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CHAPTER I

INTRODUCTION

I.I. The aim of the experiment

The aim of the work described in this thesis was twofold:

(i) to build and to test an atomic crossed-beam apparatus in which measurements

can be carried out on the scattering of alkali atoms in the ground state and an

excited state by inert neutral gas atoms or molecules in the thermal energy

region,

(ii) to perform measurements on at least one combination of collision partners

and to extract from these measurements information about the interaction poten-

tials of the particles.

Elastic scattering measurements are well suited for the determination of
1 2)

interaction potentials between ground-state particles ' . The measurements of

differential as well as total cross sections in the thermal energy range give

information about the attractive region and the well of the potential energy

curve. The repulsive region of the potential can be probed by high-energy

scattering experiments. In the early days scattering of alkali atoms by a large

variety of atomic and molecular collision partners was studied by several molec-

ular-beam groups, but after the introduction of versatile mass-spectrometric

detectors the scattering of other atoms and molecules could be investigated as

well2).

Processes involving excited atoms have been extensively studied in flames and

vapour cells by optical experiments. In our Atomic and Molecular Physics Division

of the Physics Department a special study is being made of the interaction of

atomic metal vapours with bulk constituents of flames at 1 atmosphere, which
3)includes the measurement of collisional broadening and shift of spectral lines .

These types of measurements have been done in vapour cells by investigators
A 5)

elsewhere ' . Work is currently being done in our group on this types of measure-

ments both in flames and in vapour cells, which are yielding potential data for

the Na*(32P)/Ar interaction over a large temperature range . Theoretical



data about excited-state interaction potentials are available from semi-empirical

pseudopotential calculations
7-9)

and more recently ab initio calculations on

Na/Ne and CI calculations on Na/Ar were reported. However the various

approximations used in these calculations have not always yielded consistent

results and an experimental verification is needed.

With the advent of tunable dye lasers a new field has opened up and it has

become possible to carry out atomic beam studies of excited-state interactions.

Since Na atoms can be easily excited by means of these lasers, this has meant

a revival of the "alkali-age". While we were building our beam apparatus the

first excited-state scattering experiments were reported, viz. the scattering

of electrons by excited Na
12)

and the electronic to vibrational-rotational
12)

energy transfer in tha scattering of Na by simple molecules . A crude

differential-scattering experiment was carried out on Na*/Ne and more refined

* * IM

experiments on Na /Hg and Na M r , the latter ones mainly at large angles .

Furthermore measurements of fluorescence excitation spectra of Na-Ar van der

Waals molecules prepared in supersonic free-jet expansions yielded excited-state

potential data .

Scattering experiments have the advantage over "bulk" experiments for the

study of interaction potentials in that the magnitude and the direction of the

relative velocity vector of the colliding species can be defined much better.

A differential scattering apparatus designed for the determination of interaction

potentials must have the following properties:

- relative-velocity selection

- high angular resolution, but still a satisfactory signal-to-noise ratio

- wide angular range

- automation of the measurements because of the long measuring times

- for the study of excited-state interactions: a high fraction of excited

primary-beam atoms in the interaction region between the two beams.

The aim of our investigations was to build an apparatus that met these demands,

perform an experiment on a chosen Na-noble gas system (closely related to other

work in our group)and interpret the ground-state and excited-state differential

scattering patterns in terms of interaction potentials.

We built a beam apparatus in which a horizontal, velocity-selected Na beam

was crossed by a vertical noble gas beam. We chose to start with Xe as the col-

lision partner because of its relatively large mass and resulting low thermal

velocity. In the beam apparatus the scattered Na atoms were detected as a func-

tion of the scattering angle in the horizontal plane through the Na-beam axis.



The measurement of scattering patterns was iully automated. The ground-state

scattering patterns (Na 2S.,„ versus Xe lSQ) were compared with calculations

based on assumed potential models. By varying the potential parameters and

looking for the best fit of calculated scattering patterns to the experimental

scattering patterns we were able to determine the best potential. For the ex-

cited-state measurements Na atoms in the interaction region between the two

atomic beams were excited to the 32P_<2> F = 3 hyperfine state by means of a

c.w. tunable dye laser the beam of which crossed both atomic beams at right

angles. We measured the scattering patterns with "laser off" and "laser on"

alternately and from the resulting ''difference patterns" and the known ground-

state potential we obtained excited-state interaction potentials, again by means

of a fitting procedure.

1.2. Contents of the thesis

In Chapter II we briefly review the elastic scattering theory required for

the interpretation of the ground-state scattering experiments and we give the

formulary for the transformation from the LAB coordinate system to the CM

coordinate system.

In Chapter III the design of the scattering apparatus is described; infor-

mation is given about the beam-sources, the velocity selector, the detector

systems, the laser and its frequency locking, and the automation of the beam

apparatus.

In Chapter IV the ground-state scattering experiments are described. First

a review of the available data on Na/Xe is given and the numerical calculation

of elastic scattering patterns from assumed potentials is explained, which

accurately reproduces the experimental angular resolution. An outline is given

of the alignment procedure, adopted at the beginning of the experiments. We

comment on the accuracy of the detennination of the scattering angle and of the

calibration of the velocity selector, and discuss the noise in the scattering

signal and the (on-line) measuring procedure we used for the scattering ex-

periments. Ground-state scattering patterns over a wide energy range are

presented for the Na/Xe interaction and one pattern (at only one energy) for

the Na/Ar interaction. The experimental results are interpreted in terms of

interaction potentials.

In Chapter V an account is given of the excited-state scattering experiments

on Na /Xe. The hyperfine-structure of Na 5-doublet is given and the use o*f a

narrow-band c.w. tunable dye laser for the excitation is discussed. As a result



of this the 32S. ._, F = 2 •+ 32P,,2, F = 3 transition is chosen for trap-free ex-

citation. The degree of excitation of the Na-beara atoms in the interaction region

between the two atomic beams is determined from the deflection of the Na-beam

(without Xe) caused by momentum transfer from the photon beam. Then the measuring

procedure for the measurement of difference scattering patterns [("laser off")

minus ("laser on")] is described. The "elastic approximation" used for the inter-

pretation of the difference patterns is discussed. Finally the difference pat-

terns measured for Na /Xe at various selected velocities of the Na atoms (and a

single pattern for Na M r ) are presented together with calculations based on the

best-fit interaction potentials. We then discuss how accurately the excited-state

interaction potentials can be determined by these measurements.
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CHAPTER II

SURVEY OF BASIC THEORY OF ELASTIC ATOM-ATOM SCATTERING

II. I. Theory

The elastic scattering of neutral, structureless particles in the thermal

energy range is determined by the spherically symmetric interaction potential.

This is the case when Na atoms in the 2S ground state interact with noble gas

atoms in the ground state. The force between the two particles involved (with m.

the mass, r. the position and V. the velocity of the particle i in the laboratory

(LAB) system) then depends on the relative distance r = \r.~ v \ only. Upon a

transformation from the LAB-system to the centre-of-mass (CM) system the two-

particle problem reduces to a single particle one with reduced mass

U = m.m_/(m. + m_) and velocity g = v - v. moving in the fixed potential field

V(r). Fig. II.1.A. gives classical trajectories of particles scattered by a

potential of which a typical form is given in Fig. II.l.D. The impact parameter

h is the distance between the asymptotic path of the particle and the line of

head-on collision. The potential used is a Lennard-Jones (m, 6) potential

(appendix A) given by

where e is the depth and r is the interatomic distance at the potential-well

minimum.

Fig. II.l.B. gives the classical deflection function Q(b): the dependence

of the asymptotic angle of deflection as a function of impact parameter b. This

deflection function is given by

IT - 2b I
r

(II.2)
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Fig. II.1. Classical elastic scattering in the field of a spherically symmetric

potential V(r) which has a minimum.

A. Trajectories of incident monoenergetia particles as a function of the impact

parameter b.

B. Deflection function Q(b). Positive and negative deflections are indistinguish-

able. 9 is the rainbow angle.

C. The three possible contributions o. to the classical differential cross

section a(Q) at gipen 8. The contributions a.., o_3 o_ arise from impact

parameters around the corresponding b.3 b~, b. respectively.

D. Lennard-Jones type interaction potential with E - depth of the potential well,

r - position of the minimum.

with E ( the kinetic, energy of relative motion of the particles at

infinite separation and r the distance of closest approach i.e. the zero of

the denominator in the integrand. The minimum negative value of the deflection

angle is called the rainbow angle 6 .



In the centre-of-mass (CM) system the differential cross section a (9) is

defined by the ratio between the number of atoms scattered hy one target atom

into unit solid angle around an angle 9 per unit time and the incident beam

flux density (= number of particles per unit time per unit areaXheara axis).

Classically the differential cross section is given by:

a;t = 1
bi (II.3)

16 | only one branch of the deflection function makes aFor angles |9|

contribution to a(6), whereas for |8| < |8 | usually three branches contribute,
12 3) r

as is shown in fig. II.2.C ' . For very low values of the energy [E/e < Q.8

for a Lennard Jones (12,6) potential], when orbiting occurs, Q(h) passes

through -it, -2TT etc. Then more than three impact parameters may contribute to

the scattering at given angle 9.

Furthermore we can define the total cross section a hy integrating

a(8) over all space directions

2iT IT TT

t o t
o(6) d6 d<f> = 2it / a(9)sin6 (II .4)

0 0 0

with <J> the azimuthal angle, on which o(8) does not depend.

From eq. (II.3) we see that the classical differential cross section will

be infinite if (d8/d£0 = 0, i.e. at the angle 8 which is called the rainbow

angle, after the well-known optical effect. a(0) will also be infinite if sin9

in the denominator of eq. (II.3) equals zero while b does not (glory effect).

Then, the classical total cross section a is infinite too. Experimentally

however one finds finite values for a(8), over the whole range of angles, and

for a .

The discrepancy mentioned above is resolved in the quantummechanical

treatment of the collision problem ' ' ' ' . The time-independent Schrodinger

equation for the wave function of relative motion tyO?) can be written as

(II.5)

where k = (2yE/^2)^ is the circular wave number of the incoming plane waye.

iji(r) must have an asymptotic form corresponding to an incident plane wave

and an outgoing spherical wave with complex scattering amplitude f(d):



where we have chosen the s-axis parallel to the incoming beam axis. Then we

find for the differential cross section:

o(6) = |/(9)|2 . (II.7)

For the total cross section we find using eqs. (II.4) and (II.7):

toe

IT
2TI / 1/(9) | 2 sine d6 . (II.8)

0

In solving eq. (II.5) the incident plane wave is expanded as a sum of incoming

and outgoing partial waves, each with orbital angular momentum I. Since V(r) is

spherically symmetric, the relative orbital momentum is concerved and the inter-

action does not couple partial waves with different values of I. The effect of

the scattering-potential V(p) is a phase shift of each outgoing partial wave

amounting to 2rw. The result for /(8) obtained by the method of partial wave

analysis is:

CO

•f(0) = - JL I (2Z + O(exp[2in7] - l)P7(cos0) , (II.9)
zfc l=Q t, I

where P7(cos8) are the Legendre functions.

By separating the wave function t|/(i") of eq. (II.5) into a radial and an

angular part we can determine the scattering phase shifts ru from the asymptotic

behaviour of the radial eigenfunction for each partial wave. If the potential

varies slowly i.e. if the de Broglie wavelength AD( = 2-n/k) is small enough for
^B dV

the fractional change in V(x>) over a wavelength to be negligible ( — << 1)

then the JWKB-method can be used to compute these phase shifts:

(II.,o>

r (= classical turning point) is the outermost zero of the expression within

the large brackets of eq. (II.10). In this equation the right behaviour of the

radial part of the wave function near r = 0, has been obtained by the

replacement of the 1(1 + 1) term in the radial Schrodinger equation by

(I + O 2 ' A comparison of n7 in eq. (11.10) and the classical deflection

10



function Q(£>) of eq. (II.2), in which b has been replaced by {I + i)lk, shows

that the JWKB-phase shifts satisfy the following relation ' ' {I treated as a

continuous variable):

. JWKB
dn7

-—— = ie(bW) • (ii.ii)

This is usually referred to as the semiclassical equivalence relationship.

An example of the behaviour of r\i as a function of I, computed numerically

according to eq. (II. 10), is given in the inset of Fig. II.2. With these phase

shifts we calculated the differential cross section a(Q) using eq. (II.7) and

(II.9). In Fig. II.2 o(9) multiplied by sinG has been plotted against 6 for the

scattering of Na versus Xe at a kinetic energy of 5.8 x lO"14 erg. The potential

used for the calculation of the differential cross section is a modified

Lennard-Jones potential (Chapter IV), which is typical for the Na/Xe interaction;

e % 2xJ0~11* erg, r <\- 5xlO~8 cm; *B % O^S^IO"
8 cm, so -~ ^ « I. Unlike thf>

classical theory the quantutnmechanical description predicts a finite value Lor

o(6) at the rainbow angle 8 (in Fig. II.2 at about 31 ), which is found at

a slightly smaller angle than is expected classically.

Other quantum effects are the "supernumerary" rainbows (in Fig. II.2 at

about 7 and 16 ) and the fast oscillations superimposed upon the rainbow

structure. These two effects can be understood from semiclassical consider-

ations ' ' that include the semiclassical relationship of eq. (11.11). The

supernumerary rainbows can be attributed to interference between partial waves

connected with impact parameters of the two branches of the deflection function

at both sides of its minimum represented by b and &„ in Fig. II.l.B. The

angular spacing of the supernumerary rainbows is inversely proportional to

\b. - by]. Interference between the two partial waves just mentioned and the

partial wave corresponding to impact parameters around b belonging to the

third branch of the deflection function causes the rapid oscillations, the

angular spacing of which is inversely proportional to (£> + b „) <* (b + b ) ,

with b = the impact parameter corresponding to the minimum of 9(b). For

measurements with atomic beams a spatial and temporal coherence is required

to observe the interference effects. This means that certain conditions are

to be satisfied with regard to the angular divergence and the velocity

spread of the beams. These requirements are met within our experiments.

11
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Nfl/XE, g= 600 m/s
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0.00 20.DO 30.00

THETfl( DEGREES, CMSYSTEfi)

Fig. II.2. A typical differential cross-section curve of the Na/Xe interaction

exhibiting the rainbows and the fast oscillations. The energy in the CM system

is 5.8xlO~11( erg (corresponding to a relative velocity g of 600 WsJ. The

cross section is computed with a modified Lennard-Jones potential that is

typical for the Na/Xe interaction. The inset shows the phase-shift curve

aomputed by the JWKB-method.

Numerical calculations of the differential cross section show that the

different phenomena mentioned above all depend in a different way on the inter-

action potential V(r). The details will be treated in Chapter IV but roughly

the following holds:

- the rainbow 9 depends primarily on the reduced energy E/c. With increasing

E/e. the rainbow angle 6 tends to smaller values;

- the supernumerary rainbows are sensitive to the long-range, attractive part

of the potential, especially in the region of the inflection point;

- the fast oscillations depend strongly on the r parameter of the potential.

With increasing r the period of these oscillations becomes smaller.

12



The total cross section shows quantum oscillations as a function of the relative

velocity (glory oscillations). The slope of the velocity dependence of a and

the positions (and amplitudes) of these glory oscillations contain information

about the long range attractive part and the area around the well of the

potential, respectively. This information is supplementary to that obtained from

differential cross section measurements. Since we did not measure total cross

sections, these aspects will not be discussed here.

II.2. Angular distribution of scattered particles in the laboratory system

II.2.I. General

Information about the interatomic potential from scattering experiments

can be extracted in two ways:

a. By direct inversion of the scattering data.

Methods have been developed by Buck and Klingbeil among others. These

are parametric methods for the deflection function and the phase-shift

function respectively, which yield equivalent information (eq. (11.11)).

With Buck's method the parameters of the deflection curve are derived

setniclassically from experimental differential cross sections and from the

energy dependence of total cross-section measurements. Klingbeil uses all

phase shifts as free parameters the coefficients of which are found by

applying a minimalization procedure to the scattering pattern computed with

suitable starting values for the phase shifts and the experimental

scattering data. For both methods only data that are not severely influenced

by averaging due to the experimental conditions can be used. From the

deflection function, or from the phase-shift function the interatomic

potential can be found according to eq. (II.2) and eq. (11.10). Classically

the solution has been given for the first time by Firsov . Buck and

Klingbeil transformed the resulting integral equation to make it suitable

for numerical application. This method, however, is not very useful for the

interaction of sodium atoms with noble gas atoms as will be pointed out in

Chapter IV.

b. By a potential fitting procedure.

This is the method most frequently used. One starts with a chosen functional

form for the interaction, for instance a multi-parameter potential model.

13



For the alkali-noble gas interaction parameters can be estimated by compu-
12)

tation of van der Waals constants or from theoretical potential curves

computed by Baylis and Pascale and Vandeplanque . With the estimated

potential one computes the cross sections and compares them with the

experiments. One arrives at the actual potential by varying the potential

parameters by trial and error so as to obtain the best fit. It is most

important of course to have at one's disposal a very flexible potential

model.

We used the second method for the interpretation of our crossed-beam

experiments. Not only the ground-state experiments but also the excited-state

results will be explained in terms of elastic scattering, the latter by

scattering according to more than one potential curve (Chapter V ) .

To compute the elastic scattering pattern of atoms of a primary beam

colliding with target atoms of a secondary beam in the LAB-system, the

differential cross section computed according to section i of this chapter has

to be transformed from the CM-system to the LAB-system and averaged according

to experimental conditions. The number of atoms N (B,$) that are scattered

per unit time from the interaction region of the two beams into a solid angle

Afl defined by the detector geometry, the centre of which has been positioned

at angle coordinates 0 and $ (all in the LAB-system) is given by

»D(0,») - L L L I nx(v r)n (v ,hg °(B,ff)%5 dad?dw,dw2
Ay. Ay hr Afj

(11.12)

with n (y ,r>) and n.(Vy,r) being respectively the distribution functions of

primary and secondary beam particles as a function of their velocity and

position in the LAB-system, expressed in number of particles per unit volume

per unit velocity interval dy.; g (= |y - y?|) is the absolute value of the

relative velocity, as mentioned before; dui/dfi (y ,V^,d,$) is the Jacobian

for the transformation of a(.Q,g) from CM- to LAB-coordinates, i.e. the ratio

of a solid angle element in CM-system to the corresponding solid angle element

in the LAB-system (sect. II.2.2); /dfi is the integration over the solid angle

A£2 subtended by the detector as seen from the scattering centre; [dr is the

integration over the intersection region Ar of both beams, commonly referred to

14



as the scattering volume; Jdy. and JdU, are the integrations over the velocity

distributions of primary-and secondary-beam particles for the ranges &V. and

Ai'2 respectively.

