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C H A P T E R I

GENERAL INTRODUCTION AND SUMMARY

In the past beam scattering experiments have proved to be

particularly suited for studying in detail the interaction between alkali

atoms and rare gas atoms. Experiments of this kind were developed by

several groups early in the sixties in order to determine the interatomic

potentials for a large variety of ground-state alkali - rare gas

combinations. Detailed information about these ground-state potentials was

obtained from two types of scattering experiments : (1) measurements of

the angular dependence of the differential scattering cross sections at

various relative velocities g and (2) measurements of the velocity

dependence of the total scattering cross sections. These cross sections

showed a number of interference effects which were caused by elastic

scattering at both the repulsive and attractive part of the interaction

potential. These interference structures contain detailed information on

various ranges of the interaction potential. At thermal collision energies

it is mainly the well (characterized by the equilibrium distance rm and

well depth e, see Fig. 1) and the long-range part of the potential which

are probed. From the large amount of cross section data available by the

end of the sixties it was possible to establish the shape and the

equilibrium data of many ground-state alkali - rare gas potentials with

high accuracy [1,2]. Additional information on the repulsive part of the

interaction potentials was provided by measurements of total cross

sections performed in the "high-energy" range (E • 6 eV - 1000 eV) [3].

The theoretical methods used for obtaining the potential energy

curves from the experimental cross sections were well established and

could be kept relatively simple since at thermal energies inelastic

collisions (responsible for collisional excitation) do not occur. In

particular, the interference structures observed in the differential and

total cross sections, e.g. rainbows and glories, were well understood

within the framework of semi-classical descriptions [4,5].



Up to a decade ago a considerable number of experimental

investigations on collision processes between excited alkali atoms and

ground-state rare gas atoms were performed under "bulk-gas" conditions

[6,7]. These studies in bulk-systems (e.g. flames and vapours) were of

major importance for the understanding of inelastic processes involved in

the collisions between excited alkali-atoms and rare gas atoms. In

addition, these experiments provided rather indirect information about the

excited-state potentials since the measured quantities were integrated

over the velocity distributions and the directions of the velocities. The

excited-state potentials used in the interpretation of the experimental

results, however, were often not known with sufficient accuracy to permit

a reliable comparison of the experimental data with the theories developed

for the description of inelastic collisions.

With the introduction of tunable dye-lasers the well-established

atomic beam technique was extended to experiments involving excited

alkali-atoms. In this way it has become possible to obtain more detailed

information both on the excited-state potentials and on the inelastic

collision processes. First of all, the integration over the velocities is

avoided to a large extent by the application of velocity-selected and

well-collimated atomic beams. Consequently, the relative velocity vector

is well defined. Secondly, a well-known distribution over the initially

excited magnetic substates of the alkali-atom with respect to the

direction of the relative velocity vector can be achieved by choosing a

particular type of laser-light polarization (see e.g. [8]).

In Fig. 1 we show schematically the adiabatic potential curves for

the ground-state and first excited-state of the alkali atom interacting

with the rare gas atom. The fine-structure states P]/2 (2-fold

degenerate) and P3/2 (4-fold degenerate) of the excited alkali atom

correlate with the molecular states II (4-fold degenerate) and T. (2-fold

degenerate). These molecular states are determined by the projection A of

the electronic orbital angular momentum L on the quasi-molecular axis.



In the first (single-)beam scattering experiment with laser-

excitation Carter et al. [9] measured differential cross sections for the

scattering of Na(3 P3/2) bY Ne (in a vapour cell) in order to obtain

information on the excited-state potentials All and BE. Anderson et al.

[10] were the first to apply a laser-excited atomic beam for the study of

inelastic (fine-structure changing) collisions between excited alkali-

atoms and ground-state rare gas atoms. Phillips et al. [11] combined the

technique of laser-excited atomic beams with the velocity-selection

technique (based on the Doppler shift) introduced by Apt and Fritchard

[12] in order to increase the low velocity-resolution obtained by Anderson

et al. Later on, Phillips et al. [13J extended their total inelastic cross

section experiments to measurements of the differential scattering cross

sections for Na(3 Pj/2)-Ar. They were able to discriminate between the

final fine-structure states of the scattered Na(3'P) atoms by using a

second laser which selected both the final state 3 P3/2 and the scattering

angle»
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M g . 1. Schematic adiabatic potential curves for ground-state and excited-
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to the spin-orbit interaction in *-he excited alkali-atom, is exaggerated

in this figure.



At present, various experimental and theoretical methods are

available by which the excited-state interaction potentials can be

established with high accuracy :

1. High-resolution laser spectroscopy experiments on weakly bound Van der

Waals molecules» These molecules are formed in a supersonic expansion of

alkali - rare gas mixtures. From the fluorescence excitation spectrum the

vibratlonal and rotational levels of both the ground-state and excited-

state alkali - rare gas molecule can be accurately be established. Such

experiments were for the first time performed on NaNe by Ahmad-Bitar et

al. [14] and on NaAr by Smalley et al. [15].

2. Measurements of the spectral profiles of the resonance lines of alkali-

atoms broadened by rare gases. From the shape of the far wings of these

lines one can establish with high accuracy the difference between the

excited-state potential and the ground-state potential. Reliable

equilibrium data of the excited-state potentials, however, can only be

obtained if the ground-state potential is known. The first measurement of

this kind with laser-excited Na(3 P3/2) was performed by York et al. [16]

who spectrally analyzed the fluorescence line at resonant laser-

excitation. Jongerius et al. [17,18] were the first to measure the

fluorescence excitation, while scanning the laser wavelength across the

Na-line wings, in order to obtain essentially the same information.

3. Measurements of differential scattering cross sections for laser-

excited alkali atoms. Such beam experiments have been done, for instance,

by van Deventer et al. [19,20] on Na-Xe, by Diiren et al. [21,22] on Na-Ar,

Kr, Xe and Hg, by HJiwel et al. [23] on Na-Hg, by Hertel et al. [24] on Na-

N2 and, more recently, by Duren and Tischer on K(4
2P)-Ar [25]. With the

rapid development of laser-excitation techniques these investigations have

now been extended to the study of finer details of the collision dynamics.

4. Ab initio and pseudo- or model-potential calculations. Ab initio

configuration interaction (Cl) calculations were performed for the Na-Ar

system by Saxon et al. [26]. Regarding the pseudo- and model-potential

calculations, the total interaction potential is determined as the sum of

interaction energies between (i) excited electron and (frozen) alkali-

core, (ii) excited electron and (polarized) rare gas atom and (iii)

alkali-core and rare gas atom. The first pseudo-potentials for various

alkali - rare gas systems were reported by Baylis [27]. Model-potentials



have been calculated by Masnou-Seeuws et al. [28] and Peach [29] for the

lighter alkali - rare gas pairs (e.g. Na-He and Na-Ne). In ref. [29] a

discussion of the difference between pseudo- and model-potential

calculations is given.

One must, however, keep in mind that the experimental methods are

sensitive to limited and often non-overlapping ranges of the interaction

potentials involved in the collision between excited alkali-atoms and rare

gas atoms. The laser-spectroscopy experiments, for instance, mainly probe

the well of the interaction potential at the higher vibrational levels.

The scattering experiments, on the other hand, provide in most cases only

information on the lower part of the potential well. This part of the

potential is responsible for the scattering into a range of scattering

angles at the primary rainbow. This difference in sensitivities can lead

to discrepancies between the potential parameters e, rffl obtained with the

different methods.

Furthermore, the evaluation of the experimental scattering data is

complicated by the occurrence of inelastic collisions. The excited-state

potentials involved can be determined by performing fit-calculations of

the differential cross sections to the experimental data. These excited-

state cross sections are usually obtained from a quantummechanical

treatment of the scattering process. In that case a complete understanding

of the inelastic processes is not necessary since the Schr'ódinger-equation

for the scattering amplitudes is numerically solved and the coupling of

the xiolecular states is implicitly taken into account by non-vanishing

off-diagonal elements of the potential-matrix. In contrast to the (time-

consuming) quantummechanical calculations a semi-classical approach of the

scattering event provides a better insight into the physical mechanisms

responsible for the inelastic collisions. Such a semi-classical treatment

has been suggested by Masnou-Seeuws et al. [30] for the interpretation of

the oscillatory structures observed in the differential scattering cross

sections for Na(3 P)-Ne measured by Carter et al. [9]. These rapidly

oscillating structures have long been ascribed to elastic scattering in

the A II - molecular state ( BS-scattering does not produce rapid

oscillations in the investigated range of scattering angles). As a

consequence Carter et al. [9] obtained incorrect values for the



2
equilibrium parameters of the A IT-potential. Masnou-Seeuws et al. argued

that the oscillation structures in the differential cross sections arise

from the interference of scattering amplitudes of the If- and E-states.

They indicated that the occurrence of these H-E interferences in the total

differential cross sections summed over all final states of the scattered

Na-atom could be ascribed to the uncoupling of the electron spin from the

quasi-molecular axis.

In this thesis we present measurements of differential cross sections

for the scattering of Na-atoms in the ground-state and first excited-state

by the rare gas-atoms Ne and Ar. The scattering experiments were performed

in a crossed-beam apparatus built and tested by van Deventer et al. [19].

The unique high angular-resolution (0.1°) of this beam-scattering

apparatus permits us (i) to remove the discrepancies that still exist

between the various X E- and A n-potential curves for Na-Ar and Na-Ne

reported up to now, (ii) to obtain detailed information on the B S-

potentials for these systems and (iii) to demonstrate the necessity of

taking into account the spin-uncoupling effects, as proposed by Masnou-

Seeuws et al. [30], in the interpretation of the experimental Na-Ne

scattering patterns.

In chapter II differential cross section measurements for the

scattering of ground-state Na by Ar and Ne are presented. As will be

shown, the rapid-oscillation structures in the experimental scattering

patterns serve as a decisive test for the true X E-potential for Na-Ar. In

chapter III the semi-classical collision model proposed by Masnou-Seeuws

et al. is for the first time quantitatively compared with

quantummmechanical calculations and with our experimental data on Na(3 P)-

Ne scattering. In addition, the semi-classical treatment is applied to
2 2

Na(3 P)-Ar and K(4 P)-Ar collisions in order to demonstrate that in these

systems too spin-uncoupling effects are important. The differential cross

sections for these systems have been measured by Duren et al. [22,31,32].

In chapter IV we determine the B S-potential for Na-Ne from the VrZ

interference structures in our experimental scattering patterns and test
2

the A n-potentials reported in the literature by comparing our scattering
o

data with calculated scattering patterns. In chapter V the B E-potential
for Na-Ar is determined from the differential scattering cross section



measured at small scattering angles» These measurements also probe the

part of the A n-potential to which most beam scattering experiments

reported hitherto are not sensitive. Our experiments thus serve as an

independent check on the potential curves obtained in other

investigations.
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C H A P T E R II

DIFFERENTIAL CROSS SECTION MEASUREMENTS FOR Na-Ar AND Na-Ne SCATTERING

A TEST OF INTERACTION POTENTIALS

ABSTRACT
Differential cross sections for elastic scattering of Na(3s) from Ar

and Ne were measured with an angular resolution of 0.1° in a range of
relative energies between 5 and 20 x 10 erg.

Excellent agreement is found between our experimental data for the
Na-Ar system and calculated scattering patterns based on a model potential
given by Diiren et al. [3] with a well depth of e = 0.82x10 erg and an
equilibrium distance rm = 5.09x10 cm. The spectroscopically determined
potential of Tellinghuisen et al. [9] is less suited to interpret our
measurements; its repulsive branch has to be shifted to larger r-values by
about 0.05xl0~8 cm.

By comparing our Na-Ne measurements with calculations based on model
potentials of Masnou-Seeuws et al. [7] and Peach [6] we find that both
potentials are too soft in their repulsive part. The best fits to our
measurements are obtained with an empirical potential with e = 0.16x10

—fterg, as obtained from spectroscopie data, rm = 5.35(5)xl0 cm and a
repulsive part which is significantly steeper than obtained from model

potential calculations.

1. INTRODUCTION

Measurements of differential scattering cross sections for alkali-

rare gas systems are a powerful method to determine interaction

potentials. Experiments with high angular- and velocity-resolutions allow

to find the well depth e and the equilibrium distance rffi of the potential

with an accuracy better than 1%. Various potentials are available for a

comparison with scattering data:

a) calculated ab initio potentials, which up to now have only been

determined for the Na-Ar system [1,2].

b) model potentials, which were calculated by using various experimentally



determined quantities, e.g. for Na-Ar [3-5] and Na-Ne [6,7].

c) RKR potential curves determined experimentally from spectroscopie

investigations of Van der Waals molecules [8-12].

d) empirical potentials - supposedly suitable for all alkali-rare gas

systems - with free parameters, which can be adjusted to fit experimental

observations [13-15].

In this paper we report about the measurement of differential

scattering cross sections for Na-Ar and Na-Ne collisions at thermal

energies, which are analyzed in order to determine the interaction

potentials involved. The Na-Ar system has been thoroughly investigated in

recent years. It has become clear that the potential parameters (e- and/or

revalues) obtained from ab initio calculations [1,2] and the first model

potential calculations [4,5] for this system are outside the range of

errors of more recent experiments [8-10,15] and calculations [3]. However,

there is still no satisfactory mutual agreement about the actual

potential: the spectroscopically determined potential of Tellinghuisen et

al. [9] (rm=4.991(2) A) deviates significantly from the more recent one by

Aepfelbach et al. [10] (rm=5.008(5) A) and the model potential of Duren et

al. [3], the latter two being in reasonable agreement with each other.

There is a considerable uncertainty in the position of the repulsive part

of the potential. Ab initio calculations of Saxon et al. [1] are in

agreement with the Tellinghuisen potential, but there are indications from

high-energy scattering data [16] that this repulsive potential branch has

to be shifted to higher r-values by 0.2 A. It is the aim of our

investigation to distinguish the different potential shapes by analyzing

accurate scattering data.

The Na-Ne system is less thoroughly investigated. Laser-induced

fluorescence of the Van der Waals molecule has been analyzed by Lapatovich

et al. [11]. The potential parameters e and rm derived from these

measurements agree well with model potential calculations of Masnou-Seeuws

et al. [7] and somewhat less with model potential calculations by Peach

[6]. On the other hand there is only one previous differential cross

section measurement on Na-Ne [17]. This experiment has been performed at

only one relative energy and with a target gas cell in place of a

secondary beam. The results obtained were neither in agreement with the

spectroscopically determined potential [11] nor with the model potential

10



of Masnou-Seeuws et al. [7]. Our high-resolution measurements on Na-Ne

over a wide range of relative energies allow a more relevant comparison of

the various potentials obtained by calculations or by the analysis of

spectroscopie data.

Our scattering measurements were done in the same crossed-beam

apparatus as was used by Van Deventer et al. [18,19]. The differential

cross sections of ground-state Na interacting with Ar, Ne were measured

simultaneously with the cross sections of laser-excited atoms [20].

2. EXPERIMENTAL ARRANGEMENT

We used a conventional crossed beam apparatus described in detail in

[18,19]. A sodium beam from an effusive oven (temperature ~74O K) passes

through a mechanical velocity selector (resolution Av/v=3.4%) and

intersects at right angles a secondary rare gas beam emerging from a

multichannel array at room temperature. Scattered sodium atoms are

detected in a seperately pumped chamber, which is rotatable about the

scattering centre in a plane perpendicular to the secondary beam. The

detector system consists of a hot wire ionisation detector and a particle

multiplier (Bendix type M308). In our experiments the angular resolution

was 0.1°. At the maximum of the Maxwellian velocity distribution of the

sodium beam (velocity ~l,100 m/s) the density of Na atoms in the

scattering centre is 10' atoms/enr. At the used gas pressure of 400 Pa

upstream of the multichannel array the density of the rare gas atoms in

the scattering centre is about 10 ^ atoms/cm . In order to avoid a

systematic error in the determination of the angular position of the

detector we measured the scattered intensities at positive and negative

angles. Since the scattering patterns, after correction for background

scattering, have to be symmetric with respect to O=0° we are able to

determine the 0° position of the detector with an accuracy of 0.05°.

11
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3. RESULTS AND DISCUSSION

We calculated the differential cross sections from JWKB phase shifts,

taking Into account the finite angular- and velocity- resolutions [19].

The resulting scattering patterns are compared with the experimental ones.

If spectroscoplcally determined potentials or model potentials are used In

the calculations we can only decide which of these potentials gives the

best results In reproducing the experimental cross sections. On the other

hand we can make the calculated scattering patterns fit the experimental

ones by varying the parameters of an empirical interaction potential. We

compare the calculated scattering patterns with the experimental ones by

visual inspection rather than by a % test. Differences in the positions

of the oscillatory structure in the scattering patterns are regarded to be

more significant than peak heights.

3.1 Na-Ar

The measured scattering patterns for the Na-Ar system are presented

in Fig. 1 as a function of laboratory angle for a low, an intermediate and

a high relative kinetic energy, together with the scattering patterns

calculated from the spectroscopically determined potential of

Tellinghuisen et al. [9] and from the model potential of Duren et al. [3].

