2100cm ™Y, 302 at|4y]<10cm! and 107 elsewhere.



-86-

(b) UFC analysis

We have seen in 2.2.2 and 2.3 that both the classical (2.39)
and the UFC (2.69) formulae predict that a satellite appears at
aw if

daw d4V(R)

gl = =0 . (5.5)
dR dR

However we can not use the classical formula for quantitative
discussions of the line intensity, because (2.39) goes to infinity
at the satellite position. We start from the UFC wing formula

(2.73), i.e.

(Re Rc)2 exp[—VL (Re RC) / kT]
[av' ) /4 |

|36z, |' 21z,

Haw)=4x[R]),
© (5.6)

where kT is the thermal energy, and the summation is over all Condon

points RC with positive values of Re RC. The values RC are complex

in general and are evaluated as solutions of the equation
Aaw = aVvR), (5.7)

where 4 V(R) is the difference between the interaction potentials
of the upper (Vu) and lower (Vg ) states at interatomic distance R,

namely

aV(R) = Vu(R) - V£ (R) . (5.8)
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z, and L(ZC) are given by AV'(RC) and AV”(RC) as (2.70) through
(2.72). '

To compare I(4w ) with the observed quantity k/[Sr][R], we
use the well-known relation (4.9) (Mitchell and Zemansky 1971 )
which describes the total integrated strength of the absorption
coefficient

00 ,

So k(dw )dw = 27¢% ¢ r f[sz) (5.9)
where T, is the classical electron radius. Since I(guw ) is
normalized as

)
S Haw)dw =1 , (5.10)
0
I(dw )and k(Aw ) /[StJ[R] can be equated as follows if the theory
explains the observed spectra:
I(dw ) 2 k(awr)

2" cr £ =

[R] ©  [sd[r]

(5.11)

For aV(R) two types of functions are assumed; the first is the

van der Waals potential

4V(R) = - 4C,R7C (5.12)

where ac, (>0) is the van der Waals coefficient. As we have seen
in 2.3, if RC is real and Zc» 1 the UFC profile is reduced to the
classical quasi-static formula (2.39), and it is easy to calculate:

If we.put p=6 in (2.40) we get

1/2
27 4cC -
I(dw) - [R]<,ﬁ6) dus 732 (5.13)
3
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for the red (we find from (2.36) that 4w < 0) wing. This result
coincides with the observed power dependence. If we assume
appropriate values for 4C, ( given in Table 5.1), (5.13) gives a
good fit to part of the observed red-wing profile ( see the straight
lines in Fig. 5.4 at -10% ay <-2 em™l).  If R, is complex and

ZC « -1, (5.6) predicts the blue-wing profile ( Szudy and Baylis

1975)

Lo /2
1(4w>=¢2—x( {‘6> dw T rexp[ K aw 0], (5.14)

where K is a constant related to 4C, and the mean relative
velocity. By substituting the above AC6 values we obtain the
rapidly decreasing curves at 4y >0 in Fig. 5.4. They show a
similar dependence to the data at 4549 <10 cm_l. However
for Xe, there is a systematic discrepancy of a factor ~2
which is greater than the present experimental error limit. The
discrepancy observed in the tails clearly increases as 4y
increases for both Ar and Xe. A similar discrepancy has been
reported by Cheron et al (1977) for Tl -Xe system.

The second assumption for 4V(R) is a quadratic function

36 & 2

V(R) = - & + 7 (R-RO) s

Ro

(5.15)

where € (>»0) and R, are the potential parameters which mean the

0
well depth and radius respectively. We see this is obtained by

expanding the well-known Lennard-Jones potential

12 6
R R

V(R) = E,[ 0} L J (5.16)
R R
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in Taylor series about R=RO. Since we know from (5.5) that a
satellite appears at 4u¥ in a red-wing if AV(R) has a well of
depth h 4w , the quadratic assumption (5.15) is useful to determine
the well parameters by a fitting procedure. The resultant UFC

profile is ( Szudy and Baylis 1975)

3 1/2

R.” | 367z L(z)

0 1'/2 Cl l/CZ {1+_§.(1+£)},(5.17)
£ ’£+ Au)-l 36

27
I(aw ) = ; [r]

where 8 is a numerical factor taking 8=0 if 40 <-&, or 8 =1
if 4w >-&. The best fit calculations to our data are shown in
Fig.5.4 by the curves at -100< 4) £-20 cm_l. Their well
parameters are 6 =20 (50) cm-1 and Ry = 5.9 (6.7)[0& for Sr-Ar (Sr-Xe).
We find the theory can explain a limited spectral region near the
satellite in both cases.

From the standpoint of the UFC treatment, it is expected that
a small temperature variation has little effect on the profile.
The general expression (2.69) predicts a temperature dependence of
the theoretical profile I(4w ) near a soulder suchas

ICapr)oc T 1/0

exp( _Vl / kT ). Using a representative value for
Vg , this gives a temperature dependence of I(«4 ) of less than

10 % for the present temperature variation between 817 and 1011K.
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(c¢) 1Interatomic potentials

The deduced potentials are compared with other data and
discussed in this section.

4c, values are compared in Table 5.1 with others from line-
core measurements. The last column gives a theoretical estimate by
the hydrogenic model (3.10). We have seen in 2.2.1 the line-core
result is related to 4V(R) at relatively large values of R,
typically the Weisskopf radius /ow. In the present case, the result
is valid near /Ow or slightly smaller values of R, since it was
obtained from a wing region which is adjacent to the line-core region.
Therefore our result is expected to be comparable in magnitude with
the line-core results. For Ar, our result agrees relatively well
with others, except for that of Chen and Wang (1978). For Xe, our
result is comparable with the theoretical estimate while that of
Wang and Chen (1979) is quite large. There are two possible causes
for the large discrepancy between the results of Wang and Chen and
others for both Ar and Xe. The first is that classical impact

analysis depends critically on the forms of AV(R) assumed.