Because of the spatial extent of the scattering volume and the solid angle

into which the particles are scattered, there is no one-to-one correspondence

between 0 and 8; the integrations in eq. (11.12) involve in fact implicitly

an integration over a finite range of 8 values, resulting in a smearing out

of the 0(8,3") function. The 9 range over wich the differential cross section

has to be known in order to be able to carry out the integrations depends on

the detector an6olar position (0,$) and the integration boundaries determined

by the experimental conditions. We therefore need the transformation from LAB-

coordinates to CM-coordinates.

II.2.2. Transformation from LAB-coordinate system to CM-coordinate system

The basis of the transformation is the vector diagram of the velocities

of the particles before and after the collision. This type of diagram is

commonly known as a Newton diagram. We denote quantities connected with primary-

and secondary-beam particles by subscripts 1 and 2 respectively.

Let V. and u. be the velocities of primary-and secondary-beam particles

respectively in the LAB-system before the collision and let u. and M. be

the corresponding velocities in the CM-system. The analogous velocities after

the collision are indicated by a prime (u1 and u'). The velocity of the centre-

of-mass is denoted by V~ (Fig. II.3 and II.4). Then

Vl = V0 + Ul y2 = W0 + U2

v]'=VQ + u]
f V = "o + V * (H.13)

In velocity space the origin of the LAB-system is 0 , and the origin of the CM-

system is 0_... The centre-of-mass velocity VQ divides the relative velocity

vector g{= v^ - y_ = u. - u^) into two parts u. and M. in such a way that

W./MJ = m2^m\ (w- denote absolute values of vectors by dropping the vector

arrows: \u.\ = u.). After the collision, g is rotated around 0 . If the

collision is elastic, the masses and the relative speed are unchanged by the

collision, so u = u* (we drop the indices when equations are valid for both

particles).

15



detector
element

Fig. II.3. The generalised Newton diagram for an elastic two-particle collision.

Particles scattered in a solid angle element din in the CM-system arrive in dtt

in the LAB-system. The shaded detector element subtends an area dA on the

surface of the sphere which has u '(= «J as its radius.

Possible scattering events concerning primary-beam particles, which we shall

examine from now on, are represented by the surface of a sphere in velocity

space in CM-sysuem on which the tip of the vector u ' must lie. This sphere has

its centre in 0 „ and has a radius of ».' = u. (see Fig. II.3). The scattering

angle 6 in the CM-system is defined as the angle between u.} and u., the

scattering angle 0 in the LAB-system by the angle between v.' and U. (Fig.II.3).

The transformation from LAB-system to CM-system is not always unique. Two

CM deflection angles correspond to one and the same LAB deflection angle if

0,._ lies outside the sphere with centre 0 and radius u'. In the case of an

elastic collision the condition for a one-to-one correspondence between deflec-

tion angles in both systems is u.' > V , or in other words

(11.14)
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For thR Jacobian in eq. (11.12) we can deduce an expression using Fig. II.3.

All particles scattered in a solid angle dfi in the LAB-system will pass through

an area d/1 of the sphere with centre 0 M and radius u '. In the CM-system this

area is seen under a solid angle du. So we fiud for the Jacobian dw/dfi

I % fc
-1

dfi
(11.15)

To find the transformation formulas we use the following polar coordinate

systems proposed by Helbing :

LAB-system: deflection angle G, azimuthal angle $, polar axis along v.;

CM-system: deflection angle 6, azimuthal angle $, polar axis along u..

In these coordinate systems the deflection angles are defined by

* ft.
tan© and tan9 (11.16)

Fig. II.4. LAB- and CM-aoordinate systems in the event of a perpendicular

crossing of two partiales in the LAB-system. <?.._ and 0~M are the origins of

the LAB- and the CM-system respectively.
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For the definition of the azimuthal angles we introduce the unit vectors T and
- > - > - ) • - > • "

T in the direction of v * V and V x y ' respectively and the unit vectors t

and t in the direction of y x w. and w. x u. respectively. Then $ and <j> are

defined by
\T x 2"| \t x t\
— S — s — and tan | + | = — x — x — . (II.17)

To illustrate these definitions Fig. II.4 shows a simplified situation for an

elastic scattering process in which the angle between V. and «„ J-s 90°.

We define 6 as the angle between u. and u. whereas -y is the angle

between u. and V . Then the formulas for the (LAB-KIM) transformation derived
15)by Helbing , simplified for the case of elastic scattering, are as follows

t a n e = A ^

sine s ink l > ^ > (II . 18b)
|Y| cos6 sinG cos|$| - Csm6

du 1 /TTdft u
2. |cos6 + A[(t> /u.)(C + AB) + A] | '

with

A = — — = (—)D _+ [(—)2(D2 - 1) + (—)2]' A = 0 (II. 19a)
V\ V\ Vi 1

A = cos6(tan<S cos* sin0 + C) (II. 19b)

B = C2 + sin20 (II.19c)

C = cosG - I/A (II.19d)

D = cosy cosO - siny sin© cos$ . (II.19e)

We have used these formulas in the computation of the scattering patterns

(Chapter IV and V).
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CHAPTER III

BEAM APPARATUS

III.I. General

In order to study Na/noble gas interactions we have designed and built a

beam apparatus for the measurement of scattering patterns (differential cross

sections). In this apparatus a (primary) beam of velocity-selected Na atoms is

formed in the horizontal plane, and a secondary (Xe) beam, formed in the vertical

plane, is directed downwards so that it crosses the Na beam at right angles. The

Na atoms scattered by secondary-beam atoms are detected as a function of the

angle in the horizontal plane through the primary-beam axis (out-of-plane confi-

guration). For the excited-state scattering experiments a laser beam is sent

through the interaction region between the two atomic beams (= scattering volume),

crossing both the atomic beams at right angles. The schematic configuration of

the ground-state experiment (without the laser) is given in Fig. IV.1 (sect.

IV.3.1) and that of the excited-state experiment is given in Fig. V.J (sect. V.I).

The beam apparatus consists of three vacuum chambers: the oven chamber, the

collision chamber and the detector chamber. (Figs. III.la and Ill.lb show a

horizontal and a vertical cross section of the apparatus (pumps and fore-vacuum

system are not shown). The numbers in the figures denoting the various parts of

the apparatus are the same as those used in Fig. IV,5 which shows the schematic

set-up of the ground-state experiment (and which may clarify the operation of the

apparatus). Except for the pumps and the collision vacuum chamber (Manufactured by

Kositrad/Holland) all parts of the apparatus (including the fore-vacuum system)

have been made in the machine-shop ("centrale werkplaats") of the Physics

Department of Utrecht University.

In the oven chamber, which extends into the collision chamber, the Na beam

is produced by means of a stainless steel two-chamber oven (1). The Na beam is

collimated by means of a number of diaphragms, some of which are cooled to trap
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Fig. III.la. Horizontal cross section of the beam apparatus; legend see page 24.
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Legend for Figs. III. la and 1b.

1. Sodium oven, orifice <J> O.V, mm

!',. Diaphragm, <|> 1.0 mm

6. Diaphragm, water-cooled, <J> ''-O mm

4. Diaphragm, liquid-N,,-coo Led

shield, 10x1 mni?-

b. Diaphragm, bxO.-l mm2, selector slit

6". Velocity selector

7. Beam stop/chopper

H. Diaphragm, bxt).4 mm7-;

Vacuum wall

9. Monitor' daleelor

10. Multichannel array,

scaondary-beam source

11. Diaphragm, <J) 0.65 mm

12. Liquid-lie cryopump system

15. Diaphragm, detector slit,

bx-O.ob mm2; vacuum wall

14. Detector + io>i extraction system

lb~. Particle multiplier

16. Valoe between oven and

collision chambers

17. Valve between collision and

detector chambers

18. Detector turntable

19. Rotary feedthrough of detector

chamber

20. Chain of detector turntable

21. Servomotor driving the turntable

22. Potentiometer system for meauuri>ig

the detector position

26. Liquid-N\} cx'yotrap' and shield

24. Gas cylinder (Ke)

2b. Solenoid valve

26. Hicromembrane manometer

27. Ar -laser

28. C.w. tunable dye laser

29. Optical system

60. Laser beam stop

51. Brewster wiiidow

32. Photomultiplier

'66. Laser-frequency-locking

system (not shown)

atoms that diverge from the Na-beam axis. Before leaving the oven chamber the

atoms pass the mechanical velocity selector (6), the chopper/beam stop (7), and

a diaphragm (8) which determines the width of the sodium beam in the scattering

volume. Directly behind the bulkhead, separating the oven chamber and collision

chamber, the intensity of the Na beam is monitored by the monitor detector and

in the centre of the collision chamber the Na beam is crossed by the noble gas

(Xe) beam.

The secondary-(noble gas) beam is formed by means of a multi-channel array

(10). The gas is supplied from a high-pressure cylinder (24) and reduced to a

suitable pressure by a two-step regulator. The pressure upstream from the array

is measured with a micromembrane manometer (26) and kept constant by means of a

feedback system which incorporates a solenoid valve (25). A liquid-''e-cooled

cryopump underneath the secondary-beam source is used to trap the secondary-



beam (Xe) atoms after they have crossed the sodium beam.

The scattered Na atoms are detected by a Langmuir-Taylor detector system

(14) positioned in a separate rotatable detector vacuum chamber which the atoms

reach after they have passed through the detector slit (13) which confines the

effective area of the detector. After being ionized by the hot rhenium ribbon

of the detector, the Na -ions are electrically extracted towards the particle

multiplier. The detector can be rotated by rotating the detector turntable on

which the detector chamber is mounted. The detector turntable is driven by an

external motor. As is shown in Fig. Ill.lb, the detector chamber has been built

as a separate entity inside the collision chamber. To allow the detector chamber

to rotate it is connected by a rotary feedthrough to the diffusion pump which

is attached to the bottom flange of the collision chamber.

The c.w. tunable dye laser (28), pumped by an Ar -laser (27), is used to

excite Na atoms in the interaction region of the two atomic beams. The laser

beam is expanded and collimated by means of an optical system (29) before it

enters the beam apparatus. Brewster windows are used to diminish reflections

and intensity losses of the laser beam as it enters and leaves the beam machine.

The relative fluorescence intensity resulting from the excitation of Na-beam

atoms is measured by a photomultiplier. The frequency of the dye laser is locked

to the optical Na-transition by means of a feedback system (32), which is not

drawn in Figs. III.la and lb (see Fig. III.9, for auxiliary beam apparatus,

sect. III.7).

The three vacuum chambers, which can be shut off from each other by valves

(16) and (17), are separately pumped by means of oil diffusion pumps (with Santo-

vac-5 diffusion pump oil) as follows (Figs. III.la and lb); oven chamber: one 4"

diffusion pump (V.H.S.-4, Varian) with a pumping speed of 650 1/s; collision

chamber: three 6" diffusion pumps (V.H.S.-6, Varian) each with a pumping speed

of 1300 1/s; detector chamber: one 2" diffusion pump (E02, Edwards, with water-

cooled and liquid-N_-cooled baffles) with a pumping speed of 30 1/s (the pumping

speeds given are as found above the valve by which the pump can be disconnected

from the corresponding vacuum chamber). Two Leybold Heraeus rotary pumps are

used as fore-pumps. During the actual experiments (with hot Na oven, with the

Xe beam "on" and with the liquid-N- and liquid-He systems operating) the pres-

sures in the three vacuum chambers were kept below 2*10 mbar (pressure in the

collision chamber with Xe beam "off": < lxJ0~8 mbar).
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Fig. III.2.

Beam apparatus

and peripheral

devices.

(The oven

chamber is on

the right of

the picture.)

(Photograph by

F.L.T. Verdonk,

OMI.)



In the following sections of this chapter the details of the beam apparatus,

a general view of which is given in Fig. III.2, will be discussed. In these

sections the numbers between brackets; ( ) refer to the numbers used in Figs.

III.la and Ill.lb. For the alignment of the different parts of the apparatus we

refer to sect. IV.4.1. Sect. III.8 deals with the interfacing system with the

PDP-11/40 computer and the on-line data acquisition.

111.2. The primary-(Na-)beam source

To produce the sodium beam we use a stainless steel two-chamber oven (1)

with an orifice of <fi Q.2 mm. The oven is surrounded by a water-cooled shielding

to prevent the oven chamber and especially the velocity selector in it, from

being contaminated by sodium. The oven is mounted on an x-y translator which

permits the oven to be aligned in the vertical plane. The main chamber of the

oven with the charging hole and the front chamber with the orifice are heated

separately by means of "firerods" (Watlow), which are fed from the mains through

two variable transformers (Variacs). The temperatures of the oven chambers are

measured by chromel-alumel thermocouples and are displayed on digital thermo-

meters (compensated digital voltmeters, Noronix), the data of which can be

read by the computer. Usually the temperature of the front chamber is chosen

about 25° to 50° higher than the temperature of the main chamber, even during

the cooling down of the oven, to prevent the orifice of the oven from becoming

clogged. The comparatively low temperature of the main chamber determines the

beam intensity, whereas the (mean) velocity of the atoms is determined chiefly

by the temperature of the front chamber.

We measured the intensity of the sodium beam with the monitor detector and

the (main) detector as a function of the temperature of the main chamber of the

oven. The result agreed satisfactorily with calculations based on the beam

geometry and vapour pressure data of sodium as a function of the temperature .

During the scattering experiments we kept the temperatures of the main chamber

and the front chamber at about 460 C and 510 C respectively. This required a

power of about 2x75 watt. The resulting beam intensity was about

6xl016 atoms/sr.s.

The actual width (in the horizontal plane) of the Na beam in the scattering

volume is determined by the slit in the bulkhead between oven and detector

chamber. In the vertical direction the beam is limited, from below, by a small

flag fixed onto the He-cryopump and, from above, by the adjustable secondary-
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beam assembly. The cross section of the beam in the scattering volume during

the scattering experiments was typically 0.8x3.2 mm2 (width x height).

III.3. The primary-beam velocity selector

III.3.1. General

The Na-beam atoms are velocity-selected by means of a mechanical velocity

selector. The basic principle of the selector is shown in Fig. III.3; two disks,

both with a slit in their circumference, are mounted on a common shaft, the

—y—

f r o n t d i s k end d i s k

Fig. III.3. Basic principle of the mechanical velocity selector (see text).

corresponding faces of the disks being at a distance of L . The slit in the end
s

disk is displaced (i.e. rotated) over an angle i|> with respect to the slit in

the front disk. If the rotor shaft rotates at a constant angular frequency

of 2-nv ., only atoms which travel parallel to the rotor axis with a velocity

in a confined velocity range around the nominal velocity
2-nv ,Lsel s

(III.D

are transmitted. Since such a selector would have a very small transmission,

one normally uses disks with a large number of slits (n ). Then however the
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one-to-one correspondence between slits in the front and the end disk is lost

and "sidebands" with velocities V f v are transmitted. These sidebands can b
c

prevented by inserting additional disks at appropriate intermediate positions

with appropriate relative angular displacements. We have built a selector of

this type, see Fig. III.5.
2)

According to Hostettler et al. the geometry of the selector rotor may
be characterized by the following parameters

V<V.>

(111.2)

(111.3)

(111.4)

where d is the thickness of the disks; I. the uniform slit width; l~ the width

of the tooth between two slits; r is the average distance between a point
s

inside a slit to the axis of the shaft of the selector. Since the slits have

a certain depth, the tooth thickness varies slightly over the slit depth;

therefore Z_ and r represent average value.s for which we have taken the values
i. S

at "half-height" of the slits.

If Ir,(v) is the velocity distribution function of Na-beam atoms passing

per unit area of the beam and per unit time [normalized by /l.(u)du = TQ, with

Jp the total number of atoms passing per unit area and per unit time], then the

resulting number of atoms I (V ) passing per unit area and per unit time after
s c

being transmitted by the selector that has a rotational speed corresponding to

a nominal velocity u is given bymax
I0(v) B(v)du

nun

with, according to Hostettler et al,

I + 6

2)

Umin and

(III.5)

I -

max
(III.6a,b)

and B(v) the transmission function given by
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B(v) = n {1 - [(1 + SJu /v - \]/yJ for y . > v > y .s s c s c iuiu

= n { 1 + [ ( I - 3 )v/v - \}h } for y > v > y (III.7)
S S C S IUaX C

= 0 for v < v . or v > v
nun max

If a thermal atomic beam is used, with a Maxwellian velocity distribution (see

later) a homogeneous distribution within the small velocity range transmitted

by the selector may be assumed, i.e. in eq. III.5 IQ(V) may be replaced by

I.(u ). Then the integration in eq. III.5 can be carried out easily and, taking

into account that ^ and y are small compared to unity, one obtains
s s

Js ( yc> = Gs Vc J 0 ( y )
U = U '

c

where G = n y (1 - 3 h ) 2 is a geometrical factor. This factor may also be
s s s s s

written as G = n1 /? where n' is the effective fractional open time of the

s s s s
selector and is given by

and i? the resolution as commonly used in a description of a selector; the
s

function B(v) has a nearly triangular shape with the peak at v and drops to

zero at v . and V ; the resolution R corresponding to the FWHM is given by
nun max s v °

- v . (Y - B )
R E-™¥- HLi!l = _ J L . ^ Y _ e . (III. 10)

2vc (1 - Y Z)
 s s

S

In the case of a Maxwellian beam, IQ(V) can be written as

IAv) = I F{v) = 21 H_ e
 y / a , (in. 11)

« 0 " a 4

with F(y) the normalized Maxwellian velocity distribution (/ F{v)dv = ' ) ;

a = v2kT/m being the most probable velocity of the atoms inside the oven (with

k the Boltzmann constant, T the oven temperature (front chamber) and m the mass

of the Na atoms). Then, from eq. III.8, the resulting I (u ) of the velocity-
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selected beam is given by

GvH -vz/a2

W = 2io ~ e C •
The measurement of this function will provide a good test of the performance of

the selector.

