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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 systems 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 Sa) 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 limits, 

  (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 104K.
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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 1000 K. 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 

0 (-~ 6A ). 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 transition 

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 an important problem 

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 finite 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 (see e.g. Mitchell and Zemansky 

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
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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 (O'Neill and 

Smith 1980). In the followings, we will see some more details of 

experiments on alkaline-earth resonance lines collisionally
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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 ,4X is 1.6NI < lA ). 
  (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. In 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 does not yield " extra " electrons 

like electrical-discharge experiments. In the latter case the 

electrons may severely influence 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-
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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 line 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. In this sense-, 

the comparison between these cases is interesting. In the present



-5-

work, the resonance broadening of argon is studied. We treat 

transitions between some excited states, which are the candidates 

for the energy pooling states in excimer 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, 

Pascale 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.
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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 

 ( Duren 1980 ). The pioneering and probably the simplest 

 treatment is that of Baylis (1969a,b),which is here briefly
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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 4227A resonance line ( 4s 2 1S0 - 4s 4p 1P1) broadened 

      by Ar. 

  (2) Ba 5535A resonance line ( 6s 2 1S0 - 6s 6p 1P1) broadened 

      by Ar. 

  (3) Ca + 3968 and 3933 A resonance line doublet ( 4 s 2S1/2 -

      4p 2P1/2
, 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:
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  (1) Sr 4607A resonance line ( 5s 2 1S0 - 5s 5p 1P1) broadened 

       by Ar and Xe. 

0 

  (2) Ba 5535A resonance line broadened by He, Ne, Ar, Kr and Xe. 

The measured spectrall region lies in the wing area, where the 

distance from the line center is 1:Sj4 XI 50A . 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 8115A line ( is 5 - 2p9 , in Paschen notation ). 

0 

  (2) Ar 8104A line ( 1 s 4 - 2p7 ). 

0 

  (3) Ar 8408A line ( is 2 - 2p3 ). 

These lines are broadened by the collision with argon itself in the 

ground state. Here using a tunable diode laser as the light source 

of absorption measurement, very narrow line-core regions 

            0.02A ) have been measured. The 8104 and 8408A lines 

N 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.
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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: 

Unsold (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 calculation's 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. In the following we shall call the light-emitting 

(or absorbing) atom as an active atom and the perturbing particle 

as a perturber. 

   (a)

(b) 

(c)

(d)

The ass 

at low 

active

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. 

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. 

The perturbation is adiabatic, i.e. the collision does 

not induce transitions between different states of the 

 active atom. 

umptions(a) and (b) may be valid in most thermal collisions 

            s, where perturbers penetrating deeply into the temperature 

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(oj) in question is given 

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

                    1 T/2 2 
         I(w) = lim r f(t)exp(-iwt)dt (2.1)                   T-voo 27CT If-T/2 

If f(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 a'          I(w) _ Re J 0 §(S )exp(-iwS )ds , (2.2) 
where !~(,S ) is the autocorrelation function of f(t) 

                      1 ('T/2 * 

         ~j ($) = lim --- J f(t)f(t +S )dt . (2.3)                        T-sso 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 

        ~j (S) _< f( O)f(S) > , (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 

as 
                                t ,         f(t) = A(t)exp I i I w (t')dt'J , (2.5) 

where A(t) is the amplitude, LJ(t') is the instantaneous frequency 

of the oscillator at time t = t' and we assumed that at t = -0O 

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 (A)O9 the 

frequency will remain at W 0 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 t(t) given by 

                1 t            (t) _ - J- a V(t')dt' , (2.6)                             ao 

as the result of succesive collisions, where &V(t') is the 

interaction at time t'. Then f(t) is rewritten as 

        f(t) = exp Ci w0t + i t(t)J , (2.7) 

where (A )O 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 

                     1 T/2 2         I(W) = lim l J exp C -( W- W0)t + i I (t) dtI                    T oo 2 7t. T -T/2 

                      1 T/2 2              = lim I exp ~- a(,) t + i b (t)] dt1 ,(2.8) 
                     T-~oo 27.T -T/2 

where we put .to = w - W 0. This is written again by the Wiener-

Khintchine theorem as 

                 1 00          I(oW) _ Re f ~( S )exp(-i :!,Lx) S )ds , (2.9) 

0 where (S) is given by (2.3) with f (t) = exp [i V03 as 

                       T/2         C~ (S) = lim 1 - 1exp ti I (t + s) - i (t)3 dt 
                    T~eo T l -T/2 

                =<exp[i(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 `~. 

     Using this assumption of instantaneous collision, it is 

possible to culculate the correlation function (~(S) as follows. 
We shall firstly make a differential equation for ~(S ). The 
difference p ~(e5 + nS ) - ( S ) can be written, 
from (2.10), as 

        o~ =<exp[i 1(S +AS <exp[iI(5)J> 
            _ < exp [ i ( S )J . exp [ i o%3 > - <exp [ i 1(5 )].1                                                                                         -('''2

.11) 

where d is the additional phase shift in time .65 

       4 = ID S as (2.12) 
Since collisions are instantaneous, the phase shift e 9 does not 
depend on t(S ). Therefore, eq.(2.11) is written as

   _ <exp [ i t (5 )] > < eXp 
   _ I(S).Kexpt.iQZJ -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 .6S If we put 

  h the perturber density 

   V the mean relative velocity of colliding atoms 

  P : impact parameter ( namely the distance at the closest 
       approach ), 

the number of collisions occuring in aS is 2 ?Lrdf ;V-,n AS 

with impact parameters between P and P + df ( see Fig.2.l, where 

the straight trajectory assumption (b) is employed ).

0

OP
0 dP 0 ,'~ 

     o !. ~

Fig. 2.1

0 

     o VAS 0 

The number of collisions between 

interval ds. 

Perturbers (o) within the shaded 

collide with the active atom (•), 

impact parameters between / and

the time 

volume 

with 

f+df.
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Thus, if 4? is a function of r only, we can write 

      Cexp C i o -1~= '65 VlJ{exp[ir 

0 

                                - pSVt1T (0..
r -i01 

where we have defined optical cross sections as 

              00 

        O\-r- S [1 - cos~cf)] 2erdr , 

0 

                 1 0 

Thus eq.(2.13) is rewritten as 

                      aSnw(G~
r 

or in a differential form 

          d~ n'J(Orr - iO-. ). 

S This has the solution 

           `Y(S) = exp[ -n'V(G'r - iG"i )S] 

By substituting (2.19) into (2.9), we get 

                               n U 0•-r / 7G 
         MAW ) = _                       ( 

a W - n 1io-i ) + ( n V 'r ) 

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

maximum ) 5 and shift are given by 

                 = n1T'Or
r , 

                      = n 't/• O--i

2ltfdf 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

 half 

(2.21) 

(2.22)
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It is easy to see from (2.15) and (2.16) that if %(P) increases 
rapidly as P decreases, the rapidly oscillating term sin 1(P )27CP 
yields no contribution to the integral. Thus the contribution to 

p.i comes from large values of , while that to ow comes from 

small values of 
/ . Therefore for the width T , "strong" ( namely 

/° is small, hence " (P) 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 ~ > 1 radian. 
     All that remains to press this calculation to a numerical 

conclusion is to evaluate f (f) 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= P2 + (vt )2 , (2.23) 

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

Fig.2.2 ), ~(f) is rewritten from (2.6) as 

                 2 AV(R) R 

           (~) '~i 00 R2 _P2 dR (2.24)                      v 0

Fig. 2.2

Active atom

Straight trajectory. 

A perturber (o) follows 

a straight trajectory with 

impact parameter P , and 
with velocity v.
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     Take for example 

                     aC 
           /AV(R) = -
RP- , (2.25) 

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

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

                    1 2 4C 
                                                              (2.26) 

                C p ) v/ 

2 From (2.26), (2.15), (2.16), (2.21) and (2.22) we get 

C 
     for p = 3 d"=7C2( QC3 )n , (2.27) 

          p = 4 5.7 ( A C4 )2/3 V1/3n d" tan ?t' , (2.28) 

d 

         p = 6 1=4.08 ( C6 ) 2/5 V3/5n , ,3= y tan ?C . (2.29)                               ,~ 5 

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

threshold of strong collision by the condition g(/,w) = 1, i.e. 

                    11-7Cp21~                      Q C 11p 
           p A~ 

         / w f7C- (2.30) 
               l'( P ) 

     Finally we discuss the spectral region a W to which this 

impact limit applies. From (2.19) significant contributions to ~(s) 

occur when nv Ar S < 1 ( otherwise exp ( -nv _rs ) is too small ) . 

Therefore the times of interest s in determining the profile
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are less than about ( nv while s must be much 

larger than the time for which there is a non-vanishing 

perturbation, i.e. the duration of a typical collision ( since 

respective collision is assumed statistically independent ). 