Table 5.1 Comparison of 41C6(10—58ergcm—6). The last row shows
the assumed forms for &V(R). For example, CeCsCqy
12 8

means a4V(R)= AClZR_ - AC8R_ - AC6R_6. The value with

(%) is calculated by us using the hydrogenic model.

Penkinet al Farr et al Chen and Wang and Present Theory
(1968) (1971) Wang (1978) Chen (1979) work

Ar 1.72 2.8 10.2 —_ 2.0 2.6

Xe — — — 444 8.9 6.4%
C C,CqxC R

6 6812 CsC12 CeCyy
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For example, Hindmarsh et al (1970) have reported that AC6 can be
greatly reduced if an additional attractive term 44C8 is introduced
into the Lennard-Jones potential. The second possible cause of the
discrepancy is that Wang and Chen obtained the result at high rare-
gas pressures ( in density up to 10200m-3 ), where the binary-
collision assumption becomes doubtful.

Fig.5.5 shows 4V(R), the van der Waals and quadratic
potentials obtained, by full heavy curves, the Lennard-Jones
potentials of other authors from line-core measurements are shown
by full thin curves. Our result for Sr-Ar shows a agreement with
that of Farr and Hindmarsh (1971), but shows clear discrepancies
with those of Chen and Wang (1978) and Wang and Chen (1979). The

latters seem to overestimate the short-range repulsive term as a

result of the high rare-gas pressures used.

(=]
<
o

AV(R) (cm)

-50r

Fig.5.5 Interaction potentials obtained by us (full heavy curves),
Chen and Wang (1978) (—aA—), Wang and Chen (1979) (—O—),
and Farr and Hindmarsh (1971) (—@—). The broken curves
are drawn to connect our results for the van der Waals
and quadratic potentials smoothly.
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Julienne (1981,1982) has recently calculated the interatomic
potentials for Sr-Ar by ab initio UFC calculations and the damped
dispersion interaction ( see 3.3.1), and compared his theoretical
absorption coefficients with our observations. His potentials
appear in Fig.5.6 (a). 1In the collision with a rare-gas atom in
the ground state, the atomic 1P1 state of Sr splits into two
molecular states ( see Fig.5.7 for reference ). One is the 121 state
( in the notation of Hertzberg 1950 ) which is purely repulsive,
because the valence electron of Sr has a pow orbital and overlaps
the noble gas at large interatomic distance R. The other is the
1Tr state which is weakly attractive at large R, because the valence
electron has a pgr character along the internuclear axis. The

atomic ground state 1

Sg of Sr makes only the X1§: state, which is
very weakly attractive at large R. Since 4V(R) is defined by (5.8)
as the difference of the interatomic potentials for these states,
AV(R) may be equal to V(lTT)-V(Xlzi) or V(lﬁi)-V(X12E). These
difference potentials are shown in Fig.5.6 (b). The difference
V(lTr)-V(Xlﬁ:) of Julienne's potential shows a similar R dependence
to our result at RZﬁK, but has no wells. Therefore with his
potential we can not predict the red-wing satellite as is observed

( see the dotted line in Fig.5.4, which shows Julienne's prediction
of profile ). However a good agreement has been obtained with our
data in the outer region —g%vy 2 20 em™!. Julienne also calculated
the blue-wing profile based on his difference potential V(lEZ)-V(X%Z)
but the agreement is quite poor. These discrepancies indicate that

the ab initio calculations should be further refined in the future.
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1 (3-)
200 X
5100'
z Xz
= of
-100
Fig.5.6
ol Calculated interatomic
P s potentials for Sr-Ar
E.0 (a) (Julienne 1981,1982),
o and their difference (b).
= -20 The dotted curve shows
our result (see Fig.5.5).
-30

Fig.5.7
(b) b )
5 Schematic representation of the

electron distribution for the states
s ), 'TT®), and X' (o).

(e) 05 A andB denote the alkaline-earth
A /R 8 and the rare-gas atom respectively.
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5.3.2 Ba-rare-gas
(a) Observed profile

Fig.5.8 shows the 4y dependence of the absolute absorption
coefficient k(A)) )/[Ba][R] for R =He,Ne,Ar ,Kr and Xe. To cover

the whole range of data,Q[B@ was varied between 41(1015 and

2)(1016cm_2 by changing the cell temperature between 1050 and
1150K and the rare-gas pressure was varied between 50 and 700 Torr.
Since the profiles behave rather differently depending on the
rare-gas species, we describe the details in two parts, namely
Ba-Xe, Kr and Ar ( the heavy rare-gases ) and Ba-Ne and He ( the
light rare-gases ) in the followings.

In the first place, we see the detail of the profiles for heavy
rare-gases. The red wings have structures like satellites or
shoulders at 1O<L49,<]000m-1. From Xe to Ar the satellites
shift the position toward the line center and become less prominent;
for Ar it appears only as a gradual change of the slope at
—AD::lOcm_l. Inside the shoulders the profiles have straight
regions, which may be well represented by a power dependence of
-1.2 for Xe and Kr, and -1.5 for Ar. The blue wings fall off very
rapidly at ADﬁlOcm—l with roughly -3 to -4 power dependence.