The equilibrium data for the Tellinghuisen potential are e » 0.80x10"^
—8erg and rm"4.991x10 cm. The values of e and rm for the Diiren potential

are 6^0.82x10 erg and rffl=5.O9xlO cm, respectively. These two

potentials are shown in figure 2. A close look at the results in the whole

energy range of our measurements shows that there is a small but

significant difference between the scattering patterns calculated with

both potentials: the model potential is in better agreement with our

experimental cross sections regarding the peak positions of the rapid

oscillations at large angles. The spectroscopically determined potential

yields a somewhat larger spacing of the rapid oscillations (in the order

of 10% of the measured spacing) in that angular range. A careful

inspection of this potential in comparison with the model potential of

Duren et al. reveals that there would be a nearly perfect agreement if the
—8

Tellinghuisen potential is shifted by about 0.05x10 cm to higher r-
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Fig- 2. Comparison of groundstate interaction potentials for Na-Ar.

Solid line : model potential of DUren et al. [3].

Dotted line: spectroscopically determined potential of Tellinghuisen et al

[91-
Dashed line: empirical potential of Buck et al. [13] with E-0.82X10~14

erg, rm»5.12xl0"
8 cm.
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values. Although the rm-value given by Tellinghuisen et al. is based on

rotationally resolved spectroscopie data of Smalley et al. [8] and is

claimed to be accurate within 0.002 A, such a shift is not unreasonable,

at least for the higher part of the repulsive branch of the potential: (i)

in contrast to Aenfelbach et al. [10] only the lowest vibrational levels

v"=0,l of the X-potential were analyzed by Tellinghuisen et al. and (ii)

the uncertainty of 0.1 A for the position of the A-state potential well

caused a similar uncertainty for the repulsive branch of the X-state. This

implies that the discrepancy between the calculated and measured positions

of the rapid oscillations at large angles could be due to an imperfect

shape of the repulsive branch of the Tellinghuisen potential. The

scattering signal at large angles is in fact mainly determined by the

repulsive branch of the potential - as can be seen by studying classical

deflection functions - and variations in this part of the potential cause

a shift of the rapid oscillations at large angles, whereas the scattering

signal near the rainbow angle is not as sensitively dependent on the

position of the repulsive branch, but is more influenced by the well depth

e. In this connection it is interesting to note that a shift of the

Tellinghuisen potential to larger r-values is also suggested by

calculations of Laskowski [2] for the repulsive part of the potential,

which are in good agreement with higher energy scattering data of Malerich

and Cross [16]. We therefore conclude that the repulsive part of the Na-Ar

potential is well described by the model potential of Duren et al. [3].

The discrepancies of the revalues determined from spectroscopie data by

Aepfelbach et al. [10] <rm=5.008(5)A) and by Tellinghuisen et al.

(r =4.991(2)A) are too small to be distinguished in our measurements.

In order to check to what extent empirical potentials can be used to

interpret the experimental results we performed fit calculations in which

we adjusted the free parameters e and rm of potential shapes given by Buck

et al. [13] and by Duren et al. [14] . If we use the Buck model in the

computations the best fit values are e=0.82(2)xl0 erg and

rm-5.12(5)xl0~
8 cm, respectively. The given error limits correspond to

deviations of the calculated oscillation structures from the measured ones

by 0.1°. We accepted less favourable fits to the scattering patterns at

the lowest relative energies because of the low scattering intensities at

these energies. The shape of the Buck potential only deviates
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Table 1. Equilibrium data for the ground-state potential of Na-Ne.

type

MBa

MBb

LS

SPC

MM

MM

PP

PP

Bef.

[21]

[17]

[22]

[12]

[7]

[6]

[5]

[4]

e(in: 10~14 erg)

0.22±0.01

n 55+O.O6
°*22-0.10-
0.159+0.006

0.16

0.19

0.036

0.036

rm(in: 10 8 cm)

4.15±0.2

4.8+0.2

>3.7

5.3+0.1

5.29

5.29

6.83

6.95

MB: molecular beam work

SP: spectroscopie measurement

LS: line shape measurement

MM: model-potential calculations

PP: pseudo-potential calculations

a integral cross section measurements

differential cross section measurements
c re-evaluation of SP of Lapatovich et al. [11]

The difference between PP and MM is explained in [6]
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significantly from the model potential of Duren et al. [3] at r-values

lower than 4.1x10 cm, i.e. in the higher part of the repulsive potential

branch. Our experiment, however, is sensitive to the potential only at re-

values larger than 4.2x10 cm. Indeed, the scattering patterns calculated

with the Buck potential and with the model potential of Liüren et al. are

very similar.

If we use an empirical potential with the shape given by Duren et al.

[14J we find from fit calculations e = 0.84(2)xl0"14 erg and rm =

5.00(5)xl0~8cm. The relative peak heights of the measured patterns are not

reproduced as well as with the other potentials although the positions of

the rapid oscillations are well reproduced. Aj.parently the Shape of this

potential Is somewhat less suited for a description of the real potential.

This was also found by Tellinghuisen et al. when they compared their

spectroscopically determined potential with the empirical Duren potential.

3.2 Na-Ne

The Na-Ne measurements were performed in an energy range of 5.3 to

18.4x10"^ erg. Three typical scattering patterns are shown in Fig. 3. Due

to the high reduced energies E/e, used in our measurements, (e being

small), we were not able to measure complete rainbow structures.

Therefore, the scattering patterns are not sensitive to variations of e

and it is not possible to determine the value of the well depth of the Na-

Ne potential very accurately. On the other hand, the rapid oscillations in

the cross sections are resolved completely. This oscillatory structure

contains mainly information on the repulsive branch of the potential.

In their spectroscopie study of the van der Waals molecule NaNe

Gottscho et al. [12] have obtained accurate values for e and rm (see Table

1). These values agree with the model potential calculations of Masnou-

Seeuws et al.[7]. The model potential calculated by Peach [6] differs

slightly from the potential of Masnou-Seeuws et al. in having a deeper

well depth and a softer repulsive branch. The differences between the

potential wells are too small to conclude which of the two mentioned

potentials is best suited for the interpretation of our measurements. On

the other hand, the high precision of our measurements enables us to

determine the shape of the repulsive branch of the potential very

17



Na- Ne.E =12.2x10 erg

E KPERIMENT NO I H*
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L
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Fig. 3. Differential scattering cross sections for Na-Ne at three relative

collision energies E; I(9)«sin9 versus 9 in LAB^system. O : experimental

points. Solid line: cross sections calculated with the model potential of

Masnou-Seeuws et al. [7]. Dashed line: cross sections calculated with the

model potential of Peach [6]. Dashed-dotted line: cross sections

calculated with the empirical potential of Buck et al. [13] with form

parameter m»20, e»0.16xlO~14 erg and rm»5.35xl0~
8 cm.
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accurately. As can be seen from Fig. 3 both model potentials yield

scattering patterns which differ significantly from the measured ones

regarding the positions of the fast oscillations. Based on the successful

approximation of the actual Na-Ar potential by the Buck shape, we also

tried to fit our Na-Ne data with this potential. Again we looked mainly

for a good agreement in the angular position of the oscillatory structures

since the relative peak heights are strongly influenced here by the

correction of background intensity, which for the Ne target is much higher

than for the Ar target. Since we trust that the spectroscopically

determined equilibrium values [11,12] e=0.16xl(f14 erg and rm=5.3(l)xl0~
8

cm are correct, we only varied rffl within the given range of uncertainty.

To obtain good agreement between calculated and measured patterns we had

to vary the shape of the repulsive potential branch such that it became

significantly steeper than in the model potentials [6,7]. The best fit

shown in Fig. 3 was obtained with rm=5.35x10 cm and a shape parameter

[13] m=20, which is three times higher than for the Na-Ar case. Slightly

less favourable fits were obtained with the smaller revalues, which

yielded an even steeper repulsive branch. Our best fit potential is in

fact a good approximation to the Masnou-Seeuws model potential in the

region of the well, as can be seen from Fig. 4. Therefore, our fit

potential can be expected to be compatible with the spectroscopie data

[11,12].

4. CONCLUSIONS

We have measured differential cross sections for scattering of Na

from Ar and Ne and compared the resulting scattering patterns with

calculated ones, using various potential shapes. Mainly the repulsive

branch of the interaction potential was probed by our measurements. For

Na-Ar it was shown that the repulsive branch of a potential obtained from

spectroscopie data has to be shifted to higher r-values by about 0.05 A,

which brings it into good agreement with a recently determined model

potential of Duren et al.

For Na-Ne no satisfactory agreement was found between measured

scattering patterns and calculated ones based on model potentials. Good
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Pig. 4. Comparison of ground-state interaction potentials for Na-Ne.

Solid line : model potential of Masnou-Seeuws et al. [7].

Dotted line: model potential of Peach [6].

Dashed line: empirical potential of Buck et al. [13] with form parameter
m=20, e = O.lóxlO"14 erg and rm = 5.35xlO~

8 cm.
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fits could be obtained with an empirical potential having a relatively

steep repulsive part and equilibrium values e = 0.16x10 erg and rm =

5.35(5)xlO cm. This potential can be expected to be compatible with

spectroscopie data too [11,12]. Therefore, spectroscopie and scattering

data can be equally well predicted by the same potentials for Na-Ar as

well as for Na-Ne. However, these potentials are not related to each other

by simple scaling factors. The Na-Ne potential has a significantly steeper

repulsive part. Therefore, the corresponding-states principle cannot be

upheld, as was also found by Malerich and Cross [16].
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C H A P T E R III

THE EFFECT OF ELECTRON-SPIN UNCOUPLING ON DIFFERENTIAL SCATTERING

CROSS SECTIONS FOR EXCITED ALKALI - RARE GAS SYSTEMS

ABSTRACT

We have measured differential cross sections for the scattering of

laser-excited Na(3 P3/2) by Ne* The rapid oscillations in the experimental

scattering patterns measured at high angular resolution cannot be

explained semi-classically on the basis of the elastic approximation. We

therefore apply a collision model proposed by Masnou-Seeuws et al. [1]

which takes into account the partial uncoupling of the electron-spin from

the internuclear axis. The results obtained with this model are - for the

first time - compared quantitatively with the result of a fully

quantummechanical close-coupling calculation and with our experimental

data. In both cases good agreement is found. This proves that the observed

oscillatory structure is strongly influenced by II - Z interferences which

- due to spin uncoupling - do not cancel even if the scattering signals

are summed over all final fine-structure states.

Our semi-classical analysis is also applied to the Na(3 P3/2) ~ Ar

and K(4 P3/2) ~ Ar scattering experiments reported by Duren et al. [2,3].

The agreement with regard to the frequency of the oscillatory structure

demonstrates that here too spin uncoupling causes the Ü-E interferences to

appear in the differential cross sections.

1. INTRODUCTION

In the theoretical analysis of atom-atom collisions semi-classical

descriptions are very useful for gaining insight into the dynamics of

elastic and inelastic collision processes. Many experiments on elastic

scattering cross sections for the alkali - rare gas systems have been

interpreted successfully using the semi-classical approach. One is

justified in neglecting inelastic processes in thermal collisions between

ground-state alkali atoms (A) and rare gas atoms (X). The experimental

scattering data (both integral and differential) can therefore be
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reproduced accurately by semi-classical calculations. At present, the

interaction potentials for ground-state alkali - rare gas systems obtained

from a semi-classical evaluation can be determined with high accuracy [4]

and are compatible with potential curves obtained with other experimental

methods.

The situation is different for scattering cross sections of the

excited alkali - rare gas sytems. Experimental results for these systems

have also been evaluated in a semi-classical formalism but the evaluation

is more complicated because of the occurrence of inelastic processes, i.e.

transitions between fine-structure (f.s.) states of the alkali-atom. In

particular, the first collision experiment on laser-excited alkali-atoms

(Na2P3/2) scattered by rare gas atoms (Ne Sg), done by Carter et al. [5],

has been a point of discussion for many years. In the semi-classical

analysis of their scattering data Carter et al. have assumed that the

measured scattering cross sections are the sum of the elastic cross

sections for scattering along the n- and Tr potential curves [6]. From the

oscillatory structure in the experimental cross sections they deduced a FF-

potential with a much larger equilibrium distance 1^ than that obtained

two years later by Ahmad-Bitar et al. [7] using spectroscopie methods. On

the other hand, in the pseudo-potential curves calculated by Pascale and

Vandeplanque [8] and Baylis [9] the Revalues were in reasonable agreement

with Carter's result whereas the well-depth found by these authors

deviated to a large extent. Bottcher [10] tried to explain the discrepancy

between the theoretical potentials and the potential obtained from

scattering data. He took into account the (small) f.s.-splitting of
9

Na(3 P) in a semi-classical treatment of the scattering process. He showed

that the complete differential cross section obtained by a summation over

the partial cross sections specified by the final f.s. states differed

from the result of the elastic approximation only in overall intensity but

not in the oscillatory structure. Therefore, Carter's assumption

concerning the elastic approximation was believed to be justified.

In 1979 Masnou-Seeuws et al. [1] pointed out that the discrepancy

between the potential obtained from the scattering data and the potential

obtained from spectroscopie data must have been caused by a deficiency in

the elastic approximation. They showed that a fully quantummechanically

calculated cross section [11] based on the spectroscopically determined
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potential exhibits an oscillatory structure with the same frequency as

that measured by Carter et al. [5]. Moreover, they indicated that this

frequency was close to the frequency originating from the interference of

II- and E-scattered waves. Such interferences should only be observable in

the partial cross sections specified by the final f.s. states, but these

interferences are cancelled in the summed partial cross sections if the

elastic approximation were valid. Masnou-Seeuws et al. [1] suggested a

mechanism that can account for the occurrence of Ü-Z interferences also in

the summed partial cross sections, viz. electron-spin uncoupling during

the collision. Their semi-classical model provides a clear understanding

of this spin-uncoupling mechanism. In this model the course of the

collision, which is assumed to take place along two seperate trajectories

determined by the molecular II- and S-states (the two trajectory model

[17]), is described in terms of Hund's coupling cases [14,16].

Earlier, Reid [12,13] had already considered the influence of spin

effects on the cross sections. He compared the numerical differential

cross sections obtained in the elastic approximation with the results of

the close coupling (CC) treatment. He found that the frequency (but not

the amplitudes) of the oscillations in both cross sections is the same for

systems in which the f.s. splitting energy is negligible small, i.e. the

spin is completely uncoupled from the other angular momenta of the system

during the collision (as in Li - He). For Na - He, oscillations appear

in the quantal calculations but are absent in the results of the elastic

approximation. Reid [13] pointed out that this difference has to be

ascribed to the fact that for this system the spin is not completely

uncoupled.

Gaussorgues and Masnou-Seeuws [18] were able to reproduce the frequency of

the oscillatory structure present in the quantal result for Na -He cross

sections calculated by Reid [13]. They used a semi-classical approach for

the calculation of the differential cross sections but they did not treat

spin-uncoupling effects explicitly in their collision model. The

amplitudes in the cross sections calculated by Gaussorgues and Masnou-

Seeuws differed from the amplitudes in the quantummechanically calculated

cross sections reported by Reid. The difference between the potential

curves used by Reid and by Gaussorgues and Masnou-Seeuws were assumed to

be responsible for this discrepancy [18].
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In spite of various indications that the spin uncoupling has an

important influence on the collision some points have still to be

clarified :

(i) agreement between the quantummechanically calculated cross section [1]

and the measured one [5] could only be reached by shifting the

experimental scattering pattern by 0.5° along the angular scale. It is not

clear whether this shift is justified. Therefore, we performed new

scattering experiments of laser-excited Na on Ne with high angular

resolution over a wide range of (thermal) collision energies,

(ii) it is still not certain to what extent a semi-classical model

including the spin-uncoupling can quantitatively describe the

experimental data. In the present paper the model suggested by Masnou-

Seeuws et al. [1] is therefore - for the first time - applied

quantitatively.

We shall give a comprehensive description of the semi-classical

collision model, which can also be applied to other alkali - rare gas

systems. We shall compare the scattering cross sections calculated in this

collision model with CC calculations and with our experimental scattering

data.

We shall also discuss two other recent scattering experiments in

order to illustrate that in other alkali - rare gas systems spin-

uncoupling effects may occur as well.

Diiren et al. [2] performed experiments on laser-excited Na(3 P3/2)

scattered by Ar. They found that the observed frequency of the rapid

oscillations in the differential cross sections was not in accordance with

the result of the calculated elastic cross sections. It will be

interesting to find out whether this discrepancy can be explained by the

same semi-classical treatment as we used for Na -Ne.

In a more recent experiment Diiren et al. [3] observed interference

structures in the difference between the K(42P3 ,^) - Ar scattering signals

when the K projectile is excited with left- and right-circularly polarized

laser light. These experiments were in nice agreement with their CC

calculations but the observed interferences, identified by DUren et al.

[3] as n-2 interferences, were not explained on the basis of a semi-

classical model. Instead, they contributed the observed oscillation
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structures to the different values of the total orbital angular momentum J

" Jt-X (with j - electronic angular momentum, X = angular momentum of the

heavy particle motion) which correspond to final states with j = 3/2 and j

= 1/2, respectively.

o
The result of one of our experiments on laser-excited Na(3 P3/2)

scattered by Ne is given in section 2. The semi-classical collision model

is discussed in section 3 where the calculated cross sections are compared

with the results obtained with the elastic approximation. In section IV

the results for Na -Ne from the semi-classical model are compared with a

fully quantummechanical calculation and with our experimental results. In

section V we apply the same model to the alkali - rare gas systems used in

the experiments of Duren et al. [2,3]. Concluding remarks are given in

section VI.