Therefore 

          'C-
c << s < (nvo Y)-1 . (2.31) 

This agrees to the picture of Lorentz (1906), who considered the 

mean time between collisions is given by T = (nvA.)-1 and is much 

larger than collision duration _CC_ From the properties of the 
Fourier transform, times of interest is given by s,-,,4W- 1 for the 

frequency separation o W , therefore with (2.31) 

           t J << , -1 (2.32) 

If we estimate by T c,/Ow /v , G W 4/'10 112 sec-11 with typical 
values of 1w(_10 cm) and v(N10 cm/sec) , or in wavelength for 

0 visible light o h < lA
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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(aw ) and 1)(s), i.e. 

(2.9) and (2.10). When i(s) is a slowly-varying function of s, 

main contributions to I(a W ) comes from small values of s if e ul 

is large. In this case we expand 7(t + s) in Taylor series 

about t, and take only the first two terms i.e. 

d           `~ (t + s) _ (t) + s = 7(t) + JW_ s (2.33) 
                         dt 

then we get 

          ~(s) =<exp(iAGJ.s)> . (2.34) 
If P(a W ) is the probability of occurence out ; we may write 

                             00 

          ~(s) = J exp(i vur s) P( aat )d aar .                                00 

Leaving the contributions from small s, we get 

          I( au)) = P( aut) . (2.35) 

     Therefore, to calculate I(4 w )dUJ 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) 
           4W= <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 (= 47CR2dR ) 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, 
N 

         P(R)dR = f(1 - n dVi) n dV 

A 

                  = (1 - n dV) N n dV 

                    = exp(-nV) n dV ( N-~oo ) 

                       47r 
                   = exp(- - R3n)•47CR2ndR . (2.37) 

3 

Therefore (2.35) is 

                          47c 
           I(d w )dw = exp(- -R an) 47ER2ndR . (2.38) 

3 

Since we practically treat the case of n-10 19cm-3 and R-10- 8cm , 

the exponential factor can be omitted 

                      2 dR 2 d AV(R) -1            I( ataJ) = 47cR n- = n -47CR (2 .39) 
                         dw dR 

where we used (2.36) and identity 

          dR 
- d a V(R) l -1 da V(R) 

          dcA dR ~J' du)
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Eq. (2.39) can be calculated if we have an explicit form for 4V(R). 

For p-th inverse-power potential AM), eq. (2.25), we get 

                                      3 _ p + 3 
                 47r AC p p 

           I(aLr) = n(-- ) ®ui . (2.40) 
p 

     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 d ut . Contrary to the impact limit, the 

quasi-static formula predicts profiles at large a u7 , 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 d u3 . 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 J >(s) are scalar and 
additive, so 7(t) of (2.6) is given by 

                 1 t 1 t N            (t) = -~ S 4 V(R)dt' = - J 4 V(Ri)dt' , (2.41)                         n -oo _t -ao i=1 

where N perturbers at Ri ( 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) _ ( expti `'.(s)J> (2.42) 

                             i=1 1 phase space of N perturbers 

where we have put 

1 
y          b i(s) s _ T f oo d V(Ri)dt' . (2.43) 

- 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

f

f
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       (s) _< exp i (s )j 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 

by R2 = ( x + vt )2 +12. If there are N perturbers in the space 
volume with density n, 

                                              0-0 
               n N      (s)= - J2fdf 7Cdx exp [i7(s)J~        N ~ 00 j 0 _00 

                       n °o        =ti-- S2fdr T~ _ dx(1-exp[i~(s)])                  N 0 00 

                                 00 00       = exp [-n 2 7Cf d p dx (1 - exp [ i I (S)]) (2.45)                   j -00 
0 where we used the relation ( 1 - x ).N e exp(-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 with 
                    00 00    p( (u) =n 02Xf d/P ~_dx {1 - cos{I( X,/ ,u )J} (2.46)            s

(u) =n j 27fP d,//J dx sinr~( x, /O,u )] (2.47) 

-

                         00 

and 

1 

     ~(x,/ ,u)=- u 4V ([(x+y )2+/~2J1/2\dy (2.48)                 v l J0 

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

     I(d(d) ) = 
7r- v JOeXp I-0((u)] cos[du3' v - /3(u)] du . (2.49)
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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 d uT/dR = 0 leading to a singularity in I(d uT). 

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) 

         ~(S) _ Pi I<f I i>12 e tcv fis , (2.50) 
                if 

where li > and If > are the initial and final perturber states , Pi is 
the probability of finding the perturber in Ii >, and ~i& fi is the



-26-

difference of perturber state energies between If f,-.- and Ii .> 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 

                                            2 +iwfis         g(s) = V(l -p(s)~ = V P. <f I i>I ( 1 - e )• 
                                   if 1 (2.52) 

The assumption used here is, like the classical case, that 

perturbers are independent. 

     Szudy and Baylis (1975) calculate g(s) as follows. The 

states Ii > and If > are described as i(f)
g(R)Y m/R because the 

~ interactions Vi and Vf are functions of interatomic distance R only. 

Here Y~im is the usual spherical harmonics. Since Ykm is orthonormal, 

the overlap integral <f I i> is non-zero only when li> and I f> have 
the same quantum numbers ~, and m, and if so 

    S R         <fit> _ fr (r)~i~(r)dr 

0 

                   AL( + ulfi ) . (2.53) 

y"i(fq(R) satisfies the equation 

            d2 

          d2 + ki2(R)J y~iL(R) = 0 , (2.54)
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 where j=i and f, and k.(R) is given with the reduced mass as 

            2 2,A Q( ,Q + 1 )           k. (R) = [E - V.(R)J - (2.55)           J ~2 J J R2 

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

,f 
reduced to 

              2 0o Oo 

g (s) =< AR G- ( 2j + 1 ) d0 fikf-1 ( 1 - e+iuTfis ) I Ai (+ of i ) 2 >         Ei k=0 -cv I f (2.56) 
where <...> is the average over k

i or equivalently over initial 
energies Ei. Eq. (2.56) is the basic formula of the UFC theory to 

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

                     n ,~ 2 J ( ) 
            I(AWr) _-. (2 .57)                      7C 

(4w -113 ) + a,2 

where 

              = 4 ul - n f (2 .58) 

with 

          4,tR2 a, 00 2  W=-}-< L ( 2,Q + 1) Jdfikif1A uTl~(f Upfi ) i "fi >, (2.59)           Ei &0 _oo 

and 

        ?YR2 °o J() =<
Elkf ( 2,t+ 1 )iAt( )I2' , (2.60) 

where A,, is now to be evaluated for the energy difference
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          Ef - Ei =-LUJfi= +i% , (2.61) 

and ' and correspond to the impact width and shift, given by 

           X - iP = ng'(00) . (2.62) 

     Next step is to calculate AQ by using WKB wavefunctions for 

  i(f)R as Jablonsky (1945) did. From (2.54) and (2.55) we get 

the WKB solution 

                      2k. 1/2            (R) =C '( ] cos `~ (R) , (2.63)          ~J Q. Rk. R) 

where the phase is 

    fR 
           ~j (R) = k.(R')dR' + t (2.64)          Gj R

t 4 

for j = i and f ( Rt is the classical turning point ). From (2.63) 

and (2.53) we get 

                [ki kf)1/2 R cos Z- (R')         A~(T3 ) _ J
RJkiR' 1/2 dR' ~ (2.65)                   R ( ) kj (R' )J 

where f and the rapidly oscillating term from 

 7 + = b + 6 f has been neglected in derivation. The cosine term 
i predicts the oscillatory behavior of the band strength. 

     As the final step, we apply the following stationary phase 

approximation to AR and reduce I(d uT ) to a calculable form for the 

wing region. We find in (2.65) at large j the integrand usually 

contributes significantly in the neighborhood of the points R = Rc 

where with (2.64)
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' (R
c) = ki(Rc) - kf(Rc) = 0 (2.66) 

With (2.55) and (2.61) we find 

          i _ +( Ef - Ei) _ + IVf c) (R- Vi(Rc) I =4V(Rc) . (2.67) 
Eq.. (2.67) has in general complex solutions Rc. 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, 

R
c 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 = R

c , one is to expand in Taylor series 

    (R) _ f _(Rc) +2 1"(Rc)(R-Rc)2 + 6 1 6"(Rc)(R-Rc)3+... 
                                                           (2.68) 

If 7 _(R) is written as a cubic function of R, it is shown that AL 
is evaluated as an Airy function. Szudy and Baylis introduce a 

more refined cubic expansion 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. 

          4 n -g 2 (Re Rc) 2 exp (- Vi (Re Rc) / kT' 11/2 
 I(AW ) = 2 2 

AV' (Rc) 1367yz c L(Zc) ,              + ~- c I I'nl 
                                                           (2.69) 

where the summation is over all Condon points R 
c with complex ones. 