Ill. 3.12. Specifications of the selector; experimental test

The selector which we have built is of the symmetrical type, i.e. its prop-

erties (such as nominal transmitted velocity, resolution and transmission) are

the same irrespective of the direction of rotation. In designing the selector we

3)
used a computer program (ALGOL) which Van Steyn and Verster developed in order

to find possible configurations of disks corresponding to a specific desired

performance of a selector. The parameters characterizing the performance and the

geometrical parameters are connected by

A" v ,/, n = v n' . (III. 13)
s sel s s c s

On the left hand side of the equation one finds the parameters which one wants

to keep small, whereas the parameters on the right are preferably large, which

"shows that the product of difficulties is a constant" (quoted from Van Steyn

3)at ai. ). After doing a number of milling tests (in order to obtain a small

Z.-value) and measuring the deviation from flatness of the disks after the

milling, we chose the selector configuration as given in Table Til. 1 . The para-

meters for this selector occurring in eq. III. 13 are: -'i' (average) = 3.4%,
s

n' (average) = 34%, L = 79.92 mm, n = 510 and ,; /v = 2vi, /\v = 4.076 mm.

The advantage of the computer program of Van Steyn el al. was that tolerances

could be derived which were required for the building of the selector rotor so

that no velocity sidebands would occur. For the selector configuration as given

in Table III. I the combined tolerance with respect to the positions of the disks

(including the non-flatness of the disks, i.e. the wobbling of the disks over

360°) and the disk thickness (ci ) , was about 0.15% of 1 _ ('̂  0.12 mm). As can be

seen in Table I1I.1, the errors in d (.1 0.01 mm) and the variation of L due
s s

to the wobbling of the (front and end) disks (t 0.07 mm) are well within the

permitted accuracy. This also holds for the positions of the intermediate disks.
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Table III. 1. Specifications of the velocity selector

number of disks

diameter of the disks

d , thickness of the disks

n , number of slits per disk

Z<s, length of the rotor

positions of the disks

I., slit width

depth of slits (in radial direction)

r , radius of the disks at half-height
of the slits (average)

£„> tooth width, i.e. wall thickness
between slits:

at the top of the slits

at the bottom of the slits

(average)

<|> , angular displacement of end disk

Bs (eq. III.2)

Y (eq. III.3, average)

n (eq. III.4, average)

ng (eq. III.9, average)

R , resolution(eq. III.10, average)

Gs ^= ns ^s' average)

2TT£ /$ (eq. III. 1)
s s

maximum value of rotational frequency v

material of disks and spacers

diameter spacers

length of rotor shaft

diameter rotor shaft

material of shaft

bearings

inside/outside diameter of bearings

lubrication

8

159.00 * .' mm

1.52 + 0.01 mm

510

79.92 +_ 0.07 mm '

0, 1, 8, 9, 10, 12, 15, 20

(times (Ls/20) +_ 0.07 mm) *̂

0.500 * °0-
0
Qf mm

5.0 +0.1 ran

77.0 + 0.1 mm

0.479 mm

0.418 mm

0.449 mm

123.20 + 0.02 mrad (2ii/510 rad)

0.0190 +_ 0,0001

0.0527

0.527

0.337

0.0337

0.0114

4.076 +• 0.0025 m ;

600 revolutions/s

aluminium 7075 (perunal)

60.0 mm

245.0 mm

25.0 mm

VCN 45 steel

MPB, type S 8516 MCHH

5/16 inch, 1/2 inch

LY5/LYI5 (MPB)

Uncertainty due mainly to wobbling of the disks, as measured over 360

Both directions of rotation.
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TUt: combined tolerance in the angular positions of the (centres) of the slits

and in their widths /•. (upper limit), expressed in angular units was 0.5 rarad

(.corresponding to 0,04 mm at the circumference of tiie disks). As can be seen in

Table III.l, angular adjustments (as for $ ) were carried out with a very small

inaccuracy of only about 0.02 tnrad. The slits {I ) were milled to an accuracy

c + 0.005 m m . . . . n • , • u •• i .m i.of which was largely within the remaining tolerance. Ihus we can be

sure that our velocity selector will be free of "sidebands".

For the velocity calibration of the selector, in which the symmetry proper-

ties of the selector are used, the accuracy of the factor 2\\L /$ (=i> /v .)

should be known for both directions of rotation. The mean value of L is known

to about 0.5 /oo (being about half of the variation in /, due to wobbling of the
s

front and end disks). The inaccuracy of (i , (corresponding to a displacement over

10 x (/. + <L) at the circumference of the end disk) adjusted for one direction

of rotation is less than 0.2 /oo. With respect to the other direction of rota-

tion, the accuracy of -<(> _ is also influenced by the (in)accuracy of the angular
s

position of the slits, which causes an extra uncertainty of 0.2 /oo. The result

is that the mean calibration constant 2vL /$ for both directions of rotation is

known with an accuracy of better than 1 /oo.

Fig. III.4. Rotor assembly of the Velocity selector at manufacturing stage after

the milling of the slits and the positioning of the disks on the selector shaft.
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Jt-J L [_n_chg_m_e te r. sy s 1 em

ig. III.5. Velocity selector (left: cross section in vertical plane through

the axis; right: cross section through plane perpendicular to the axis).

The accuracy we have mentioned in connection with the slit width 7. and the

angular positions of the slitshas been obtained by a careful milling procedure.

A set of mill cutters were specially ground and tested for this purpose. The

eight disks (plus two spare ones) were clamped between two thick supporting

disks on an auxiliary shaft. Slits were made in the separate disks by milling

grooves parallel to the axis in the entire package of disks. The milling was

done in a temperature-controlled room on a horizontal milling machine, which

was used only after it had been run in for a few hours. To prevent the teeth

from bending during the milling of the grooves, shim plates were always inserted

in several of the preceding grooves. The correct angular positions of the

grooves were found by means of an optical dividing-head (JENA) mounted on the

bed of the milling machine. After the milling, the disks, the spacers between

them and the rotor part of the motor were mounted on the selector shaft. The



relative angular displacements of the disks (corresponding to <j> for the end
8

disk) were effected with respect to slits that were milled in one and the same

cut. This positioning was done with the optical dividing-head, too. The rotor

assembly in this stage of manufacture is shown in the photograph reproduced in

Fig. III.4. Before the rotor was mounted in its housing the imbalance of the

rotor assembly was dynamically measured and reduced by means of a balancing

apparatus at the Technical University of Eindhoven (remaining imbalance < 10~2 g

at a radial distance of 3 cm).

Fig. III.5 shows a drawing of the mounted velocity selector. The motor of

the selector is a 2-pole, 2-phase induction motor with a cylindrical Ferraris

rotor; the stator of the motor was manufactured and wound in the electronics

department of our laboratory. The motor is driven by a programmable velocity-

selector controller developed at the FOM Institute for Atomic and Molecular

Physics (Amsterdam). The frequency of the selector is measured by means of an

opto-electric tachometer system by which the number of slits passing per second

is counted. The feedback system of the controlling unit maintains the frequency

of the selector well within 1 /oo of a preset value which can either be

generated by the (PDP-11/40) computer or set by hand.

Initially the high-speed precision bearings (R.M.P. see Table III.l, with

special lubrication) of the rotor were rigidly fixed in the selector housing.

During the first tests resonances appeared which prevented the selector from

reaching the maximum rotational speed (i.e. frequency) of 500 HE for which it

b a l l b e a r i n g

E
e
in

r ubbe r s u s p e n s i o n

p l a t e s p r i n g

Fig. III.6. Elastic suspension of a bearing of the velocity selector. (End view
of bearing support.)
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VELOCITY DISTRIBUTION
OF Na-BEAM ATOMS

— THEORETICAL CURVE
(T=675 K)

xxx EXPERIMENT

200 300 400 500 600
ROTATIONALSPEED OF
VELOCITY SELECTOR IHz)

Fig. III.7. Transmitted Na-beam intensity as a funation of rotational speed of

the velocity selector. The theoretical curve has been calculated according to eq.

III. 12 (see text)

was designed. Because these resonances damaged the bearings we decided to develop

a more elastic suspension for the bearings. The bearings were pinched between

three small plate springs (having about the same width as the bearings) which

formed a triangle; the ends of the springs were mounted in small pieces of rubber

(Fig. III.6). In this way the rotor had some room to move i.e. to find its stable

principle axis of inertia, and the resonances were damped out effectively. We had

no difficulty in reaching 600 Hz. (The time needed to reach 500 Hz is about 20

minutes, whereas with new bearings the selector, when running freely from a

starting frequency of 500 Hz, takes about 12 hours to come to a standstill!).

We mounted the selector in the oven chamber on hinges which permitted the

selector to be canted into or out of the Na beam. To check the performance of

the selector we measured the velocity distribution of the Na beam in an on-line

experiment with the PDP-11/40 computer. Fig. III.7 shows the Na-beam intensity

as a function of the rotational frequency of the selector. With regard to the
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experimental data, a correction was carried out because the selector shaft was

not exactly parallel to the Na-beam axis in spite of the alignment procedure

(stcts. IV.4.1 and IV.4.2). Since the selector is symmetric the measured velocity

distribution of atoms moving parallel to the selector axis should be independent

of its direction of rotation. If the selector axis is not parallel to the Na-beam

axis in the horizontal plane, apparently different effective values of \<p | will
s

arise for the two directions of rotation, resulting in differences with respect

to the frequency scale (apparently different values of the velocity calibration
constant 2vL /<j> ) and to the transmitted intensities (apparently different

s s

values of G ). We observed differences with regard to both these quantities,

which we could explain in this way by assuming an obliqueness of the selector

axis corresponding to 0.2 mm over the length L . Since the true valuesof 2TTL /$
s s s

for both directions of rotation are known to differ by less than 1 /oo, the

2 /oo accuracy which we attained in our correction for the selector axis and

Na-beam axis not being parallel determined the final accuracy of the velocity

calibration of the selector (sect. IV.4.2).

The theoretical curve in Fig. III.6 has been calculated according to the
function I (u ) of eq. III.12. The position of the maximum of the theoretical

s c

curve is fitted to that of the experiment by adjusting the (theoretical)

temperature T in eq. III. 12. The optimum fit was obtained with T = 675±10 K,

whereas we found experimentally the temperature of the front chamber of the

Na-beam oven to be about 663 K. Since we measured the temperature at a position

on the outside of the oven and we do not know how uniform the temperature of the

oven was, the agreement may be regarded as good. As far as G is concerned, we

found from comparing measured beam intensities with and without the velocity

selector agreement within a few percents between experimental and (average)

theoretical values. Since the theoretical curve fits the experimental points

almost exactly, we can confidently conclude that we have built a symmetric

selector which is free of velocity sidebands and which meets the required

specifications (Table III.l).

III.4. The secondary-beam source

We investigated empirically various configurations of the secondary-beam

source ((10) and (11) in Figs. III.la and lb). It turned out that scattering

of only about 2 to 42! of the Na-beam atoms in the interaction region between

the two atomic beams (= scattering volume) sufficed to result in a signal of
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scattered Na atoms which could be well detected over the entire angular range

we were interested in. The advantage of scattering such a small percentage of

the Na-beam atoms was that multiple collisions could be neglected. It was com-

paratively easy to obtain a density of secondary-beam atoms sufficient to

scatter this fraction of Na-beam atoms. In order to resolve the rapid oscilla-

tions in the scattering patterns (Ch. II) the scattering volume had to be small

i.e. the divergence of the secondary beam had to be limited. As will be ex-

plained in sect, IV.3.2 it was advantageous, in the out-of-plane configuration

we used, to choose a scattering volume and a detector configuration whose dimen-

sions in the vertical plane were larger than in the horizontal plane. We aimed

at a scattering volume which is rotationally symmetric about the vertical axis.

This we achieved by using (in the secondary-beam source) a spherical orifice with

a diameter somewhat smaller than the width of the Na beam in the scattering volume

(0.8 mm). Due to the divergence of the secondary beam the resulting scattering

volume had the form of a truncated cone, the height of which was determined by

the height of the Na beam, which in the scattering experiments was 3.2 mm. In

our investigations of possible configurations of the secondary-beam source we

aimed to restrict this divergence while retaining the required beam density.

Multichannel arrays consisting of densely packed arrays of many parallel narrow

channels are known to produce beams with rather a small angular spread. We

investigated two different arrays (stainless steel, manufacturer Brunswick Corp.)

with a channel radius of 25* 10* 3 and 8xl0~3 mm respectively, and tried them

with as well as without an extra diaphragm in front of the array. We obtained

the best results for Xe, both with respect to the beam density and the resolu-

tion in the scattering pattern, by using the configuration whose cross section

along the vertical axis is shown in Fig. III.8. The specifications of the array

are: radius of the channels r is about 8xI0""3 mm, length of the channels L is
c c

0.47 mm and transparency of the array, i.e. the "open area"/total area is about

45%; the number s of open channels over the area used is about 650. The diameter

of the area of the array used equals the diameter of the diaphragm: 0.65 mm. The

distance between array and diaphragm is 2.4 mm.

The effective halfwidth (FWHM) of the Xe beam we determined roughly by

measuring the attenuation of the Na beam (whose width had been narrowed down

to about 0.4 mm for this purpose; height of the Na beam was 3.2 mm) as a function

of the relative position of the Xe-beam source which we moved perpendicularly

across the Na beam by means of an x-y translator. We found the FWHM of the

Xe-beam density averaged over the height of scattering volume to be 0.85 mm.
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c s 0 47mm

t o c r y o p u m p

Fig. III.8. Cross section of the seeondary-beam (Xe) source in the vertical plane
(through Na-beam axis). The Xe-beam is rotationally symmetric with respect to
vertical axis. For a three-dimensional view see also Fig. IV.2.

Boundaries of the (horizontal) Na-beam (height 3.2 mm).
FWHM-boundary of the Xe-beam density in interaction region with the Na beam
("effective scattering volume").
Extreme boundary of the Xe beam determined by dimensions of array and
diaphragm.

Since the diameter of the diaphragm, the position of which delimited the upper

side of the Na beam, was 0.65 mm, we estimated the diameter of the Xe beam

(FWHM) near the lower side of the sodium beam to be about 1.0s mm (Fig. III.8).

The resulting "effective scattering volume", a truncated cone (half apical

angle 3.5°) with two missing side lobes, is shown in Fig. IV.2.

We can (roughly) estimate the mean density of Xe-beam atoms in the centre

of the (effective) scattering volume from the gas flow rate through the

diaphragm as calculated from the measured gas flow rate through the array.
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4)
Beijerinck and Verster thoroughly investigated the gas flow through multichannel

arrays and the angular distributions and velocity distributions of the resulting

beams. They described both the transparent mode, in which the mean free path of

the gas atoms in the beam source X = L , and the opaque mode, in which X = L

but X = r . The mean free path is given by

X = ! , (III.14)
8 /?TI n 62

g S

where n is the density of gas atoms in the beam source and 6 is the gas kinetic
a 5

diameter of the gas atoms. For Xe we used pressures typically in the range

between 2.5 mbar and 5 mbar. Using 6.. = 4.9*10 cm (Dushman ) we find the

corresponding X values to be ISxlO""3 mm and 7.5xlo~3 mm respectively. Thus with

the array we used (f = 8x10~3 mm, L = 0.47 mm) we measured in the opaque mode.

We determined the flow rate through the array by measuring the pressure decrease

as a function of time in a given volume, as a result of the escape of gas through

the array. For a pressure of 3.3 mbar (2.5 Torr) we obtained a Xe-flow rate of

about 5X10"1* mbar 1/s (at room temperature). Theoretically the gas flow rate

dN /dt through the array expressed in number of atoms passing the array per unit

time is given by '

dN dN
•~ = -rr2- 2 = r W n v TT rz z , (III. 15)
di dt 4 c g g c

where (.dN /dt) is flow rate per channel and V = v8kT/m, i.e. the mean velocity

of the gas atoms in the beam source with T the temperature of the beam source

and m the mass of the atoms; P/ is the Clausing factor, which is well approxi-

mated by

8r 8r
wc = 2T{l+ir)~ • ( m - 1 6 )

c c
Using eq. III.15 and III. 16, which hold both for the transparent mode and for

the opaque mode, we calculate a flow rate through the array of lxlO~3 mbar 1/s

(at a pressure of 3.3 mbar), i.e. the measured flow rate is about 50% of the

calculated flow rate. Beijerinck et al. , who in some of their experiments used

the same type of array as we used, measured a flow rate that was about 70% of

the theoretically expected value. These differences with respect to the theory

may be attributed to the irregular cross section of the channels and probably
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to the inaccurary in the determination of r .

We use I (0) to denote the number of atoms leaving a channel per unit time

in a unit solid angle (atoms s~1sr~1) in a direction along the channel axis.

Then the number of atoms from the entire array passing per unit time through the

diaphragm that subtends a solid angle AJ2,. as seen from the centre of the array

is well approximated by

dN

<dT)Afidi * Z Jc ( 0 ) Ai2di ' (III'I7)

if Aft,. is well confined within the FWHM of the angular distribution of the

atoms leaving the individual channels. By the use of a simple model of Hanes

which gives a result that is in good agreement with the experiments of Beijerinck

et al. (compE

may be derived

et al. (compare ref. 7), the following relation for J (0) in the opaque mode

dN
3 -rc(0) = d T ' (HI. 18)

By using the experimentally derived value of (dN /dt) in this relation we can
3.

calculate the flux of atoms passing through the diaphragm according to eq.

III.17. However, in our situation, the condition concerning Afi,. for eq. III.17

to be valid is not completely fulfilled. Half the apical angle of the solid

angle subtended by the diaphragm is about 7.5 , whereas in our situation (source

pressure of 3.3 mbar) the HWHM angle of the angular distribution of the atoms is

about 10° (ref. 4). To account for the fact that the angular distribution of each

separate channel is not entirely uniform within the solid angle subtended by the

diaphragm we integrated (roughly) over the angular distribution function as

derived experimentally by Beijerinck et al. . As a result we estimate that at a

source pressure of 3.3 mbar about 6*10 at/s pass the diaphragm of the second-

ary-beam source.