They seem to become steeper from Ar to Xe. Very diffuse shoulders
appear in the tail at 49:>30cm-1. Their position shifts, in the
opposite way to the red side, outwards from Xe to Ar.

zhuvikin et al (1979) reported similar red-wing shoulders, yet

their absolute absorption coefficients are about 10 to 30% smaller
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Fig.5.8 449 dependence of the absolute absorption coefficient
for the Ba-rare-gas systems.

than our result and the power dependence of the straight region is
-1.5 for all cases of these heavy rare gases. These discrepancies
may come from some systematic error; we suspect Zhuvikin et al

underestimated the background intensity Iy of the transmission data.
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Corney and McGinley (1981) observed both wings ( lsld))l£30cm-1)

for Ca-Ar pair. They found a -1.6 power dependence for the red-
wing with an undulatory pattern at the shoulder position, while the
blue-wing falls off with -2 power dependence near the line center
and more steeply in the outer region. Our previous measurement of
Sr-Xe, Ar shows very similar profiles to the present result of Ba,
except that in this case the red-wing power dependence was -1.3
for Xe.

Tables 5.2 and 5.3 are summaries of the observed features of
Ba, which also include the result for light rare-gases.
Table 5.2 gives the effective power dependence n of the absolute
absorption coefficients in k/[Bﬂ(RJc{'dVl-n together with the
fitted spectral region. There is a region in each wing where a
power law gives a good fit across one to two decades in intensity.
The fitting procedure typically determines n with about +0.1
accuracy. Table 5.3 gives the estimated satellite positions. In
many cases the structures are so severely smeared out that they are
mere inflections whose centers are ill defined.

Finally we see the detail of the profiles for light rare-gases.
In this case the profiles are nearly symmetric with a power
dependence of approximately -2 but they deviate from this straight
dependence in the outer region; in the red-wing roughly at
—AD::lOOcm_l for both Ne and He, while in the blue-wing at
495330 and 60cm—1 for Ne and He respectively. As with the heavy
rare-gas cases, the blue-wings have very diffuse satellites or

shoulders at 4))280cm—1.
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Table 5.2 Wing power dependence k(ay )/[Bal [R]oc'm)l-n.

Blue wing Red wing

Atom (em™ b n (cm-l)
‘He 2.0 4-60 2.1 4-90
Ne 2.0 3-30 2.0 4-110
Ar 2.7 4-18 1.5 3-10
Kr- 3.4 4-14 1.2 3-12
Xe 4.2 3-13 1.2 3-20

Table 5.3 Satellite position a) (cm_l).

Atom Blue wing Red wing
He 120 + 50 —
Ne 100 + 30 —
Ar 50 + 20 13+5
Kr 40 + 15 24 + 5
Xe 30£15 45+ 5
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(b) UFC and AC analysis

In the preceding analysis for Sr, we used the UFC-profile
formula (5.6 ) together with two trial potentials, i.e. the van der
Waals type (5.12), and the quadratic type (5.15). We have seen the
former predicts -1.5 power dependence (5.14) near the line center
of the red-wing. However in the present case for Ba-Xe and Kr they
have not such a dependence (i.e. -1.2, see Table 5.3), thus van
der Waals type is not necessarily suitable for the profile analysis.
Here we use two types of potential form for aV(R); the first one

is the Lennard-Jones function

R, 12 R 6
4av, ; (R) = gl —= - 2= , (5.18)
R R

where &£ (>0) and R, are the fitting parameters ( the well depth and
radius respectively ), and the second one is the quadratic function
such as

2

) s (5.19)

4av . (R) = 1‘6[1+—LC7(R-R0

Q R
where the additional factor }r is a dimensionless parameter called
the reduced curvature. Previously to consider the well parameters
from the red-wing satellites, we have assumed a special case of
(5.19), namely by putting /L =-72 for .Avq_ we obtained (515). 1In
this case we use AVQ+ with large values of - to obtain parameters
of "reversed " parabolic well from the diffuse blue-wing satellites.

Fig. 5.9 shows a schematic drawing of ¢1VLJ and ‘AVQ+ . We see
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AV(R)
AV
. i Rk N\
y ! \ ]
‘\ ’ i \\ ll
“‘1 TI?Q \‘\/ ' R Fig.5.9 Schematic drawing
of AVLJ and 4 VQ+
with yC=-72. B

that (5.19) can represent either the "usual " parabolic well by

a4V, or the " reserved' one by 4V

Q- Q+
AVQ_ with U= -72 represents the asymptotic formula for AVLJ

As previously mentined,

near the well. We have generalized the UFC profile (5.17) for

W =-72 ( Szudy and Baylis 1975) to arbitrary values of fr. The
best fit to the observed profile is found by sequentially iterating
the parameters £ , R0 and L. This procedure is straightforward
since each parameter controls a well-defined aspect of the profile,
namely & determines the spectral position of a satellite, RO
determines the intensity of the UFC profile near the satellite, and
yC changes the sharpness of the satellite structure.

In addition to the UFC treatment, we use here the general
treatment by the classical phase-shift theory ( see section 2.2.3,
hereafter we will call this method as the auto-correlational,
abbreviated as AC, analysis ). We start from the formula (2.49) of
Kielkopf (1981), i.e.

u

1 o0
I( ) = —— - (u) — - 3(u) | d , (5.20)
Awr o Joexp[ u]cos[du)';’_ ﬂu_] u
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where V is the mean relative velocity and exp(&+ iﬁ) gives the
auto-correlation function. Here we take the correlation delay in
spatial unit u=vt rather than time t. O (u) and (@ () are defined
by (2.46) through (2.48). I(4w ) must be calculated numerically
since it is not analytic in general.