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

is a dimensionless parameter, defined for real R
c as



-30-

       1 ,a 1/3 4 V'(R ) N a V"(R )     Z = - ( ) C c -4/3                                             c 
, (2.70)      C 2 kT 4i 

and for complex R c as 

           1 1/3 2 d V'(RC) 2/3 
     Zc = - - ( ) (ImRc) (2.71)        2 kT I If, 

L(Zc) is called the line-shape function and defined as 

    S00     L(Zc) _ s-2 lAj(_ZcH2 exp(-s-3)ds , (2.72) 
0 where Ai is the Airy function. For ,22>, a"2, (2, (2.69) is 

approximated to 

                 (ReRc)2 exp C-Vi(ReRc)/kT 1/2 I(4W ) = 47tn~ J 367rZ I L(Z )              c IAV' (Rc)/'~i ! c (2.73) 
This is the formula used in the present work. The procedure to 

calculate I(4 W ) for a flits is as follows: 

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

       reduced to 

        't.d-5 ='~auT = AV(R
c) 

  (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 R
c with Z c >> 1, we can put 

 I367-CZcJl/2 L(Zc)= 1, and (2,73) is reduced to
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      I( -1       duy ) _ A-4TCR 2 C da V(R) 
                 C c dR R=R 

c 

if we can neglect the Boltzmann factor.

(Z.74)
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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)

(2)

(3)

In the long range, typically at R > 101, 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. 

In the intermediate range, typically at rA + rB R 10A 

( 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. 

In the short range, at R < rA + rB , the repulsive 

interaction due to charge overlap is important. The
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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 R ) 5A are 

treated in the present work. 

     Although bound states of some diatomic molecules 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 

          V(R) = C12R-12 - C6R-6 (3.1) 

More realistic calculations including excited states have been 

developed recently, since Baylis (1969a,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 described in 

Chapter 1, anc± in addition, the theoretical treatment of the atoms 

can be simplified as follows: 

  (1) 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. 

  (Ij) Rare gases have relatively large energy separation, 

       so that we may neglect the electronic excitation for them.
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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) 

in a Taylor series of R-1. The result is, for neutral atoms 

( Margenau 1931 ) 

2 e 

 V(R) = R3 z Cxixj + yiyj -2ziz.] 

    3 e e2    + 2 zrri z. - zir~ +(2xixj + 2yiy. - 3ziz.)(zi - z.)] 

j 

      3 e2    + 4 R5 Zri rj2 - 5z. rj2 - 5r.2zj2 - 15z. z~ + 2(4zizj - xixj -yiyj )2J 

       + ..... (3.2) 

where e is the electronic charge and Sri=(xi,yi,zi) and 

   j=(xj,yj,zj) denote the position of i-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 d 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' 

calculation (London 1930) shows that the first order perturbation 

term is not zero. The leading term is found to be 

             Se 2 fi f 1 
          fig= (3.3) 

              47tm W0 R3 ' 

where m is the electron mass, (,v 0 is the angular frequency of the 

transition, f is the oscillator strength and the numerical factor 

S takes the value -2 (1 ) if the magnetic quantum number m1 of 

the excited state is 0 ( t 1) . According to the sum rule, the 

average of 4E over all states of different mi'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 mA to get 

             J-3 e2f 2J+1 1/2 1 
             E = (3.4)            871m W 0 C2J'+---) 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 -d by (2.27) with the 

coefficient &C3 defined by A E = A C3 R-3. Recent calculations 

of are reviewed by Hindmarsh and Farr (1972). They give 25 as

f 

s
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                   2 J + 1 l/2 47e2 f         26 =kJJ,( ) n (3.5) 
                      2J' +1 m W0 ' 

where the numerical factor kJJ, depends on J and J' and the 

approximations made to take an average over all mR . 

      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 is zero, but that there is a second-order term 

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

       1 3 e4, 4,0 fkk' fIl                 157 

6

 4E=- 6 2 
       R 2m 

where one atom is 

f~p are the oscillator 

first and 

energies of the states 

calculation was do                  done 

assuming that atom 

negative and numerically 

the ground state, 

      This expression 

a much greater energy 

lower polarizabili 

rare gas. If EL ( 

thus (3.6) may be 

        1 3 e4,n4 
    E=- 6 

       R 2m 

        1 3 e 2 2 

       R 2m

                                   (3. ) 
k'=k (E k' - E k ) (EL, - EL) (E k, + El, - Ek - EL) ' 

in state jk>, the other in state I:Q>, fkk, and 

lator strengths of transitions k-+k' for the 

for the second atom, and Ek and Et are the 

     of the two atoms. It must be noted that the 

  by neglecting the electron-exchange effect, by 

s are nondegenerate. Eq. (3.6) is usually 

ically much larger for the excited state than for 

except for the highly-excited states. 

  may be greatly simplified if the perturber has 

    separation than the other ( i.e. if it has a 

ty ); this is the present case when perturber is 

, ~') corresponds to rare gas, I Ek, - EkI<<IEj, -Ell 
approximated to 

     f Q Q f kk 

 Q (E~, - EY)2 k' Ek, - Ek 

         fkk, 
(3.7) a 

B E 
k' - Ek
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where we have defined the static dipole polarizability of the 

perturber p( B as 

             2 Ti2 

         0( = e f If                                                             (3.8)            B 
M (E p - EL) 2 

     If the active atom is hydrogenic, namely if it has single 

optical electron, (3.6) may be further approximated by ( Dalgarno 

and Kingston 1960 ) 

         4 E -R-6 e20(B<k Ir2Ik>, (3.9) 

where r2 is the square of the radius of the electron. If we use 

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

for Ik> , we find C6 in A E = -C6R6 to be 
                1 2 2 ;~ 2 ,; 2         C6=Le aB a0 n {5n +1-3Q(Q+1)~ (3.10) 

2 where a0 (=t2 / me2 ) is the Bohr radius, ,j is the orbital-angular-

momentum quantum number and n is the effective principal quantum 

number given by 

        n =F- , (3.11)
where R and E are the 

Mahan (1969) extented 

wavefunction for I k > . 

     C6= 1        -1 e2Q(B<k Ir 

2

Rydberg constant 

(3.9) to include 

 The result is

2 ( 1 + 3cos28 )

and the ionization energy 

angular dependence of the

k> (3. 12)
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       1 2 2 ;2 ;,2 5~(f(+1)-3(m9. +1)         =--e O( a n" 5n +1-3Q(2+1)~ 
        2 B 0 (29+3)(2j!-1) (3 .13) 

where is the angle between the vectors corresponding to r and 

R, and m1 is the magnetic quantum number. 

     Eq. (3.6) is generally hard to calculate, since it requires a 

knowledge of every energy level and oscillator strength. Eqs. 

(3.10) and (3.13) are obtained by replacing the summation in (3.6) 

by some net values. To remove this difficulty, several treatments 

by the variational method have been proposed to evaluate 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 WA "B ~~~~ 
          C 6 = - dA O(B (3.14) 

               2 9)A + i,z 

where 0( A is the static dipole polarizability of the active atom, 

W
A is some average energy for transitions from the initial state 

of the active atom, and a B and LA)B are defined likewise for the 

perturber ( in the following we drop the subscripts A and B ). 

  (1) In London (1930) approximation, two common choices for (A) 

        are the ionization potential and resonance transition energy. 

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

         W = ( N/ a ) 1/2 (3.15) 

        where N is the number of the outermost electrons. 

  (3) In Kirkwood (1932) - Miller (1936) approximation, 

       _ 2 
          W = -- <r 2> / OC (3.16) 
3
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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 5NR GlOA ) 

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 

           a E = - x(R) C6 R-6 , (3.17) 

where C6 is the usual van der Waals coefficient and /2.(R) is the 

damping factor satisfying 

          ( R:small ) 0<--Z'(R) > 1 ( R:large ). (3.18) 

By /,,(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. In 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 

           v = veA + veB + vAB , (3.19) 

where veA ( veB ) denotes the interaction between the valence 

electron and the alkali core ( rare gas ) and vAB 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 ( veB ) and then with the alkali core ( vAB ). Thus 

in the intermediate range of R, v
eB is important in the first place. 