Not all atoms passing the diaphragm will pass the lower side of the Na beam

within tie region which we regard as the effective scattering volume i.e. the

region limited by the FWHM density contour of the Xe beam (with a diameter at the

lower side of the Na beam of 1.0s mm). This effect is of importance with respect

to the resolution of the scattering experiments (sect. IV.3.2). As a rough

estimate, about 20% of the Xe atoms will pass the lower side of the Na beam out-

side the effective scattering volume but inside the region whose extreme

boundaries are determined by the dimensions of the array and diaphragm (as
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indicated in Fig. III.8, with a diameter at the lower side of the Na beam of

2.4 mm). Taking this effect into account, we estimate the resulting Xe density

in the centre of the scattering volume to be about 4xlO12 at/cm3 (at a source

pressure of 3.3 mbar). Because of the divergence of the Xe beam the mean density

of Xe atoms over the height of f-••>, Na beam will vary by a factor of 3.5.

The attenuation of the Na beam by the Xe-beam atoms according to Beer's

law may be used as an independent verification of the Xe-beam density. With a

density of 4*IO12 atoms/cm3 and a total Na/Xe gas kinetic cross section of about

8.3 •]0~*'* cm2 we readily calculate for the Na atoms passing through the centre

of the Xe beam,an attenuation of about 3% (less than 1/10 of the total scatter-

ing is caused by Xe atoms outside the effective scattering volume). This is in

good agreement with direct measurement of the attenuation which was somewhat

less than 3%. The attenuation of the Na beam as a result of collisions with Xe

background atoms over the entire collision chamber (pressure 1.6x|0~7 mbar) is

less than 1%, which is in agreement with our calculations.

The angle at which the boundary of the effective scattering volume at the

lower part is seen from the multichannel array varies from less than 5.5 at the

centre of the array to about 9° at the edges of the array. The (maximum) diver-

gence of the Xe '̂ eam in the effective scattering volume, may be characterized

by a mean value of 7 .

The experimental results obtained by Beijerinck et al. for the velocity

distributions of beams formed by multichannel arrays are used in sect. IV.6

where we discuss the accuracy of the interpretation of our scattering results.

The high-purity Xe gas (purity > 99.997%, l'Air Liquide) is supplied from

a high-pressure cylinder (24). The pressure is reduced by a two-step regulator

and the gas enters the secondary-beam source via a solenoid valve (Balzers) (25).

The pressure above the array is measured by means of a micromembrane manometer

(Baratron, MKS) (26), and displayed by means of a digital volt meter (DVM)

(Fluke). The analog pressure signal can be read by the PDP-11/40 computer. The

source pressure is kept constant within 1 /oo of a given value (set by hand)

by means of a feedback system (RVG 040, Balzers) which regulates the solenoid

valve.

III.5. The liquid-He oryopunp system

A liquid-He flow-through cryopump (12) is used to freeze out directly the

Xe-beam atoms after they have passed the interaction region with the Na beam,
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and indirectly the Xe atoms which were stopped by the diaphragm (11) of the

secondary-beam source (10). Shields are positioned on the (horizontal) cold

surface of the cryopump to extend the cold surface area to enhence the trapping

of the Xe-beam atoms. A small flag, pinched on the cryopump, is used to delimit

the lower side of the Na beam in the interaction region. The cryopump was

designed especially for our purpose and built by Leybold Heraeus. The temperature

of the cold surface is measured by means of a gas thermometer filled with He gas.

The thermometer is part of a mechanical feedback system which controls the

temperature of the cryopump by adjusting the throughput of the evaporated liquid

He. The evaporated He is pumped by a rotary pump and collected by the labora-

tory He-conduit system for re-liquefaction. The lowest temperature reached was

3.0 K. During the scattering experiments a temperature of about 3.5 K was

usually maintained. The liquid-He consumption in these circumstances was about

1.5 I/hour. The pressure in the collision chamber was maintained at <2xlO~7 mbar

(with Xe beam off: < lxiO"8 mbar).

III.6. The detector systems

Two detectors of the Langmuir-Taylor type are used for the detection of

the Na atoms: a monitor detector (9) to monitor the primary Na-beam intensity

before the Na atoms enter the interaction region between the two atomic beams

and the (main) detector (14), mounted in the detector vacuum chamber, to

detect the intensity of scattered Na atoms as a function of the scattering

angle. The Na atoms are detected by means of the surface ionization process

whereby the atoms are ionized on the hot filament of the detector; thereafter

the Na ions are extracted and the resulting current is measured. The surface

ionization process is well described by the Saha-Langmuir theory which leads to

the following (equilibrium) relation for the ionization efficiency n of the

detector-filament, i.e. the ratio between the number of Na ions leaving the

filament per unit time and the number of neutral atoms incident on the filament

per unit time:

1 = ,! 1 + ̂  ( T ^ ) exp I- rT ~ I , (III. 19)

where r and r are reflection coefficients for the atoms and ions respectively;

g /g is the ratio of the statistical weights of the atom and the ion in their

ground states; <j>, is the thermo-ionic work function of the detector material
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and I is the ionization potential of the atom (both in eV); T, is the tempera-

ture of the detector filament. The r and r are usually identical. For alkali
Q. T

atoms g /a is 2 and the ionization potential of Na is 5.14 eV. To obtain aa +

high ionization efficiency the detector filament should have a high work function

and it is as well to use a low temperature just above the threshold temper?ture

below which n drops rapidly to zero.

We used iridium and rhenium ribbons as detector filaments. With Ir, which

is supposed to have a high work function (<£- > 5.4 eV) , we only obtained a

stable efficiency by oxygenating the ribbon, which is known to improve the

efficiency. However, to keep the efficiency n stable we had to continue the

oxygenation throughout the time the detector was operated. Since a high 0 -

pressure of about 10~5 mbar in the detector chamber was required and the detec-

tor showed a high noise level under these circumstances, the Ir-ribbon could not

be used for the scattering experiments. Rhenium however, as it happened, worked

very well. We used a Re-ribbon with a purity > 99.99%, with a thickness of

0.025 mm and a width of 0.75 mm for the (main) detector and 0.5 mm for the

monitor respectively (manuf. MRC). To obtain a high efficiency and to reduce

the background of the detector ribbon, caused mainly by the residual alkali

contaminations in the ribbon, the fresh Re ribbons were given the heat treatment

proposed by Zandberg et at. : To this end we heated the Re ribbon slowly to

the recrystallization temperature of 1800 K in about three to four hours; the

ribbon was kept at this temperature for about one hour. Thereafter the tempera-

ture was raised to 2500 K for about one hour. Finally the temperature was

lowered to the operating temperature of about 1100 K. (The temperatures were

measured by means of an optical pyrometer; a small window was mounted in the

detector chamber specially for the purpose.) Occasionally a fast repetition of

the heating up to 2500 K ("flashing") was needed to maintain a good efficiency

of the ribbon. The theoretical efficiency calculated according to eq. 19 with

the I values from the literature, which vary from 5.2 to 5.4 eV (depending

on surface conditions), varies (at T, = 1100 K) from 0.5 to 0.9. We determined

n experimentally. The relation between the number of atoms- reaching the detec-

tor ribbon per second N, . and the resulting current J is given by

I = n e Ndet (III.20)

where e is the electronic charge (the collection efficiency is assumed to be

100%). The value of n can be determined by comparing for a given situation the
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value of N, (calculated from oven temperature, saturated vapour pressure of

Na and beam dimensions) with the measured current I. Both with the monitor and

with the detector we found values for n which varied between 0.7 and 0.8. As a

matter of fact, it is more important for the efficiency to be constant during

an experiment than very high, since we measured only relative cross sections.

The extraction system of the monitor consists of two parallel (horizontal)

plates (9) between which the Na beam passes; one of these is the repeller plate

(positive voltage) and the other is the collector plate. The monitor rhenium

ribbon is positioned in the lower part of the sodium beam, which is shielded

from the scattering volume by the small flag pinched onto the He-cryopump. The

monitor signal is measured with an electrometer (Keithley 601), the scale de-

flection of which can be read by the computer.

The (main) detector whose entrance is defined by the detector slit ((13),

heightxwidth: 5x0.35 mm2) is equipped with two vertical parallel plates,

surrounding the detector ribbon (14), one of which has a hole in it. The detector

ribbon (just like the monitor detector ribbon) is kept taut by a small spring.

During the scattering measurements the ion current of the main detector is

amplified by mi&ns of a particle multiplier ((15) Bendix, magnetic electron

multiplier M3Q8). The closed plate is used as repeller, while the other punched

plate, in combination with a cathode plate in front of the particle multiplier,

acts as a lens system to focus the Na ions at the entrance of the multiplier

(Figs. III.la (15), and III.9, top views). This lens system has been designed

from a configuration developed by Soa . For the configuration with the particle

multiplier the anode current becomes

I = n e q G (III.21)

where e is the collection efficiency of the extraction system, q the quantum

efficiency of the multiplier {y 0.1 according to the manufacturer) and G is the

gain of the particle multiplier. By comparing a direct-current measurement, in

which the closed plate is used as collector (eq. III.20), with a current measure-

ment in which the particle multiplier is used (eq. III.2I) we could determine the

factor (e q G). During the scattering experiments this factor was usually

between lxlO4 and 5X101*. The resulting detector current was measured with an

electrometer (Keithley 601); the scale deflection and the amplifier setting
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(set by hand) could be read by the computer.

To obtain a low background and a high efficiency we used the detector ribbon

at a low temperature of about 1100 K. The background was then reduced to about

100 to 500 ions/s (see sect. IV.5.2 in which also the detector noise is treated).

At such a low temperature the response time of the detector, which varies roughly
12)

inversely with the temperature , could increase to a few seconds ("sticking

time").

The turntable on which the detector chamber is mounted is driven by an

external motor (21) via a gearbox, a high vacuum feedthrough and a sprocket

wheel and chain (20). The angular position of the detector is measured by means

of a ten-turn potentiometer on the shaft of which a cog-wheel is mounted which

gears into the chain. The potentiometer is part of a voltage dividing system

which permits the detector angle to be read out electrically. This signal,

together with the one obtained from a tachometer mounted on the motor shaft, is

used in a laboratory-built servosystem, which drives the detector to a desired

angular position. The angle can be set by hand or be generated by the computer.

III.7. The laser system; laser-frequency looking

To excite Na atoms in the scattering volume during the excited-state scatter-

ing experiments we used a c.w. tunable dye laser (28) (Spectra Physics model 508)

pumped by an Ar -laser (27) (Spectra Physics model 164). The laser gain medium,

which is circulated through a cell with optical windows, is rhodamine 6G dis-

solved in a mixture of water and methanol. For single-frequency operation an

etalon and a prism are inserted in the laser cavity. The etalon selects a single

longitudinal cavity mode (and prevents oscillation on adjacent cavity modes)

while the prism selects one specific etalon mode. Fine-frequency adjustment is

carried out by piezo-electric variation of the cavity length. The laser-frequency

control unit provides simultaneous piezo-electric adjustments of etalon and prism.

The resulting bandwidth of the laser varies between 15 and 20 MHz (short-term

stability) and the maximum output power is about 100 mW.

The laser beam is expanded by means of an optical system (29) to illuminate

the entire scattering volume; it crosses both the Na and the Xe beams at right

angles. By tuning the laser frequency to the 32S ,„, F = 2 •* 32P3/2>
 F = 3

transition (sects. V.2.2 and V.3.1) we are able to excite Na-beam atoms in the

scattering volume without trapping (sects. V.2.1 and V.2.2). The laser bandwidth
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is slightly larger than the linewidth of the Doppler-broadened absorption pro-

file (Ch. V). For the excited-state scattering experiments a long-term locking

of the laser frequency to the atomic transition is required. This frequency

locking is carried out in an auxiliary beam apparatus (shown in Fig. III.9, see

also sect. V.3.1). By means of a beam splitter a fraction of the laser output

power is separated from the (main) laser beam and made to cross the auxiliary Na

beam at right angles. For locking the laser frequency to the atomic transition

the frequency control unit is supplemented with a lock-in amplifier. A I kHz

signal with an appropriate amplitude from the lock-in oscillator is fed into the

amplifier for the cavity-length piezo-drive, thereby causing a frequency modula-

tion of a few MHz of the laser output. The resulting fluorescence from Na atoms

of the auxiliary beam is observed by a photomultiplier,the a.c.-signal of which

is fed into the lock-in amplifier. The phase-sensitive detector of the lock-in

generates a d.c.-voltage whose magnitude is determined by the magnitude of the

misfit between the laser frequency and the centre frequency of the atomic

transition, and whose sign is determined by the direction of the misfit. This

d.c.-voltage with the correct sign is summed with the 1 kHz signal of the

oscillator and fed into the cavity-length piezo-drive; in this way the laser

frequency is locked to the centre of the absorption profile. Once this feedback

system has been well adjusted and stabilized, the lock-in has to be readjusted

manually only a few times per hour to prevent the laser system from mode hopping.

So that the number of excited Na atoms in the scattering volume of the

scattering apparatus can be optimized their fluorescence intensity is monitored

by a photomultiplier (32) (EMI type 9785 B). To get rid of the background light

the Na beam is chopped by means of a laboratory-built variable-speed beam

chopper (usually run at 30 Hz) (7). The photomultiplier output is measured by a

lock-in amplifier tuned to the chopping frequency. The lock-in signal can be

read by the PDP-11/A0 computer.

III.8. The on-line data aaquiaition with the PDP-11/40 computer

For on-line data acquisition we use a PDP-11/40 (DEC) computer equipped

with 32 K Core, a display terminal, a disk unit (RK-ll), a magnetic tape unit,

a paper tape reader/puncher, a storage display and a Laboratory Peripheral

System (DEC) with an Analog/Digital converter (8 channels), a programmable real-

time clock and two relays. A laboratory-built communication system (FYSCOM)
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provides access to the Physics Department's PDP-11/70.

A block-diagram of our beam apparatus, its peripheral devices, the computer

configuration and the interfacing system between the peripheral devices and the

computer system is shown in Fig. III.9. The interface system has been developed

to permit on-line computer controlled operations such as the adjustment of the

rotational frequency of the velocity selector v _. and the adjustment of the

angular position 0 of the detector, the read-out of digital information (oven

temperatures T° and T° , and detection angle 0) and the handling of interrupts

(ready/not ready interrupts, interrupts of devices). Two DR1I-C interface boards

(DEC) are used between the PDP-ll/40 UNIBUS and the laboratory-built Interface

(Fig. III.9). Both the "data" and "address" DRll-C's have a 16-bit input and

output buffer register. Multiplexed data transport from the computer to the

peripheral devices of the beam apparatus takes place along one common 16-bit

data channel which originates from the output buffer register of the "data"

DR1J-C; whereas, multiplexed data transport from the devices to the computer

takes place along one common 16-bit data channel which leads to the input buffer

register of the "data" DR11-C. The different peripheral devices of the beam ma-

chine are characterized by means of addresses, which can be sent from the com-

puter to the interface system and vice versa via two 5-bit address lines; the

first address line originates from the output buffer register and the second

leads to the input buffer register of the "address" DR11-C.

During a data-output cycle from the computer to a specific peripheral

device the transmission of the data is accompanied by the transmission of the

address corresponding to the peripheral device for which the data is meant. The

address selector of the interface system decodes the address, selects the device

to which the data is to be transmitted and takes care of the storage of the data

in a buffer register belonging to the relevant device. In this way data can be

transmitted to the digital-to-analog converters (DAC) of the controllers of the

velocity selector and of the detector position, which adjust v__, and 0 according

to the corresponding analog values of these DAC's.

When new data has been transmitted to the controller of v or 0 the peri-

pheral device will generate a "not ready" interrupt, indicating that the new

value of v_,,, or 0 is not yet attained, and thereafter a "ready" interrupt when

it has been attained. Only by sending these types of interrupts (status inter-

rupts) or interrupts which are necessary for the input of data by the computer,

as we will show further on, can the devices transmit information independently

to the computer. Interrupts are accepted by the interface system according to
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certain priorities. The address encoder of the interface distinguishes the

device from which the interrupt has originated and encodes the corresponding

address which is sent, over the address line, to the input buffer register of

the "address" DRII-C and is read by the computer.

A data input cycle, in which data is read by the computer from a peripheral

device, can be subdivided into three stages. First, via an output cycle as des-

cribed above, the computer commands the peripheral device to start measuring the

relevant signal (i.e. to start the A/D conversion of the corresponding digital

voltmeter). After the conversion has been carried out the device will answer

with a (conversion-ready) interrupt, which is handled as described above. In the

third stage the computer sends an address to the interface system where it is

decoded by the address selector, which then selects the relevant device to trans-

mit information to the input buffer register of the "data" DR11-C. In this way

the values of the oven temperatures (2'°, 2'2) and the detector angular position

(G) can be read by the computer.

The signals measured by the rest of the peripheral devices are read by the

computer via the A/D converter (8-channels) of the laboratory peripheral system

(DEC). These signals are: the detector signal, i.e. the scale deflection (In,,T)

and the amplifier setting which is set manually depending on the magnitude of

the detector signal, the monitor signal (I ) , the fluorescence signal (-^FLT]0R)

and the frequency of the velocity selector ( V
S E T ) -

Finally, a beam stop in the laser beam and the penmarker of the x-t recorder,

which records the scattering patterns (sects. IV.5.1, V.3.2), can be operated by

means of two computer controlled relays.

For the on-line data acquisition software interfaces in assembler have been

written to control the data transport to and from the peripheral devices of the

beam apparatus, the hardware interfacing of which is described above. A command
13)

language BACO (Basic Control System), which has been developed by the Nuclear

Physics Department of our Laboratory, is used to drive the automated measurements.

BACO consists of an interpreter combined with assembler-coded modules for data-

acquisition and data-handling and with FORTRAN-coded application modules. The

interpreter makes provision for a generalisation of data type, i.e. BACO can

reference internal elements such as numbers, strings and disk files, as well as

external elements such as the peripheral devices of the beam machine. BACO is

used with the RT-11 operating system.
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An example of an on-line measurement is the velocity distribution ofthe

Na-beam atoms, as analysed by the velocity selector (see Fig. III.7). The

measuring procedures and the corresponding flow diagrams for the on-line

measurements of ground-state and excited-state scattering patterns are treated

in sects. IV.5.I and V.3.2, respectively. During these measurements the resulting

measuring points of the scattering pattern are displayed on the storage display

(and on the x-t recorder). In this way the progress of the experiment can be

followed. During on-line operation BACO allows the operator to interrupt a

running program and to intervene in the measuring procedure.