Following Kielkopf's procedure to account for a wide range of

satellite profiles, we assume that AV(R) is described by two

analytic functions

+ 4B R2+AB R4 . (5.21)

AV< (R) = ABO 2 4

and

AVs(R) = - AC6R_6 . (5.22)

corresponding to small and large values of R, respectively. The
three factors BO’ B2 and B4 produce a set of potential curve
parameters, namely the potential extremum & ( we should note in this
definition that € can have either positive or negative sign, and
if it is negative this means usual well ), its radius RO and the
reduced curvature K-——ROZ AV<” (Ry) /€ , so that &, R, and JC can
be uniquely determined by fitting to the observed satellite profiles.

If they are fixed, 4C, is determined by these values, since AV

6
is supposed to connect smoothly with 4V at R=Rm (>R0) by the

conditions

AV, (R = Ve (RY) 4 VLR = VLR (5.23)
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(¢) Interatomic potentials

Fig. 5.10 shows the comparison of the observed profiles with
the best-fit calculations by the UFC and the AC analysis for Ba-Xe
and Ba-He as representative cases. The potential forms are shown
in Fig. 5.11 and the parameters deduced from the AC analysis are
summarized in Table 5.4.

We see in Fig. 5.10 (b) that the observed red-wing for Xe is
well explained by the Lennard-Jones potential or slightly-modified
one, except for two seroius discrepancies. The first is the
undulation of the UFC profile near the shoulder. This is a
characteristic feature of the UFC profile ( see (2.65) and the
following explanation ), and will vanish if the profile is averaged
over a Maxwellian velocity distribution ( Szudy and Baylis 1975).
The second discrepancy appears in the tail, where calculated
profiles fall off too rapidly. From the UFC viewpoint this tail
region is called the anti-static wing where only complex Condon
points Rc contribute to the intensity, and to increase the intensity
drastically as the observed profile, real Condon points are
needed (we can find L(ZC) in (2.69) becomes very small for a complex
value of RC). Real Rc might be obtained if e.g. A4V(R) decreases
again at some small R (5252, see Fig. 5.11(a) ) and does not
continue to rise monotonically from the potential well.

In the blue wing for Xe, unlike the red wing, the UFC and AC
profiles differ markedly from each other, and neither of them shows
a good agreement with the observation. This implies we should make

some more realistic assumption for 4V(R) on the repulsive side;
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(a) (b)

T

Ba

T T T

BLUE WING | | Ba RED WING

4
110 100 -1000

2y (cm’)

Comparison of the calculated profile with the
observations for Xe and He.

The full curves corresponds to the AC analysis,
while the dashed and dotted curves ( the latter
appears in (a) for Xe ) correspond to the UFC

analysis with AVLJ and 4VQ+ , respectively.
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Fig.5.11 The potentials 4V(R) deduced for Ba-Xe, Ba-Kr and
Ba-Ar (a) and Ba-Ne and Ba-He (b).
The full curve corresponds to the AC analysis,
while the broken and the dotted ( for Xe ) curves
correspond to the UFC analysis with 4V and

) LJ
a4 VQ+ , respectively.

Table 5.4 Potential parameters deduced from the AC analysis.

Parameter Xe Kr Ar Ne He

’ -1

E(em 7) -50 -30 -18 70 80
R (¢ 1) 6.2 6.2 6.2 4.0 A

c -80 -80 -90 -800 -400
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for example the strong tail of the UFC profile at 10<A))<4Ocm-1

is greatly improved by introducing AVQ+( see the dotted curve).

If we use a steeply rising function 4V(R), like the Lennard-Jones
form, the intensity'of this tail region is mainly determined by real
Condon points of Rc’..‘..'Sf\. In contrast, with AVQ+ the intensity is
determined only by complex Condon points, which is the reason of
the weak intensity. We find in Fig.5.11 (a) that AVQ+ is smoothly
connected to the attractive side of 4V(R).

For Ba-He we made only the AC analysis with a repulsive
potential with a sharp peak near R=4.58 to explain the diffuse
blue-wing. This potentials fails to explain the red-wing profile.
This may indicate, like the above discussion for Xe, that the
potentials should be further refined in the future.

For Ba-Ar, we have measured the van der Waals coefficient AC6
from the impact analysis for the line-core region ( see Table 4.2).
As previously described, classical impact analysis yields long-
range interactions near Weisskopf radius ( typically /0w~103 for
Ba-Ar ). The present AC analysis is based on the same potential
form for the long-range interaction at Rm_<_R, therefore we may
expect the 4C6 value has a comparable magnitude with the above
result. From the deduced parameter in Table 5.4 for Ar and the

58

relations (4.16), we obtain AC6=2.3X10- erg-cm6, which is

58erg-cm6 deduced from the impact

comparable to the value 1.4x10°
analysis. The slight difference may be understood if AC6 value
from the AC analysis is affected by the short-range interaction,

since R_(~6.58) is smaller than fw.
m

Finally we discuss how the deduced 4V(R) is related to the
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molecular potentials in a simple manner taking Ba-Xe and Ba-He
pairs as examples. Like the previous discussion for Sr, the atomic
states 180 and 1P1 of Ba generate three molecular states in the

collision with a rare-gas atom.

1 1 1 1 1
S —> XX, p— X, T
AV(R) is defined as the difference of interatomic potentials for

these states. We can show as follows that for Ba-Xe the 4V(R)
may be attributed to V(l'ﬂ') —V(XIZ) on the analogy of alkali-rare-
gas potentials.