2. EXPERIMENT

Differential cross sections for the scattering of laser-excited

Na(3 P3/2) by Ne were measured at relative kinetic energies ranging from E

= 2.06x10 a.u. to E = 4.22x10 a.u. The Na beam was velocity-selected

(Av/v = 3.4%) before it crossed at right angles the Ne beam which emerged

from a multi-channel array. A detailed description of the experimental

arrangement is given in [19]. We previously measured the scattering of

ground-state Na atoms by Ne (and Ar) atoms with the same scattering

apparatus [20]. The angular resolution in the ground-state scattering

pattern was 0.1°. The cross sections for the excited Na result from

difference measurements with the laser beam turned on and turned off in

the scattering volume. The angular resolution in the difference

measurement is probably better than 0.1° due to the better defined (and

smaller) scattering region for excited Na.

The laser (Spectra Physics 380A cw dye ring laser) was tuned to the

(32Sj/2»
F=2)'>"(32p3/2)F=3) transition in order to obtain a high fraction of

excited Na in the scattering volume (=50%). The linear polarization axis

* 1 a.u. = 4.360 x 10"18 J = 27.212 eV
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Fig. 1.

a. Experimental difference signals between excited- and ground-state

differential cross sections for Na(32P3/2)-Ne at a relative

collision energy E = 3.19xlO"3 a.u. ; 9«sin(9)«1(6) versus 9 in the

LAB-system.

b. Dashed line : differential scattering cross section calculated with

the elastic approximation.

Solid line : differential scattering cross section calculated with

the semi^classical model including spin effects (eq. 9, see text).
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of the laser light was chosen parallel to the relative velocity vector by

means of a polarization rotator (Spectra Physics 310-21). The direction of

the relative velocity vector with respect to the Na beam was estimated,

within an accuracy of about 2°, from the velocity distributions of the Na

beam and the Ne beam (the latter having a Maxwellian distribution at T=293

K).

A typical difference scattering pattern at E = 3.19x10 a.u. is

presented in Fig. la. The difference signals multiplied by 6»sin(9) are

plotted as a function of the scattering angle 9 in the LAB-system. The 0°

position of the detector was determined, within an accuracy of 0.05°, from

a comparison of the ground-state scattering patterns at positive and

negative scattering angles, respectively [20]. At scattering angles 8 < 5°

the difference signal is dominated by the oscillations in the ground-state

scattering patterns [20]. For 6 > 5° the rapid oscillations, which are due

only to the scattering of excited Na, are well resolved. We compared the

experimental data obtained with different orientations of the polarization jj

of the laser light in the scattering volume. It turned out that the

orientation of the polarization vector had a slight effect on the relative

peak heights for 6 > 5°, but did not influence the position of the peaks.

A similar result was found by comparing the scattering patterns calculated

for different initial distributions over the magnetic substates

corresponding to different orientations of the polarization vector (see

section 3-C).

3. THEORETICAL ANALYSIS

3A. THE ELASTIC APPROXIMATION

In the theoretical investigation of collision processes between

excited alkali atoms and rare gas atoms the determination of scattering

cross sections is simplified if fine-structure coupling and rotational

couplings (both spin-rotational coupling and rotational coupling between n

and E) are neglected. The differential cross sections for scattering by

rara gas atoms of excited Na that is initially in the state j=l/2 or j=3/2

are obtained in this so-called elastic approximation [6,13] from the
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expression:

i 2 + ||fn(e)|
2 , (D

for an isotropic distribution over the magnetic substates. The scattering

amplitudes fn(6) and fy(8) result from the scattering of Na-atoms along

the molecular A II- and B E-potential curves. The adiabatic interaction
o

potentials for the quasi-molecular complex of a Na(3 P) atom and a rare

gas atom are shown schematically in Fig. 2.

The fine-structure splitting Ae of the P state of the isolated Na-atom is
S 2

very small (7.8x10 J a.u.) compared to the well depth of the A n-potential

and the thermal collision energy E. Radial coupling between the B \f2 a n d

1/2 s t a t e s occurs at a relatively large internuclear distance R^.
2 2

Rotational coupling between A ^\/2 an<* ^ "3/2 s t a t e s takes place at
smaller distances 1^, indicated in Fig. 2 by the shaded R-region.

In Fig. lb the dashed curve represents the differential cross section j

for Na -Ne collisions calculated from (1) in the LAB-system at a relative

collision energy E = 3.19x10 a.u. The elastic phase shifts of the

scattering amplitudes in (1) are obtained using the JWKB approximation.

The equilibrium parameters ^ and e of the An- and BZ-interaction

potentials that we used in the calculation have been obtained by

Lapatovich et al. [21] from a spectroscopie investigation of the NaNe

molecule.

In the dashed curve in Fig. lb the calculated main rainbow and the

rapid oscillations of the All-potential scattering can be clearly

distinguished. The contribution of the B£-scattering in the angular range

of the main rainbow for Aft-scattering is without structure. The frequency

of the experimental rapid oscillations shown in Fig. la does not

correspond to the frequency of the calculated oscillations in the dashed

curve in Fig. lb. Since the All-interaction potential is well-known, we

must question the correctness of the elastic approximation. A much higher

Revalue of the All-potential would have to be adopted in order to obtain

agreement. Such an Revalue, however, is inconsistent with the accurate

spectroscopie results. The differential scattering measurements of Carter

et al. [5] on Na -Ne were also interpreted on the basis of expression (1).

31



Carter's result for the All-potential was questioned by Bottcher [10] and

was inconsistent with the spectroscopie observations of Ahmad-Bitar et al.

[7J. Our experimental results support the conclusion of Masnou-Seeuws et

al. [1], namely that the simplification of the scattering process by (1)

is not justified for Na -Ne collisions.

In a correct treatment of the scattering process of Na on Ne the

spin-rotational coupling [1] must be considered. This coupling mechanism

is operative if the rotational velocity d<t>/dt of the internuclear axis is

high compared to the frequency u of the spin precession, i.e. d<j>/dt>>io

( ={V(A2n3y2) ~ V(A
2n1y2))/

fi )• This condition implies that the spin is

uncoupled from the internuclear axis and will be fixed in space. In that

case the A n^/2 and A II-ĵ  molecular states will become coupled.

Nikitin [14] has discussed the effect of this coupling mechanism on

the transition probability from the state j=l/2 to j=3/2 in alkali - rare

gas collisions. He considered the collision as a sudden change in Hund's

cases and assumes that inside the molecular region (where the electronic

angular momentum L is coupled to the internuclear axis) Hund's case b

holds. Masnou-Seeuws et al. [1] adopted this collision model to calculate

the scattering amplitudes for 0- and E-scattering. In fact, Hund's case b

is only valid for Z-states. For the molecular Il-states the collision

system can be represented by Hund's case a or b. The validity of the

assumption that for Ff-states too the spin is uncoupled from the

internuclear axis will be discussed in section C.

3B. THE HUND'S COUPLING SCHEMES

In order to account correctly for the spin effects, different regions

of internuclear distances R have to be considered. In these regions

different couplings of spin, electronic orbital angular momentum and

orbital angular momentum associated with the nuclear rotation are present.

At large internuclear distances the quasi-molecule is best described by

Hund's case c or e. For both cases the spin-orbit interaction is large

compared to the potential difference AV = Vj.—VJJ. At small internuclear

distances the state of the molecule is represented by Hund's case a or b,

depending on the relative importance of the electrostatic, rotational and
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spin-orbit interactions. The transition from one case to another during

the collision process can best be visualized by a diagram in which the

various interaction energies are plotted as a function of the internuclear

distance R [15,22]. Such a diagram is shown in Fig. 3 for Na -Ne

collisions at a collision energy E = 3.19x10 a.u., which corresponds to

the energy used in the experiment shown in Fig. la. The potential

difference AV(R) has been obtained from the spectroscopically determined

potentials of Lapatovich et al. [21].

In this diagram the fine-structure splitting fiw in the molecular

region is assumed to be equal to the atomic fine-structure splitting (7.8

x 10 a.u.). The centrifugal coupling term fid(|>/dt is represented by the

dashed curves. These terms satisfy the relation fid<j>/dt = 2n2Jl/pR2 with A

the angular momentum for the collision and u the reduced mass [22].

The transition from the atomic states to the molecular states takes place

at R^, where AV equals the atomic fine-structure splitting [14]. At this

distance the Hund's coupling case e or c changes into case d or a,

respectively. If AV varies rapidly at R,̂ , the sudden approximation will be

satisfied for the radial coupling between the A TIj/2 and B £]/2 states

[23]. The distance R2, where fidi|>/dt equals the fine-structure splitting,

depends strongly on the value of Z, as can be seen in Fig. 3. Therefore,

the transition from Hund's case a to b is not localized in a small region.

In their collision model Masnou-Seeuws et al. [1] have assumed that the

distance R2 coincides with R̂  for all impact parameters b < R^.

Fig. 3 can also be interpreted in the elastic approximation. Then the

fine-structure splitting has to be taken equal to zero. In that case R-̂  is

infinitely large. This implies that the spin is always uncoupled from the

other angular momentum of the system (Hund's case b), which is certainly

not realistic for Na -Ne collisions. We conclude from the diagram that the

collisions of Na on Ne at E = 3.19x10 a.u. have to be described by

transitions from Hund's case e via c and a to b and vice versa. For SL-

values larger than a given value JLa„ (or impact parameters b larger than
Ilia A

R^) the scattering of excited Na results in scattering angles smaller than

the angles probed in our experiment.
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The various Hund's coupling schemes ( between parantheses ) as determined

by the centrifugal coupling term Rdij)/dt, the fine-structure splitting fiw

and the potential energy difference VJ.-VJJ. The dashed curves represent the

centrifugal terms for different angular momentum A ranging from A=20 to

A=200. The full curve at E = 7.8x10 a.u. represents the fine-structure

splitting. The circles in the figure are positioned at distances R2 where

the transitions from Hund's case a to b occur. The straight line at R̂

devides the plot into the atomic (R > Rĵ ) and the molecular (R < Rj)

region.
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3C. CALCULATION OF THE SCATTERING CROSS SECTIONS

We define two frames of reference in which the atomic and molecular

states are described, respectively :

- a fixed frame of reference, where the quantization axis is perpendicular

to the scattering plane (atomic frame),

- a rotating frame of reference, where the quantization axis is along the

internuclear axis (molecular frame).

In the elastic approximation the spin is always uncoupled from the

internuclear axis. Then the amplitudes for scattering in the CM-system

from the initial atomic state ^ n ^ t 0 a specific final state | ĵ ii]̂

after the collision are easily obtained in the rotating frame

representation [13] :

f(j1m1;j2m2|9) = 6m n ^ ^ m j LA;SMg> fA(9) <LA;SMg| J2m2> , (2)
1 2. 5

where f/i(ö) is the amplitude for elastic scattering along the A potential

in the rotating frame, given by :

fA(6) = 2lk A (2*+1)'<SAA- " **

where the (diagonal) scattering matrix S^ = e , 2T)J are the elastic

phase shifts and k is the wavenumber defined by k = 2uE/n ( u = reduced

mass, E = relative collision energy). In (2) it is assumed that a

molecular description is valid for all internuclear distances of the

colliding atom pair. However, in section 3-B we have seen that at

internuclear distances larger than R^ the spin-orbit (LS) coupling is

large enough to form the atomic states j jm->- For this reason a possible

uncoupling of the spin from the internuclear axis can only occur within a

sphere with radius Rj. This radius is called the matching radius [24]. At

this radius transitions between the atomic states are localized. For In-

states, only defined within this region, there is no coupling of the spin

to the molecular axis. For n-states the spin is only coupled at

internuclear distances smaller than R2 (dependent on the impact parameter

b). For the moment we will assume that the spin is uncoupled for R, < R <

R̂  too. Now, the scattering amplitudes f(jj_m̂ ; j2m2 j 8) are more
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Fig. 4.
The collision process in the CM-system for a repulsive and a attractive

trajectory. Atomic states are described in the fixed frame x,y,z;

molecular states are described in the rotating frame x',y',z'. The

transition from atomic states to molecular A states occurs at internuclear

distance R-, at A and C. a,2<|> are the angle of rotation of the internuclear

axis in the atomic and molecular region, respectively.
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appropiately described in the fixed frame. We assume that the atomic

states |jnia> defined at internuclear distances R > R, do not rotate with

respect to the fixed frame. Rewriting (2) in the fixed frame yields :

f < J i W 2 l e> - i s ^ <Jimil L M i ; S V

where F^t^ (9) is the scattering amplitude matrix element in the fixed

frame. The spin states |SMg>, described in the fixed frame, have not

changed during the collision. The |LM,> states, however, can be different

before and after the collision.

Before specifying the matrix F , we show in Fig. 4 schematically the

collision process in the CM-system for an attractive and a repulsive

trajectory, respectively. Both trajectories lead to the same scattering

angle 6. The trajectories are determined by the Ir- or E-interaction

potentials.

At large internuclear distances the atomic states are described in the

fixed frame ( the xyz frame in Fig. 4). The system passes the matching

radius R^ at A or C in Fig. 4 for the repulsive or attractive trajectory,

respectively. From A to B or C to D the collision occurs adiabatically in

a £- or a n-state. These states are described in the rotating frame

(x'y'z' "rame in Fig. 4). When again R > RL the collision is over. At A

the atomic states in the fixed fraus can be transformed into the rotating

frame by means of the rotation matrix D ] ^ ( cĉ , j, — ). The angle cf is

shown in Fig. 4 and is defined positive (negative) for repulsive

(attractive) trajectories. After the collision the rotation matrix

Djjjt ŷ( - y, - -j, -x + 6 + a^ ) transforms the molecular states at C to the

atomic states described in the fixed frame. This implies that for

repulsive trajectories the diagonal matrix elements Sj^ (=exp2ir)p in (3)

have to be changed into [25] :

* SAY ̂  V f. P <5>
where D1(a,p,y) is the rotation matrix defined in [26]. For attractive

trajectories a^ and -( it -9) in (5) have to be replaced by -<xj[ and n +8,

respectively.
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Expression (5) written out explicitly gives :

0 i

exp(2iT$

*}] 0 |

(6)

In (6) we have replaced ( it - 0 - 2aj ) by 2$£, i.e. the angle of rotation

of the molecular axis from A to B in Fig A. For attractive trajectories we

substitute -2<j>| for -( it + 6 - 2aj[ ) in (5), i.e. the angle of rotation of

the molecular axis from C to D.

From (6) one obtains the 3x3 scattering amplitude matrix F :

0 7 < f n -

A\ / =e A

(7)

where f^ is given by (3) in which exp(2iiijj) (=S^A) has to be replaced by

«p(2iï|j + J

The total scattering intensity 1(0) is given by :

I( 9) = Tr(f p ?*) (8)

where p is the density matrix of the system before the collision. The

total differential cross section for scattering from the initial state

j=3/2 to all possible final states jj^m^> is easily obtained from (7) and

(8) if one assumes an initially Isotropic incoherent distribution of

|3/2;m.> stages. In that case p is diagonal. The total differential cross

section cr(3/2|e), calculated from (7) and (8), is :
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a result also obtained by Masnou-Seeuws et al. [1]. Similar expressions

can be obtained for linear polarized light. These expressions imply the

following points :

(i) The main consequence of (9) is the presence of fnf£ interference terms

that can be experimentally observed. These interference terms become more

pronounced in the total differential cross section if R̂  (discussed in

section 3-B) becomes smaller, but will disappear again for very small

(unrealistic) values of R^.

The physical effect of the interference terms f̂ f j is easily under

stood if one first considers the result for a(3/2 |@) in the special case

that the spin is always uncoupled from the internuclear axis. In that case

radius Rj is infinitely large and, as can be seen from Fig. 4, the

rotation angle 2<(>jf will be equal to it - 9 and - it - 9 for repulsive and

for attractive trajectories, respectively. (Therefore it is puzzling that

Masnou-Seeuws et al. discussed their result for a(3/2| 6) (eq. 9) in the

asymptotic case when 2<t>£ = + it - 9, i.e. when the validity of the elastic

approximation is assumed.) Due to the different rotation angles 2$^ for IT-

and E scattered waves, respectively, the ihZ interference term in

1/6 I f - f_| is not cancelled by the n-2 interference terms in

1/12 |f~ + f~|2 and 1/12 |f*+ f*|2.

In the rotating frame the effect of the space-fixed spin would have to be

taken into account by introducing Coriolis forces. This is neglected in

the elastic approximation yielding (1).