Following the measurements the stored data can be transmitted to the PDP-

11/70 computer and to the CYBER-computer (CDC) of the computer centre (ACCU) in

Utrecht for further data processing such as comparison of experimental data with

calculated data and plotting the results.
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CHAPTER IV

GROUND-STATE SCATTERING OF Na/Xe

IV.1. Introduction; interaction potentials

Information about interaction potentials of alkali-noble gas systems

can be obtained by several experimental and theoretical methods. In this

chapter we report on measurements of elastic differential cross sections

in the thermal energy range which yield information about the attractive

part of the potential and the region around the potential-well minimum. The

ground-state scattering measurements which we have done chiefly on the Na/Xe

system were a spin-off from experiments about the interaction potentials of

electronically excited alkali atoms versus ground-state noble gas atoms (Ch. V ) .

The ground-state experiments produced scattering patterns with a better resolu-
4 5)

tion than similar experiments reported earlier ' .

Since in this thesis we are primarily interested in the Na/Xe system

we shall restrict ourselves to summarizing the main data available about

that system.

The long-range attractive forces of systems consisting of two atoms

have been studied theoretically by Dalgarno et at. . They computed the

van der Waals C -constant for alkali-noble gas systems e.g. the coefficient

of the leading dipole-dipole interaction term that decreases as r1"6. The

resulting values should be regarded as lower limits (Table IV.]).

Experimental results became available when atomic beam scattering experi-

ments in the thermal, energy range were carried out. These experiments
2 3)

included total cross-section measurements ' as well as differential

cross-section measurements ' . For the interpretation of the scattering

results the different authors used a Lennard-Jones (w56) potential

(appendix A ) . Later on more complicated potential models have been

developed ' . By a fitting-procedure such as that described in sect.

II.2.1 the parameters of these potentials were optimized for the

53



description of the measurements which had the best resolution, namely the

differential cross-section measurements of Barwig et al. (Na/Kr and
3)Na/Xe) and the total cross-section measurements of Von Busch et al. (Na,

K and Cs versus Ar, Kr and Xe). Buck et al. used a -5- and a 6-parameter

modified Lennard-Jones potential (appendix A) whereas Duren et al.

developed an 8-paratneter potential based on a Lennard-Jones (12, 6) model

(appendix A ) . The potentials used by Buck and by Dilren, which fitted the expe-

riments equally well, differ from each other particularly around the potential-

well minimum and in the repulsive region (Fig. IV,8 )• Since the experi-

ments in the thermal energy range are not sensitive to the short-range

repulsive part of the potential at v < 0.85 v , the differences between

the assumed potentials in that region are not significant.

Scattering experiments on total cross sections in the high-energy

range (6 to 1000 eV) have been done by Hollstein et al. and Malerich
9)

et al. . These measurements indicate that the repulsive part of the

alkali-noble gas potentials is rather "soft". Using an inverse power law

V(x>) = C^c~m for the interpretation of the Na/Xe scattering results the

authors found m = 7 and m = 6.65 respectively. The region probed by these
q\

measurements covers the range 0.5 .r < r < 0.8 r . Malerich et al.
m m

found that the repulsive index m differs for the different alkali-noble

gas systems, ranging from m = 5.75 for K/Ne to 10.75 for Cs/Xe. This is

in contradiction to the rule of "corresponding states" ' which states

that chemically similar systems should have potentials which differ only

by a scale factor, i.e. V*(r*) is the same, with V* s V/c and r>* = rjv .
12) m

Nikiforov et al. have attempted to construct for all atomic alkali

species versus Ar, Kr and Xe systems a potential model which fits both

the attractive part of the potential developed by Duren et al. and the
9)

repulsive potential of Malerich et al. . This potential differs for the
different alkali-noble gas systems only with regard to r and e. Although
Nikiforov et al. claimed to have obtained reasonable results for r > 0.7 v

m

it is very doubtful whether their potential can describe adequately the

scattering experiments in the thermal energy region.

The potentials of Buck and Duren , applied to recent differential
1 3)

cross-section measurements on Na/Ar by Dilren and Groger , seem to agree

fairly well with the rule of corresponding states, at least as far as the

attractive part is concerned. Since the publications by Buck and Diiren

no new experimental work has been reported on the Na/Xe system.
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Semi-empirical adiabatic potentials for a-lkali atoms in ground and

excited states versus ground-state noble gas atoms have been calculated

by Baylis ^ and Pascale and Vandeplanque . They did not calculate

ab initio the adiabatic potentials, e.g. the eigenvalues of the

Hamiltonian of the electrons in the field of the cores as a function

of internuclear distance to which the core repulsion has been added,

but they made simplifications. In the case of a thermal collision

between an alkali atom and a noble gas atom both authors ' assumed

a three-body interaction between the "frozen" alkali core, the valence

electron and the polarizable noble gas atom. The effective potential

in this one-electron model takes into account both exchange and

electrostatic interactions. The exchange or repulsive part of the

interaction is calculated from quantum statistical theories. In order to

describe the electrostatic part of the three-body interaction, the noble

gas atom is conceived as a spherical polarizable system (with scalar

polarizability aR and radius v ) and the alkali atom is viewed as an

electric dipole. Approximate adiabatic potentials are obtained by

expanding the one-electron wave function of the diatomic system in terms

of valence-electron wave functions of the alkali atom and by solving the

resulting secular equation (see also sect. V.4.1). Baylis used only the

wave functions of the ground state and the components of the first 2P

state of the alkali atom, whereas Pascale et al. extended the number of

states in the atomic basis in order to determine potential curves of more

highly excited states. The result was that even the lowest potential

curves differed from those obtained in a calculation in which a reduced

atomic basis was used. Within the frame work of these "pseudopotential"

calculations three kinds of atomic parameters were required: the well-

known alkali-energy levels, the polarizability of the noble gas atom for

which the result of the semi-empirical calculations of Dalgarno and

Kingston were used, and the above mentioned radius r . The value of

the free parameter v was determined by fitting the depth of the ground-

state potential well of the diatomic system involved to that obtained

from the available scattering experiments (Buck et al. , Diiren et al. ,
9)

Malerich et al. ) . So, as far as the ground state is concerned, these

pseudopotential calculations are not a completely independent source of

information. The most recent advance in the theoretical computations has

been a configuration interaction (CI) calculation by Saxon et al. for
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the Na/Ar system. This led to a potential-well depth whicn was 30% greater than

the well depth from the pseudopotential calculation0 of Baylis ' and Pascale

et al. and the experimental one obtained by Tiiren et al. . This discrepancy

is not understood. This type of (CI) calculations for Na/Xe is not yet available.

Spectroscopic experiments provide an independent source of information

about interaction potentials. Atomic spectral 2ines emit.ted or absorbed by

alkali atoms perturbed by other neutral atoms show a shift and broadening

and sometimes also satellite bands, which are dependent on the difference

between the potential curves of the upper and lower atomic states that

define the transition. The relation between a measured line profile and

the (difference) potential is most direct for the (far) wings of the line.

Measurements of the red and the blue wing of a line give information about

the negative and positive parts of the difference potential respectively.

Although the main purpose of these types of experiments was to gather

information about the excited-state potentials, in some cases information

about the ground state was obtained as well. Kielkopf used a difference

potential obtained from semi-empirical potentials for the states involved

in order to interpret measurements of line shifts, line broadening and the

positions of satellites for alkali resonance lines disturbed by noble gas

atoms. This procedure however yielded no new information on the ground state,

because the ground state potentials were fitted to the results of the

scattering experiments mentioned above. Recently, measurements on the sodium

D.- and £L-resonance lines disturbed by noble gas atoms have been done by

McCartan and Farr in absorption and by West and Gallagher in emission.

As shown by Lwin et al. , the potentials calculated by Pascale et al.

give a fairly good description of the results of McCartan et al. .
19) 19) 19)

Hedges et al. , Drummond et al. and Gallagher measured the

temperature dependence of the fluorescence-excitation spectra in the far

wings of the alkali resonance lines perturbed by nohle gases. With the

method they used, the temperature dependence is very difficult to measure

because of sodium vapour at high temperatures causes a degradation of the
19)gas-cell windows. So York et al. measured instead the perturber-density

dependence of the spectral shapes of the wings of the two sodium resonance

lines at constant temperature.
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19)York et al. used the quasistatic theory for the evaluation of

their red-wing measurements. For the different sodium-noble gas systems

they obtained the excited-state A2J1. ,„ O/T potential curve and the

ground-state X2E. ,„ potential curve independently of each other, but

without a common scaling factor for the interatomic distance. From the

wing measurements they were able to determine only the repulsive part of

the ground state potential, which for the Na/Xe system can be described

by an inverse power potential with m ^ 6.7 in agreement with the results
9)obtained by Malerich and Cross . The unknown scaling factor was then

9 19)
obtained from a comparison of the two ground-state potentials '

(Table IV.1).

A rather promising method for the investigation of the alkali-noble
20)

gas interactions has been demonstrated by Smalley et al. and Ahmad-
21)

Bitar et al. . They prepared "cold", stable van der Waals sodium-noble

gas molecules with effective rotational temperature T ^ 2 K in a super-

sonic expansion of Na-vapour plus Ar and Ne respectively in a He

"refrigerant" carrier gas. By crossing the supersonic jet thus formed

with a tunable dye laser-beam and by measuring the fluorescence excita-

tion spectrum of the X2£. /„ •*• A2JIj ,„ , ,„ transition with high resolution

they obtained information about the vibrational and rotational spectros-

copic constants of the ground and first excited electronic states.

From the measurements of the rotational structure of three vibronic bands
20)

Smalley et al. derived potential parameters of the Na/Ar ground

state. The equilibrium distance, which could be derived directly from the
13)

data agrees well with the scattering data and the theoretical calcu-

lations ' ' . The well depth found in that way however deviates

markedly from the values obtained from other sources. The difference

should not be overrated since the evaluation was done by means of a

Morse potential. The same comment applies to the ground-state results of
21)

Ahmad-Bitar et al. for the Na/Ne system, but for the latter system the
22)

other available (scattering) data of Carter et al. ' are less accurate.

Calculations of the type we mentioned before ' give potential-well

depths which do not agree with the potential-well depth derived by

Ahmad-Bitar et al. either. On the other hand recent Na/Ne potential
23)

calculations by Masnou-Seeuws et al. agree rather well with the

Ahmad-Bitar potential. Furthermore an interpretation of the data of

Smalley et al. and Ahmad-Bitar et al. by Goble et al. showed
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Table IV.1. Potential data for the ground-state interaction of Na with Xe (X2Z j ,_-curve)

References

.Dalgarno •*"- -«- • ''

Florin"

H&li\iiiausen •'-'- <- .

Bareig ii

Hollstein «.• : al. 8')

Buck c: ~:.b'>

11

Duren e:- ;£.

- 9)
Malerich ez at.

Nikiforov et al. 1 2 )

Baylis et a!. i A )

Pascale et ai. 1 5 )

Gallagher et al. 1 9 )

Type of work*

T, long-range interaction

T, long-range interaction

E, tot. cross sections

E, diff. cross sections

E, diff. cross sections

E, tot. cross •'•sections
• ' '• high energy

M , 'ref. 1, 2, 3, 4, 5, 8

1, ref. 1,2, 3, 4, 5, 8
. -S • "

I, ref. 1, 2, 3, 4, 5 " '" • „ " .

E, tot. cross sections
high energy

I, ref. 6, 7, 9

T, pseudopotential "calculations

T, pseudopotential.calculations

E. line shape experiments

Potential

model**

num. '
0

num.
o

LTJ. (8,6)

LTJ. (8,6)

LTJ. (8,6)

5-param.
mod. LTJ.

5-param.
mod. L—J.

6-param.
mod. LT-J .

8-param.
mod. LTJ.

6-param.
pot.

num. pot.

num. pot.

num. pot.

do-1"
erg)

-

-

2.06

1.93

2.10

-

2.08

1.97

1.99

1 .99

2.09

2.04

—

(10~8

cm)

-

-

4.7

5.2

4.93

-

5.06

5.05

4.91

4.8

4.87

5.00

—

(10-60

erg cm6)

530

450

888

1526

1206

-

611

626

558

598

470

—

m = exponent of
repulsive part

of
potent-ial

-

-

(m = 8)

(m = 8)
(m = 8)

m = 7

(m = 7)

(m = 7)

(m =12)

n = 6.65

(W = 6.7)

(•n = 6.7)

m = 6.7+T

* T - theory; E = experiment + intevpvetation; t beWecn -parentheses: -oalu.es of m obtained from measurements

I - interpretation; high energy region: 6-1000 eV.; not sensitive to the repulsive part of the potential.
9)** Potential models: see appendix A (except for

Uikiforov et al. ').
ft Fitted to the results of Malerieh et al. as far as the

r-dependenne is concerned.



that different potential models lead to different values for the potential-well

depths. For the Na/Ar data a "Thakkar" potential, which is much more flexible

than a Morse potential, gives a well depth that is in better agreement with the

scattering results of Duren et at. . Ahmad-Bitar et at. and Goble et al.

derived potential data for the excited A2n. .„ -wj curve as well (sect. V.6). No

such spectroscopic measurements have been reported so far for the Na/Xe system

we have studied. It should be stressed that it may not generally be true that

the effective potential that is fitted to scattering data will also correctly

predict spectroscopic measurements. The effective potential may in some cases

differ from the exact adiabatic potentials if the Born-?)ppenheimer approximation

is invalid.

IV.2. Numerical calculation of the scattering patterns

Before discussing our experimental results we shall give the details of

the computation of the elastic scattering patterns based on the principles

mentioned in Chapter II. We calculate the scattering patterns on the basis

of a computer program of which the central parts have been developed and kindly

*)
provided by Dr. U. Buck . We extended the computer code and adapted it to our

experimental conditions. The scattering patterns are computed according to

eq. 11.12 which is repeated here

tfD(8,*) = / / / / »,(»,,?) n2(w2,r) gr a(O,gr) ̂ dnd?dtf,d?2

Ay. Ay Ar Af!
(IV.1)

The program has been designed especially for the out-of-plane configuration

in which the beams cross at right angles and the scattered primary-beam

particles are detected in a plane through the primary-beam axis and perpendi-

cular to the secondary-beam axis, i.e. the centre of the detector is at

|$| = 90° (Fig. II.4 and Fig. IV. 1).

Two assumptions have been made in the computer algorithm

(i) the two beams are unidirectional,

(ii) the densities of the two beams are uniform over the scattering volume,

i.e. the region over which the two beams intersect.

) . . . .

Dr. U. Buck, Max-Planck Institut fur Stromungsforschung, Gottingen, West-

Germany.
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In the next section we shall discuss to what extent these conditions are

satisfied in our experiments. Then, if the two assumptions are taken into

account, the n.(v.,r>) can be rewritten

«,<«,,?) = «,
(IV.2)

where n. and w, a r e t n e uniform densities of primary- and secondary-beam

particles in the scattering volume, f,(v<) ar>d /"o^?^ a r e t'le v e^ o c^ ty distri-

butions of primary- and secondary-beam particles present in a given volume,

normalized by / /.(u.)df. = ],

o l

The relative velocity is now given by g = A>.2 + V^-. For the out-of-plane

configuration ^-(0,$) can be written as

j I n / (« ) « / (y ) /w +w
an AD

^ dv.dfidrdx; . (IV.3)
dis I *•

The velocity distribution of primary beam particles fAv/) is given by:

B(.V )F (V )
/ , ( " , ) = c v

[ , (IV.4)

where c is a normalization constant; F.(u.) is the velocity distribution of

the primary beam atoms passing a cross-sectional area of the beam in a given

time, normalized by / F (v )dv. = 1, (sect. III.3.1) (before velocity

selection), which is given by:

ZV 3 -V.2/a 2

a^ = </2kT /m is the most probable velocity of the atoms in the primary-beam

oven with temperature T.. B(v.) is the transmission function of the velocity

selector in the primary beam defined by eq. III.7.
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The Maxwellian velocity distribution of the non selected secondary-beam

particles present in a given volume is given by

(IV'6)

with a, = /2&r9/tfi9
lthe most probable velocity of the atoms in the secondary-

26)
beam source with 2' the temperature in the secondary-beam source. Beijerinck

showed that for multichannel arrays one expects a deviation from the Maxwellian

velocity distribution in which the loss of slow particles causes the velocity

distribution to shift somewhat towards higher velocities. The possible effects

of this deviation will be treated in the last section of this chapter.

The integrations / dr and / dn can be combined. In the case of uni-

directional beams with uniform densities in the scattering volume, the

r-dependence of a(,B,g). -^ is, implicitly, only a dependence on 0 and $. The

integration of o(9,0).-̂ r over the scattering volume for one specific position

on the detector surface determined by laboratory angles 0 and $ will give the

same result as an integration of a(6,g)--^ at the centre of the scattering

volume over an appropriate solid-angle element around the (9,$) direction.

The magnitude of this solid-angle element equals the solid angle that covers

the scattering volume as seen from the detector. On the other hand / dfi is

the integration over the solid angle that is subtended bv the detector as

seen from the centre of the scattering volume. So the^e tv«o integrals can be

merged:

/ / dQdr -> V / dU ,
A? Afi &neff

where V is the scattering volume and AR ff is a weighted effective solid angle

element (dependent on 0,$). The angular boundaries of the effective solid angle

element are obtained by convolution of the abova two separate solid angle

elements. Now eq. IV.3 can be rewritten as

AL(e,|*|=90°) = / / / n f Av ) n f (v ) /v.z+v.2' o(e,<7) x
A , A Q A , ' 2
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Since we are interested only in the relative variation of the scattered beam

intensity as a function of angle, we omit from the computation constant factors

that depend on experimental conditions. In fact we compute a "scattering intensity"

I (0) which is proportional to A/ (0,|<t>|=90°). Finally we treat ^(Uj) as a

constant in the expression IV.A for /i(yj)> because /|0'i) is dominated by the

transmission function B(V ), which has a narrow triangular shape with a FWHM

of about 3.4% of the nominal velocity V transmitted by the primary-beam

velocity-selector. We tested the influence o? F(v.) by simulation computations

and found that the omission of this function uid not affect the computed

scattering patterns. The result is

/ ^oT

V ° > = / / / «(y,)/2(t'2)/i + (~)
 a(n.tf>S (IV.8)

Ay,

The integrations / dH and J dv are carried out with the Gauss-Chebyshev
27)

quadrature formulas . In performing the v.-integration at fixed v„ we suppose

the v l + (Vy/v.)^ factor to be constant with v = v because of the very slight

variation of this factor within the narrow v -range where B(v ) 4 0, as compared

with the variation of this factor over the broad range of the i1 -integration.