To consider the R dependence of these potentials, we firstly
make a rough estimate of the interatomic distance R' where these
states show a strongly repulsive character due to the electronic-
charge overlap. Baylis (1969b) gives an estimate for alkali-rare-

gas pairs as follows;

R' =‘i<rsz> + " < rR2> for 53,
\/0.6 <rP2> +J<IR2> for P-ﬂ',

‘ \/1.8<rP2> +\[<rR27 for P33 . (5.24)

Here <1’sz> and < rPZ) are the mean squared radii of the wvalence
electron in s and p orbitals respectively, which are calculated by
the Bates-Damgaard-type wavefunctions ( Bates and Damgaard 1949 ).
The mean squared radius of the outer most electron of the rare-gas
atom, <rR2> , is calculated by the Gombas' wavefunction ( Gombis
1967 ). If we can use (5.24) for Ba-Xe, R' is calculated to be

3.4, 3.7 and 5.74 for the Xlz . 1'"‘ and lZ states respectively.
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On the‘ contrary at large R, these states show a somewhat
attractive character due to the electrostatic interaction, so that
they have wells at some intermediate R. The ground state of Cs-Xe
has a well of depth --vllOcm—1 at R~58 ( Buck and Pauly 1968 ).

Since there is not a great difference between Ba and Cs for the size
of the electronic wavefunction in the ground state, we may assume
by analogy that the XIZ state of Ba-Xe has a similar potential
well. Since 12 state is strongly repulsive at RZSK, the 1Tl'

state is the only candidate to have a weakly attractive character
like XlZ state in this R region ( see the schematic drawing in
Fig.5.12 (a) ). To explain the deduced 4V(R) for Ba-Xe in Fig.5.11,
the 1T|' state must have a deeper potential well than that of Xlz
state at R~6.2&. The low positive peak of 4V ( the dotted curve
in Fig.5.11) introduced to explain the diffuse blue-wing shoulder,
may be understood if double crossing of these curves occur at R~ 5R.
(see Fig.5.12(b) ). Cheron et al (1977) gave a similar explanation
for the shoulders observed in both wings of TL 37768 line perturbed
by Xe.

The repulsive potential for Ba-He ( Fig.5.11 (b)) may be
similarly discussed. In this case, due to the small polarizability
of rare gases, the potentials are estimated to be purely repulsive
or only weakly attractive. If the Xlz state is less repulsive at
large R than the upper state (12 or 1Tr , not specified) and a
crossing occur at R~4A as shown in Fig.5.12 (c¢), the potential

difference will show a similar character to that deduced.
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Fig.5.12 Schematic figures of the interatomic potentiéls
for (a) Ba-Xe, (b) their difference, and
(¢) the interatomic potentials for Ba-Ne and Ba-He.
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Chapter 6. Discharge-cell experiments
6.1 Introduction

In this chapter we present an absorption measurement of Ar-Ar
pairs using a discharge cell. 1In various kinds of discharges in
rare gases, including recently developed excimer lasers, the lowest
excited states play important roles as the energy pooling states
due to their high population densities. For the measurements of
the population densities of these states using the absorption and
the laser-induced fluorescence techniques, precise knowledge of
the broadening and shift of spectral lines terminating upon these
levels is required.

When the colliding atoms are identical, resonance interaction
becomes important, since there is a finite probability of energy
exchange between these atoms (see 3.2.1 for the line-broadening
mechanism ). This type of interaction becomes effective when the
upper or lower state of a spectral line has a large dipole-
transition probability to the ground state ( here we assume the
perturbers are in the ground state ). In the present experiment
we investigate three atomic lines of argon at 8115, 8104 and 84042.
Relevant energy levels ( Moore 1971 ) are shown in Fig.6.1, where
we find the 8104 and 8404-2 lines terminate upon the resonance
statesls4 ( Paschen notation ) and ls2 respectively which are
strongly connected to the ground lpg, by dipole transition ( namely
the resonance transitions ). Therefore these lines are expected

to be broadened largely by resonance interaction.
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I of argon ( in Paschen notation).
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In this case these lines will show only the collision shift which
is proportional to argon density and no shift ( see (2.27) and
(3.5) ). On the other hand the 81153 line terminates upon the
lowest metastable state 135, so that the resonance interaction
gives no contribution to the broadening. 1In this case the van
der Waals interaction becomes important as the foreign-gas
broadening and, according to the classical thoery (2.29), we may
observe a collision shift for this line.

Most of the previous measurements of Ar-Ar pair at low
pressures have been carried out on the emmision lines using a high
resolution Fabry-Perot interferometer ( e.g. Hindmarsh and Thomas
1961 ). 1In the present study we use a tunable diode laser as a
light source for the absorption measurement. This method is
effective for the lines which are suffered from the difficulties
of self absorption in the emission measurements. Moreover in

this method, we can expect a very small instrumental width, which
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is determined by the laser spectral width ~ 1MHz ( see Takakura

et al 1980 and references therein ). Though there are some

examples of using infrared diode lasers for the line-profile
measurements of simple molecules ( see e.g. Varghese and Hanson

1981 ), there is no example to the author's knowledge of using near-
infrared diode lasers for spectroscopy of rare gases except for the
measurement of the decay of excited kripton atoms in the afterglow
of a pulsed discharge ( Ku et al 1973 ). 1In the next section we show
the experimental setup and the method of deconvolution of the
observed profile, and give the results and discussions in the

following sections.