      There are two common approximate calculations for veB called 

the Gombas' 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 Gombas' pseudopotential 

      The pseudopotential of Gombas (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)(2).... ~(N). Now the Pauli 

exclusion principle is satisfied simply by the condition that the 

states labeled by 0(, i3, •••• ~ 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 EF -E0 

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 

1 free-electron gas. The minimum energy EF is then 2 PF/m + V, 
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 P is related to PF in that the phase-space volume of an 
electron state is (27CS )3 per spin orientation , we obtain 

4            = 2 (-7CPF ) / ( 27Cfi )3 . (3.20) 

3 Thus we get for the minimum energy of the N-th electron
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        EF, = [( 3?L2'~3 / )2/3 / 2m J + V . (3.21) 

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

minimum energy at it of 

        G(ir) = 1 37020 / (Ir) 2/3 , / 2m . (3.22) 
The repulsive interaction between an electron and rare gas is 

obtained by putting 
/P (W) 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 = -_I_ ~2 be the electron binding energy, 

ir and (R the position vector of /~'the electron and rare gas relative 

to the alkali core and g' the angle between vectors IR and 

IR- it (6 /r' ) ( see Fig. 3.1 ), 

e 
                                 Fig.3.l The three-body model of 

         or Ire an alkali core (A), a 

        9 G, rare gas (B) and an
            IR B electron (e). 

We assume R, r » r' , thus 

           r = R - r'cos g' . (3.23) 

If we write the wavefunctions of the electron in the absence and 

presence of the rare gas as (p and ~j respectively, they satisfy 
the Schrodinger equations 

         HA = EA and ( HA + v) (~J = E 

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

integration in the whole space
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       V(R) = E - EA = $*d/ v0'r$*d Z , (3.24) 
where v is the interaction operator. By using the exponential 

nature of the asymptotic form for (50(r)= ̀jr"t exp [-13r 3 , we get 
with (3.23) 

  91(r) = SO(R) exp[/3r'cos ®][1 - ( rr'/ R )cos8+ 0 (R-2 )] , (3.25) 

and similarly 

  0(r) = T(R)(/1(r')[1-(p r' /R)cos6+ 0(R-2 )J . (3.26) 
So (3.24) can be expressed as follows: 

  V(R) = y2(R)5exp [Pr'cos0] v(~(r') [1 - (2rr'/R)coseJdlr' 
                                                                 . (3.27) 

Next we expand exp[(3r'cose] and (1(r') in Legendre polynomials 

and integrate over angles, the result is 

                 27C'n2 00 
         V(R) = - (~2 (R) 5 ( 21 + 1 )sin Se (3.28) 

               m~ 1=0 

The phase shift O e can be calculated by the modified effective 

range theory of O'Malley et al (1961), then the final result is 

with a correction for the last term ( Lewis 1980 ) 

              27t 2 
                   = 2          V(R) L (R) , (3.29) 

m where L is the scattering length given by 

   L= 1 -7'aB~ - 404 -1 - naB( (3.30)        L0 3L0 3L0 n 4 5
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Here CCB 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 =L 0.

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 HA ( 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 

         V( llr, R)=F(iy*,JR)+G(IV',IR)+W(R) , (3.32) 

where G and W are the Gombas' 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 H B= 0 since the excitation of rare gas is well 

neglected here as mentioned previously. Thus Baylis writes (3.31) 

as 

         H = HA(Ir) + V(Jr, IR), (3.33) 

     Then he diagonalize (3.33) in some suitable basis set. Here 

he makes the second 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 

       O=Z Ci 7i (3.34) 
Here T is the eigenfunction of the electron which satisfies the i 

equation 

        HA ~Qi = Ei i (3.35) 

, where Ei is the energy of the atomic state given by experimental 

results ( Moore 1971 ). The minimization condition of 

 9 JH+ (7i >/< 010 > is reduced to solving the secular equation 
       det ( Vik +[Ei - V(R)' O ik ,= 0 , (3.36) 

where 

      Vik'<~PiIV(IP',IR))92k> (3.37)
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      The third major approximation is to represent the rare gas 

atom only as a polarizable dipole with polarizability Q 
B ( given 

by Dalgarno and Kingston 1961 ) and radius r
0 (<< R ). Baylis 

writes F as 

        F(Ir, IR) _ - 1 oC
B IE2 (if-, IR) 

2 

                         1 . 2 

              2 ~B e2 RR - r 3 for r'Z r0 (3.38) 
                   1 2 1 1 

                 2 «B e C R4 + r 4 J for r'< r0 (3.39) 
0 where JE is the electric field due to valence electron and to the 

alkali core ( assumed to have a charge +e ) . The attractive 

potential F(Ir,IR) dominates at large R and takes the van der Waals 

form (3.12) asymptotically: 

         F(ir, IR) ̂- - Z °~B e2 r2 ( 1 + 3cos20 )R-6 , (3.40) 
                    RICO 

where 9 is the angle between ir and IR . 
     G is given by (3.22), i.e. 

                     ,2 2/3        G(Ir,IR) _ i [37C22B (r') ]213 (3.41) 
                   2m 

where / B' 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 

   $d3lr (PF(r)dP (3702/° )2/3 _ 3 (37L2 2/3 $d3Irp5'3r                                                  l).           S(         J 0 2m lOm 
                                                           (3.42)
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If we write the total charge density as ! or) = f A (r) +! B (r') , 
W(R) is just the pseudointeraction energy off less than that of 
1 A and l B , thus 

     32 2 2/3 ( 3 
a 5/3 5/3 5/3 l W(R) = (3n ) 'd Ir

(~f A(r)+ /~R(r )~ -rA (r)- .0 B (r )       1O r                                                  )m 

     x2 (     .,---(37t2 )2/3 'd3lr/~A(r) /~B /3(r') for PA`< /PB (3.43) 
      2m fff / 

PA,B is calculated by the simplified SCF method of Gombas (1967) 
and expressed as 

        ~(x) _ (1/4?C)z S(s) xa(s)exp [-2p(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 0(, and are variationally determined by Gombas 

(1967). 

     V(ir,jR) is shown to be a function only of the magnitudes r 

and R, and of cose, therefore we can expand V in Legendre 

polynomials as 

                           00 

         v( 1r, IR) _ T VL (r,R) PL(cos 8 ) , (3.45) 
                        L=0 

where 

          VL(r,R) = FL(r,R) + GL(r,R) +W(R) S LO . (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.



-51-

This procedure includes one adjustable parameter r0. 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 

7"i .
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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 1 x 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. 0 test section, Q2 incident- or primary-shock region, Q3 low 

temperature region due to the propagation of expansion wave, Q4 
driver section at the initial pressure, and Q5 reflected-shock 

region. To see the temperature and pressure at certain time to , we 

cut (b) at t =t 0 to get (c) and (d).

Driver section 

Z Diaphragm Contact surface

(a) R'I" 

1

  Test section

(b)

I 
I 
1 
I 
I 
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1 
1
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I I ~'
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d1 --], x
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I 
I
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I
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(d)
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1
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Fig. 4.1 

Principle of shock tube. 

(a):Schematic drawing of a 

    diaphragm-type shock-tube. 

(b):x-t diagram showing the 

    progress of shock (heavy 

    solid line ) and expansion 

    (chain line) waves 

    following the diaphragm 

    burst (dashed line shows 

    the contact surface). 

(c) and (d):temperature and 

    pressure distribution at 

    a time t = to, respectively.



-54-

The region (Dbehind the shock front is heated to high temperature 
by adiabatic compression. An advantage of shock-tube is that the 

temperature T2, the pressure P2 and the particle density n2 in this 

region are easily calculated as follows ( see e.g. Kuratani and 

Tsuchiya 1968) 

      p2=~l+ 2~+1 (M2-1 )}Pl , (4.1)                       J1 

               ( +l) M2 
          n2 ~1 2 nl , (4.2)          -~2+(~ +l) M 

1 

            C2 + ( a" 1 - 1) M2] C2 rJM2 - ( rl - 1 )                 _ (4.3)          T
2 ( I'

l + 1 ) 2 M2 T1 

where p1, nl and T1 denote the initial values of the test section, 

r1 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 a1 of the test section. 

           M = U / a1 (4.4) 

with 

          al =,f rp1 / nl (4.5) 

For example to know T2 we substitute measured values of T1. U, pl, 

nl and known constant trl into (4.3), (4.4) and (4.5). We can 

similarly calculate the corresponding values for the reflected-

shock region 50 . Eqs. (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 

shock region (w2 in Fig. 4.1). Since this region passes an 
observation window in about 200/1 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.

Driver section

Needle Diaphragm Pt probe Window(g(ass tube)

Test section o o Damp tank

lL 1

Belljari
-pressure

gauge

Low-pressure gaug

( Hg manometer )

i

Diffusi

pump

on

f

tary
pumpH2 gas

( Ro
A r 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 S
1 about 

200 µm in width. S1 is an Ebert-type spectrometer with a focal 

length 50cm. Using a 1200 grooves/mm grating in the first order , 
O it has a reciprocal linear dispersion of 16 .6 A/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 x464 am 2) . 

Details of the signal processing is described by Harima et al 

(1980).

FL

L,

D

MZ

S2

N2

G
L2

S1

IS L3

Fig. 4.3 

Schematic diagram of the 
optical measurement. 
G:glass tube. 
FL:Xe-flash lamp. 
L:lense. 

S1:50cm spectrometer. 

IS:image sensor. 

D:dye laser. 

MZ:Mach-Zehnder interferometer. 

52:3.4 m 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 flash 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 S2 of focal length 3.4m. Using a 1200 grooves/mm 

grating in the first order, it has a dispersion of 2.5 A/mm.

4.2.3 Results 

     Fig.4.4 shows the typical transmission spectra of 

(a) the Ca resonance line at 4227A (4s2 1S0-4s4p 1P1), and 

(b) the Ba resonance line at 5535A (6s2 1S0-6s6p 1P1), where 

    the transition at 5519A between triplet states (6s6p 3P1 

    6s6d 3D2) also appears. 

The experimental conditions are as follows: 

for (a) T = 4.6 x 103K, (Ar] = 1 . 5 x l018cm-3 and LCa]= 2.5 x 1015cm-3, 

for (b) T = 4.0 x l03K, LAr) = 1 .4 x l018cm-3 and [Ba)= 5.4 x 1014cm-3, 

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

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

                   0 0 0 

 (a) Ca 4227A (b) Ba 5535A 5519A

U Z 

f 
z

 3A

4 
Q r 

z Z a

 3A

-WAVELENGTH.