(ii) The D-E interferences in (9) show up in the experimental cross

section in two different ways. As Masnou-Seeuws et al. [1] have already

pointed out the frequency of the observed rapid oscillations can be

derived from the classical deflection functions for the elastic scattering

along the H- and ^-potential curves. This frequency is given by : v =

k«(b| + b|j), where bj, b^ are the impact parameters for scattering along

the repulsive E and the attractive n potential curves that result in the

same scattering angle at the rainbow of the n-scattering. In addition, the

"difference frequency" k«(b| - bjj) (with b£ the impact parameter that

gives rise to repulsive scattering along the n potential into the above

given scattering angle 9) can clearly be observed if the angular

resolution of the experiment is such that the rapid oscillations in the n-

scattering are averaged out (see also section V).
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Generally, the "sum frequency" is much larger than the "difference

frequency". This feature of the difference frequency, however, has not

been recognized by Masnou-Seeuws et al.

(iii) We should be aware of the fact that in (9) it is assumed that the

spin is always uncoupled from the molecular axis for II- and E-states. If

one allows the spin to be coupled to the molecular axis for II states in

the region where Hund's case a holds, the calculation of the cross

sections becomes more complicated. In Hund's case a the II states are

split into H]/2 an& "3/2» wn*-cn couple if Hund's case b occurs at small

distances. However, if one assumes that both molecular potentials V( IL in)

and V( 113/2) d° n o t differ, one can take into account the partial rotation

of the spin states |l/2,+l/2> in Hund's case a by replacing 2iTi^ by 2iT^

+ i <j> £ .̂ i 6 £• 2()>£ is the angle of rotation of the molecular axis and 26^ is

the angle of rotation of the molecular axis during the time Hund's case b

is valid for II states.
+

(vi) From the definition of f^ it is seen that if the sense of rotation is

inversed, i.e. positive scattering angles become negative, f7 is changed

into f^.

In the calculation of the rotation angle 2$^ we adopted a classical

curved trajectory :

Rl
2$* = 2b ƒ r~2« {1 - b2/ r2 - V (r) / E}"1/2dr (10)

—
Ro

where RQ is the classical turning point. The rotation angle is calculated

numerically using a Gauss-Mehler quadrature formula for the integral in

(10) [27].

To show the effect of the spin uncoupling on the cross sections we

plotted in Fig. 5 the terms | f^ + f"£|2 , | f ̂ + f^|2 and [ f n - fj, j2,

together with the term f̂ j + fj, ( as mentioned before, the elastic

approximation reduces the term 1/2 I ft + ft I 2 + 1/2 f„ + fZ I2 to
fn +
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These terms were calculated in the semi-classical approximation where we

have used the potential curves obtained by Lapatovich et al. [21]. The

oscillatory structure in all the terms exhibits the same frequency that

can be recognized as a fjjf^-interference.

The n-£ interference term is not observable if the cross sections

| f JJ - fj| and jfjj + fjj are summed, whereas the summed cross section

1/2J f^ + f j |2 + 1/21 f^ + f j| 2 + | fn - fs|
2 does show this interference.

The peak positions of the oscillatory structure in the partial cross

sections containing the term with f are shifted to larger scattering
I I 2 —

angles with respect to |f~ + f y I , while those with the f term are

shifted to smaller angles. Apparently, these shifts are caused by the

Coriolis forces present in Hund's case b. These shifts are angle dependent

due to the A-dependence of the rotational couplings.

4. COMPARISON WITH CC-CALCULATIONS AND EXPERIMENTAL RESULTS

We compared the total differential cross section o(3/2| 9) in the

semi-classical approach, i.e. expression (9), with the results of close

coupling calculations [11,28] supplied by Hasselbrink and DUren. In both

calculations the Alt- and BS-potential curves obtained by Lapatovich et al.

[21] were used. The BS-potential curve, however, was slightly changed in

the repulsive part, but this has no consequences on the comparison of both

kinds of calculations. The semi-classical and the close coupling results

for the differential cross section are both given in Fig. 6.

The scattering cross sections, multiplied by sin(9), are plotted as a

function of the scattering angle 9 in the centre of mass system. The

calculated cross sections are not averaged over the experimental velocity

distributions and not corrected for the finite angular resolution. There

is good agreement between the scattering patterns produced by both

calculations regarding the positions and relative heights of the maxima

and minima.

We also calculated the semi-classical cross sections by setting the

fine-structure splitting in the All-state equal to 2/3 of the atomic

splitting which is a better estimate for the splitting energy at the

position of the well of the An-potential [9]. The calculated scattering



Fig. 5.
Calculated partial differential cross sections; sin(6)»I(9) versus 9 in

the Cfr-system.

The cross sections | fjff s |
2 and jfĵ f s | in the two upper panels are

precisely out of phase. The cross sections |fft-fj| 2 and |ffl+fs| i n t h e

two lower panels show a shift with opposite sign with respect to |fjjffjj2
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pattern was changed only slightly, which indicates that the rotation of

the molecular axis in the R-region where Hund's case a holds is negligible

small. In fact, the rotation is only significant near the classical

turning points R = RQ. This was also shown by Dashevskaya et al. [29], who

proved mathematically that the main contribution to the integral in (10)

is made by the part of the trajectory close to the turning point.

Therefore, the calculated cross sections would also differ only slightly

from the scattering patterns presented in Fig. 6 if a partial rotation of

the spin states in Hund's coupling case a were taken into account.

The discrepancy between the semi-classical result and the close

coupling result at small scattering angles may be caused by the fact that

the model we used is a relatively simple one. If Hund's case b holds for

every internuclear distance the rapid oscillations are simply originating

from the All-potential scattering (see dotted curve in Fig. 6). In fact,the

peak positions at scattering angles 9 < 8° are better reproduced by the

elastic approximation. We ascribe the deviations in both calculations in

this angular range to the assumed sudden approximation for the transition

from case e to b.

The semi-classical cross sections shown in Fig. 6 were recalculated

in the LAB-system and are also given in Fig. 1 so that they can be

compared with the experimental data. Fig. 1 shows that the experimental

and theoretical peaks have roughly the same height, indicating that the

experimental angular resolution is very high. Our main interest, however,

is the frequency of the rapid oscillations. Since the absolute angular

scale in the experimental cross sections is known very accurately [20],

the peak positions have also been determined with high accuracy.

Deviations of the scattering patterns calculated with the semi-classical

model that includes spin-uncoupling effects from the experimental patterns

are therefore due only to the uncertainty in the potential curves. We have

seen in section 3A that the frequency of the rapid oscillations obtained

from the elastic approximation is not in agreement with the experimental

result. In contrast, the result obtained from our semi-classical

calculation that included the spin-uncoupling from the molecular axis

shows a good agreement with respect to the experimental frequency. This

agreement was observed in all the experimental data we obtained at

different collision energies. The slight discrepancies between the
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Fig. 6.

Total differential scattering cross sections at a relative collision

energy E = 3.19xlO"3 a.u.; sin(0)«I(e) versus 9 in the CM-system.

Solid line : semi-classical calculation including spin uncoupling in the

"molecular region".

Dashed line : close-coupling calculation (by Hasselbrink and DUren).

Dotted line : calculation according to the elastic approximation.
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experimental and theoretical peak positions can be removed if the

potential curves for the All and/or BE states are slightly adjusted. In a

subsequent paper we will determine these potential curves from our

experimental scattering patterns measured at various thermal collision

energies [30].

5. IDENTIFICATION OF SPIN-UNCOUPLING EFFECTS IN OTHER SCATTERING DATA

In their experimental cross sections for scattering of excited Na by

Ar Duren et al. [2] have resolved the rapid oscillations in the main

rainbows measured at various energies. The angular spacing A3 of these

rapid oscillations is dependent on the relative velocity g of the

colliding atoms. In the case of elastic scattering the relation between A9

and g is given by A8 • CQ'fi/\iRm*g degrees, where n is the reduced mass and

CQ is 155° [31]. Duren et al. [2] have pointed out that if one applies

this relation to their experimental values of A9 and g one would obtain an

Rjj! value that is not in agreement with the accurate value for Rffl they

deduced from earlier scattering experiments in which the rapid

oscillations were not resolved [32]. Duren et al. [2] noticed that this

discrepancy had to be described to inelastic effects involved in the

scattering process but did not discuss the implications of these effects.

Since the experimental values of AG x g appeared to be constant within 1%

Duren et al. were able to make their experimental data consistent with

their result for 1^ by changing the value of CQ into 135°. We will explain

here quantitatively this difference in the two values of CQ on the basis

of the spin-uncoupling model.

In order to establish which sequence of Hund's coupling cases occurs

during the collision we calculated the angular velocities of the Na -Ar

system as a function of interatomic distance at a representative collision

energy of 5.54x10 a.u. The values of AV = Vj. - V̂ j and fiu were derived

from the A \/2 3/2 a n d ^\/2 potentials for Na-Ar obtained by Duren et

al. in a model potential calculation [33]. It turned out that the

collision system has to be described semi-classically as following a

sequence of Hund's coupling cases e-c-a-b-a-c-e. In fact, the calculated

diagram is very similar to the one shown in Fig. 3. We calculated the
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scattering patterns at the stated collision energy in the elastic

approximation as well as in the semi-classical approximation including

spin uncoupling. We found that the frequency of the oscillations in the

cross sections calculated with the latter approximation was higher than

that in the result from the elastic approximation. The higher frequency

can be attributed to n-£ interferences that become visible in the total

differential cross section due to the spin-uncoupling mechanism as was

discussed in section 3C. The frequency of the oscillation structures in

the differential scattering cross sections for Na -Ar is equal to the "sum

frequency" discussed in section 3C. We deduced a constant CQ = 128°, which

is in reasonable agreement with the Cg-value found by Duren et al. [2].

The value of CQ, however, depends on the IT—E potential difference and
2

should therefore be taken with some caution. Whereas for the elastic A n-

scattering CQ can roughly be determined from the expression v = k'Cb^ +

bïj) for the frequency of the rapid oscillations, CQ now depends on the

"sum" frequency vg = k»(b
aj+ b^) • CQ is therefore no longer characterized

by only the Revalue of the A IT-potential.

In our model we have neglected the rotational coupling between the II-

and 2-states. However, there are indications that this coupling may be of

importance in the inelastic collision process. Recently, Havey et al. [34]

reported experimental integral cross sections of fine-structure

transitions in Na -Ar at thermal energies. In order to interpret the

measured intensity ratio of the D-̂  and D2 lines they had to assume a

Coriolis mixing between the ft- and S-states. For light rare gas atoms the

neglect of this rotational coupling is a justified approximation.

Nevertheless, we do not expect that this coupling mechanism would

seriously affect the calculated frequency of the oscillatory structure as

the frequency calculated in our model appeared to agree reasonably well

with the experimental result of Duren et al. [2].

In another experiment Duren et al. [3] studied the scattering of

K(4 P3/2) ty Ar. The K-atoms were excited using a circularly polarized

laser beam perpendicular to the scattering plane. The relative collision

energy was 4.59x10 a.u. In the experimental scattering pattern of K -Ar

measured at moderate angular resolution Duren et al. resolved rapid

oscillations that are asymmetric with respect to 0 = 0°. Whereas a light

gives rainbow structures with additional rapid oscillations at positive
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scattering angles, a light does not produce these additional

oscillations» The reversed situation was found when the scattering of K

was observed at negative angles. This can be expected from the symmetry of

the collision process»

Duren et al. indicated that the measured additional oscillations are

in fact n-£ interferences. In our semi-classical picture these n-Z

interferences also show up. From (7) and (8) in section 3C one easily

derives that a light would yield a cross section :

o-+(6)- I l^-fj 2 + \ |f"+f-|
 2 (11)

and <T light a cross section :

cf(e) - i | £ n - f E | 2 + \ |f;+f+
£| 2 (12)

The scattering amplitudes are calculated as in (7) but a partial rotation

of the spin, i.e. in Hund's coupling case a, has to be included (see (iii)

in section 3C). If (fjpfp i s changed in (f^.f^), attractive and repulsive

trajectories are exchanged, which implies that positive scattering angles

become negative and vice versa, consistent with the experimental findings

when o is changed into a".

We used the model potential curves for K -Ar obtained by Duren et al.

[33] in our calcuation of the scattering cross sections for o+ and a"

excitation. From these potential curves we deduced an R-dependent fine-

structure splitting in order to see which Hund's coupling scheme holds in

the molecular region. We found that Hund's case b occurs only at impact

parameters that result in scattering into the A n-rainbow angle. Most

collisions are presented by a Hund's case a coupling scheme, because the

atomic fine-structure splitting of K (2.6xlO~* a.u.) is larger and the

angular velocities lower than in Na -Ar collisions. In Fig. 7 the result

of the calculations obtained with the elastic approximation is shown

together with the result for a+ light obtained from (11). The scattering

cross sections are plotted as a function of the scattering angle in the

CM-system. The calculated cross sections are folded with a Gaussian

distribution (FWHM « 1°) over the scattering angles to suppress the rapid

oscillations originating from the n scattering that were neither resolved
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in the experiment of DUren et al. Whereas the "elastic" result does not

show additional oscillations, the result for a+ light exhibits an

oscillatory structure» We compared the positions of the extrema in this

sturcture with the corresponding positions in the differential cross

sections calculated by Duren et al. in the CC formalism (shown in Fig.2 of

rfs [3]). The relation between the scattering angles in the CM-system and

in the LAB-system in the angular range considered is 6(3̂ /0̂ 8̂ = 1*94 . We

found a good agreement between the peak positions in both calculations.

The frequency of the oscillatory structure at "the dark side" of the

main rainbow is small (A©CM » 8.5°). In section 3 we already remarked that

this structure can be observed if the oscillations with the "sum

frequency" are averaged out by the limited experimental angular

resolution. For a" light ( not shown in the figure) the agreement is less

good than for a light. Our calculations for the former excitation scheme

showed an additional structure too but yielded maxima at angular positions

where a+ light produced minima. However, these maxima are much less

pronounced in the experimental dat of Duren et al. which are well

reproduced by their exact CC calculations. [3]. We must note that the

cross sections are summed over all accessible final fine-structure states.

a+ light prepares the Na atoms only in the j - 3/2, m. - 1/2 state in the

fixed frame. In order to establish the origin of the discrepancies between

our results and the close-coupling results we compared the partial cross

sections for the final states |3/2,-l/2> and |l/2,-l/2> obtained from both

kinds of calculations. CC calculations performed by DUren et al. [35]

yielded an angular shift of these cross sections with respect to each

other, whereas our semi-classical result showed partial cross sections

that are precisely in phase and differ only by a factor 2.

Although this difference between our result and the CC result for the

partial cross sections is significant, the summed cross sections are in

good agreement as far as the position of the extremea in the total

differential cross section is concerned. This agreement can never be

achieved if the elastic approximation is applied. Therefore, we have not

tried further to fit the partial cross sections in our calcutions to the

CC result.

A possible explanation for the discrepancy between the scattering

patterns calculated in the semi-classical model and the experimental as
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well as quantummechanlcal patterns could be the neglect of the Coriolis

mixing that has been taken into account by Havey et al. [34] in order to

explain their, experimental Di/D2 intensity ratios. For a fully

quantitative comparison of the K -Ar results we clearly need a more

refined collision model than we have used for the interpretation of the

Na -Ne scattering cross sections. Nevertheless, the amount of agreement

between our results and the close coupling calculations performed by Duren

et al. clearly indicate that spin-uncoupling have also here to be invoked

as the effect that is mainly responsible for the occurrence of

interferences.

6. CONCLUSIONS

In summary we have measured and analyzed differential cross sections

for the scattering of laser-excited Na(3 P3/2) by Ne. We have shown that

the experimental data cannot be interpreted correctly in a semi-classical

treatment in which the elastic approximation is taken into accouut.

Nevertheless, a semi-classical collision model can be applied provided the

uncoupling of the electron-spin in the molecular region is included.

The semi-classical model has enabled us to associate the

characteristic features in the observed scattering patterns with a

physical mechanism. Due to the spin uncoupling the partial cross sections

do not oscillate with precisely opposite phases. Consequently, Tht

interferences can still be observed in the total differential cross

section summed over the final fine-structure states but they are not to be

seen in the scattering patterns calculated with the elastic approxiamtion.

The collision model that we have used was originally applied by

Masnou-Seeuws et al. [1] to interpret qualitatively the Na -Ne scattering

cross sections measured by Carter et al. [5]. We have proved that this

model can also be used in a quantitative analysis. We have found good

agreement between the results of the semi-classical treatment and the

close coupling calcuations. We note that the collision model has no free

parameters by which the semi-classical result can be fitted to the

quantummechanical result. We conclude that spin uncoupling is the main

effect responsible for an incomplete cancelling of II -S interferences
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which are present in the partial cross sections for fixed final states.

This is in conflict with the explanation by Duren et al [35] who regarded

the different total angular momentum J of nuclear and electronic motion to

be responsible for a slight relative shift of partial cross sections

corresponding to different final j-states. The spin-uncoupling

interpretation is further supported by quantual calculations [13], which

in accordance with the semi-classical picture show that no extra

interferences occur in the summed differential cross sections for

collision systems with negligible small fine structure splitting, such as

Li*-He.