6.2 Experiment

‘Fig.6.2 shows the experimental arrangement. A TS-type Gatf As
diode laser ( Sugino et al 1979 ) operating at room temperature
was mounted in a box, whose temperature was stabilized using a
thermo-electric element. Two different diode lasers were used for
the wavelength regions of around 8100 and 8400&. Coarse wavelength
tuning was performed by controlling the temperature, while fine
tuning was done by varing the injection current. The stability of
the operating temperature was about i5)(10—4K, which corresponds to
t14 MHz in frequency scale, within a typical measuring time of 10
minutes. The frequency of the laser was swept over the abscrption
line profile by applying a sawtooth pulse to the injection current.
Typical frequency-sweep range was 10GHz. A frequency mark was

obtained at every 500 MHz by a hemispherical etalon whose spacing is
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15cm. The main longitudinal mode was separated from the small
additional longitudinal modes by a monochromator of focal length

50 cm. The transverse mode was ascertained to be single. The laser
power was reduced to less than O.lmem_2 by neutral density filters
in front of the absorption tubes to avoid the disturbances due to

the pumping effects.

Reference Test
o BS tube tube
iode — — | 1‘ Monochro -
| PM
laser “Y—ﬂ mator 1 }
T T Discharge]  |Discharge
circuit 1 circuit 2
Temperature S
controller ] ampling | C
~|Ftalon , averager |-
! bri Pulse
river Monochro- | | timing ACInivider 1
mator 2 circuit V 8/c
o e
freq.mark

Display

Fig.6.2 Schematic diagram of the experimental arrangzment.

Two discharge tubes were used; one for the fixed-pressure
reference tube of 20mm inner diameter and the other for the
variable-pressure test tube of 8 mm inner diameter. Absorption was
measured through the uniform positive column of 20 cm in length in

each tube. Discharge current was adjusted so that the absorption
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was well below saturation, say less than 70%. Typical values of
the discharge current were 0.2mA for the measurement of 81154 line,
0.2 to 1mA for the 8104& line, and 1 to 10mA for the 8408A line
respectively. The filling-gas pressure was varied from 1 to 40 Torr
for the test tube, while that of the reference tube was fixed at 1
Torr.

Two different measurement procedures were used. In the first
method ( see Fig.6.2 ), the three signals A, B and C which
correspond respectively to the signal absorbed by the reference
tube, that by the test tube, and the background signal without
absorption were sampled by a three-channel sampiing averager from

the same laser beam according to the time chart shown in Fig.6.3.

Reference tube = =
/ N / \
current L ' AN

Test tube | i 7
current : : >

Gate. C j ;
Gate A e B

Gate B

I 1 L Py

i t
0 10 20 30 40 50 60 70
Time (ms)

Fig.6.3 Time chart for the absorption measurement.
Typical waveforms for the long-lived excited-state
density are shown by the dashed lines. GatesA and B
are opened when the quasi-steady states are reached
and C is opened when the excited-state density is zero.
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The frequenéy-sweep time was 5 to 10 minutes with an averaging time
constant of 0.1 sec.. In the second method a waveform of the
transmitted intensity was sampled at 200 points within one
frequency sweep ( the sweep time was 0.1 sec. ). Ten successive
sweeps were additively superposed. The three waveforms
corresponding to the three signals mentioned above were measured
successively and stored in a memory of a micro-computer. The
acquisition time for a complete set of data was about 2.5 minutes
in this case, which is shorter than that in the first method.

When the absorbed signals were divided by the corresponding
background signal, the change in the laser output power due to the
frequency sweep was conpensated and the absorption profiles were
obtained on flat backgrounds. The fact that the results obtained
by the above two methods agree with each other shows that the
stability of the reproducibility of the injection current in the
second method were good enough.

Fig.6.4 shows an example of the absorption profiles for the
81048 line obtained by the second method, where the frequency scale
was linearized by the frequency marks. The absorption profile for
the reference tube ( hereafter refered to as the reference profile)
shows small shoulders on both sides at a frequency displacement of
~1GHz from the line center, though these are not clear for the
profile for the test tube ( test profile ) because of the large
broadening. The reason for this profile can be understood if we
assume that the spectral structure of the laser is composed of a
main peak and small subpeaks on both sides. This kind of structure

has been observed in various types of diode lasers ( Umeno et al
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(arb. units)

N
T

Shift

Transmitted intensity
i

<

1 1 ] L
3 2 1 0 -] -2 _5
Frequency ( GHz)

Fig.6.4 Typical transmission profiles for the 8104& line.

Upper trace: reference profile ( the argon pressure

is 1 Torr ). Lower trace: test profile (23 Torr).

unpublished ). The amplitude and the displacement of the subpeaks
depend on the structufe of the diode laser itself and also on the
operating condition. One possible reason may be a resonance
amplification of noise in the active region. There is no data so
far on the width of the subpeaks, however an assumption that the
width is the same as that of the main peak ( ~1MHz ) would not
produce appreciable errors in the final results because of the
smallness of the subpeaks. Actually, we can obtain a satisfactory
fit to the measured reference profile in Fig.6.4 in a way described
below, if we take a value of 5% as the amplitude ratio of the
subpeaks to the main peak, and a value of 1GHz as the frequency

displacement from the main peak.
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We assume that the observed ( both test and reference )
transmission profiles are composed of three components, namely those

of the main peak (i=1) and the above two subpeaks (i=2 and 3),

thus

3
(4w )= 2 I 8, exp [-ki(Au.r)Q,]. (6.1)
i1

Here Iy is the normalized background intensity, 8 and ki are
respectively the weight factor and the absorption coefficient at a
frequency distance 4w from the line center, and f,( =20cm) is
the absorption length. We further assume ki(dw') is given by a

Voight function (4.20) centered at wi from the main peak ( we put
uf] =0)

a o0 exp(—yz)
5>~ dy (6.2)

k(4w ) =ky — 5
1 Jc a”+ (aw - w; -y)

-0

where ko is the absorption coefficient at the line center, and a is
the ratio of the Lorentz width D"L to the Doppler width TD .