Fig.4.4 

Typical. transmission spectra 

of Ca and Ba broadened by 

Ar. The lower spectra were 

obtained by smoothing the 

upper raw spectra.

-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 

               00 

     W = J( 1 0 10 d%, (4.6) 

0 

    where 1 0 and I are the background- and the transmitted-light 

    intensities respectively, has a density dependence approximately 

    Woc [Ca] 1/2 ( or [Ba] 1/2 ). (4.7) 

     Before discussing these observations, we consider the effect 

of the apparatus function ( AF ) on the profile. If a spectrometer 

has slit widths xl and x2 for the entrance and the exit slit, and 

a reciprocal linear dispersion 0, its AF may be estimated by a 

trapezoid whose upper and lower sides are given respectively by 

(x1 - x21 yb and ( x I + x2 )o (see Fig. 4.5),. 

           1x1 -x210 Fig. 4.5 Apparatus function. 
                                            x1: entrance-slit width. 

               A x2: exit-slit width.                                               :reciprocal linear

           (x1 + x2 o dispersion. 

In this experiment we can put xI = 200,am, x2 = 28 ~im (i.e. the 

width of the unit of the photo-diode array ), and 75 = 16.6A/mm, 
therefore the present AF is given by a trapezoid whose mean width 

0 is ^.3A. 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 

SIN 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. 

     If we take AF into account, the integrand of W in (4.6) is 

given as a convolution of [I(A) - I0(i)] / I(7) and K(-,0 ( the 
apparatus function ), thus W is written as 

    W= I fK(~-A1) [I(7ll)-I0(T11)OL,}dX. 

0 DePrima and Penner (1955) have shown that this reduces exactly 

to (4.6) when K(1' ) and [1(1) - IO(?L)] / I(*.) differ from zero 
for only a limited range of 9~' and 1, and when the range of Al 

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 MAW') is given by the 

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

               2712 e2(M)f aL / 7t 
          k(4u ) _ 2 2 (4.8) 

                    me (duJ-/3 ) + ~L 

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 /v and rL are the shift and width 

respectively. The multiplying factor in £ I has been introduced 
so that k(4 uT) satisfies the well-known relation ( Mitchell and 

Zemansky 1971) for the total integrated absorption coefficient 

       S 00 2 x2 e2            MAO )dul = (M) f (4.9) 
            O me 

The transmitted-light intensity I(d uT ) is related to the 

background intensity 1 0 ( assumed here to have no 4 W dependence ) 

as 

          I(d0T)=Iaexp[-k(d(AT(4.10) 

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

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

        W= ~- (I - IO) / IO dduy                   Co
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By

              00 

     - J1               Ao 

substituting (4.8) 

     W = 2 F•j

if YL has not strop 

by assuming duJ » (v 

wing region of the Lo 

                   multiply wavelength unit, we m 

the resonance-line wavelength, 

                  00 
             W = 

J - ( I 

           ~,p2(2 

where re (= e2 / mc2 ) 

    The value [ M) f 

( Marlow 1967) 

                    A2 

     CMJf 

where K and d are respectively 

the hook separation. 

c 
        2TL 

               7C K 0 

This method to deduce 

A is called the Pen

exp [-k(duw )Q] IdduT . (4.11) 
and neglecting (v and TL, we get 

27Ce2 [M) f,~ TL 1/2 
                OCEM,1/2 (4.12) 

      me 

g dependence on (M). Thus (4.7) can be derived 

 a', i.e. that MAO ) is determined by the 

rentzian form(4.8). If we define W in 

       (4.12) by '02 / (2nc ) where X0 is 

velength, so we get 

-I
O)/I~d,1 (4.13) 

re CM~ f ~. TL / c )1/2 (4.14) 

is the classical electron radius. 

Q, can be obtained by the hook measurement as 

K 

'TC 

                                        (4.15) 
re X03 

spectively the interference-fringe order and 

 From (4.14) and (4.15) we get 

W2 
          ( rad.sec.-1) . (4.16) 

~.   d 2 

 ?TL from simultaneous measurements of W and 

kin's total-absorption method (Marlow 1967).



-63-

     In addition to the width -'F( the foreign-gas broadening ) , 
there are in general other mechanisms which contribute to the 

Lorentzian width TL , such as natural broadening (r
N), resonance 

( TR) and Stark broadening ( 1'
s ) , so that 

          )L = rN + rF + TR + I
s (4.17) 

Ts may be well neglected in the present experiment, since there 

are not many charged particles ( ion and electron ) . 7l'N 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 T
L . Table 

4.1 shows typical results.

Table 4.1 Typical results.

T Ar [M] W IR T.. II -r

F

unit 103 K 1018
CfTS3

1014
c rri3

10-8
cm 109 rad ian•sec 1

Ca(4227A) 4.6 1.2 36 8.8 8.7 2.5 0.2 6.0

Ba(5535A) 4.1 1.6 1.4 2.7 7.7 0.1 0. 1 7.5
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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 d V(R) _ - AC 6/R6 between calcium ( or barium ) and argon, 

a -F and the optical cross section CA., r may be related to d C6 from 

(2.21) and (2.29) as 

                   2/5 

        ~F=4.081 C61 v3/5[Ar] , (4.18) 

1 

             T C6 2/5         o = F_ = 4.08( d 1 v-2/5 (4.19) 
                            /Jv         Y (Ar) Irl 

     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 -'F, and from the result 

we calculated d C6 and O- r: 

   for Ca T = 4.6(±0.2) x 103K, [Ar] = 1.4(±0.07) x 1018cm-3, 

   for Ba T = 4.1('-0.2) x 103K, [Ar) = 1.6(+-0.08) x 1018cm-3. 

Table 4.2 shows the obtained values of AC 6 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.
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However if we calculate p`
r 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 d C6 force constant (10-58erg-cm 6).

Penkin et al (1968) This work

Ca (
0

4227A ) 1.28 (1.83) 1 1

' Ba (
0

5535A ) 1.42 (2.16) 1 4

Table 4.3 Optical cross section O' ( 10-16 cm 2 ).

Penkin et al (1968) This work

Ca ( 4227A )
179

( at 850K )

118±19 I
(at 4600K)

128

Ba ( 5535A )
200

( at 940K )

148 ± 18 I

(at 4100K)

149
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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 varies as R-4. 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 

( 4s 2S1/2 - 4p2P1/2 ,3/2 ) at 3968 and 3933A 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 3968A 

 line at high temperatures by Holmes et al (1969) and Baur and 

 Cooper (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 5® 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 apparatu
s. 

The apparatus to make the hook measurement (N
2- 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 measur
ed 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 .6A/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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Mach-Zender 
Interferometer

N2 Laser

Fig. 4.6

3.4m Ebert - Fastie 

     Spectrograph

 \ Slit 

      Shock• 
        Tube 

           Tape Wave 
           Puncher Memory 

     Dye Laser X-y 
                   Recorde 

Block diagram of the

Rotating Mirror System

-iPMI V 

Monochromator

meaning apparatus.

3968A 
1

U, 
z w 
f-z -4 -

Slit Width

Fig. 4.7 Measured profile of Ca+ resonance line 

0 at 3968A. 

Temperature of argon gas: 7960K. 

Argon density:(Ar]= 4.77x 1018 cm-3. 

Optical thickness of emitting gas: log 2-(0) =3.1 . 

0 Scanning speed of wavelength: 0.8A/jus. 

0 Slit width of spectrometer: 0.4A.
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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 is 

large, the measured profile may be quite different from the true 

profile. Baur and Cooper (1977) considered this problem in the 

case when the optical thickness at the line center is 2(0) G 1. 

In the present case we treat D0) two to three orders of magnitude 

larger than that. This is because we had to prepare dense ( 1013^. 

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(4UJ ) is given 

by a Voigt function 

                                     00 

          It(ACiT) _ (a/ X) exp(-y2) / ra2 + (4UT - y )2 .1 dy,(4.20)                                          -oo 

where a is given by 

       a = ~J, 2 rL / rD (4.21) 

rL(D) denotes the Lorentzian ( Doppler) width of the line in HWHM. 

We can easily show that the measured profile Im(Q ut) is given by 

the optical thickness 'C7(dt&r ) as 

                         1 - exp aur)) 
           I ( Jar ) = . I (®urr ) (4.22)            m CZ

7 (dur) t
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Here according to our assumption, b(d W) is given 

y 

     `t'(4uY) _ `t'(0) I
t(AUT) / It(O) . 