For the u -integration over j\(,V0) / 1 + (v~/v.)
2, we use a Gauss-Laguerre type

28)
quadrature formula

In the calculations a(0,<-;) and -yr- (u ,u_,0,IO have to be known for

different abscissas of the integration procedures. As far as the angular

dependence is concerned, the abscissas in the LAB-system have to be transferred

to the CM-system so that a(Q,g) and -̂ - can be calculated for the corresponding

abscissas In the CM-system. a(9 ,jy)-values for a given interaction potential and

the -jrr—values at the different (CM-)abscissas are computed according to the

methods described in sects. II. 1 and II.2.2 respectively.

The calculations of scattering patterns were carried out on the CYBER-73

computer (CDC) and on the CYBER 175 computer (installed in July 1979) of the

computer centre ACCU of the University of Utrecht. Tbe computer time needed for

a calculation is very sensitive to the number of abscissas used for the V.- and

^.-integrations. It turned out that the use of three abscissas for each integra-

tion resulted in scattering patterns that did not differ noticeably from those

computed with more abscissas. With three abscissas for each velocity integration

it took about twenty-five minutes on the CYBER-73, but only three minutes on

the CYBER 175 to compute a complete scattering pattern at a particular relative

energy.
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IV.3, Experimental configuration

IV.3.1. The out-of-plane configuration

The scattering measurements were done in the out-of-plane configuration.

As was mentioned in sect. III. 1 in our beam apparatus the primary sodium beam

is directed in the horizontal plane and the secondary noble gas beam coming from

above crosses the primary beam at right angles. Scattered sodium atoms are

detected by the detector which can bo rotated in the horizontal plane through

the primary-beam axis (Fig. IV.I). In this out-of-plane geometry the scattering

SECONDARY Xc
BEAM

PRIMARY BEAM

Na

DETECTOR

Fig. IV.1. Schematic out-of-plane configuration of the ground state scattering
experiment.
The vertical noble gas (Xe)-beam crosses the horizontal Na-beam at right angles.
Scattered Na-atoms are detected in the horizontal plane through the sodium beam
axis.

pattern should be symmetrical around the primary-beam direction, i.e. around

0 = 0 . The advantage of this set-up is that by measuring the two parts of the

scattering pattern at "positive" and "negative" angles with respect to the

primary-beam axis one can determine very accurately the true 0 = 0 ° position, thus

avoiding a systematic error in the readout of the scattering angle. In this

way small alterations of the primary-beam axis, due for instance to variations

in the position of the movable velocity selector or to changes of the position

of the sodium oven after refilling between experiments, could be discovered and
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easily accounted for afterwards. This method is far more accurate than

determining the 0 = 0 direction from measurements of the sodium beam profile,

which usually has a relatively large width (sect. IV.4.1). Moreover, in our

experiment this profile turned out to be not quite symmetrical. Furthermore,

measurement of this profile involved the direct exposure of the Langmuir-Taylor

detector ribbon to the full intensity of the sodium beam. This always caused a

considerable contamination of that ribbon and hence a steep rise in the back-

ground signal, which could last for hours.

Another advantage of the out-of-plane configuration is that, when the

position of the secondary-beam source has been pre-aligned with respect to the

centre of the detector turntable, the final adjustment of this beam with regard

to the sodium beam axis is easily made. By moving the secondary-beam source

perpendicularly across the sodium beam one attains the optimum position when

the scattered sodium intensity is maximum at equivalent positive and negative

angles.

IV.3.2. The scattering volume

The optimum dimensions of the scattering volume depend on the configuration

of the experiment. Obviously the intensity of scattered particles increases with

increasing scattering volume and with increasing detector dimensions, which

facilitates the measurement. On the other hand a larger scattering volume and

larger detector dimensions mean that a wider range of CM-angles 6 contributes

to the detector signal at a certain angle of detection 0 in the LAB-coordinate-

system as accounted for in the calculations by the integration J dQ in

eq. IV.8. This causes a damping out of the quantum mechanical etroscillations

in the scattering patterns. Thus the smaller the dimensions of scattering volume

and detector, the better the structure of the scattering pattern is resolved.

In the out-of-plane configuration at not too small angles G, the range of

0-values over which the o(Q,g) has to be integrated is determined more by the

horizontal width (and depth) of the scattering volume and the width of the

detector than by their dimensions in the vertical direction. So, it is advanta-

geous to choose a scattering volume and a detector surface that are oblong and

aligned in the vertical direction. This ensures a relatively large intensity

of scattered particles combined with a relatively high resolution. The actual

dimensions of the scattering volume depend on the dimensions of both the primary

and secondary beam. In our experiment we used a sodium beam that has a
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0.65

MULTICHANNEL
ARRAY

NOBLE GAS BEAM

DIAPHRAGM 0 0.65

Na- BEAM

0.8,/"

1.05

Fig. IV. 2. The effective scattering volume

The interaction region is determined by the overlap of the primary Na-beam and

the secondary noble-gas (Xe)-beam. The sodium beam has a rectangular cross

section (0,8 x 3.2 mm2, the very small divergence of this beam has been

neglected) and the noble gas beam has a circular cross-section (diameter

ranging from 0.65 mm to roughly 1.0b mm because of the divergence of the beam).

The resulting effective scattering volume is a frustum of a right cone

(= truncated right cone) but for two small side lobes that extend beyond the

sodium beam. (Dimensions in mm.)

rectangular cross section in the scattering zone (Fig. IV.2): a width of 0.8 mm

and a height that can be varied from 2.8 to 3.4 ram (as determined from visual

inspection of the fluorescence that results from laser excitation of beam

particles, sect. V.3.1; in the experiments the height of the beam was usually

3.2 ram). The secondary beam has a circular cross section of variable diameter

along the beam axis due to the divergence of the beam. In a plane perpendicular

to the secondary-beam axis the density distribution of the beam particles

as a function of the distance to the beam axis has a width (FWHM), which varies

from 0.65 mm near the diaphragm at the upper side of the sodium beam to about

1.05 mm at the lower side of the sodium beam (sect. III.4). The resulting

effective scattering volume is a truncated right cone from which two small side
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parts are missing (Fig. IV.2). This cone has a half apical angle of about 3.5 ,

which we shall refer to from now on as the angular width of the secondary beam.

We shall now concern ourselves with the extent to which the two conditions

iientioned in sect. IV.2 for the validity of the calculations of scattering

patterns: unidirectional beams (all particles in the beam moving parallel to

the beam axis) and uniform densities of both beams within the scattering volume

are satisfied. Since in our experiments about 2 to 3.5% of the sodium atoms are

scattered, density variations due to depletion of the beams will be negligible.

Density variations due to divergence of the beams are directly connected with

the condition that the beams should be unidirectional.

The divergence of the primary beam in the horizontal plane is about

+_ 1/570 (corresponding to a half apical angle of 0.1°) and in the vertical

plane typically _+ 1/165 (corresponding to a half apical angle of 0.35 ) .

Because of the divergence of the beam particles cross sections o(Q,g),

extending over a larger 9-range than they would if the particles travelled

parallel to the beam axis, will contribute to the scattering intensity at

given 0. Although the vertical divergence of the sodium beam exceeds the

horizontal divergence, the latter will have a more pronounced effect on the

resolution, because the divergence in the horizontal plane causes a stronger

smearing out of o(0,c?) than does the vertical divergence. In our computer pro-

gram we account for the divergence in the horizontal plane. In this computer

code with which scattering patterns have been calculated according to eq. IV.8

the integration J dft has been split into two parts: an integration over the

vertical position eff and an integration over an angle-coordinate in the hori-

zontal plane of detection. The boundaries of the first integration are deter-

mined by the heights of scattering volume and detector, whereas the boundaries

of the latter integration are determined by the horizontal dimensions of scat-

tering volume and detector. The boundaries of the latter integration are given

schematically in Fig. IV.3 with and without the divergence of the beam being

taken into account. In this figure the horizontal divergence of the sodium beam

is shown to give rise to an enlargement of the effective angle element over

which the integration has to be carried out. The increase of this angle element

due to the divergence of the primary beam will be not more than 40%.

The density variations of the primary beam inside the interaction region

that are caused by the divergence of the beam will be less than 1%, and can

therefore be neglected.
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275

0.2 0

CROSS-SECTION
SCATTERING VOLUME

0.8

DETECTOR
DIAPHRAGM

0.35

DETECTOR

0.75

Fig. IV.S. Schematic top view of a plane perpendicular to the secondary-beam

axis with paths of primary-Na-beam particles.

The solid lines indicate the effective LAB-angle element AQ = 0_ - 0 (in the

plane of detection, ]$|=90% which determines the range of Q-values over which

a(Q,g) has to be integrated if the sodium atoms travel parallel to their beam

axis. Similarly the dashed lines indicate the LAB-angle element A0' = 0' - 9!

to be used if the horizontal divergence of the sodium beam is taken into

account. The plane shown in this figure has been chosen slightly above the Na-

beam axis where the width of the Na beam equals the diameter of the diverging

noble gas beam.(dimensions in mm)

The divergence of the secondary beam in the interaction zone leads to an

increase in the cross section of this beam, the diameter of which will increase

from 0.65 mm to 1.05 mm (Fig. IV.2), and a concomitant decrease in the beam

density by about a factor of 3.5 with increasing distance from the beam dia-

phragm. Due to this increase in beam cross section, the resolution will be

worse for scattering in the lower part of the effective scattering volume than

for scattering in its higher part. This is to a large extent compensated for

by the concomitant decrease in the density of secondary-beam atoms along the

beam axis. Because of this partial compensation, the experimental situation can

be approximated reasonably well by assuming that the secondary beam has a

uniform cross section of appropriate dimensions and a uniform density.

67



The direct effect of the divergence of the secondary-beam particles, which

we estimated to be up to 7° in the scattering volume (sect. III.4), is an

extra smearing out of the oscillatory structure in the scattering pattern.,

similar to the effect of the divergence of the primary-beam particles described

before. In particular the atoms of the secondary beam having a velocity component

perpendicular to both beam axes give rise to a spread in 9-values which contri-

bute to the detected signal, and hence to a loss of resolution. We determined

the influence of this divergence semi-empirically. To this end we varied in our

computer code the integration boundaries of the effective angle element in the

plane of detection (Fig, IV.3) so as to obtain the best fit to the resolution

in the observed scattering patterns. We found that if we applied the 40%

increase of the effective angle element as mentioned in the discussion about

the primary-beam divergence, the secondary-beam divergence was accounted for,

too. This corresponds to a 60% increase in the effective cross section of the

scattering volume in the horizontal plane. Consequently we were able to repro-

duce our experimental results satisfactorily by using a cylindrical scattering

volume with a height of 3.2. mm and a diameter of 1.3 mm in the calculations.

Even after these corrections have been made, a small systematic discrepancy

between observed and calculated resolution remains at larger angles. This is due

to the asymmetry of the effective scattering volume. As we have pointed out

before in this section (see also sect. III.4 and Fig. IV.2) the effective

scattering volume is not quite circularly symmetrical around the secondary-beam

axis, because small side lobes of the truncated cone are missing. So the solid

angle element under which the scattering volume is seen from the detector will

grow slightly with increasing scattering angle. Furthermore the truncated cone

which constitutes the effective scattering volume is determined by the angular

width of the secondary beam as defined earlier. However, noble gas atoms may

pass outside this effective scattering volume but will pass inside a somewhat

larger truncated cone determined by the maximum divergence set by the dimensions

of the beam source and the diaphragm (sect. III.4); the top area of this

truncated cone has the same cross section as the scattering volume (0.65 mm 0 ) ,

but the divergence is about 15° (half apical angle), which means that the

diameter at the bottom will be about 2.4 mm (diameter at half height 1.5 mm)

(Fig. III.8). Sodium atoms scattered by secondary-beam atoms outside the

effective scattering volume are responsible for at most 10% of the total

scattering, as is indicated in sect. III.4. As is shown in Fig. IV.4 this
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I
detector

Fig. IV.4. Schematic top view of the intersection region of both beams in a

horizontal plane through the primary-beam axis.

The solid circle represents the intersection of the secondary beam determined

by its angular width. The dashed circle gives the boundary of the region where

the secondary-beam atoms can be present within the limitations imposed by the

dimensions of the noble gas beam source and diaphragm (see also Fig. III.8).

The singly hatched surface is the cross section of the effective scattering

volume (Fig. IV.2), whereas the doubly hatched surface represents the contri-

bution of secondary-beam particles that pass outside the effective scattering

volume but which can still contribute to the scattering. AO - angle element

in the plane of detection under which the effective scattering volume is seen

from the detector. AO' - angle element in the plane of detection under which

the "total" scattering volume (= the effective scattering volume plus the

neighbouring scattering regions) is seen from the detector. (Dimensions in mm)

kind of scattering outside the effective scattering volume gives rise to an

asymmetry with respect to the secondary-beam axis. This asymmetry is especially

effective with larger angles.

In the computer code we could account for this effect by making the inte-

gration boundaries of the angle element dependent on the angular position of

the detector. It appeared that this asymmetry effect has to be exaggerated

slightly in order to bring the calculated resolution into agreement with the

experimental resolution at larger angles. This last refinement has not normally

been applied in the calculations, since it is not essential for the interpreta-

tion of the scattering patterns in terms of an interaction potential.
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IV.4. Experimental conditions

IV.4.1. The alignment procedure; the accuracy of the determination of the

scattering angle

Before carrying out the scattering experiments we carefully aligned the

various parts of the beam apparatus. We defined the positions of these parts

with respect to (see Fig. IV.5 and Figs. III.la and Ill.lb):

i The two diaphragms, one of which is inserted in the wall between oven and

collision chamber and the other in the wall between collision and detector

chamber (no. 8 and 13 in Fig. IV.5). The former slit has a fixed position,

whereas the latter (the detector slit) is mounted in front of the detector-

system which can be rotated in the horizontal plane. When the detector is

rotated the centre of the detector slit defines the "horizontal" plane of

detection.

ii The axis of rotation of the turntable on which the detector-system is mounted.

This axis defines the secondary-beam axis perpendicular to the plane of

detection.

At the start of the alignment procedure only the two slits mentioned above

were in position and we set the detector roughly at 0 = 0°. We than reduced

the widths of these slits temporarily to about 0.1 nun to increase the accuracy

of the alignment and we fixed an auxiliary needle upright in the centre of the

detector turntable to represent the axis of rotation. Then from the oven chamber

a laser beam was directed through both slits, passing just below their upper

edges. We adjusted the laser beam in the horizontal plane so that it just

struck the needle, and by rotating the detector turntable when necessary, to

make the laser beam enter the detector slit again, we determined the

0 = 0 position. Thereupon the velocity-selector with the diaphragm attached

(selector slit, no. 5 ) , the liquid-N_ cooled diaphragm (no. 4) and the primary-

beam stop/chopper (no. 7) were inserted. The selector axis was positioned

parallel to the laser beam that passed just below the upper edge of the sele_tor

slit and just over the disks of the velocity selector. Then, the vertical

detector ribbon (no. 14) was centred behind the detector slit and this concluded

the first part of the alignment procedure whereupon the laser was removed.

The secondary-beam source assembly, attached to the upper flange of the

collision chamber on an x-y translator was aligned with regard to the auxiliary
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OVEN CHAMBER

170

COLLISION CHAMBER

115

Fig. IV.5. Sahematia set-up of the ground-state scattering experiment.

1. Sodium oven; aperture 0.2 mm 0.

2. Circular diaphragm, 1.0 mm 0 .

3. Circular diaphragm, water-cooled, 3.0 mm 0.

4. Rectangular diaphragm, liquid N^-cooled, 10 1 mm1

9. Monitor detector.

10. Secondary-beam source, multichannel array.

11. Circular diaphragm, 0.65 mm 0.

12. Liquid He-Cryopump-system.

5. Rectangular diaphragm, 5 * 0.4 mm2 (selector slit). IS. Reatangular diaphragm, 5 x 0.35 mm1 (detector slit);

6. Velocity selector.

7. Beam stop/chopper.

8. Rectangular diaphragm, 5

vacuum wall.

14. Detector + ion extraction system.

15. Particle multiplier.

Not indicated are the valves between the different vacuum chambers. They are positioned between (8) and (9)

and between (13) and (14). (See also Figs. III. la and Ill.lb.) (Dimensions in mm)

0.4 mm2j vacuum wall.



needle in the centre of the detector turntable. By means of an alignment

telescope the position of the beam source was checked in two directions:

transversely and along the primary-beam axis. After removing the needle we

installed the Na-oven assembly. The two diaphragms in front of the oven (nos. 2

and 3) had been aligned previously with respect to the oven aperture. To align

the Na-oven assembly with regard to the other parts of the apparatus we heated

the oven under vacuum conditions to form a sodium beam. By varying the position

of the oven mounted on an .;—;l translation table, we were able to locate the

optimum position by looking for the maximum beam intensity at the detector

positioned at 9 = 0°. Hereafter slits nos. 5 and Q were widened to 0.4 mm and

slit no. 13 to 0.35 mm. The slit between the oven and collision chamber

determined the width of the primary beam. The height of this beam was restricted

at the lower side by a small flag pinched to the liquid-He cryopump system

(Fig. IV.5 no. 12) and at the top side by the secondary-beam source assembly which

could be moved in the vertical direction too.

As mentioned in sect. IV.3.2 we could make a final adjustment of the

secondary-beam source position at the start of each measurement by moving the

secondary-beam source transversely across the primary beam in order to obtain

a maximum scattering signal at an arbitrary positive and the corresponding

negative scattering angle. This completed the alignment procedure.