In practice we used an approximate formula for (6.2) of Whiting
(1968) ( details of the analysis is described by Tachibana et al

1982 ). The relative frequency shift ( see Fig.6.4) is obtained from

the difference of line centers for the test and reference profiles.
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6.3 Results and discussions

Fig. 6.5 shows the obtained broadening 277 and shift/S for
the 8115 Z line. We find they are proportional to the argon density
and the straight lines which give good fits to the data go through
the origin. This indicates that the observed broadening and
shift are determined by the binary collision between argon atoms,
and other mechanisms which also yield Lorenzian broadenings, such
as natural or Stark broadening, can be neglected in the present
case. Since the resonance interaction gives no collision shift,
the dominant interaction is not this type. The most probable
interaction is the van der Waals type. This is supported by the
following consideration on the temperature dependence of the

broadening and shift.
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Fig. 6.5 Broadening and shift for the 8115A line as
functions of the argon density.
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Table 6.1 gives the observed broadening- and shift-
coefficients, 231/[Ar] and ﬁ/[kr], together with other data
o
for comparison. For the 8115A line, high temperature data are

reduced to the present condition (~ 300K ) using the relations

0.3
2%, /[a1) B/[at)ec T2 . (6.3)
These relations can be derived from the classical impact result

for the van der Waals interaction (2.29), i.e. Z’L, (9«;\73/5

and the definition of the mean relative velocity v = (8kT/ﬂ9u)1/2,
where k andlﬂ are the Boltzmann constant and the reauced mass
respectively. We find our broadening coefficient ZZl/EAilagrees
fairly well with the reduced value of Vallee et al (1977). As

for the shift coefficient /9/[Ar], our result agrees well again
with that of Vallee et al, while those of Aeschliman et al (1976)
and Copley and Camm (1974) are about two times as large as ours.
Since these authors did not measure the broadening coefficient
because of the self-absorption difficulties, we can not discuss

this difference from the viewpoint of 2Zi/€ , 1.e. the broadening-
to-shift ratio. This gives a measure of the consistency of the
measurements. If we assume the van der Waals interaction is
dominant between the colliding atoms, we get 231/f? = 2.8 from

the classical impact theory (2.29). Although our result (= 3.2)

is slightly larger than this value, this difference may be
understood if we introduce a higher order term into the interaction.
12 6

For example, for the Lennard-Jones potential gV(R) = AClZR_ -AcéR_ ,

we get ( see Hindmarsh et al 1967 for the derivation )

zb’L/p = 4 B(X) /S(X). (6.4)
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Table 6.1 Broadening and shift coefficients.

temperature
3900k  1130KP 300K 300k4

81154 2.940.3  —— _ 1.42%0.14
27, /[ax] (1.3%0.1)
(10720 81048  4.0%0.4  4.30%0.18 3.72%0.76 2.840.3
-1 -3
cm cm )

84088 10.1%1.3 16.2%1.0 —_ 11.3%1.1

81154 9.6%1.1 12.2 7.18%0.38 4.4%0.4
B /(s (4.4%0.5) (8.2)
(10721 g104R  7.4t1.1 — 3.43%0.15 2.1%0.5
-1 -3
cm Tcm )

84088  0.5%0.5 — — 0.0%0.5

a: Vallee et al (1977).

b: Copley and Camm (1974).

c: Aeschliman et al (1976).

d: Our result.

The ( ) denote reduced values to 300K by the TO'3

dependence.
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1 -2.2

Here B and S are functions of = Kv '2AC12 AC6 (K is a
constant ) and tabulated by Hindmarsh et al. We find from their
result that if we take o~ 0.7, we get our result 2?i/ﬁ'= 3.2.
Fig. 6.6 shows the broadening of the 8104 and 84082 lines.
For the 84082 line no appreciable shift was observed. This
implies that the resonance interaction is predominant in this
case. This is supported by the fact that the broadening
coefficient in Table 6.1 has no clear temperature dependence
as predicted by (3.5). 1In this case we can calculate the

o
oscillator strength f of the resonance line at 1048 A (1p0 - ls2)

from the measured coefficient and from (3.5).

1500

1000
8104 A

27 (MHz)

500

0 2 4 6 8 10 12 14
(Ad (10" cm™3)

Fig.6.6 Broadenings of the 8104 and 84088 1lines
as functions of the argon density.
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Using the value kjj' =1.45 ( Omont 1966, which is supported by the
experiment of Vaughan 1966 for He ), we get f£=(207%20)X 10_3.
For the 81042 line, 2 small red shift was observed, yet it has a very
small temperature dependence for the broadening coefficient (see
Table 6.1). This indicates that the main interaction for the 8104&
line is the resonance ianteraction, but a small van der Waals
interaction should be added to it. A mixing of these interactions
is discussed by Lewis (1967). According to his theory, we estimate
that about 4 % of the measured broadening coefficient is attributed
to the van der Waals interaction, and alsoc calculated the oscillator
strength for another resonance transitionrat 10673( 1p0—134) to be
=(4915)X 10—3. Westervelt et al (1979) give a comprehensive
list of f values for these resonance transitions obtained by various
methods. Experimental and theoretical values listed therein range
from 0.098 to 0.083 for the 1067A line and from 0.170 to 0.350 for
the 1048& line. Our values lie within these ranges, and we note a
satisfactory agreement is obtained with the fluorescence decay data
of Lawrence (1968) (0.059 and 0.228).