By defining the width - (HWHM ) of Im(4 w') we get from 
(4.23) 

        Im(a ) 1 1 - exp [- t(O) It( a') / It(0)]

b

    (4.23) 

(4.22) and

which may 

~

Im(O) 2 

be rewritten as 

It(     ) £,t 2 - (

1 - exp 

1  + exp

[-'C(O)J 

) )C- 't(° a

(4.24) 

4.8

          It(0 ) `t' (0 ) 

Fig.           shows the relation between 

(4.25) for various values of a. If 

measured we can determine the value 

intersection of lines corresponding

`t(0 ) and 9 

`t(0 ) and j 

of a in .Fig.4 

to these values

           (4.25) 

which satisfying 

are simultaneously 

.8 as the

0 

2.0 

1.5 

 1.0 

0.5

    °~ h

1 2

         Fig. 

                                                                  -C s L
og 2(°)

      4.8 

Apparent half-width ' versus the 

logarithm of optical thickness 

for various values of a ( the 

Voigt parameter). For convenience, 

1) is measured taking                           D as the unit.
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    't(0) is calculated by the relation ( Mitchell and Zemansky 

) 1971 

        `C(0) _ 7&2 recf LLCa+J / rD , (4.26) 

where C Ca+J ( the ground-state density of Ca+) is obtained from the 
hook measurement, and 'rD is calculated from the temperature of the 

shock-heated region. 

      V is known from the measured profile Im(G ur ). 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 

0 by the He-Ne laser line at 6328A.

4.3.4 Results and discussions 

     Like the discussion in 4.2.4(a), r L 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 (ti10-3 ) at the present temperature (-7700K), the ejected 

electrons from argon may have a non-negligible contribution to a"s, 

since the argon-gas pressure is relatively high. We have calculated 

electron densities by the Saha equation and estimated rs to be 

20ti30 X 10-3cm-I using the value of Baur and Cooper (1977). By 

subtracting 'r s ( other factors are negligibly small ) from r L we 

get the broadening by argon 'r F' Fig.4.9 shows the measured Ir F 

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

the least-squares fit to WF .



  300 

    (a) 

'E 200 

t 
v 

3 100 

m 
x 

    0 1 

Table 4

2 3 4 5 6 7 

   [Ar] (1 018 crn 3 ) 

.4 Comparison

     300 

 ~E 200 

0 t 
V 
  3 100 

m 
x 

0 

of the

    -72-

(b) Fig. 4.9 

                    Half width ?l'F (e) 

                   and ?rD (o) of Ca+ 

                        resonance lines at 

                  3968A (a) and 

0 

                     3933A (b), versus 

                       argon density. 

  

1 2 3 4 5 6 7 
       .[Ar] C 1018cm 3 ) 

broadening coefficients (1020cm1/cm 3)

Experiment 

Temperature 

  3968A 
  3933A

765±80K 7466±800K 7630±350K 7700±400K 

1.57±0.04a 2.97+0.67b 2.60±0.81c -

1.62+-0.08a 2.84+-0.85c

Theory 1.11a 2.20d 2.21e 2.22e

 a:Bowman and Lewis (1978). b:Baur and Cooper (1977). c:Our 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] ( =vC 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 507 too small. This indicates a more 

elaborate quantal consideration is necessary. 

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

2.3 x10-20cm-1/cm3 for Ca +-He system. On the other hand, the 

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 

3 x 10-20cm-1/cm-3, which is close to our value. 

     Giusti-Suzor et al also investigated theoretically the 

broadening for the isoelectronic systems Rb-He and Sr+-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 

case, the broadening coefficient 3.76 x10_20cm-1/cm-3 observed for 

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 (1969a,b). Since Ca + has the hydrogen-like structure, we 

can apply his method to calculate the potential for Ca+-Ar pair. 

Our result is displayed in Fig.4.10 together with the Baylis' 

calculation for K-Ar for comparison. Here the difference potentials 

14V =V( 2P1/2) - V(2S1/2) at large interatomic distance are shown. 

In the classical discussion of Weisskopf (1933), long-range 

interactions near the Weisskopf radius ( in this case fw = l0A ) 

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 valence-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 AV, from 

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

relation 4V(R)c< -R-S'1 holds at 10~ R N20A for Ca+-Ar pair. 

This power dependence is between that of the van der Waals 

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

                 R (A) 

      0 8 12 _ 16 

T 

                Ca Ar 
     1E i --- K -Ar Fig. 4. 10 

    a Difference potentials for 
                   2 ~~ Ca +-Ar and K-Ar pairs by 

     -10 I ~\ Baylis' model potential. 

                        ~
~ The inset figure is the 

                        ~
\ logarithmic plot. 
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Chapter 5. Heat-pipe cell experiment 

5.1 Introduction 

      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 01 the absorption coefficients are given 

in "absolute unit" ( the definition is given in the next section ) 

and Q2 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: O1 the metal and rare-gas atoms mix uniformly O2 in a 
well-defined region, p the temperature and vapor densities are 
accurately known, and G4 the observation 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 @4 . 
     The heat-pipe cell developed recently by Vidal and Cooper 

(1969) ideally satisfies O2 , ( and 01                                                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 x-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 

reason is that the present metal-vapor pressure is low (10-2,..10-1 

Torr, at T-1000K), so that we can not equilibrate the pressure
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with that of the rare gas. 

     Our cell design is shown in Fig.5.l (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. Its 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 (c) 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 jLm 1111, 
wide of an Ebert-type scanning monochromator of focal length 50 cm. 

Using a grating of 1200 grooves/mm in the first order, the 

0 monochromator has a dispersion of about 16.6 A/mm in the measured 

spectral region. To check the instrumental function, the profile of 

the He-Ne laser line at 6328 A was measured. It is a Gaussian-like 

shape of FWHM about 1 cm-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 (I0) 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. 

N2 and Dye:N2-laser-excited dye laser. 

SG:lm 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 ) = I0(4u) ) exp [-k(d ) J ], (5.1) 

where k is the absorption coefficient at A aT and is the 

absorption length, it is given in cm 5 by 

         k (,J uT ) 2 [I 0 (d W-) /. I ( d LO, ) J 
                                                                 (5.2) 

       M] [R3 .Q. [M] [R] 

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

respectively. 

     1 0 (d W-) / I ( A(A)' is obtained from the transmission 

measurement. £CMJ is obtained by the hook method as (4.15) 

( Marlow 1967), i.e. 

       [Ml = n K d2                            3 (5.3) 
                    re f 0 

where K and d are the interference-fringe order and the hook 

separation, re is the classical electron radius, ~0 is the 
resonance-line wavelength, and f is the oscillator strength ( we 

used the value f = 1.9 for Sr ( Kelley et al 1974 ), and f = 1.6 

for Ba ( Miles and Wiese 1969). We measured [M3Q before and after 

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

         C R3 = 9.66 x 1018 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~ = V )0(cm-1) 

' which is converted to dal ( radian-sec-1) by 4u1= 2 7rc 4 1) ( c is 

the light speed ). In both cases they have asymmetric wings to the 

red (A1) < 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, f,[Sr] was 

varied between 2 X 1014 and 2 x1016 cm-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 J[Sr] ( therefore at low cell 

temperatures ) and[R] , while for the outer region they were 

obtained at relatively large values of I [Sr] and[RJ . 

      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 (.d))< O ) profiles. 

For both Ar and Xe, an approximate -3/2 power dependence appears at 

2:~Id 1I<lOcm-1. 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-I for Xe, while for Ar a 

very diffuse structure appears near -20cm-1. Next we see the blue-

wing (d9>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 T1-rare-gas ( Cheron et al 1977). 

     From the measured instrumental function of the monochromator, 

the profiles are believed to be free of distortions at(4 ))I> 3cm-I, 

yet the data have some experimental uncertainty coming from three 

sources (see (5.2)), namely the evalution of &n(I0/I), ,Q(Sr) 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 1.49 I?100cm-1, 30% atl dpI<lOcm 1 and 10% elsewhere.
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(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 

c U if 

             d4 u7 ddV(R) 
                           = = 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 R ) 2 exp [-Vi (Re R ) / kT J I(Du1 ) =47Cc c I367CZC11/2 L(Zc), 
              c 14V (Rc) I 

                                                                 (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 

          '~ .auT = . V(R), (5.7) 

where d V(R) is the difference between the interaction potentials 

of the upper (Vu) and lower (V t ) states at interatomic distance R, 

namely 

          pV(R) = Vu(R) - Vt (R) (5.8)



                                       -87-

Zc and L(Z
c) are given by .4V '(Rc) and 4V(R) ) as (2.70) through 

(2.72). 