Although good quantitative agreement of semi-classical calculations

and experimental data is obtained for Na -Ne cross sections, the K -Ar

scattering patterns cannot yet be fully explained by the simple model.
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C H A P T E R IV

THE B2Z - INTERACTION POTENTIAL FOR Na-Ne DETERMINED FROM II - Z

INTERFERENCE STRUCTURES IN DIFFERENTIAL SCATTERING CROSS SECTIONS

ABSTRACT

We have measured the differential cross sections for scattering of

laser-excited Na(3 ̂ 3/2) from Ne at thermal collision energies. For the

interpretation of the experimental data we performed semi-classical

calculations in which spin-rotational effects were taken into account.

From the observed VrZ interference structures in the scattering cross

sections we extracted detailed information about the A n - and B £ -

interaction potentials. We found the excited-state potentials to be in

excellent agreement with the potentials determined in recent spectroscopie

work. The equilibrium distance of the B S-potential, 15.1 + 0.4 a.u, was

obtained with an accuracy higher than achieved in spectroscopie

experiments reported up to now.

By comparing calculated differential cross sections based on model

potentials with our experimental data we conclude that the model

potentials of Peach are the most reliable theoretical Na -Ne potentials

known today.

1. INTRODUCTION

For many years experimental and theoretical studies on the alkali-

rare gas interaction have mainly concentrated on the Na-Ar system. These

studies have provided accurate knowledge of the ground-state and excited-

state potentials for the Na-Ar interaction. Although much effort has been

put in the experimental [1-5] and theoretical [6-11] investigation on the

Na-Ne system, these studies did not yield concurring descriptions of the

interaction potentials for the ground-state and first excited-state of the

Na-Ne system. It was assumed [4] that incorrect interpretations of

experimental data were responsible for the different results obtained by

the various experimental methods.

From a spectroscopie study on the NaNe van der Waals molecule Ahmad-
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Bitar et al. [4] obtained a well depth e and an equilibrium distance rffl of

the A2Fhpotential which were inconsistent with results obtained from line-

broadening [2,3] and scattering experiments [1]. For this reason Ahmad-

Bitar et al. called in question the semi-classical methods used to

generate the potential curves from spectral line data and scattering data.

This doubt on semi-classical interpretations could not be removed until

more accurate interaction potentials for the excited state of Na-Ne became

available.

Interest in the Na-Ne system has been revived by the spectroscopie

work of Lapatovich et al. [12] on the Na-Ne molecule. From an evaluation

of the spectroscopie data of Lapatovich et al. , Gottscho et al. [13]

derived an accurate potential curve for the A n excited-state and

information about the well in the B ^-potential curve. Through this work

it has become possible to compare the results for the interaction

potentials obtained by different experimental methods in a more adequate

way.

Recently, the discrepancy between the results obtained from spectral

line data and high-resolution spectroscopy has been resolved by Havey et

al. [14]. They performed new experiments on the far wing of the Na

resonance line perturbed by Ne. Using the quasi-static formalism for their

analysis of the experimental data they obtained potential curves in

agreement with the experimental results of Lapatovich et al. [12] and

Ahmad-Bitar [4]. The reliability of the A2ft-potential obtained by Havey et

al. was confirmed by Pontius and Santo [15] who compared results from the

quasi-static formalism with quantummechanical calculations.

The discrepancy between the potentials derived from the scattering

experiments of Carter et al. [1] and the spectroscoplcally determined

potential of Ahmad-Bitar [4] was explained by Masnou-Seeuws et al. [16].

The latter authors showed that the scattering cross sections measured by

Carter et al. were strongly influenced by the interference between IT- and

2- scattering amplitudes. In order to interpret the scattering data semi-

classically they had to take into account spin-uncoupling effects caused

by the rotation of the internuclear axis. Recently, we have shown [17]

that - with the inclusion of spin-uncoupling effects - differential

scattering cross sections calculated semi-classically are practically

identical to the cross section obtained from a quantummechanical
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2 2calculation. In addition, we have demonstrated that the A IT- and B 2-

interaction potentials obtained from spectroscopie work yield differential

cross sections that are in reasonable agreement with our experimental

data. Therefore, the interpretation of the Na -Ne scattering data on the

basis of the revised semi-classical formalism can now be regarded as a

reliable method for obtaining correct interaction potentials.

Our aim in this report is to establish the interaction potentials

for the Na -Ne system from our high-resolution scattering data. Our

experimental cross sections are especially sensitive to the repulsive part
2

of the B E-potential, which - up to now - has not been probed in other

experimental methods. Therefore, we shall concentrate on determining this

potential. In calculating the scattering cross sections we shall make use

of the accurate A n-potential reported by Gottscho et al. [13]. In

addition, we shall investigate to what extent A n-potentials obtained by

other methods reported in the literature, e.g model potential

calculations, yield theoretical cross sections that are in agreement with

our experimental data.

2. EXPERIMENTAL SET-UP

The experiments reported here were performed in crossed-beam

apparatus described in detail in [18]. In a previous paper [19] we

reported the results of the scattering of ground-state Na by Ne and Ar

obtained with the same apparatus. A schematic view of the experimental

arrangement is shown in Fig. 1.

For the measurement of the scattering intensity of excited Na by Ne a

laser beam from an argon-ion-laser-pumped ring dye laser was directed

perpendicular to the velocity-selected Na-beam and the thermal rare gas

beam. The laser light (linearly polarized) was stabilized to the F»2 •»• F-3

hyperfine transition of the Na-D2 line by using an auxiliary Na-beam

apparatus. The laser power at the scattering volume was 28 mW (laser spot
2

size 1.4 x 4.0 mm ), which was sufficient to saturate the transition.

The experimental method for obtaining differential scattering cross

sections for Na -Ne is given briefly below:
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Fig. 1.

Schematic experimental arrangement

1. Ar pump laser, Spectra Physics 164

2. Spectra Physics 380A cw ring dye laser

3. Auxiliary Na beam apparatus for frequency stablization

4. Spectra Physics polarization rotator 310-21

5. Mirrors
6. Photo-diode as fluorescence monitor
7. Na-oven <TV47O K)
8. Mechanical velocity selector
9. Ne multichannel beam source (T*293 K)
10. Langmuir-Taylor detector + particle multiplier (Bendix M308)
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For every scattering angle 6 the difference intensity of scattered Na-

atoms is measured with the laser beam turned on and off, respectively:

AI(9) - IL(9) - I°(9) (2.1)

0 *
If -TS and -r§ are the differential cross sections for the ground-

au an

state and excited-state Na scattering, respectively, the difference signal

M(6) is proportional to

* 0
A 1(9) * a|f - o|f (2.2)

where a is the fraction of excited Na in the scattering volume.

The ground-state and excited-state potentials can be determined by

performing fit-calculations of difference scattering patterns and by

comparing the calculated results with the experimental difference signals.

In principle, we have to take the finite angular resolution of the

experiment into account in order to obtain optimum fits of the calculated

difference scattering patterns to the experimental data. When the

scattering volumes for excited-state and ground-state Na differ, the

averaging procedures for the calculated cross sections
0 *

do /dQ and da /dQ will be different and become more precarious as the

experimental resolution worsens. However, due to the high resolution of

our experiment (0.1°) we did not need to average the calculated cross

sections over the experimental angular resolution in order to obtain

reliable potential curves.

To obtain specific information about the excited-state potentials we

selected the range of scattering angles where the ground-state scattering

does not produce a structured pattern. The lower limit of this angular

range varied from =8° for low collision energies (E - 2.1xlO~3 a.u.) to «

4° for the highest collision energy that we investigated (E « 4.2xlO~3

a.u.). The upper limit of this range was set by the signal-to-noise ratio

of the difference signal and was at most 20°.

In all our scattering measurements we observed a rainbow maximum and

rapid oscillations in the angular range selected. The angular positions of

the extrema in the rapid oscillations were determined with an accuracy of

0.1°.
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Na-Ne: A2n-potentials

Gottscho et al
Peach
LJ(8,6) - I
LJ(8,6) - II

6.0 7.0 8.0
R ifl.U.

Fig. 2.
Interaction potentials for the A IT-state of Na-Ne.

The lennard-Jones (8,6) potential curves I and II were calculated assuming

the equilibrium data e, rm obtained by Lapatovich et al. [12] and Masnou-

Seeuws et al. [8], respectively.

The A2n-potential of Gottscho et al. [13] was obtained from the Thakkar

potential parameters reported by Gottscho et al.

The model potential of Peach [11] was provided by Peach as numerical data.
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The scattering cross sections depend in principle on the applied

polarization of the laser light, as was first shown experimentally by

Hiiwel et al. [20] for Na -Hg scattering. Recently, Duren et al. [21] have

observed coherence effects in K -Ar scattering experiments using

circularly polarized laser-light. This indicates the importance of

precisely defining the experimental conditions of the excitation process.

The quantization axes for excitation (Z£) and scattering (Zg, parallel to

the relative velocity vector g) must have well-defined orientations if the

collision process is to be studied in an adequate way. In our experiment

we could establish the orientation of Zg with an accuracy of 2° by
2 2

measuring the variation in the Na fluorescence ( P3/2* °i/2^ intensity

while rotating the direction of the linear polarization axis of the laser

beam. The fluorescence detector was positioned at well-established angle 4>

(see Fig. 1) in the horizontal plane determined by the Na beam and the

laser beam. Before each scattering experiment the direction of the

polarization was adjusted parallel to the relative velocity g, determined

by the Ne velocity (vNe = 602 m/s) and the selected Na velocity (vNa = 800

m/s - 1300 m/s).

3. SURVEY OF THE Na* - Ne POTENTIALS USED

The excited Aft- and B E-interaction potentials cannot be determined

from the Na - Ne scattering experiments independently of each other,

since the observed oscillation structures in the differential cross
2 2sections are due to the interference between A IT- and B E-scattered waves.

Therefore, in order to determine the B2£-potential we shall take advantage

of what is known so far about the A n-interaction for Na - Ne. In Table 1

we have listed the equilibrium parameters of the A IT- and B E - potentials

obtained from theoretical calculations and experiments.

3A. The A2n-potentials

From a comparison of the experimental revalues presented it is

obvious that the revalue determined by Carter et al. [1] from an analysis
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Table 1. Comparison of equilibrium parameters e and rm for the Na -Ne

system obtained from experimential and theoretical methods

A2n B2S

Ref.

Potential

j-4 a.u.) rm(a.u.) e(10 a.u.) rm(a.u.) Method shape

EXPERIMENTAL

1 5.5±0.7

4 6.38+0.15

5 a 6.82

8.0+0.3

5.1+0.1

5.09

18.2

1.1+0.4

10.0 MB
SP

Morse

RKR

Thakkar

12 6 •6-0.2 5.1±0.1 {1.4+0.2} {14.4+0.3} SP | LJ(8,6)C

13b 6.58 5.16 2.0+0.2 14.9+0.9 i Thakkard

14 7.3+0.9 5.1±0.1 LS

THEORETICAL

6 0.6

7 0.3

10 4.0

8-9 6.0

11 6.4

This

work 6.58+

8.
9.

6.

5.

5.

5
0

0

0

2

0.16

0.23

2.0

19.5

20.0

14.5

PP

PP

MP

MP

MP

2.0"* 15.1+0.4 MB LJ(8,6)C

MB: beam scattering experiments

SP: high-resolution laser spectroscopy

LS: line shift and broadening experiments

PP: pseudo-potential calculations

MP: model-potential calculations

a»b re-evaiuation of t h e experimental data reported in 4, 12,

respectively.
c concerning the B E-potential

2

concerning the A It-potential

these data have been taken from rf. [13] but can be regarded as best-

fit results.
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of their scattering data is much larger than the values obtained by other

experimental techniques. The discrepancy is due to an incorrect

interpretation of the scattering data [16,17].

It is immediately seen from Table 1 that the results of the

spectroscopie experiments [4-5,12-13] are in excellent mutual agreement

and are consistent with the recent line broadening experiments of Havey et

al. [14]. The most detailed description of the A II- potential curve has

been reported by Gottscho et al. [13]. They presented the A n - potential

in an analytical form (Thakker) with parameters fitted to the RKR

potential deduced from the spectroscopie data of Lapatovlch et al. [12].

This Thakker-potential curve is plotted in Fig. 2, together with

theoretically calculated potential curves dicussed below. In this figure

we have also plotted an A n-potential curve (Lennard-Jones (8,6): LJ(8,6)-

I) with the equilibrium data reported by Lapatovich et al. [12].

The slight disagreement between the well depth found by Goble and

Winn [5] and Gottscho et al. [13] (see Table 1) should not be taken too

seriously. Both these equilibrium data were obtained by extrapolating the

Thakkar-potentials to the dissociation limit. Gottscho et al. noticed that

their potential curve was identical whithin 0.1 cm with the curve

obtained Goble and Winn in the region where the RKR potential is valid.

However, the Thakkar potential reported by Goble and Winn does not

represent a realistic potential curve at small internuclear distances r

because it becomes attractive at r < 2A.

On the theoretical side the pseudo-potential calculations by Baylis

[6] and Pascale and Vandeplanque [7] do not produce acceptable e, rm-

values, whereas the model potentials [8-11] are closer to the
2

spectroscopie results. In Fig. 2 we show the A n-potential curve of Peach

[11] and an LJ(8,6) potential ( LJ(8,6)-II) with equilibrium data rffl and e

as found by Masnou-Seeuws et al. [8]. Figure 2 illustrates that the model

potential of Peach accurately reproduces the attractive part of the

Thakkar-potential reported by Gottscho et al.
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Fig.3.

Differential cross sections for scattering of Na(3 P3/2) by N e i n t n e LAB~

system.

D : experimental results (difference between laser on and off signals)

: results of semi-classical calculations with inclusion of spin-

uncoupling effects.

The vertical lines indicate the largest scattering angle at wich the

ground-state scattering influences the oscillation structures in the

experimental difference scattering patterns.
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3B. The B2E -potentials

Much less is known about the B Z-interaction potential. From an

evaluation of the spectral line data of Lapatovich et al. [12] Gottscho et

al. [13] obtained accurate values for rffl and e. However, they were not
o

able to generate a reliable RKR potential from the (two) B E vlbrational

levels observed by Lapatovich et al. [12]. They determined the best-fit

values given in Table 1 by assuming a Lennard-Jones (8,6) shape for the
o

B S-potential. The repulsive component of this (8,6)-potential deviates

from the theoretical model of Peach [11]. Nevertheless the equilibrium

data of Peach are in excellent agreement with the depth and position of

the potential well determined by Gottscho et ai., as can be seen from

Table 1.

Since the equilibrium parameters of Gottscho et al. [13] are revised

rffl, e values of Lapatovich et al. [12] we have bracketed the best-fit

values reported by Lapatovich et al. in Table 1. The error limits in the

revalue value given by Lapatovich et al. seem to be overestimated in view

of the larger uncertainty in the rm-result of Gottscho et al.

It should be noted that our scattering experiment probe the repulsive

wall, i.e. above the dissociation limit, to which the spectroscopie

experiment [12] was not sensitive. So, our experiments can be regarded as

being complementary to the spectroscopie investigation on the Na - Ne

molecule [12].

4. RESULTS AND DISCUSSION

4A. Experimental difference scattering patterns

The scattering of laser-excited Na(3 P3/2) by N e w a s measured in a

range of relative collision energies from E = 2.06x10"3 a.u. to E = 4.22
_3

xlO a.u. Figure 3 shows the measured scattering cross section at E •

2.41x10 J a.u., 3.19x10 J a.u. and 4.22x10 J a.u. The experimental curve

at E = 3.19x10 a.u. has been presented previously [17] in order to
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E

CDo°

CALCULATION (A TT-POTENTIAL)

— « — EXPERIMENT

0 1 2 3 4 5 6 7 8 9 10

Fig. 4.

Average angular spacings A6 of the peak positions in the rapid
oscillations as a function of 1/g.
The experimental results were transformed to the CM-system (open circles).
The solid circles represent the results obtained from calculations of
differential cross sections of elastic A n-potential scattering.
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to illustrate the accord between semi-classical calculations based on

spin-uncoupling effects and the experimental data.

The necessity to take the uncoupling of the spin into account becomes

evident from a comparison of the frequency in the experimental rapid

oscillations with that predicted theoretically when the spin-orbit (L-S)

coupling is completely neglected (elastic approximation). In this

approximation the differential cross section Is given by [22,23].

o(6) = 5 |f2|
2 + | |fn|

2 (4.1)

o

where fJJ j. are the amplitudes for elastic scattering in the molecular A Hr

and B E-state, respectively. In this case the calculated rapid
o

oscillations are due to elastic scattering by the well-known A n-potential

only. The calculated frequency turned out to be significantly lower than

the experimental frequency. This can be seen from Fig. 4 in which the

average experimental as well as the theoretical oscillation periods Ad are

plotted as a function of 1/g (with g the relative velocity of the

collision partners). Therefore, we have to include in our calculation the

uncoupling of the electron-spin from the quasi-molecular axis while taking

the effective L-S coupling at large internuclear distances into account.

Then the differential cross section summed over all final states of the

scattered Na - atom is given by [16,17]:

a(*" 6 | r n zz< 3 ] t n ] i z ^ n t s l + i 2 | t n + t E l ^ ' 2 >

The amplitudes f-jj j. contain phase shifts due to the spin-rotational

effects (for further details see [17]). Now the fn«fj; ~ terms in (4.2) no

longer cancel each other and consequently the IT -2 interference strongly

influences the scattering pattern. This interference is responsible for

the higher experimental oscillation frequency in the observed rapid

oscillations, as shown in Fig. 4.