To conclude, absorption line profiles of argon spectral lines
have been investigated using GaAQAs diode laser as a light source.
For 81152 line, which terminates upon the metastable state 1s5,
the measured broadening coefficient shows a good agreement with the
theory if we assume the van der Waals interaction is dominant in the
collision of argon atoms. However the measured broadening-to-shift
ratio shows a slight discrepancy with a theoretical prediction.

This indicates higher order terms such as AC12 repulsive term

should be included into the interaction. For the
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8408 Z line, which terminates upon the resonance state ls,, no
shift was observed. This indicates the resonance interaction
essentially determines the broadening in this case. This is
supported by the fact that the broadening coefficient shows no
temperature dependence. For the 8104—2 line, which terminates
upon another resonance state 134, a small red shift was observed,
and the temperature dependence of the broadening coefficient was
quite small. This indicates that the dominant factor is the
resonance interaction, and the van der Waals interaction should
be slightly added. From the latter two lines, the oscillator
strength of the resonance transitions were evaluated. The result

shows a good agreement with previous investigations.
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Chapter 7. Conclusions

The reslts and conclusions obtained in the present work are
summarized as follows.

In Chapter 1 we have made a brief review of the collision
broadening experiments of atomic spectral lines and classified
the broadening mechanism by the species of perturbers. In the
collision of neutral atoms, the diatomic systems composed of alklai-,
alkaline-earth- and rare-gas-atoms are the subjects of continual
interest from the viewpoint of stellar-spectra analyses, and a
possible source of future gas lasers. Among them, alkaline-earth-
rare-gas pairs havg not yet been studied in detail due to the
experimental difficulties, and thebretical investigations on the
interatomic potentials for these pairs are also scarce.

In Chapter 2 we have reviewed collision-broadening theories
.which are used in the present work for the profile analyses. We
have seen that the theories are closely connected to the interatomic
potentials of the colliding atoms. The theories are classified as
follows:

(1) the classical impact- and quasi-static-limits which are
applicable respectively to the line-core- and wing-regions
of the spectra,

(2) the general theory which spans a bridge between these two
limiting cases,

(3) the quantum UFC theory in which the perturber's motion is

represented by the WKB approximate wavefunction.

In Chapter 3 some representative methods to calculate the

interatomic potentials have been introduced. By the perturbation
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method which is applicable to long-range interactions we have seen
that
(1) when the colliding atoms are identical, the leading term
of interaction is the resonance type, which varies with
the interatomic distance R as R_3,
(2) when the colliding atoms are different, it is the van der

Waals type of interaction, which varies as R-G.

For the calculation of the short-range interactions two approximate
methods, the Gombas' pseudopotential and the Fermi potential, have
been introduced. Both of them are valid when the charge overlap
of colliding atoms is not significant. In this method we can
calculate the interaction for a wide range of R.

In Chapter 4 we have described the shock-tube experiments.
From the absorption measurement of Ca-Ar and Ba-Ar pairs, we have
found that the long-range interactions between these atoms are
dominated by the van der Waals interaction. The deduced van der
Waals coefficients agree well with previous results obtained at
relatively low temperatures. From the emmision measurement of
Ca’-Ar pair we have found that the van der Waals interaction is
important in this case too in the long-range interatomic distance.
From the comparison between the results of Ca'-Ar and K-Ar pairs,
where the latter one is measured by other authors, we have found
that the Ca'-Ar pair has the larger broadening coefficient. We
have discussed the difference based on the model potential of
Baylis, and found it may be attributed to the compact valence-

electron cloud of Ca+.
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In Chapter 5 we have described the heat-pipe-cell experiments.
We have found that when perturbers are heavy rare gases ( Ar, Kr
and Xe ) the absorption profiles for both strontium and barium
show strong asymmetries and have satellites in the red wing. From
the profiles we have deduced empirical interatomic potentials.
They have the following characteristics:

(1) the long-range interactions ( typically RZIOZ ) are well
described by the van der Waals type of potentials,

(2) however, the short-range interactions ( typically RﬁSZ )
show strongly repulsive character due to the electronic-
charge overlap,

(3) and they have wells at some intermediate interatomic

o
distance ( R~6A ).

When perturbers are light rare gases ( He and Ne ) the potentials
show mainly repulsive character. We have discussed how these
empirical poteﬁtials are explained on the analogy of the Baylis'
model potentials for alkali-rare gas.

In Chapter 6 we haqe described the discharge-cell-experiment
for Ar-Ar pair. We have seen that for transitions whose lower state
is the resonance state, the resonance interaction essentially
determines the collision broadening and yields no shift in the line-
core spectra. For a transition whose lower state is the lowest
metastable state, we have found that the van der Waals interaction
determines the collision broadening and shift.

In conclusion, we have investigated collisionally broadened
spactra for some pairs including alkaline-earth and rare-gas atoms.

In most combinations of atoms the long-range potentials are well
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described by the van der Waals interactions. For some pairs the
deduced interaction coefficients agree well with results of simple
calculations based on the hydrogenic model of atoms. From the
wing-region speétra we have deduced empirical potentials in the
relatively short interatomic distance. We can not predict these
potentials at present by ab initio calculations, e.g. the SCF method.
This is a remaining problem. However we believe, as the final
comment, that the present results will be used in analysing various
experimental observations of atomic collisions including these

elements.
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