The alignment procedure was carried out with a reasonably well known

accuracy. The adjustment of the laser beam with respect to the centre of the

turntable was accurate to +_ 0.15 mm. The error in the alignment of the

secondary-beam source with respect to the axis of the turntable was also ± 0.15 mm.

This includes the irreproducibility of the position of the top flange of the

collision chamber on which the secondary-beam source assembly was mounted. The

latter error is very small because we used dowel pins to fix the top flange to

the collision vacuum chamber. Both these remaining errors in the alignment will

give rise to differences between the measured detection angles and the true

scattering angles in the plane of detection.

The detection angle, i.e. the arc of rotation of the detector system

around the axis of the detector turntable with respect to the primary-beam axis

can be measured with a vernier system. This vernier was mounted on the turntable

and on the turntable-support on the bottom flange of the collision chamber. The

zero-positioning of this vernier was done after the determination of the 0 = 0

position, as described above. During our scattering measurements however we

72



used an electrical read-out. The signal originates from a ten-turn potentio-

meter which is part of a voltage dividing system. On the shaft of this potentio-

meter a cog-wheel has been mounted which gears into the chain which rotates

the turntable (sect. III.6). The use of this electrical read-out instead of the

mechanical vernier introduces additional errors in the determination of the

scattering angle. The resulting uncertainties in the scattering angle can be

summarized as follows (angles given in LAB-system):

i The _+ 0.15 mm deviation of the secondary-beam axis from the rotation-axis

of the turntable in a direction along the primary-beam axis will cause a

systematic error between the detection angle and the real scattering angle.

The scattering angle will be smaller than the detection angle if the

secondary-beam source is positioned upstream from the rotation-axis and

larger if it is downstream. This error will be angle-dependent and will be

about 0.8% of the value of the detection angle in the range of our measure-

ments. Thus this systematic error varies from 0° at 0 = 0° to +_ 0.025° at

|0| = 30°.

ii The deviation of the secondary-beam axis from the axis of the turntable,

perpendicular to the primary beam, is not determined by the initial

(mis)alignment of the secondary-beam source assembly, because of the

secondary-beam source was finely adjusted just before the start of each

measurement as mentioned above. The remaining error depends on the extent to

which the primary-beam axis misses the axis of the turntable. The horizontal

laser beam alignment is subject to an inaccuracy of +^0.05 mm at the slit

between oven- and collision chamber and of _+ 0.15 mm with respect to the

axis of the turntable. This leads to an uncertainty of about 0.12 in the

determination of the'9 = 0° position. This error may almost be doubled by

the inaccuracy of the oven alignment, especially if the slits have been

widened to 0.4 mm. This type of error will give rise to an asymmetry in

the scattering patterns at positive and negative angles with respect to

the 8 = 0 -position. Over the angular range of our measurements we can

compensate for this asymmetry by shifting the 0 = 0°-position in the

scattering pattern, and thus shifting the whole angular scale after each

measurement. It turned out that corrections of at most +_ 0.08° had to be

carried out to attain symmetrical patterns as far as the angular positions

of the oscillations were concerned. Two types of errors still remain

after this procedure: a systematic error due to irreducible residual

asymmetry which is angle-dependent and varies from 0.00° at P = 0° and
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*_ 0.01°at 6 = 30°, as well as a random error which depends on the accuracy

of the symmetrization procedure and which we estimate to be +_ 0.02 .

iii The calibration of the electrical read-out of the detection angle with

respect to the vernier reading will be affected by three different errors:

- the reading error of +̂  0.04 of the vernier;

- a sinusoidal systematic error due to the potentiometer, reflecting the

fact that the potentiometer makes about 9 turns when the turntable is

rotated through its full angular range and a constant error which

remains after the calibration of the voltage dividing system.

Resulting error: *_ 0.06°.

- An error arising from a backlash of the potentiometer system. This

backlash is about 0.06°. Within the computer code for the on-line data

acquisition this systematic error has been corrected for with an accuracy

of about jf 0.02°.

We calibrated the electrical read-out against the vernier read-out

while correcting for the mean backlash. The result was that these three

errors together led to an uncertainty of +_ 0.08 in the determination of

the detector angle.

iv The electrical read-out of the detection angle is measured by means of a

"4j-digit" digital voltmeter. The four digits and the sign, represented

in BCD-code, use 17 bits in all. Since data between beam apparatus and

PDP 11/40-computer are transmitted in parallel over 16-bit data-lines,

we decided to drop the least significant bit of the read-out of the

detection angle in order to facilitate the data transport. The random

error introduced in this way is only _+ 0.01 .

Conclusions:

The maximum composite error that can arise in the determination of the

scattering angle due to the systematic and random errors enumerated above will

lie between +_ 0.08° at 0 = 0°, +_ 0.10° at 0 = 25° and + 0.11° at 0 = 30°

(for comparison: the angle subtended by the detector as seen from the centre

of the scattering volume is 0.17 ).

A misalignment of the primary-beam axis with respect to the horizontal

plane of detection will lead to negligible errors in the determination of the

scattering angle but will give rise to a slight, extra damping-out of the

oscillations in the scattering pattern (sect. IV.3.2).
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IV.4.2. The accuracy in the calibration of the velocity selector

The primary-beam velocity selector with its FWHM resolution of about 3.43!

has been constructed so accurately that the velocity calibration determined by

the selector dimensions has a systematic uncertainty of less than l°/oo. For atoms

moving parallel to the selector axis, the selector is symmetrical, i.e. the

properties of the selector will be equal for both directions of rotation. As

was mentioned in sect. III.3.2. we analysed with the selector the velocity

distribution of the sodium beam i.e. the intensity of the transmitted beam

atoms as a function of the selector rotational speed in both directions of

rotation, for a certain oven position and when the detector was positioned at

0 = 0 (see the alignment procedure described in sect. IV.4.1). From the

difference between these two apparent velocity distributions the misalignment

of the selector axis with respect to the primary-beam axis in the horizontal

plane could be derived; we accounted for this small effect. We estimated the

remaining error in the velocity calibration of the selector to be about + 2 /oo

of the nominal transmitted velocity v (misalignment in the vertical plane led

to negligible errors).

In sect. IV.4.1 (ii) we mentioned variations in the alignment of the

primary-beam axis which led to an asymmetry in the measured scattering patterns

for positive and negative angles. We compensated for this asymmetry by shifting

the 0 = 0°-position slightly. We calculated the influence of this compensation

on the velocity calibration of the selector to be up to 4 /oo. After we had

accounted for this effect a maximum error of 2°/oo remained. In view of the

fact that the frequency of the selector is stabilized electronically within

l°/oo of the nominal frequency setting, the total resulting error in the

velocity calibration will be about _+ 3 /oo.

IV.5. The experiment

IV.5.1. The measuring procedure

By means of the beam apparatus described in Ch. Ill we measured scattering

patterns of velocity-selected Na-beam atoms scattered by Xe-beam atoms. A

schematic view of the out-of-plane experimental set-up is given in Fig. IV.5.

The Na-beam was produced by a two-chamber oven (sect. III.2 ) . During the

experiment the temperature of the main chamber of the oven was about 460 C and
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that of the front chamber and the orifice about 510 C. The incoming Na-beam

intensity was monitored by the monitor detector positioned near the lower edge

of the beam just beyond the slit in the bulkhead separating the oven and

collision chambers. The observed beam intensity of 6xlO16 atoms/sr.s was in

good agreement with calculations starting from the saturation vapour pressure

in the oven and from the oven geometry. The corresponding density of velocity

selected Na-atoms in the scattering volume varied between 7xlO5 atoms/cm3 and

8x]06 atoms/cm3, depending on the velocity selected. To compensate for the

effect of small variations in the Na-beam density the scattered intensities

measured at the different angular positions were normalized with respect to

the signal from the monitor detector.

The Xe beam was produced by means of a multichannel array (sect. III.4).

The pressure upstream from this array vas usually adjusted between 2.5 and 5

mbar (sometimes 7 mbar) and was held constant within 0.1% by means of a feedback

system. The corresponding mean Xe-beam density in the scattering volume was

typically 4*I012 atoms/cm3 (as mentioned in sects. III.4 and IV.3.2, the density

varied by a factor of 3.5 over the height of the scattering volume due to the

divergence of the beam). Directly beneath the scattering volume most of the Xe-

beam atoms were trapped in the liquid-He-fed cryopump so that a pressure beneath

2xlO~7 mbar could be maintained in the collision vacuum chamber. This background

pressure was mainly due to Xe-atoms since with the Xe beam turned off the pressure

was only about |xlO~8 mbar. The Xe-beam intensity was sufficiently stable to make

normalisation superfluous.

Typically 2 to 3.5% of the incoming Na-atoms was scattered. The intensity

of scattered Na-beam atoms was measured by means of a Langmuir-Taylor detector

coupled to a particle multiplier. This detector system was in a separate vacuum

chamber mounted on the detector turntable. We measured the scattered Na-

intensity in the horizontal plane as a function of discrete angular positions,

in both directions with respect to the primary-beam axis. Seen from the top,

angles in the clockwise direction were called positive. In order to prevent

contamination of the detector ribbon it was never exposed to the full beam

intensity at 0 = 0°, that is to say we measured two parts of the full

scattering pattern separately: the scattering pattern at positive and at

negative detection angles respectively, and we excluded the scattering range

from -1 to I .

The scattering patterns measured in this way contained an unwanted back-

ground consisting of three components:
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- a background signal from the detector system, ("dark current"), mainly due to

contamination of the rhenium ribbon

- a signal from Na-atoms scattered by background Xe-atoms and by the walls of

the beam apparatus

- a contribution from the flanks of the primary Na beam at small angles.

To correct for these effects we measured in addition a background scattering

pattern with the Xe beam moved out of the way of the Na beam. Since the Xe-back-

ground pressure remained unchanged, the latter "pattern" consisted of only the

same background as was present in the first measured pattern. The true scatter-

ing pattern we found by subtracting the second pattern from the first one.

On-line measurements of scattering patterns were done with a PDP-11 M O

computer. Fig. III.9 gives a schematic view of the peripheral devices of the

beam machine. The interface system permits the various devices to be selected

and identified by means of addresses (address-selector and -encoder) and the

data to be transported via two separate 16-bit input and output channels.

This laboratory-built interface system has been described in sect. III.8

For data acquisition we used a command and programming language called

BACO (Basic Command System), developed at our Nuclear Physics Department
29)

(van Meurs, Prins et at. ), in combination with the RT-I1 operating system.

BACO consists of a flexible interpreter based on BASIC with assembler and

FORTRAN coded data-handling modules. Assembler routines have been written to

communicate with the peripheral devices of the beam apparatus via the

interface system. Data conversion and data processing routines have been

written in FORTRAN.

The measuring procedure has been outlined in the flow diagram in Fig. IV.6.

The measurement starts with the initiation of parameters such as: name of the file

on which the data will be stored; the desired rotational speed of the velocity

selector; the range of discrete detection angles i.e. the starting and end

values and the step-size of the detector positions; the hold time considered

necessary for the detector system to get rid of transients; the measuring times

for the detector- and monitor signals. (During the experiment the operator can

change the parameter values, if necessary.) Likewise the interrupt system is

started i.e. the peripheral devices are enabled to send interrupts which

include also the status signals such as "ready/not ready"-signals from the

velocity selector controller and detector positioning system. Interrupts may

lead to interventions in the main program and to the sending of messages to the
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operator's display terminal. As far as the interrupt system is concerned, only

the main features are given in the flow-diagram; in fact the whole data-

acquisition is completely interrupt-driven. Furthermore a display loop is

started which runs asynchronously with respect to the main program. The

display loop enables the operator to observe the progress of the experiment.

In this display loop the detector position and the temperatures of both Na-

oven chambers (2'° and JT°) are measured and displayed during the experiment.

Next the desired rotational speed of the velocity selector is passed on

to the velocity-selector controller. When the selector has reached the pre-set

rotational speed and the "selector ready" interrupt has been received by the

computer, the starting value of the detector angle is passed on to the

detector positioning controller. Upon receipt of the "detector ready" interrupt

and after a subsequent waiting time required for the stabilisation of the

detector signal (ranging from 2 to 7 seconds depending on the condition of the

detector ribbon, sect. III.6) the detector angle (0), the monitor signal

(iM_j.) and the detector signal U,)ET) are measured. The latter signal consists

of a scale deflection reading and a reading of the amplifier setting of the

electrometer used. Since the scattered Na-intensity varies by a factor of

100 to 500 over the angular range covered, the amplification of the electro-

meter has to be adapted to the signal level during the experiment. This

adjustment is the only one to be done manually during the measurements. The

time selected for sampling and averaging the detector signal is usually between

5 and 7 seconds. The averaged detector signal is normalized with respect to the

monitor signal, as mentioned above. Furthermore, the measured value of the

detection angle is corrected for the backlash of the positioning device of the

detector if necessary (sect. IV.4.1). Except in cases where an interrupt (e.g.

a "not ready" interrupt from selector- or detector-controller) forces the

measurement to be repeated at the same detector angle, the acquired data are

stored on disk and displayed at the display terminal. The normalized scattering

intensity as a function of the detection angle is plotted on a storage display.

Then a marker signal is transmitted to the two-channel x-t recorder by means of

which the detector- and monitor-signal are recorded during the measurement.

Then the detector angle is changed by the pre-set step-size (A0,

usually 0.1°) and the measurement is repeated at the new detector position.

This process is repeated until the end value of the detection angular range

has been reached. After a final measurement of the oven temperatures (,'T^ and T^)
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Fig. IV,6. Flow-diagram showing
procedure used to measure ground-
state scattering patterns.
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the rotational speed of the velocity selector (v ) and the pressure in the

secondary beam source (?„„), and after these data have been stored on a disk,

the measuring procedure of the first part of the measurement is concluded.

The second part of the measurement, the "background" measurement, is

carried out analogously, with the secondary-beam source moved away from the

Na beam, all parameters being kept the same as in the first part of the

measurement, except for the step-size (A0), which is usually enlarged to 1 .

Therefore the second part of the measurement usually took about 5 minutes,

whereas the first part of the measurement normally lasted about 45 minutes

for a 25 detector scan. After the second part of the measurement the background

correction was carried out as mentioned above. Since these two patterns were

not measured at exactly the same angular positions, we made a polynomial

approximation to fit the smooth background pattern, thus facilitating the

subtraction procedure.

After the scattering pattern over the complementary angular range had been

obtained in the same way, both true scattering patterns were transmitted from

our PDP-11/40 computer to the central PDP-11/70 computer of the Physics Depart-

ment. There the patterns were plotted and inspected visually. If necessary the

angular scale was shifted in order to obtain symmetrical patterns around 0 = 0

as mentioned in sects. IV.3.1 and IV.4.1. Thereupon the corrected data were

transmitted through the Physics Department's PDP-11/70 computer to the CDC-

computer of ACCU (Academic Computer Centre Utrecht). There the final plots were

made either with or without a theoretical curve calculated according to eq. IV.8.

Usually we plotted the true scattering intensity J(0) multiplied by sin0. An

example of a ground-state Na/Xe scattering pattern at negative angles is given

in Fig. IV.7. The conditions during the experiment were: nominal velocity of the

Na-beam atoms 957 m/s (= the velocity corresponding to the maximum of the

transmission function of the velocity selector determined by the rotational speed

of the selector, corrected for the fact that the selector axis was not parallel

to the beam axis (sect. III.3)); temperature of the secondary beam source:

293 K, as in all our measurements; corresponding mean relative velocity g of the

collision partners: 987 m/s (A' = 15.8X10"11* erg). The rapid oscillations in the

pattern are very well resolved.
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NIVXE, g= 987 m/s

• t'XITRIMENr Nfl/XE

Fig. IV.7. Measured scattering pattern of Na/Xe at negative angles (THETA and

TH represent the scattering angle 0 in the LAB-sysbem). The nominal velocity

of the Na-atoms is 957 m/s. The temperature of the secondary-beam source is

273 K. The mean relative velocity of the collision partners g is 987 m/s

(E = l5.8xlO~lli erg;.

If the rapid oscillations are not immediately visible to the reader (s)he

should conceive the graph as being drawn in an anamorphic projection

(Baltrusaitis ). The graph should be viewed from a point a few centimetres

above the bottom of this page i.e. at a small angle with respect to this page;

then the oscillations will be clearly visible.

IV.5.2. The intensities of scattered Na atoms; noise

The number N. of Na-atoms reaching the Langmuir-Taylor detector per

second is related to the current I through the electrometer according to

eq. III.21. Expressing N, as a current i at the entrance to the detector

by i = eJV, we can rewrite eq. III.21 as:

(IV.9)

with n the ionization efficiency of the rhenium ribbon; c the collection

efficiency of the extraction system; q the quantum efficiency and G the

internal gain of the particle multiplier.
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For ease of comparison we shall use the quantities i and N in relation
det

to all currents I, although eq. IV.9 is only a formal definition with regard to

the (dark) current which originates from ions which are spontaneously emitted

by the rhenium ribbon.

As mentioned in sect. IV.5.1 a background correction was applied to a

measured scattering pattern according to

x s = J s + B - i B (iv. io)

where I g is the true scattering signal, -fg+B *
s fche measured sum of the true

scattering signal and the background signal (determined in the first part of

the measurement) and i\, is the measured background signal (determined in the

second part of the measurement).

In the number of (scattered) Na-atoms arriving at the detector per unit

time fluctuations will appear which are determined by a Poisson distribution.

If the rhenium surface conditions are constant the surface ionization process

will not alter the random statistics of the number of emitted ions in spite

of the introduction of a time delay between incidence of the atom and emission

of an ion (sticking time, depending on the temperature of the detector ribbon

(sect. III.6)). Thus Poisson statistics will hold both for the ions leaving

the detector ribbon, including the dark current contribution, and for the

secondary electrons emitted by the cathode of the particle multiplier. By

assuming that every Na ion results in at most one electron being emitted by
31)the cathode and applying by the well known shot noise formula to the

electrons emitted by the cathode we can predict the standard deviations in the

measured signals !„ „ and I . By squared addition of these standard deviations

we find the resultant standard deviation in /„ to be

(IV. 11)

with A/ the effective noise bandwidth. The secondary-emission noise has been

neglected here. We also neglect the Nyquist noise in the load resistance since

it is much smaller than the shot noise.