In (4.2) it was assumed that the laser light used for the excitation

is unpolarized. In the Appendix we give the results for the theoretical

cross sections obtained with linearly polarized laser light with the

polarization vector E parallel as well as perpendicular to the relative

velocity g before the collision. In principle the polarization of the
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Fig. 5.

Calculated differential scattering patterns for the polarization vector

of the laser light parallel and perpendicular to the relative velocity g.

The collision energy is 3.l9xlO~3 a.u.

w

un
ii

U
O

CD

M

<D

•H
Ul

<D

-

0

' v /' U r

i i

1 2

WA
i

Ai
v'

i

A

\l
i6

/ l '
| ;\

•
7

e

A 'T4
/M hl'• U My

• i

- LAB

A*n

BH

•k\Jl
KVi

10

: Gottscho

: rm

% i

11

= 15.8

= 14.0

A

Jvi
12

et

a.
a.

\

1

a l .

u. —
u. —

3 ° fl

Fig. 6.

Comparison of calculated scattering patterns with the experimental result

at E = 3.19xlO~3 a.u.

The revalues for the B 2-potential used are the upper and lower rm-limit

of the potential reported by Gottscho et al. [13].

The well of the B'S-potential was taken equal to the e-value obtained by

Gottscho et al.
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alkali (1*3/2) a t o m before the collision can influence the scattering

pattern as was observed by Hüwel et al. [20] and Duren et al. [21].

However, our scattering patterns with E//g did not differ significantly

from those with Elg. This outcome is to be predicted theoretically. In

Fig. 5 the theoretical scattering patterns for the two cases E//g and Eig

are compared with each other and with the case of unpolarized laser light.

Obviously, the peak positions in the rapid oscillations are not affected

by the laser polarization. Moreover, the relative peak heights in the

three unaveraged scattering patterns in Fig. 5 would become practically

identical if the experimental angular resolution were taken into account

in the calculations.

All relevant information about the collision process can be extracted

from the angular frequency and the absolute positions of the peaks in the

measured oscillatory structure. Consequently, it was sufficient to compare

only unaveraged scattering patterns with the experimental patterns. We

found that the calculated 'best-fit' patterns reproduced the experimental

resolution reasonably well. The calculated scattering patterns were

considered to be 'best-fit' results if the calculated peak positions

differed from the experimental positions by less than 0.2° over the whole

angular range investigated.

o

4B. Determination of the B E - interaction potential

In order to reproduce the measured cross sections theoretically we

started our fitting procedure by taking the interaction potential of
2

Gottscho et al., shown in Fig. 1, for the A II- state and varying the shape

and the equilibrium parameters for the B E - potential. It should be

realized that it is mainly the repulsive part of the B E - potential which

influences the cross sections in the investigated angular range. The well

depth (2.06x10" a.u.) is too small to be probed in our experiments. For a

fixed shape and well depth of the B E-potential the equilibrium distance

rm can be determined from a best fit of the calculated peak positions to

the experimental ones. However, one has to bear in mind that the r -value

obtained in this way depends on the chosen potential shape and - to a

negligible extent - on the well depth E. The latter was taken equal to the
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a. The best-fit values for rm of the B
2£-potential obtained with different

LJ(n,6) shapes (open circles). The rm~value obtained by Gottscho et al.

[13] is assumed to be independent of the parameter n.

The horizontal lines present the error limits of the r -value reported by

Gottscho et al.

b. LJ(n,6) potential curves with revalues depicted in Fig. 7a.

In all LJ-potential curves the well depth is equal to 2.05xl0~5 a.u.

Our experiments are sensitive to the part of the (8,6)-potential indicated

by the horizontal dashed lines.
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the value obtained by Gottscho et al.(see Table 1). For a Lennard-Jones

(n,6) potential with n»8 (as was used by Gottscho et al.) we obtained a

best-fit value of 15.1+0.4 a.u. for rm. The scattering patterns calculated

with these potential parameters are also shown in Fig. 3.

Since the high-resolution scattering cross sections are remarkably

sensitive to the rm of the B E potential, we can achieve smaller error

limits than Gottscho et al. This sensitivity is demonstrated in Fig. 6

where the patterns calculated for the the upper and lower limit of rm as

reported by Gottscho et al. are compared with our experimental result at E

= 3.19 x 10 a.u. Both calculated scattering patterns oscillate largely

out of phase with respect to the measured scattering pattern.

If other (n,6) potential shapes are used in the calculations, we

obtain different best-fit values for rm- These are plotted in Fig. 7a as a

function of n. In Fig. 7b we show the LJ(n,6) potential curves for

n*8,12,14 obtained with the corresponding revalues. These curves are very

similar in spite of their different potential parameters n and rffl. Since

the revalue of the LJ(8,6) potential is in excellent agreement with the

spectroscopically determined value it can be concluded that our LJ(8,6)

potential is consistent with the LJ(8,6) potential obtained by Gottscho et

al. Furthermore, Fig. 7 indicates that the LJ(8,6)-shape is the most

realistic one. The other shapes investigated yield revalues that are in

less agreement with the revalue reported by Gottscho et al. In Fig. 7 it

is assumed that the revalue obtained by Gottscho et al. does not depend

on the repulsive part of the B E-potential, determined by the value of n.

This assumption is justified on the following grounds: (i) in the spectral

line measurements of Lapatovich et al. two vibrational levels with their

corresponding rotational levels were resolved, which fix the bound part of

the potential at the two vibrational levels within the stated error

limits; (ii) the error limits of the rm,e values in the (8,6)-potential of

Gottscho et al. reflect the uncertainties in the experimental data

mentioned in (i); (iil) for LJ(n,6) potential curves with n-12,14 the

widths of the potential wells are significantly smaller than the width of

the LJ(8,6) potential.

We further explored the sensitivity of the cross sections to the

shape of the B 2-potential by calculating difference scattering patterns
2 ?

based on the A n-potential of Gottscho et al. and the theoretical B Z-
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model potential calculated by Peach [11]• The well in the B2£-potential

curve of Peach [11] is similar to the well obtained by Gottscho et al.

(see Table 1). From a comparison of both potential curves it was observed

that the repulsive branch of the Peach potential is less steep than the LJ

(8,6) potential of Gottscho et al. We found that the scattering patterns

with the B E-potential of Peach did not fit our experimental scattering

data as favourable as those calculated with our best fit B2S-potentials.

The positions of the peaks could not be reproduced in the entire relevant

angular range investigated by us. The experimental oscillation frequency

was only reproduced at the intermediate scattering angles, but defenitely

not at scattering angles larger than the rainbow angle of the All -

potential. This is a direct consequence of the soft slope of the B Ï-

potential of Peach.

4C. Sensitivity to the A2J]-potential

2
Of course, our results for the B E-potential depend on the assumed

All- potential. Previously we used the LJ(8,6) potential of Lapatovich et

al. (shown in Fig. 2) for the interpretation of our scattering data

reported in (17J. Obviously, the shape of this potential does not

reproduce the potential curve deduced by Gottscho et al. If we assume this

LJ(8,6) potential (LJ(8,6)-II in Fig. 2) for the A2n-state, we have to

shift the rm of the B^E-potential (LJ(n,6) with n=8) to higher r-values by

1.0 a.u. in order to obtain agreement between the calculated and

experimental scattering patterns. Since this revalue is inconsistent with

the value obtained by Gottscho et al. it is concluded that the LJ(8,6)-II

potential in Fig. 2 is not correct.

We have also applied the theoretical A Fl-potential of Peach [11] in

the calculations. The peak positions in the calculated scattering patterns

could be fitted to the experimentallly obtained positions by taking the

r^-value of the B E-potential equal to 15.1 a.u. In fact, the calculated

scattering patterns turned out to differ from the patterns calculated with

the A n-potential of Gottscho et al. mainly in peak positions at large

scattering angles ( 9 > 15° ). This result is not surprizing. The A2n-

potential of Peach and Gottscho et al. differ only in the repulsive part.
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The contribution of the centrifugal term in the effective A n-potential

decreases the influence of the differences between the potentials of

Peach and Gottscho et al. at large impact parameters. However, at small

impactparameters ( or large scattering angles) this difference between the

potential curves is still noticeable in the scattering cross sections.

Nevertheless, the relative peak heights in the result obtained with the

Peach potential are less in agreement with the experimental result than

the experimental and theoretical curves shown in Fig. 3. Thus, we can

conclude that for the description of the scattering process the Anl-

potential obtained by Gottscho et al. is the most realistic one among the

various potential curves that we have investigated.

Finally, we note that the well in the theoretical A n-potential of

Masnou-Seeuws et al. [8] is too shallow to produce a reasonable fit of

calculated scattering patterns to our experimental results. In their

analyzis of the scattering data of Carter et al. [1] Masnou-Seeuws et al.

[16] already pointed out that the value of e in their model potential had

to be increased in order to reproduce the position of the experimental

rainbow maximum measured by Carter et al. This conclusion is consistent

with our observations.

5. SUMMARY AND CONCLUSIONS

2n-We have been able to establish the A n- and B E - interaction

potentials for the Na -Ne system from an evaluation of our differential

scattering experiments. We extracted information about these potentials

from the rapidly oscillating ÏÏ-Z interference-structure observed in the

experimental scattering patterns. In order to interpret this interference

structure quantitatively it was essential to include spin-rotational

effects in the theoretical treatment of the scattering process.

Our result for the B^E-potential is in excellent agreement with the

experimental potential obtained from spectroscopie studies [12,13]

provided we use an LJ(8,6) shape in calculating the scattering patterns.

This shape was also assumed by Gottscho et al. [13]. Our scattering

experiments have allowed us to derive the equilibrium parameter rm of the

B 2-potential with an accuracy that exceeds that of the most accurate
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value reported up to now. The revalue in the B ^-potential was obtained

by extrapolating the accurately determined repulsive part of the LJ(8,6)

potential to the well. In addition, we have shown that other potential

shapes ( LJ(n,6) ) yield "best-fit" revalues that are inconsistent with

the spectroscopically determined revalues for the B S-potential.

On the basis of a comparison of calculated and experimental
2

scattering patterns we conclude that the A IT-potential derived by Gottscho
2

et al. [13] describes the A n-state interaction in the scattering process
o

more accurately than the other A n-potentlals we investigated.
2

The shape of the A n-potential proposed by Gottscho et al. deviates

from an LJ(8,6) shape in the attractive part. We have observed that when

this (8,6)-shape is used in the calculations the "best-fit" B2S-potential

is inconsistent with the result obtained by Gottscho et al. Therefore,

accurate knowledge of the shape of the A n-potential curves is required in

order to obtain reliable B S-potential curves from the scattering data.

With regard to the theoretical potentials, the model potential

calculations seem to reach a level of accuracy that can compete with

experimentally obtained potentials. Prom our best-fit calculations we

conclude that the most reliable A IP- and B E - model potential curves have

been obtained by Peach [11]. The repulsive branches of the AH- and B S-

potentials of Peach are, however, too steep and too soft, respectively, to

reproduce our experimental scattering patterns.
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APPENDIX : CALCULATION OF SCATTERING CROSS SECTIONS.

a. THE DENSITY MATRICES

With linearly polarized light the initial state of the Na-atom is

described in a system where the z-axis, Zg, is parallel to the electric

vector E of the incident light. The optical pumping process populates the

hyperfine states |FUM > with Fu=3 from the ground-states |F^M^> with F-,=2.

Under stationary conditions the preparation of the excited states is

described by the density operator that satisfies the relation [24] :

2

(Al)
MM
U U

U U

F.+ F

In the case of degenerate hyperfine and fine structure states the density

matrix for the |LML> state is readily obtained from (Al) by taking the

trace over nuclear and electronic spin [25] :

.(1)
(A2)

In a coordinate system with the z-axis perpendicular to Zg the density

matrix as given by (A3) is transformed to this new system of reference by

P f• (A3)

where D^i^(a,p,y) are the rotation matrix elements, e.g. given in [26].

From (A3) one obtains :

(AA)

b. THE SCATTERING INTENSITIES

The intensity I of scattered Na(3 Py2)-atois is given by :

Tr (f* (A5)
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The scattering amplitude matrix F is described in a system of reference

with the z-axis perpendicular to the scattering plane. The matrix elements

of F are given by [17] :

F n " x'2 < fn + fs >
F13 = 1/2 ( fn - ft )* • exp[-i( % - 9 ]

F31 - 1/2 ( fn - f z )* • exp[+i( it - 9 ]
F33 " 1/2 ( 4 + f£ >
F12 " F21 " F23 " F32 - °

with fn v the elastic scattering amplitudes for A IT and P S scattering.
+ i 9
fn s the scattering amplitudes with phase-shifts 2r^ s replaced by 217̂  s +

'n 5 ' ? *9

2<t>jj j. , where 2<(ijj j, is the rotation of the molecular axis for All and B S-

states, respectively.

Combining (A2), (A5) and (A6) yields the scattering intensity for E

perpendicular to the relative velocity vector g :
T 1 1 * ^ | 2 . 5 i _ | 2 , l 1,—, --"i 2 , 1 1,+ , «+1 2 , „ .

For E parallel to g the scattering intensity calculated from (A4), (A5)

and (A6) is :

l//-I_ If - f I
2 + 1 if | 2 + 1 - |f-+ f"12 + Z_ |f-+ f-|2

1 36 ltn *zl + 9 ^ n 1 72 | r n tzl 72 | f n + *£'

- ±2 Re ( f+ + f+)*. ( fn - f2) • exp[i(ic-e]

f
n"

 fs ) * exp[-HTrö] (A8)
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C H A P T E R

DETERMINATION OF THE B2£- AND TEST OF THE A2II- INTERACTION POTENTIAL

FOR Na(32P)-Ar FROM HIGH-RESOLUTION DIFFERENTIAL SCATTERING MEASUREMENT

ABSTRACT

We have measured the difference between differential cross sections

for laser-excited Na(3 P3/2) and ground-state Na(3 Sj^) scattered by

Ar( S Q ) with high angular-resolution (0.1°'. The collision energies ranged

from 1.87xlO~3 to 5.22xlO~3 a.u.. In the difference scattering patterns we

observed contributions of the rainbows for X 2Z-, B2S- and A n-potential

scattering.
o

We obtained best-fit equilibrium parameters e and r m for the B E - and

A^Ihpotentials by comparing calculated difference patterns with the

experimental results. The patterns were calculated semi-classically in the

elastic approximation. In these calculations we took the high angular

resolution of the experiment into account by performing an accurately

established integration over relative velocity vectors present in the
2

scattering volume. We found the A n-potential to be consistent with the

potentials obtained from a spectroscopie investigation on the NaAr

molecule and from other beam scattering work reported in the literature.

By adopting the spectroscopically determined A n-potential in our fit-

calculations, we were able to determine accurately the equilibrium data of

the B2£-potential (assuming an LJ(12,6) shape) : e B Z = (0.14+0.02)xl0~3

a.u., r!?S = 10.4+1.0 a.u.
• m „
This work presents the first determination of the well of the B E-

potential from beam scattering experiments. Suggestions are given for
2

determining the repulsive branch of the B ^-potential from differential
scattering experiments.

1. INTRODUCTION

The interaction potentials of the ground-state and first excited-

state alkali - rare gas systems have been established in many experimental

and theoretical studies. Investigations on the Na-Ar system, the most

extensively studied alkali-rare gas pair, have yielded accurate
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interaction potentials for the X £ ground-state and the A n excited-state.

By contrast, however, detailed information about the excited-state B2E

interaction potential is only available from theoretical calculations.
o

A variety of experimental methods has been applied to study the X £-

and the A^-interaction in the Na-Ar system : far-wing line broadening

experiments [1,2], high-resolution laser spectroscopy on the NaAr Van der

Waals molecule [3-5] and beam scattering work with laser-excited alkali

atoms [6]. The equilibrium data of the A IT interaction potential which

were determined in these studies show good, although not perfect,

agreement. Spectroscopie experiments in which rotational transitions could

be resolved [A] have yielded the most accurate value for the equilibrium

distance rm. Measurements of rainbow structures in the differential cross

sections for Na(3 P3/2) ~ Ar scattering, on the other hand, are very

sensitive to the well depth e, which is of the same order of magnitude as

the kinetic energy of thermal Na-atoms. Therefore, e could be determined

with high accuracy from such scattering experiments [6].

Theoretical interaction potentials for Na-Ar have been determined by

ab initio configuration interaction (CI) calculations [7,8] and semi-

empirical methods [9-13]. The CI calculations, performed by Saxon et al.