     To compare I(a aT) 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 

           J00 

            k(GUT )d UT = 27t2 c ref [Sr] (5.9) 

0 where r
e is the classical electron radius. Since I(4 ir) is 

normalized as 

            0 I(4 ttr )dw = 1 (5.10)     SDo 
I (d u )and k(d u ) / [Sr] [ R] can be equated as follows if the theory 

explains the observed spectra: 

          I(4u ) 2 k(.auT) 

  LT[R] [Sr] [R] (5.11) 
     For d V(R) two types of functions are assumed; the first is the 

van der Waals potential 

           .V(R) _ - 1C6R-6 , (5 .12) 

where AC 6 ( >0) is the van der Waals coefficient . As we have seen 

in 2.3, if R
c 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 

               2 1/2 
        I(dur) = ~ [R7 

4 6 dur -3/2 , (5.13)
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for the red ( we find from (2.36) that d uT < 0 ) wing. This result 

coincides with the observed power dependence. If we assume 

appropriate values for d C6 ( 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 < d)) < -2 cm-1 ) . If Rc is complex and 

Zc << -1, (5.6) predicts the blue-wing profile ( Szudy and Baylis 

1975 ) 

                    1/2     I(duT ) _ F2 X (±CC6 .d UT -3/2 expI-K dkr 5/9J , (5.14) 
where K~ is a constant related to d C6 and the mean relative 

velocity. By substituting the above d C6 values we obtain the 

rapidly decreasing curves at d1) > 0 in Fig. 5.4. They show a 

similar dependence to the data at 4 < d < 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 d) 

increases for both Ar and Xe. A similar discrepancy has been 

reported by Cheron et al (1977) for T1 -Xe system. 

     The second assumption for AM) is a quadratic function 

                     36 
            V(R) _ - 6 + 
R 2 ( R - R0 )z , (5.15) 0 

where €(> 0) and R0 are the potential parameters which mean the 

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

expanding the well-known Lennard-Jones potential 

                      12 6 

          V(R) = E RO - 2 RO (5.16) 
                    R R
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in Taylor series about R =R 0. Since we know from (5.5) that a 

satellite appears at d uT in a red-wing if AM) has a well of 

depth fid W , 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 ) 

         2~ R 3 136~Z I1/2 L(Z ) 
  I(A W ) = 3 [R3 0 1/2 + duT 1/2 { 1 + 36 (1 + ) , (5.17)          E IE ( (( 

where 8 is a numerical factor taking = 0 if jar < - E , or S = 1 

if a(J > -E. The best fit calculations to our data are shown in 

Fig.5.4 by the curves at -100 d -20 cm-1. Their well 

parameters are E = 20 (50) cm-1 and R0= 5.9 (6.7)A 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(4 W ) near a soulder such as 

I (o t &T T-1/6 exp ( -VQ / kT ). Using a representative value for 

V t , this gives a temperature dependence of I(a dT) of less than 

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

     The deduced potentials are compared with other data and 

discussed in this section. 

      d C6 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 d V(R) at relatively large values of R, 

typically the Weisskopf radius I W. In the present case, the, result 

is valid near / w 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 d V(R) assumed. 

Table 5.1 Comparison of .4C 6 (10-58ergcm-6). The last row shows 

            the assumed forms for 4 V(R). For example, C6C8C12 

             means d V(R)= d C12R-12- dc 8R-8- AC 6R-6. The value with 

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

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

Ar 

Xe

1.72 

C6

2.8 

C6C8C12

10.2 

C6C12

44.4 

C6C12

2.0 

8.9

2.6 

6.4*
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For example, Hindmarsh et al (1970) have reported that 4C 
6 can be 

greatly reduced if an additional attractive term J C8 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 1020cm-3 ), where the binary-

collision assumption becomes doubtful. 

     Fig.5.5 shows 4 V(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. 

                               Ar Xe 
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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). In 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 15- state 

( in the notation of Hertzberg 1950 ) which is purely repulsive, 

because the valence electron of Sr has a p O..orbital and overlaps 

the noble gas at large interatomic distance R. The other is the 

11T state which is weakly attractive at large R, because the valence 
electron has a p7r character along the internuclear axis. The 

atomic ground state 1S0 of Sr makes only the X17L state, which is 

very weakly attractive at large R. Since 4 V(R) is defined by (5.8) 

as the difference of the interatomic potentials for these states, 

dV(R) may be equal to V(111) - V(X'E) or V(1~;_ ) - V(X1y ). These 
difference potentials are shown in Fig.5.6 (b). The difference 

Vl -T)- ( V(X 1 7) of Julienne's potential shows a similar R dependence 

to our result at R >6A0, 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 -A' ? 20 cm-1. Julienne also calculated 

the blue-wing profile based on his difference potential V(1X)-V(X1Z) 

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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5.3.2 Ba-rare-gas 

(a) Observed profile 

     Fig.5.8 shows the d ) dependence of the .absolute absorption 

coefficient k(4)) )/[Ba][R) for R=He,Ne,Ar,Kr and Xe. To cover 

the whole range of data, 2(Ba) was varied between 4 x 1015 and 

2 x1016cm-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 1046) 1<100cm-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 

-4 )'=-l0cm-1 . 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 d~ < 10cm-1 with roughly -3 to -4 power dependence. 

They seem to become steeper from Ar to Xe. Very diffuse shoulders 

appear in the tail at d Y > 30cm-l. 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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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 1 0 of the transmission data.
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Corney and McGinley (1981) observed both wings ( 1<jd ~~<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 -1.5 

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/[Ba3(RJoCId )I-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 

-1D)= 100cm-1 for both Ne and He, while in the blue-wing at 

,42:30 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>80cm-l.
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Table 5.2 Wing power dependence k(. d) ) / [Ba] [R jo(141) I-n.

Blue wing Red wing

Atom n (cm-1) n (cm
-1

He 

Ne 

Ar 

Kr 

Xe

2 

2 

2 

3 

4

.0 

.0 

.7 

.4 

.2

4-60 

3-30 

4-18 

4-14 

3-13

2.1 

2.0 

1.5 

1.2 

1.2

4-90 

4-110 

3-10 

3-12 

3-20

Table 5.3 Satellite position a)) (cm
-1

).

Atom Blue wing Red wing

He 

Ne 

Ar 

Kr 

Xe

120 ± 50 

100 ± 30 

50 ± 20 

40±15 

30 ± 15

13±5 

24+5 

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 &V(R); the first one 

is the Lennard-Jones function 

                         12 6 

          dVLJ (R) RO - 2 RO (5.18) 
                        R R 

where £(> 0) and RO are the fitting parameters ( the well depth and 

radius respectively ), and the second one is the quadratic function 

such as 

         4VQ+(R)= ± E 1+ 2R 2 (R-R0 ) 2 , (5.19) 
0 where the additional factor K 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 K= -72 for d V Q- we obtained (515). In 

this case we use AV Q+ with large values of -K to obtain parameters 

of "reversed " parabolic well from the diffuse blue-wing satellites. 

Fig. 5.9 shows a schematic drawing of dVLJ and d VQ+ . We see
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Fig.5.9 Schematic drawing 

        of d VL J and 4 VQ+ 

         with r[= -72.

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

4 VQ- or the " reserved" one by 4 VQ+ . As previously mentined, 

d VQ- with ''[ = -72 represents the asymptotic formula for 4V LJ 

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

( = -72 ( Szudy and Baylis 1975 ) to arbitrary values of K. The 

best fit to the observed profile is found by sequentially iterating 

the parameters E., RO and {t[. This procedure is straightforward 

since each parameter controls a well-defined aspect of the profile, 

namely E. determines the spectral position of a satellite, RO 

determines the intensity of the UFC profile near the satellite, and 

K 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. 

    I(.4wr) = _ exp E -OC(u)3 cos[d~ u - (3(u)] du , (5.20) 

1 

        x v ~0' v
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where v is the mean relative velocity and exp(a+ i 3) 
gives the 

auto-correlation function . Here we take the correlation delay in 

spatial unit u = vt rather than time t . !X(u) and (3(u) are defined 

by (2.46) through (2.48). I(dtr ) must be calculated numeri cally 
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 

          1V<(R) = dB0 + dB2R2 + dB4R4 , (5.21) 

and 

          Q V>(R) _ - 4 C6 R-6 , (5.22) 

corresponding to small and large values of R, respectively. The 

three factors B0, B2 and B4 produce a set of potential curve 

parameters, namely the potential extremum E ( 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 R0 and the 

reduced curvature K =R .02 d V (R0) / L , so that E,, R0 and K can 

be uniquely determined by fitting to the observed satellite profiles. 

If they are fixed, d C6 is determined by these values, since 4 V 

is supposed to connect smoothly with 4V< at R=R 
m (>R 0 ) by the 

conditions 

         LJ V)(Rm) = dV< (Rm) , 4V;(Rm) = dV'(Rm) . (5.23)
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(c) 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(Z
c) in (2.69) becomes very small for a complex 

value of Rc). Real Rc might be obtained if e.g. Q V(R) decreases 
again at some small R (< 5A, 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 AM) on the repulsive side;
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Comparison of the calculated profile with the 
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The full curves corresponds to the AC analysis, 
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The potentials a V(R) deduced for Ba-Xe, Ba-Kr and 
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The full curve corresponds to the AC analysis, 
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+, respectively. 
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for example the strong tail of the UFC profile at 10< d 9 < 40cm-1 

. is greatly improved by introducing 4V,+ ( see the dotted curve) 

If we use a steeply rising function AM), like the Lennard-Jones 

form, the intensity of this tail region is mainly determined by real 

Condon points of Rc = 5A. In contrast, with d VQ+ the intensity is 

determined only by complex Condon points, which is the reason of 

the weak intensity. We find in Fig. 5.ll (a) that d VQ+ is smoothly 

connected to the attractive side of AM) . 