[7], were done merely to check the earlier pseudo-potential calculations

of Baylis [9] and of Pascale and Vandeplanque [10], but turned out to be

in better agreement with experimental data. During recent years more

sophisticated treatments of the alkali - rare gas interaction have been

developed [11-13] which have produced more reliable pseudo-potentials for

the Na-Ar system. The pseudo-potential calculations of Duren et al. [13]
2

have yielded a reliable X £ interaction potential of Na-Ar (as we have
confirmed in the interpretation of our scattering data [14]) but their

A n-potential calculations still need improvements as can be concluded
2

from a comparison with experimentally determined A n-potentials.
2

With regard to the excited-state B E-potential an experimental

determination is difficult due to its relatively shallow well. For Na -Hg

Hüwel et al. [15] have shown that the B ^-potential well can in principle

be determined from rainbow scattering experiments. They were able to

determine e and rffl of this potential from the distinct B2E rainbow

observed in the differential scattering cross section. For Na -Ar the

corresponding rainbow maximum occurs - due to the small value of e - at
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small scattering angles, where the scattering signal is strongly

influenced by the ground-state scattering and the supernumerary rainbows
9 2

of the A n-scattering. Therefore, the B I potential can only be determined

from differential cross section measurements if the scattering signals at

small angles are measured with high accuracy, but such measurements have

not been reported so far.

In this report high-resolution measurements of differential cross

sections for Na -Ar scattering at small angles are presented. The high

angular resolution of our experiments enables us to determine accurately
2

the contribution of the B S-scattering in the small-angle range and
consequently to obtain information on the well of this potential. We also

2
study the influence of the A IT-scattering in the range of small scattering

angles in order to establish the error limits of the potential parameters

obtained for the B E potential.

2. EXPERIMENT

For a detailed description of the experimental set-up we refer to

previous reports dealing with the scattering of laser-excited Na(3 P3/2)

by Xe [16,17].

The differential cross sections for laser-excited Na scattered by Ar

are obtained from measurements of the difference between scattering

signals obtained with laser turned off and laser turned on in the

scattering region; this difference signal is proportional to the

difference between the cross sections for ground-state and excited-state

Na scattering. If the differential cross-sections for ground-state

scattering are well known, it is possible to establish the experimental

excited-state cross sections. The excited-state potentials involved in the

scattering process can then be determined by performing best-fit

calculations to the experimental data.

When the scattering of laser-excited Na is observed at large scattering

angles, the slowly oscillating structures that appear in the difference

scattering patterns are due to only A n- rainbow scattering, which

facilitates the determination of the A2II-potential [6]. However, at small

scattering angles the oscillatory structure contains contributions from
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2 2 2
the scattering of Na in the X S-, Art- and B £-states. Then one can only

obtain detailed information about these potentials if one is able to

disentangle these various contributions in the experimental difference

signals.

In general, the experimental scattering patterns are "smeared out"

over the angular scale due to (i) the finite dimensions of the scattering

volume; (ii) the spread in relative velocities; (iii) the finite dimension

of the detector diaphragm. One can take this smearing-out into account in

the calculation of the scattering patterns by Integrating over the spatial

coordinates in the scattering volume, the velocities of the atomic beams

and the solid angle of scattering, as is described in detail e.g. by Van

Deventer et al. [16,17]. These authors worked out the general equations

for the geometrical conditions present in their - and our - experiment.

Here we represent their detailed expressions formally by a linear operator

function F. This operator relates the scattering intensity I(6,Ë),

measured as a function of angular position 8 of the detector at given mean

kinetic collision energy I, to the differential scattering cross section

°(v»g) ( v being the scattering angle with respect to the relative

velocity vector g ). We can formally write :

I(e,Ê) = n • F{0(v,g } (2.1)

where n is the volume density of the Na-atoms in the scattering volume

(the density distribution of the Ar-atoms is contained in F). The atomic

density- and velocity-distributions have to be known in order to extract

the absolute value of a(v,g) from 1(9,1) according to (2.1).

In the absence of laser excitation we have :

I°(9,Ë) = n • F0{ox(v,g)} (2.2)

with n the total density of Na-atoras (all in the ground-state) and o^ the

corresponding differential scattering cross section.

In the presence of the laser beam we have (cf. [16,17]) :
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IL(e,Ë)

(2.3)

where n^ is the density of excited atoms in the scattering volume and

0jj(v,g) the corresponding differential scattering cross section.

Fg may be different from FQ because the spatial distribution of laser-

excited atoms may be different from that of the total density of Na-atoms.

The second term on the right-hand side of (2.3) describes the reduction of

ground-state scattering which is due to part of the Na-atoms being

transformed into the excited state. The total number density is unaffected

by laser excitation. Therefore, the actual ground-state concentration, nQ,

in the scattering volume is now given by ng = n - n^.

Since the spatial distribution of the "lost" ground-state atoms is the

same as that of the excited atoms, the second term in (2.3) involves the

same operator function FE as the third term. The latter term describes the

contribution of the excited atoms to the scattering signal.

Using the property that F is a linear operator, we immediately have

from (2.2) and (2.3) for the difference scattering signal :

AI(9,Ë) = I°(9,Ë) - IL(9,Ë)

g) - oE(v,g)} . (2.4)

We thus need only know Fg in order to extract ejg from the measured

difference scattering pattern AI, assuming that crx is known. Sine*, we are

not interested in an absolute scaling of Og, the proportionality factor

contained in n^Fg can be dropped out.

In general, the operation F can be performed by integrating over the

densities and velocities of the relevant atomic species and over the solid

angle of scattering. In the case of excited atom scattering, the spatial

distribution of the excited atom - which depends on the spatial and

spectral laser beam characteristics - poses a special problem. One usually

assumes uniform density distributions in order to simplify these

integrations. The correctness of the general integration procedure

(including the simplifications) can be tested by applying it to the case

where ff(v,g) is well-known and by comparing the scattering pattern
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Fig. 1. Differential cross-sections for Na-Ar scattering :

a. Ground-state Na scattering.

b. Difference measurement of scattering signals obtained with laser off

and laser on in the scattering region, multiplied by 4.

The solid lines are calculated scattering patterns. The collision energy

is 3.30 x 10"3 a.u.
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calculated according to (2.1) with the measured pattern. As a test case we

chose the Na-ground-state scattering by Ar (see Fig. la). The solid curve

was calculated at E * 3.30x10 a.u. using the elastic scattering cross

sections for the X2S-potential reported by Duren et al. [13]. It is seen

in Fig. la that the angular positions and the heights of the maxima and

minima of the rapid oscillations agree well with the experimental data.

In order to judge how critical our simplifications of the excited-

atom distributions are in the integration procedure involved in F£, we

assumed a trial function Og(v,g) that roughly approximated the true (but

unknown) scattering cross sections and varied this integration procedure

within reasonable limits. We found that the assumption of a scattering

region that is uniformly illuminated (i) over its whole extent or (ii)

over only one third of its extent produced scattering patterns that

differed only slightly in the peak heights and not in the peak positions.

This outcome indicates that Fg is determined mainly by the narrow range of

the atomic beam velocities ( which are unaffected by the laser-beam ) but

not by the finite dimensions of the scattering volume.

In Fig. lb we have plotted the difference scattering pattern measured

at the same £ as in Fig. la. The angular peak positions agree with those

found in Fig. la, indicating that in this interval the oscillatory

structure in the ground-state scattering has a dominant effect on the

oscillatory structure in the difference scattering pattern. The drawn

curve in Fig. lb was calculated by means of (2.4) using the well-known

ground-state scattering cross sections and anticipating the excited-state

cross sections from section 3. In applying (2.4) we assumed an FE

corresponding to the illumination of 1/3 of the scattering volume. This

assumption was justified a posteriori by the good agreement found between

the relative peak maxima and minima (contrast) of the calculated and

experimental oscillation structures over the whole investigated 0-range.

We also found a close resemblance between the shapes of the oscillatory

structures in the calculated curves of Figs, la and lb, which indicates

that the difference between Fg and FQ is small.

We can conclude that the high angular resolution (0.1°) realized in

our experimental set-up makes our experimental data ratVier insensitive to

the precise choice of the dimensions of the scattering volume and detector

slit that we assumed in the calculations. In our case the function F„ is
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Fig. 2. Difference scattering patterns AI(6)

by sinö, in the LAB system for collision energies E = 2.31X1O"-5, 3.30x10

and 4.52x10 a.u. The solid curves represent best-fit difference

scattering patterns, calculated in the elastic approximation.

86



fully described by the well-known velocity distributions of the atomic

beams.

3. RESULTS

The experimental Na(32P3/2^~
Ar scattering patterns are presented in

Fig. 2 for collision energies 2.31xlO~3, 3.30xl0~3 and 4.52xlO~3 a.u.

The patterns represent the difference in the scattering signals ( in

arbitrary units ) obtained with laser on and laser off, respectively.

From a first inspection of the experimental results it can be seen

that the envelope of the patterns shows a broad maximum the position of

which shifts to lower scattering angles when the collision energy

increases. This is due to a shift in the relative contributions made by

the various rainbows to the difference signals. The negative difference

signals at large scattering angles arise from the fact that the

supernumerary A IT-rainbows have larger amplitudes than the ground-state

scattering signals. The high positive signals, at intermediate scattering

angles, can be attributed to the dominance of the rainbow maximum observed

in the ground-state scattering patterns (cf. Fig.ï). Finally, the

decreasing difference signal at small scattering angles for E = 2.31x10

and 3.30x10 a.u. is due to the increasing contribution from the B E

rainbow scattering.

For the evaluation of the experimental results we assumed that the

differential cross section for the scattering of excited Na into the angle

v is given by (for given relative velocity vector g) :

^(v) - jaB!:(v) + | a A n ( v ) . (3.1)

In (3.1) two assumptions were made:

(i) The ratio 1/3 and 2/3 implies that the magnetic sublevels of the
2

excited P-j/2 state are populated statistically. In principle, the

population depends on the laser polarization. We varied the direction of

the linear polarization vector with respect to the relative velocity

vector in our experiments, but we did not notice any effect on the

scattering signals. In fact, also calculated scattering patterns for
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different populations of the initial states of the excited Na atom turned

out to be insensitive to the precise choice of the polarization direction,

(ii) In (3.1) we have ommitted It-E interferences terms, assuming that

inelastic effects do not play an important rSle. This was justified

according to calculations in which we included inelastic - i.e. fine-

structure changing - effects by applying the semi-classical collision

model described in [18,19]. We compared the best-fit scattering patterns

calculated from the elastic model (shown in Fig. 2 as solid lines) with

the results calculated from the inelastic collision model, but only minor

differences were observed at large scattering angles. The great similarity

between the scattering patterns obtained with both models can easily be

explained. As we showed previously [19], the inelastic collisions affect

only the rapidly oscillating structure in the A II scattering patterns, but

not the rainbow oscillations. Since our experimental data are mainly

sensitive to these rainbow oscillations, the results obtained from

calculations that exclude and include the inelastic effects are almost
i

identical. :'

The ground-state scattering cross-sections OJJ(9) were calculated with

the model potential obtained by Duren et al. [13]. In a previous paper

[14] we demonstrated that this potential accurately reproduces our ground-

state scattering patterns. The corresponding intensities were calculated

using the operator function FE, which was discussed in section 2.

The differential scattering cross-sections for the A n state were

first calculated by adopting a Lennard-Jones (8,6) potential shape with

well depth E * 2.52x10 J a.u. and equilibrium distance rffl = 5.8 a.u. From

a comparison of the experimental and calculated difference scattering

patterns at the high collision energies investigated, we observed that

this potential curve was a good starting point for our fit calculations.

The experimental difference signals at collisions energies higher than

3.88x10 a.u. were reasonably well reproduced over the entire range of

scattering angles investigated even if the contribution of the B E

scattering was ignored in the calculations. The experimental difference

scattering patterns at collision energies below 3.88xlO"3 a.u. could not
2

be reproduced without taking into account the scattering via the B E-

potential. The deflection of unscattered Na-atoms in the resonant laser
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field causes in principle an additional, although minor, forward peaked

background signal at small scattering angles. A major part of the

discrepancies between the calculated and experimental difference

scattering patterns must, however, be attributed to the increasing

influence of the B E scattering at decreasing collision energies.

Therefore, the next step in the fitting procedure was to include the

B ^-scattering in the calculations. We assumed a Lennard-Jones (12,6)

potential shape for the B E-potential and compared calculated and measured

difference scattering patterns for various potential parameters E and rm.

In this way we were able to establish a reasonable estimate for these
o 2

parameters of the B E-potential. The best-fit values for the B E
interaction potential are: e = 0.14x10 a.u. and rm=10.4 a.u.

o
Finally, the error limits for the equilibrium parameters of the B £-

potential were determined. This was done by varying the equilibrium

parameters of the AÏI potential in the calculations while adopting our

"best-fit" B E potential. With the upper and lower limits of the e- and

rffl- values of the A II potential we achieved a final best-fit of the

calculated difference patterns to our experimental patterns by making

small adjustments of the equilibrium data of the B E potential. This

iterative fitting procedure yielded the following results:

e = 0.14 ± 0.05 x 10 a.u. , r = 10.4 ± 2.0 a.u.
m

ATI -3 An
e = 2.52 ± 0.50 x 10 a.u. , r - 5.8 + 0.4 a.u.

m

The calculated difference scattering patterns that fitted the experimental

data best are shown in Fig. 2 by the solid lines. We note that the error

limits stated have to be regarded as conservative. These values were

estimated by a visual inspection of the discrepancies between calculated
2

and experimental data. The error limits in the B E-parameters depend on
o

the error limits of the A n-potentials and can be reduced by assigning a

higher accuracy to the A n-potential, on the basis of a comparison with

other potentials reported in the literature (see section 4).
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2 2
Table 1. Equilibrium parameters e and rm for the A n and B E interaction

potentials for Na-Ar

Rf. e(10~3

EXPERIMENTAL

1
3
23a

4
24
6
22

2.51+0

2.58

2.61

2.55+0

2.55+0

2.51+0

THEORETICAL

7 •

8
9
10
11
12
13

this work

this work

2.24

0.60

2.15

1.28

2.33

1.85

2.73

2.52±0.

e

a.u.)

.14

.18

.13

.05

,5

A2n
rm(a.u.)

5.99

5.49

5.49

5.49+0.2

5.75+0.30

5.49+0.1b

5.57C

5.75

6.25

6.00

6.25

5.0
5.55

5.27

5.8+0.4

B
£(10"3a.u.)

0.147
d

0.048

0.065

0.082

0.143

0.14+0.05

0.14+0.02

rm(a.u

12.86

14.7

13.75

13.00

11.86

10.4±2.

10.4±l.

Method*

LS
SP

SP
MB
MB
MB

CI
CI

pp

pp

pp

pp

pp

0 MB

0 MB

a Evaluation of the experimental data reported in [3] with correct

assignment of the vibrational levels,

b The rm-value of Tellinghuisen et al. [4] was a priori assumed in

this work,

c This value of r has been obtained from an evaluation of

scattering cross-sections measured with high angular resolution

at large scattering angles,

d The CI calculations of Laskowski et al. [8] did not yield an

attractive part in the B2£-potential.

e The A TI-potential from [4] was adopted in the calculations.

LS: spectral line broadening

SP: high resolution laser spectroscopy

MB: molecular beam scattering

CI: ab initlo Configuration Interaction calculations

PP: pseudo-potential calculations.
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4. DISCUSSION

For a comparison of our results with the e,revalues obtained by
2 2

other authors, we give in Table 1 the equilibrium data for the A n and B E

potentials for Na-Ar reported so far. From Table 1 it can be concluded
2

that our A n-potential is consistent with the other experimental data

presented in Table 1. The error limits in some of the presented data are

smaller than the error limits we obtained. We can, of course, adopt the
o

most accurately reported An-potential in our calculations in order to
2

obtain more accurate equilibrium parameters for the well of the B S-
n

potential. However, one should be cautious in adopting this A^n-potential.

The error limits presented in Table 1 pertaining to the

experimentally obtained potential curves of Tellinghuisen et al. [4] and

York et al. [1] should not be considered as indicative for the accuracy of

their experimental data. We have indicated in Fig. 3 the part of the

potential curve to which the spectroscopie measurements of Tellinghuisen

et al. [3] were sensitive. They determined this part of the interaction

potential with high accuracy. The error limits given in Table 1 reflect

mainly the uncertainty of the lengthy extrapolation from the observed high

vibrational levels to the lowest vibrational level in the bound part of

the A2II-potential. Tellinghuisen et al. demonstrated that the A2n result

obtained from line-broadening experiments of York, et al. [1] is in

agreement with their own result if the A n-potential of York et al. is

shifted along the r-scale by ~0.5 a.u. to smaller r--values. Such a shift

was permitted since the curve obtained by York et al. was determined from

difference potentials for the A2n-state and the X2£-state. For the X2£

-state potential curve York et al. adopted the theoretical pseudo-

potential of Pascale and Vandeplanque [10] and normalized the r-scale of

their calculations with respect to this potential at r » 5.90 a.u. This

potential, however, deviates from the actual X E-potential [13,14].

Consequently, the real differences between the A Ft-potentials of

Tellinghuisen et al. and York et al. are smaller than suggested by the rm-

values given in Table 1.

Our measurements probe the supernumerary rainbows of the AII-

scattering and are sensitive to the part of the A n-potential indicated in

Fig.3 by the vertical solid lines. Obviously, our measurements are mainly
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Fig.3. The k Tl interaction potential for Na-Ar:

Telllnghuisen et al. [4].

The horizontal dashed lines indicate the limits of the region probed in

the experiments of Tellinghuisen et al.

The vertical solid lines represent the limited ranges a and b of

interatomic distances to which our beam scattering experiments were

sensitive.
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o

sensitive to a similar part of the A It-potential as the spectroscopie

measurements. Because of this consideration and the good agreement between

the well depth obtained in spectroscopie experiments [4], scattering

experiments [6] and line-shape investigations [1], we also adopted the

(unmodified) A It-potential curve of Tellinghuisen et al. in calculating

the difference scattering patterns. By using this A n-potential in the

fit-calculations we were able to determine the equilibrium parameters of

the B ^-potential with higher accuracy than stated in section 3, yielding

e = 0.14+0.02 x 10~3 a.u. and rm=10.4+1.0 a.u.

With regard to the B r-potential we emphasize that our measurements

are sensitive only to the potential well. If we assume our own "best-fit"
2

LJ(8,6) potential for the A H state in the calculations, our corresponding
B ^-potential parameters, given in Table 1, are in reasonable agreement

with the pseudo-potential calculations of Duren et al. [13] and the ab
2

initio calculations of Saxon et al. [7]. However, if we adopt the A It-

potential of Tellinghuisen et al. in our fit-calculations in order to

reduce our error limits for rm of the B E-potential, we notice that the

theoretical rffl-values seem to be slightly overestimated. The significance

of this overestimate is clearly demonstrated in Fig. 4 where we present

for the purpose of comparison our experimental difference scattering

patterns at E = 2.31x10 a.u. and the two scattering patterns
2

calculated with the theoretical B ^-potentials of Duren et al. and Saxon
et al., respectively.

2
The repulsive wall of the B ^-potential cannot be determined from our

experimental data. In principle, information on this repulsive branch can

be extracted from differential cross sections at large scattering angles.

As a consequence of the high-resolution of our experiments we could not

obtain a favourable signal-to-noise ratio at large scattering angles. If

the cross sections are measured at large scattering angles with final

fine-structure state selection of the scattered Na -atom , as has been

done by Phillips et al. [21], the cross sections exhibit oscillatory

structures due to the interference of ÏÏ- and ^-scattering amplitudes.

These Xl-T. interferences may also be observable in scattering cross

sections without fiu .1 state resolution. Due to spin-rotational effects

these Interferences do not necessarily cancel [18,19] as was assumed for a

long time in the literature. In fact, Duren et al. [22] did observe the n-
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Fig.4. Comparison of difference scattering patterns calculated with the

theoretical B E-potentials of Duren et al. [12] ( dashed curve ) and Saxon

et al. [6] ( dashed-dotted curve ), respectively, at a collision energy of

2.31 x 10~3 a.u.

Our best-fit scattering pattern is represented by the solid curve.
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E interference structures in the Na -Ar scattering cross sections measured

at large angles without final state resolution but until recently [19]

these structures were not described as such.

theoretical information on the repulsive wall of the B E-potential

for Na-Ar is provided by the ab initio calculations performed by Saxon et

al. [7] and by Laskowski al. [8]. The latter authors have found good

agreement with the Cl results of Saxon et al. high up in the repulsive

wall, but the calculations of laskowski et al. yielded a steeper potential

near the dissociation limit of the quasi-molecule. This is in agreement

with our observations namely that the well of our best-fit B S-potential

is positioned at smaller internuclear distances than the well obtained by i

Saxon et al. However, Laskowski et al. did not obtain reliable data for 1

the well of the potential since they were not able to account for the weak j
i

Van der Waals binding, which was due to the limited basis set that they '

have used in their CI calculations.

It would be interesting to compare the oscillation structures in the

differential scattering cross section measured by Phillips et al. [21] and

Duren et al. [22] with calculated 11-2 interference structures based on the

A2n-potential of Tellinghuisen et al. [4] and the B2E-potential of

Laskowski et al. [8J. In a preceding paper on Na -Ne scattering we have

demonstrated the large sensitivity of these II-E interference structures on

both potential curves [25]. The information about the repulsive part of

the B E potential, obtained in this way, together with the results
2

presented here will yield a more complete description of the B E

interaction potential. However, more accurate experimental data of the It-Z
2

interference structures in the differential cross sections for Na(3 P)-Ar

scattering are needed to obtain a reliable repulsive branch of the B2E-

potential for the Na -Ar system.
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S A M E N V A T T I N G

Het in dit proefschrift beschreven onderzoek betreft een studie van
o

de wisselwerking van een alkali-atoom A (Na) in de grondtoestand ( S^^)

en in de aangeslagen toestand ("P3/2) m e t e e n edelgas-atoom X (Ne, Ar) in

de grondtoestand ( SQ).

Ten einde informatie over deze wisselwerkingen, beschreven door

interaktie-potentialen, te verkrijgen zijn verstrooiingsexperimenten

uitgevoerd, waarin een snelheids-geselecteerde bundel Na-atomen gekruist

wordt door een bundel edelgas-atomen en waarin de intensiteit van het

verstrooide Na gemeten wordt als funktie van de verstrooiingshoek 0 bij

verschillende relatieve botsingsenergieën in het thermisch gebied. Deze

intensiteit als funktie van 9 is voor verstrooiing van Na in de

grondtoestand rechtevenredig met de different iele werkzame doorsnede. Bij

de verstrooiingsexperimenten met ge'éxciteerd Na wordt de intensiteit van

het verstrooide Na gemeten zowel met als zonder belichting van het
Q

botsingscentrum door middel van een laser, afgestemd op de 3 Sj^»*^

->3 Pg/2»^3 overgang van het Na-atoom. Uit het verschil van

verstrooiingsintensiteiten met laser-aan en met laser-uit als funktie van

8 kunnen de interakti e-potentialen voor de geê'xciteerde toestand van het

Na-edelgas systeem bepaald worden. De aldus verkregen verstrooiings-

patronen vertonen, dankzij het hoge hoekoplossend vermogen van het

experiment, behalve de langzaam oscillerende regenboogstrukturen

interferentie-strukturen met een hoge frequentie, de zogenaamde "snelle"

oscillaties.
o

De interaktie van een Na-atoom in de grondtoestand S^^ m e t e e n

edelgas-atoom in de grondtoestand SQ wordt beschreven door één potentiaal
2

voor de moleculaire toestand X £1/2• D e differentiële werkzame doorsnedes

voor de elastische verstrooiing van grondtoestand-Na aan edelgas atomen

bevatten oscillatie-strukturen, die toe te schrijven zijn aan de

interferentie van deeltjesgolven verstrooid aan de repulsieve en de
2

attraktieve tak van de X E-]y2~Pot:entiaal* Wanneer een Na-atoom in de
o

geê'xciteerde toestand p3/2 botst met een edelgas-atoom in de

grondtoestand kan de verstrooiing plaatsvinden aan twee interaktie-
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potentialen voor de moleculaire toestanden o en BE. In de

overeenkomstige verstrooiingspatronen zijn nu echter interferentie-

strukturen waarneembaar die niet semi-klassiek begrepen kunnen worden als

een zuiver elastische verstrooiing langs elk der A II- en B S-potentialen

afzonderlijk. Het blijkt dat elektronspin-rotationele koppelingen, die met

inelastlsche verstrooiing samenhangen, verantwoordelijk zijn voor de

"snelle oscillaties" in de differenti'èle werkzame doorsnedes gesommeerd

over de verschillende magnetische subtoestanden van het verstrooide Na -

atoom-

In een algemene inleiding in hoofdstuk I wordt kort de historische

ontwikkeling weergegeven van de bundelexperimenten, die betrekking hebben

op de elastische en inelastische botsingen van alkali-atotnen aan edelgas-

atomen. tevens worden andere experimentele en theoretische methoden

eschreven met behulp waarvan informatie over de interaktie-potentialen

or dergelijke systemen verkregen kan worden. In dit hoofdstuk geven we

aan dat de interpretatie van de experimentele werkzame doorsnedes voor

verstrooiing van (laser-aangeslagen) Na aan edelgas-atomen gedurende

lange tijd gebaseerd was op een onjuiste benadering van het

verstrooiingsproces. Aan het eind van hoofdstuk I worden tenslotte de

doelstellingen van dit onderzoek omschreven.

In hoofdstuk II worden metingen van de dif ferent iè'le werkzame

doorsnedes voor Na( Sjy2)-Ar e n Na(^Sjy2)-Ne verstrooiing gepresenteerd.

Bij de interpretatie van de experimentele verstrooiingspatronen betrekken

we door anderen gepubliceerde interaktie-potentialen voor Na-Ar en Na-Ne.

Op basis van de Na-Ar grondtoestand-potentialen verkregen uit pseudo-

potentlaalberekeningen door Duren et al. en uit een spectroscopisch

onderzoek van het NaAr Van der Waals molecuul door Tëllinghuisen et a l .

worden verstrooiingspatronen berekend en vergeleken met onze experimentele

botsingsdoorsnedes. Het blijkt dat de Tellinghuisen-potentiaal een

systematische fout bevat, wat tot uiting komt in een verschuiving van de

posities van de extrema in de snelle oscillaties ten opzichte van de door

ons gemeten posities. De differenti'êle werkzame doorsnedes voor Na-Ne

verstrooiing blijken slechts gereproduceerd te kunnen worden door

berekeningen gebaseerd op een Na-Ne potentiaal met een repulsieve tak die

steiler is dan volgt uit de modelpotentiaal-berekeningen van Masnou-Seeuws

et al.
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In hoofdstuk III wordt ingegaan op de theoretische beschrijving van

het verstrooiingsproces voor alkali-edelgas systemen. We laten zien dat

een semi-klassieke benadering waarin de fijnstruktuur-splitsing in het

alkali-edelgas systeem verwaarloosd wordt (de zogenaamde elastische

benadering) niet voldoet. We tonen aan dat in een juiste semi-klassieke

beschrijving een ontkoppeling van de elektron-spin toestanden van da

internucleaire as slechts in rekening gebracht moet worden in het interval

van internucleaire afstanden waar de projectie van het baanimpulsmoment op

de internucleaire as, A, een goed quantumgetal is. In dat geval treden in

de berekende differentiële werkzame doorsneden interferentie-strukturen op

met een oscillatie-frequentie hoger dan in de "normale" snelle oscillaties
2

die veroorzaakt worden door elastische verstrooiing langs de A FI-

potentiaal. Deze interferentie-strukturen zijn afkomstig van de

interferentie tussen aan de A^fl- en B^E-potentiaal verstrooide golven.

Het correcte semi-klassieke botsingsraodel wordt getoetst aan quantum-

mechanische berekeningen en toegepast in de interpretatie van onze Na -Ne

verstrooiingsmetingen. We laten tevens zien dat de tfa -Ar en K -Ar

verstrooiingsmetingen van Duren et al. ook op basis van deze semi-

klassieke beschrijving met spin-ontkoppeling verklaard kunnen worden.

Met behulp van de theorie beschreven in hoofdstuk III worden in

hoofdstuk IV de interaktie-potentialen voor Na -Ne bepaald uit de Jl-Z

interferenties in de experimentele differentieële werkzame doorsnedes voor

verstrooiing van laser-aangeslagen Na(3 P3/2) a a n Ne. Deze strukturen

bevatten informatie over zowel de put van de A'n-potentiaal als de

repulsieve tak van de B E-potentiaal. Uitgaande van de uit

2 2

spectroscopische metingen nauwkeurig bekende A n-potentiaal kan de B ï-

potentiaal nauwkeurig bepaald worden. De resultaten worden vergeleken met

modelpotentialen berekend door Masnou-Seeuws et al. en Peach.

In hoofdstuk V worden de resultaten van de Na -Ar verstrooiings-

metingen gepresenteerd. De verschil-verstrooingspatronen zijn gemeten in

een hoekgebied waar de strukturen in de experimentele botsingsdoorsnedes

toe te schrijven zijn aan verstrooiing van zowel Na in de grondtoestand

als Na in de aangeslagen toestand. Om in dat geval gedetailleerde

informatie over de potentialen voor de geëxciteerde toestand te verkrijgen

moeten de instrumentele effekten die verantwoordelijk zijn voor een

gedeeltelijke uitmiddeling van de oscillatie-strukturen in de
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verstrooiingspatronen, nauwkeurig bekend zijn. De experimentele resultaten

worden geïnterpreteerd op basis van de elastische benadering, daar de

berekende verstrooiingspatronen weinig beïnvloed blijken te worden door de

inelastische spin-onckoppelingseffekten. Door de hoge hoekresolutie van

het experiment kunnen de potentiaal-parameters e en rm voor de B 2-

potentiaal nauwkeurig vastgelegd worden. De verstrooiingspatronen berekend

met de - tot nu toe slechts - theoretisch bekende B S-potentialen blijken

echter significant afwijken van onze experimentele resultaten.

De gevonden A2n-potentiaalparameters blijken in goede overeenstemming te

zijn met de waarden gevonden uit spectroscopische metingen en andere

verstrooiingsexperimenten.

102



N A W O O R D

Graag wil ik op deze plaats gebruik maken van de mogelijkheid

iedereen te bedanken dij direkt of indirekt betrokken is geweest bij de

totstandkoming van dit proefschrift.

Allereerst bedank ik mijn ouders die mij in staat hebben gesteld een

middelbare school opleiding en een academische studie te volgen.

Mijn promotor, Prof. Alkemade ben ik zeer erkentelijk voor de

kritische wijze waarop hij de manuscripten corrigeerde en van de nodige

kleurrijke kanttekeningen voorzag. Zijn inbreng is de inhoud van dit

proefschrift zeer ten goede gekomen.

Mijn co-promotor, Dr. Reinhard Morgenstern, dank ik voor de vele

verhelderende discussies. Het is mede te danken aan zijn dagelijkse

stimulerende begeleiding dat dit proefschrift in huidige vorm voor u ligt.

Degenen die het meest betrokken waren bij het onderzoek waren de

studenten Anton Heitzman en Piet Bijl. Hun hulp bij het verkrijgen en

uitwerken van de meetresultaten is voor mij onontbeerlijk geweest.

Een belangrijk aandeel in het opzetten van het laser (-stabilisatie)

systeem werd geleverd door de electronici Hans Wisman en Frits Ditewig.

Hun bereidwilligheid mij bij alle voorkomende technische problemen de

helpende hand te bieden heb ik altijd zeer gewaardeerd.

Vic Manz dank ik voor het vervaardigen van de mechanische onderdelen

van de meest uiteenlopende soort en vorm en voor de vele reparaties aan de

Na-oven. Frits Bijvoet dank ik voor zijn vacuüm-technische hulp en voor de

fraaie tekeningen in dit proefschrift.

Sheila McNab ben ik erkentelijk voor het corrigeren van de Engelse

tekst.

Dr. Joost Kircz wil ik bedanken voor de aangename tijd die ik met hem

als kamergenoot doorbracht. De doeltreffendheid waarmee hij fysische en

niet-fysische zaken kon formuleren heb ik altijd zeer bewonderd.

Voorts wil ik alle - niet met name genoemde - leden van de vakgroep

en overige bewoners van het LEF bedanken voor de prettige werkomgeving. In

het bijzonder heb ik de activiteiten die buiten de werksfeer liggen, de

vele fiets- en schaatstochten, als een welkome uitlaatklep ervaren zonder

103



welk een vlotte afronding van een dergelijk onderzoek niet zonder

spanningen mogelijk was geweest. Daarvoor wil ik speciaal Marianne, Frits,

Piet, Jan, Reinhard en Peter bedanken.

FRANK

104



C U R R I C U L U M V I T A E

De schrijver van dit proefschrift werd geboren in 1953 te Delft. In

1971 behaalde hij het diploma HBS-B aan het Lodewijk Makeblijde College te

Rijswijk (Z-H). In datzelfde jaar begon hij zijn studie technische

natuurkunde aan de Technische Hogeschool te Delft. In 1977 slaagde hij

voor het kandidaats- en in 1978 voor het ingenieursexamen. Het kandidaats-

en afstudeerwerk werd verricht onder begeleiding van Dr.Ir. L.M. Caspers

in de vakgroep Reactorfysica. Dit werk omvatte een studie van het gedrag

van vreemde atomen in de buurt van dislocaties in metalen met behulp van

een computer-simulatie model. Naast deze studie werd een cursus

Stralingsbescherming gevolgd aan het Interuniversitair Reactor Instituut

te Delft, waarvoor hij in 1978 het C-diploma behaalde. Gedurende de

laatste twee jaren van zijn studie was hij student-assistent (0.5 dagtaak)

bij de Stralingsbeschermingsdienst van het I.R.I, te Delft. Daarna is hij

nog twee maanden als ingenieur-assistent bij deze dienst werkzaam geweest.

Van januari 1979 to mei 1980 heeft hij zijn militaire dienstplicht

vervuld als gedetacheerde bij TNO/RVO op het Prins Maurits Laboratorium te

Rijswijk (Z-H).

In mei 1980 trad de schrijver in dienst van de stichting FOM als

wetenschappelijk medewerker in de werkgroep A-VI. Het in dit proefschrift

beschreven onderzoek werd verricht bij de vakgroep Atoom- en

Molekuulfysica van de subfaculteit der natuur- en sterrenkunde aan de

Rijksuniversiteit te Utrecht. In het kader van de onderwijsopdracht werd

tevens een bijdrage geleverd aan de natuurkunde-praktica voor biologie- en

farmacie-studenten.

105