      For Ba-He we made only the AC analysis with a repulsive 

potential with a sharp peak near R =4.5X 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 d C6 

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 Pw^-10A 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 4 C6 value has a comparable magnitude with the above 

result. From the deduced parameter in Table 5.4 for Ar and the 

relations (4.16), we obtain d C6 = 2.3x10-58erg-cm 6, which is 

comparable to the value 1.4 x 10-58erg•cm6 deduced from the impact 

analysis. The slight difference may be understood if d C6 value 

from the AC analysis is affected by the short-range interaction, 

since Rm(-6.5A) is smaller than P W. 

    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 1S0 and I P I of Ba generate three molecular states in the 

collision with a rare-gas atom. 

           1 S 
0 -;N X17- , 1 P I-----> ly- , I .R. 

d V(R) is defined as the difference of interatomic potentials for 

these states. We can show as follows that for Ba-Xe the AM) 

may be attributed to V(l7') - V(XIY_-) 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'= <rg2> + < rR for Sy- , 

               0.6 <rP2> + < rR2' for P I I , 

             1.8 <rp2> + jJ<rR21 for PZ . (5.24) 
Here < rS2> and < rp2> are the mean squared radii of the valence 

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, < r R 2 > , is calculated by the Gombas' wavefunction ( Gombas 

1967). If we can use (5.24) for Ba-Xe, R' is calculated to be 

3.4, 3.7 and 5.7A for the XI~,, ITT and IM 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 11Ocm-1 at R -5X ( 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 X 1 Z state of Ba-Xe has a similar potential 

well. Since 17- state is strongly repulsive at R >5A0, the 1 IT 

state is the only candidate to have a weakly attractive character 

like XIY. state in this R region ( see the schematic drawing in 

Fig. 5.12(a) ). To explain the deduced AV(R) for Ba-Xe in Fig.5.11, 

the 11T state must have a deeper potential well than that of X1Z 

0 state at R!:--6.2A. The low positive peak of d V ( the dotted curve 

in Fig.5.11 ) introduced to explain the diffuse blue-wing shoulder, 

0 may be understood if double crossing of these curves occur at R ti 5A. 

(see Fig.5.12(b) ). Cheron et al (1977) gave a similar explanation 

for the shoulders observed in both wings of T.3776A 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 X1Z. state is less repulsive at 

large R than the upper state (1~ or 1T-, 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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Chapter 6. Discharge-cell experiments 

6.1 Introduction 

      In this chapter we present an absorption measurement of Ar-Ar 

pairs using a discharge cell. In 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 

0 we investigate three atomic lines of argon at 8115, 8104 and 8404 A. 

Relevant energy levels (Moore 1971 ) are shown in Fig. 6. 1, where 

0 we find the 8104 and 8404 A lines terminate upon the resonance 

states ls4 ( Paschen notation ) and ls2 respectively which are 

strongly connected to the ground lp0 by dipole transition ( namely 

the resonance transitions). Therefore these lines are expected 

to be broadened largely by resonance interaction.
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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 81150A line terminates upon the 

lowest metastable state ls'S, so that the resonance interaction 

gives no contribution to the broadening. In 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 ). In 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

Fig. 6.1 

Relevant energy level diagram 

of    ar on ( in Paschen notation).
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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 ). In 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 GaA.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 8400A. 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 ± 5 x 10-4K, which corresponds to 

±14 MHz in frequency scale, within a typical measuring time of 10 

minutes. The frequency of the laser was swept over the absorption 

line profile by applying a sawtooth pulse to the injection current. 

Typical frequency-sweep range was 10 GHz. A frequency mark was 

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

additional longitudinal modes by a monochromator of focal le ngth 

50 cm. The transverse mode was ascertained to be single . The laser 

power was reduced to less than 0.1 mWmm-2 by neutral density filters 

in front of the absorption tubes to avoid the disturbances due to 

the pumping effects. 

                    Reference Test
BS tube tube

Diode
laser Monochro -

mator 1
PMH

n

Discharge
circuit 1

Discharge
circuit 2Temperature

controller T Sampling

averager
Etalon ~-

M A

C
B
A

Driver
Pulse

timing
circuit

Monochro-

mator 2

Divider 2
f req. mark

Display

Fig.6.2 Schematic diagram of the experimental arrangement.

      Two discharge tubes were used; one for the fixed-pressure 

reference tube of 20 mm inner diameter and the other for the 

variable-pressure test tube of 8mm 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 

0 the discharge current were 0.2 mA for the measurement of 8115A line, 

0.2 to l mA for the 8104A line, and 1 to lO mA 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 sampling averager from 

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

          Reference tube ,-
           current 

         Test tube 
           current 

        Gate C I I 

         Gate A I I I I 
i 

         Gate B ; 

                 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. Gates A 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 frequency-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 

0 8104A 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 

-1 GHz 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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Typical transmission profiles for the 8104A 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 structure 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 ( til MHz ) 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 1 GHz 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       I(duT ) 10 gi exp [-ki(duY) ~] . (6.1) 
                       i=1 

Here 1 0 is the normalized background intensity, gi and ki are 

respectively the weight factor and the absorption coefficient at a 

frequency distance dw from the line center, and ,~ (= 20 cm ) is 

the absorption length. We further assume ki(d WT) is given by a 

Voight function (4.20) centered at Uri from the main peak ( we put 

UJ'~=0 ) 

                        a oo eXp(-y2 ) 
       k.(dur) =k - dy , (6.2)         1 0 X a2+(due -uri-y)2 

                            _oo 

where k0 is the absorption coefficient at the line center, and a is 

the ratio of the Lorentz width r L to the Doppler width T
D . 

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 2TL and shift P for 
0 the 8115 A 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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      Table 6.1 gives the observed broadening- and shift-

coefficients, 2TL/[ArJ and r /CArJ , together with other data 

O for comparison. For the 8115 A line, high temperature data are 

reduced to the present condition (ti300K ) using the relations 

            2?fL/{Ar) , {ArJoc T0.3 (6.3) 
These relations can be derived from the classical impact result 

for the van der Waals interaction (2.29), i.e. %L, r or, v 3/5 

and the definition of the mean relative velocity v = (8kT/n/u')1/2, 
where k and A are the Boltzmann constant and the reduced mass 

respectively. We find our broadening coefficient 2 ZrL/[Ar) agrees 

fairly well with the reduced value of Vallee et al (1977). As 

for the shift coefficient r /[ArJ, 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 22rL/$ , i.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 2 ZrL/,B = 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. 

For example, for the Lennard-Jones potential 4 V(R) =AC 12R-12-4C6R-6 , 

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

        21L/fi = 4 B(o() / S(a). (6.4)



Table 6.1 Broadening and

 -118-

shift coefficients.

3900Ka
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Here B and S are functions of p(= K v 1.2AC12 AC 6-2.2 ( K is a 

constant ) and tabulated by Hindmarsh et al. We find from their 

result that if we take a- 0. 7, we get our result 2 r, /P = 3.2. 

0 

     Fig. 6.6 shows the broadening of the 8104 and 8408 A lines. 

0 For the 8408 A 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). In this case we can calculate the 

0 oscillator strength f of the resonance line at 1048 A ( lp0 -ls2 ) 

from the measured coefficient and from (3.5).
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Fig.6.6 Broadenings of the 8104 and 8408A lines 

          as functions of the argon density.
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Using the value kji, = 1.45 ( Omont 1966, which is supported by the 

experiment of Vaughan 1966 for He ) we get f = ( 207 ± 20 ) X 10-3 

0 For the 8104A line, a small red shift was observed, yet it has a very 

small temperature dependence for the broadening coefficient (see 

0 Table 6.1). This indicates that the main interaction for the 8104A 

line is the resonance interaction, 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 also calculated the oscillator 

0 strength for another resonance transition at 1067A( lp0-ls4 ) to be 

f = ( 49+5 )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 1.067A line and from 0.170 to 0.350 for 

the 1048A 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 GaAQ As diode laser as a light source. 

0 For 8115A line, which terminates upon the metastable state ls5 , 

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 6C 12 repulsive term 

should be included into the interaction. For the
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0 

8408 A line, which terminates upon the resonance state ls2, 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 

0 temperature dependence. For the 8104 A line, which terminates 

upon another resonance state ls4, 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 have not yet been studied in detail due to the 

experimental difficulties, and theoretical 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

f
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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-6. 

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: 

0 

   (1) the long-range interactions ( typically R >10A ) are well 

        described by the van der Waals type of potentials, 

0 

   (2) however, the short-range interactions ( typically R--<5 A ) 

         show strongly repulsive character due to the electronic-

         charge overlap, 

   (3) and they have wells at some intermediate interatomic 

0 

        distance ( R-6 A ) . 

When perturbers are light rare gases ( He and Ne ) the potentials 

show mainly repulsive character. We have discussed how these 

empirical potentials are explained on the analogy of the Baylis' 

model potentials for alkali-rare gas. 

     In Chapter 6 we have 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 spectra 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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