In order to obtain an estimate of the magnitude of the noise in the true

scattering intensity Jo we study the scattering experiment depicted in

Fig. IV.7. The following information is pertinent to this measurement:
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From a calibration with and without the particle multiplier (sect. Ill.6)

the "overall gain" o qG was found to be 3.5*10'*; o we estimate to be close to

100%,while q, according to the manufacturer's data, is about 0.1, so the

resulting value of G is 3.5xl0s; the ionization efficiency n we determined to be

about 0.75 (sect. III.6). We investigate the noise in an unfavourable case, viz.

at a large scattering angle of -25 , where the oscillations have almost dis-

appeared and where /„ ^ /„. From the measured values (at -25 ) I Q B = 3.5x10~1;! A

and i_ = l.5*10~12 A we find with eq. IV.9 the corresponding values i o. n =

)3><10~17 A (equivalent to 8.3xlO2 atoms/s) and i = 5.7x|0~17 A (equivalent to

3.5*I02 atoms/s). The latter value is rather typical since the background at large

angles usually varied between 100 and 500 atoms/s. The result is ]„ = 2.0xl0~lz A.

The signals which we measured with the electrometer were registered simul-

taneously by means of a recorder and by means of the computer. First we have

a look at the signals measured at -25 with the electrometer and registered

by the recorder (without the averaging by the computer). The standard deviation

of the signals measured in this way can be calculated according to eq. IV.I I ' ,'

in which we substitute

A/ = 47- , (IV. 12)
c

with x the exp^ iential step-response time of the electrometer recorder-

system 3 l > 3 2\with T = 0.5 s we calculate that a / = 5.3*10~13A (i.e. 25% of
s

I ). We registered the electrometer signals •^s+g and I by means of the x-t

recorder over a period of several minutes, especially for the purpose of deter-

mining the experimental standard deviations, which turned out to be o. =
O J.TJ

4xlO~13 A and aT = 3xlO~13 A, which yield a T = 5xlO~13 A in agreement with
-'B IS

the calculated value.

In the course of the actual measurement of the scattering pattern given

in Fig. IV.7 we used a measuring time T of about 6 seconds, during which the

electrometer signals were averaged by means of the computer. In accordance with

eq. IV.II in which we used

A/ = 27" » (IV. 13)
m
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which holds if T >> T , the random error in !"„ at -25 was reduced to about
me S

10% of the value of !„. So according to eq. IV.9 the true scattering intensity

at -25 corresponds to a current £_ = (7.6±O.8)xlO~17 A at the detector entrance,

i.e. an intensity of (4.8±0.5)x|02 atoms/s. Towards-the smaller angles the signal-

to-noise ratio increases rapidly. Near the rainbow angle the noise is about 1%

of the true signal, which is again in agreement with eq. IV.11.

A more troublesome effect was the appearance of "bursts" i.e. sharp

increases in the detector signal, which sometimes lasted for tens of seconds.

The origin of bursts, in which impurities, probably of the alkali-type, leave

the detector ribbon as a cluster of ions, is not clear, but bursts are well
33)

known phenomena . By preventing the detector ribbon from being exposed to

high Na-intensities and by maintaining good vacuum conditions and a ribbon

temperature as constant as possible we tried to obviate the occurrence of

bursts, but we could not avoid Liiem completely. If a burst was seen to occur

during a measurement we stopped the measurement and resumed it after the effect

of the burst had disappeared. Sometimes a burst "got through" and can be seen

in the measurements.

IV.6. Experimental results on ground-state Na/Xe scatteri- ..• ••id the interpreta-

tion of the scattering patterns in terms of interaction potentials

We measured ground-state Na/Xe scattering patterns over an energy range

of 6 to 35X10"1'1 erg. For the interpretation we used the potential fitting

procedure (sects. J.I.2.1 and IV.2), since it was di^Hf/uI whether direct

inversion of the scattering data would be successful for the system we studied.
34)

Boyle tried to apply an inversion procedure with respect to the only

differential scattering data on Na/Xe available at that time, namely those of

Barwig, Buck et al. . He calculated a deflection function 0(b) with a starting

potential which was well suited for the fitting of the rainbow maximum and he

varied the 0(fc) function until he obtained the right number of rapid oscillations

over a certain angular range. From the 0(£>) function thus found the potential was

determined directly. As he said in the conclusion to his paper: "the investi-

gation of the fine oscillations has proved negative in the sense that it did

not provide a unique potential fit". The method proposed by Buck (ref. 9 of

Ch. II) is very well suited for the inversion of differential scattering data

containing many supernumerary rainbows, such as those obtained with the alkali-
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mercury systems. The method failed however for systems like Na/Xe which at lower

energies show only one or two supernumerary rainbows, so the data of Barwig,

Buck et al. were not interpreted by this method of inversion. The inversion

method of Klingbeil (ref. 10 of Ch. II) seems to be the most promising one, but

for this method a resolution function for the beam apparatus has to be assumed.

However, since we learned from our experiments that such a resolution function

is generally not quite independent of the collision energy and since it is not

clear to what extent the accuracy of the potential derived from the inversion

depends on the accuracy of the resolution function, we decided not to use this

inversion method.

As was mentioned in the introduction to this chapter, flexible potential

models have been introduced by Buck et at. and Dilren et al. ' t o fit the

scattering experiments carried out on the alkali-noble gas systems. These

models, which are given in appendix A, are developed to describe the inter-

actions of similar systems with the same set of parameters, except for e and r

(principle of corresponding states). The Na/Xe-scattering data available were

the differential cross-section measurements of Barwig, Buck et al. and the
3)

total cross-section measurements of von Busch et al. . The 5-parameter model

of Buck et al. was developed to fit the scattering data for Li, Na, K, Rb

and Cs with Ar, Kr and Xe, whereas their 6-parameter model, which is more

flexible for v > v , was especially introduced to give a better fit for the

Na/Xe results. The 8-parameter model of Diiren et al. was developed to fit

the available data concerning the interaction of Li, Na and K with Ar, Kr and

Xe.

From now on we shall refer to the 6-parameter model of Buck et al. and

to the 8-parameter model of Dilren et al. ' as the "Buck model" and the

"Dilren model", respectively.

Using these potential models to determine the required 0(6,17) values we

calculated scattering patterns according to eq. IV.8. The calculations were

carried out for the different primary-beam velocities selected in the experiments.

We used the corrected nominal primary-beam velocity (sects. IV.4.2 and IV.5.1) as

input for the calculations. In the computer-program the primary-beam velocity

distribution was derived from this nominal velocity and the selector properties.

The velocity distribution of the secondary-beam, which was supposed to be

Maxwellian, was determined by the temperature of the secondary-beam source,

which was 293 K for all measurements. A separate computer program was used to
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Fig. IV.8. Interatomic potentials for ground-state Na/Xe interaction (X.2Z .„)

—-"Buck model" , 6-parameter modified Lennard-Jones potential (appendix A)

with parameters derived by Buck and Pauly : E = 1.97xlO~11* erg,

r = 5.O5xlO~8 cm, k = 35, m = 7, n = 16, t = 25
m 7 13)

— "Diiren model" ' , 8-parameter modified Lennard-Jones potential (appendix A),
7 7 *T J

with parameters derived by Diiren et al. ' : e = 1.99X10"11* erg,
v = 4.9IxlO~8 cm, r = 0.35, y 0.35, X Q = 1.0, -0.05, 0.15,

Note: The potential drawings are direct copies of aomputer plots. Since the

computer program produces dashes of constant length in the x-direction,

the actual length of the dashes depends on their orientation with respect

to the x-axis.
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plot the measured and the calculated scattering pattern in the same figure, the

latter being scaled to the former.

The parameters derived by Buck et al. and Dilren et al. for the Na/Xe

interaction were:

- Buck potential model: e = 1.97X10"11* erg, r^ = 5.05xl0~8 cm, k ~ 35, m = 7,

n = 16, t = 25; k is the curvature in the minimum; m is the exponent of the

repulsive term of the potential; n and t are exponents of attractive terms

around the inflection point of the potential (appendix A ) .

- Dliren potential model: e = 1.99X10"1"* erg, r>m = 4.91xlO~
8 cm, rQ = 0.35,

Y Q = 0.35, a;0 = 1.0, I* = - 0.05, Yj = 0.15, x^ = 1.3; rQ and Tj determine

the strength of the modifications to the L.J. (12, 6) potential; YQ a n d Yj

determine the width of the regions around r/r = xn and r/r = x,, in which
" m U m I

the modifications are effective (appendix A ) .

The resulting potentials are given in Fig. IV.8.

With these potentials we calculated scattering patterns for the various

nominal primary-beam velocities we chose in our experiments. Comparison of our

experimental data and the calculated scattering patterns revealed a systematic

discrepancy with respect to the positions of the rapid oscillations at large

angles. This discrepancy was especially noticeable at the lower energies studied.

As an example we show in Fig. IV.9 the result of the application of the poten-

tial of Buck et al. (all parameters of which were given above) for a mean

relative velocity g = 709 m/s. The differences are marked in the rainbow region.

Since the angular spacing of the rapid oscillations depends very strongly on

the r value we changed v , leaving the other parameters of the potential

model unchanged. As is shown in Fig. IV.10, the choice of v = 5.00*10~8 cm

gives a better fit to the positions of the rapid oscillations.

It is quite clear that the experimental resolution in the pattern at

g = 709 m/s is somewhat worse than the resolution of the calculated pattern.

As will be shown however the resolution of the rapid oscillations in the

patterns calculated for the higher relative velocities agree well with the

experimental resolution. In the calculations of the scattering patterns for

all relative velocities at which we measured we used the same integration

boundaries for the various variables used. This is also true for the integration

region of the effective solid angle element Afl „ (defined in sect. IV.2),

which we chose slightly smaller than as outlined in sect. IV.3.1. In our view,

the fact that the influence of the secondary-beam divergence is more important
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Nfl/XE,g= 709 m/s

« EXPERIMENT NH/Xt"

-la.oti -ia.00
THETR1DEGREES,LflBSYSTEMI

Fig. IV.9. Na/Xe scattering pattern. Nominal velocity of Na-ieam atoms 667 m/s;

mean relative velocity g - 709 m/s (B = 8.13X10"1"* erg) . Theoretical curve

calculated with Buck potential model: e = I.97X10"14 erg, r - 5.05=<10~8 cm,

k=35,m=7,n= 16, t = 2 5 (THETA and TH represent the scattering angle 9

in the LAB-systemJ.

NR/XE,g= 709 m/s

> EXPERIMENT NFVXE

-30.(10 -51.00 -IB.00 -12.00
THETBt DECREES. LfiBSrSTEfi)

Fig. IV. 10. Na/Xe scattering pattern. Nominal Velocity of Na-beam atoms 667 m/s;

mean relative velocity g = 709 m/s (£ = 8.13X10"11* erg) . Theoretical curve

calculated with Buck potential model: e = 1.97X10""11* erg, r = 5.00><!0~8 cm,

k = 35,m-7,n= 16, t = 25. (Potential model : see appendix A.)
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in the measurements at the lower relative velocities than at the higher ones,

may be partly responsible for the differences in resolution at the lower

relative velocities. Furthermore the effect of the asymmetry of the scattering

volume, as outlined in sect. IV.3.1, is also more important at the lower

relative velocities, since the measurements at these relative velocities

were extended to larger angles than was the case for the measurements

at the higher relative velocities. To show that these effects are rather un-

important for the interpretation of the measurements, we recalculated the

pattern at g = 709 m/s. In order to simulate the effect of the divergence of

the beams (sect. IV.3.1) we enlarged Afl ., by about 20% and we took into account

the asymmetry of the scattering volume, which we even had to exaggerate (sect.

IV.3.1) by a factor of 2. In the calculations we used the same potential as in

Fig. IV.10. The resulting calculated pattern is given in Fig. IV.11. Now we see

that the resulting resolution in the calculated pattern and the experimental

resolution are virtually the same while the other features of the pattern are

unchanged with respect to the pattern of Fig. IV.10. The conclusion is that it

is not necessary to reproduce precisely the resolution of each separate measured

pattern in order to interpret the measured scattering patterns.

«g.

NR/XE.g= 709 m/s

> EXPERIMENT Nfl/XE

-1B.00 -12.00
THETRlDEGREES,LflBSYSTEMl

Fig. IV.11. Na/Xe scattering pattern. Nominal Velocity of Na-beam atoms 667 m/s;

g = 709 m/s (£" = 8.13xlO~llf erg). The theoretical curve has been recalculated with

the same potential as that given in the caption of Fig. IV.10. The resolution of

the rapid oscillations in the theoretical pattern has been "artificially" brought

into agreement with the experimental resolution by changing the assumed geometry

of the scattering volume.
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NR/XE, g=l176 m/s

- EXPERIMENT Nfl/XE

en t"

-12.00 -8.00
THETflt DEGREES, LRBSYSTEfi)

Fig. IV. 12. Na/Xe scattering pattern at negative angles. Nominal velocity of

Na-beam atoms 1150 m/s; g = 1176 m/s (E = 22.4x 10~lif erg). Theoretical curve

calculated with the potential given in the caption of Fig- IV. 10.

In Figs. IV.12 and IV.13 experimental as well as theoretical patterns are

given for g = 1176 m/s at negative and positive angles respectively. The

theoretical patterns have been calculated with the same potential as that used

for the calculations given in Fig. IV.10. The symmetry of the positions of the

rainbow and the rapid oscillations in the experiments at g = 1176 m/s over both

angular regions is evident and the measured patterns are rather well reproduced

by applying the potential used. The rapid oscillations in the experiment at

negative angles are slightly better resolved than those at positive angles.

This small difference is possibly correlated with the fact that the Na-beam

cross-sectional profile was not quite symmetric and showed a small cut-off at

the side of the positive angles. This effect however is also of minor importance

for the interpretation of our experiments.

To determine the best fit of measured scattering patterns by calculated patterns

one can apply x2-tests, as Diiren et al. did originally for the interpretation

of the first alkali-noble gas scattering data ' , but omitted later . There
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Nfl/XE,§=1176 m/s

• EXPERIMENT NfVXE

B.DD 12.00

THETfll DEGREES. LflBSYSTEM)
IB.00 20.00

Fig. IV.13. Na/Xe scattering pattern at positive angles. Nominal velocity of

Na-beam atoms 1150 m/s; g = 1176 m/s (E = 22.4X10"11* erg). Theoretical curve

calculated with the potential given in the caption of Fig. IV. 10.

is no guarantee however that the application of the x 2~ t e s t will produce the

best answer to the question of which potential gives the best fit. For the Na/Xe

system we had a very good start with the potentials and the parameters derived

by Buck et al. and Duren et al. ' respectively, and we were left only with

small but clearly localized discrepancies. By visual inspection of the plotted

experimental and theoretical patterns we were able to judge fairly well to what

extent these discrepancies were diminished by changing parameters of the

potential models, without using a x2~test.

Since our Na/Xe experiments show a far better resolution than the measure-

ments reported up till now, we paid special attention to the fitting of the

positions of the rapid oscillations. As mentioned before, we improved the fit

of the rapid oscillations in the pattern at g = 709 m/s by changing the r

value of the Na/Xe potential of Buck et xl. from 5.05*I0~8 cm to 5.00x]0~8 cm.
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Anticipating the final results of our efforts to improve the fitting of our

scattering patterns, we can say that the resulting potential fits our experiments

fairly well over the whole energy range studied, especially with respect to the

positions of the rapid oscillations. This is shown in Figs. IV.14 - 21 in which

we give the patterns we have measured, together with the theoretical patterns

calculated with this potential.

We have done a large number of calculations to improve the fit with respect

to remaining small differences. For instance we studied the discrepancy at small

angles where the theoretical scattering intensity grows more rapidly towards

smaller angles than the experimental intensity does e.g. at g = 1176 m/s

(Figs. IV.12 and 13) in the region 2 < |G| < 3 and corresponding angular regions

at the higher relative velocities, g = 1286 m/s (Fig. IV.20) and q = 1471 m/s

(Fig. IV.21). It turned out that we could fit these parts of the patterns by

enlarging the value of the parameter n in the Buck model, which causes a

stronger curvature in the attractive region of the potential for v values

larger than the 2* value corresponding to the inflection point of the potential

curve. A concomitant effect however was rather a drastic change in the position

and the amplitude of the rainbow maximum, which we could not redress by changing

the value of E on which the rainbow position strongly depends. Generally we

observed that the effects of changing the various parameters are not independent;

this makes it very difficult to obtain a more satisfactory fit.

Another feature is that the first supernumerary rainbow is not accurately

fitted. This can be seen clearly in the pattern at g = 987 m/s (Fig. IV.18)

where the first supernumerary rainbow has just appeared in the experiment

(|0| ^ 4 ) and is not completely reproduced by the theoretical curve. This effect

can also be seen in the patterns at the lower relative velocities e.g. g = 709 m/s

where in the region of the supernumerary rainbow (at |G| ̂ 9 ) the relative ampli-

tudes of the calculated rapid oscillations do not match the experimental ones

(Fig. IV.10). To fit these amplitudes we had to increase the e value and decrease

the r value. The Duren potential model proved to be the better one in this

respect. To get the right behaviour around the supernumerary rainbow, we had to

change E and r derived by Duren et at. by 2.5Z and 1% respectively, leaving

the other six parameters unchanged, but then the position of part of the rapid

oscillations did not fit any longer. Furthermore the fit at the higher energies

was slightly worse. We tried to solve the problem by changing the other parameters

in the Duren model, but the results turned out to be no better. Again it was very
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Nfl/XE,g= 603 m/s

>EXPERIMENT Nfl/XE

-18.00 -12.00
THETR1 DEGREES. LflBSYSTEM)

0.00

Fig. IV. 14. Ba/Xe scattering pattern. Nominal velocity of Na—beam atoms 554 m/s;

g = 603 m/s (B = 5.89xl0~li( erg). Theoretical aurve calculated with the potential

given in the caption of Fig. IV. 10.

NR/XE.g= 738 m/s

• EXPERIMENT Nfl/XE

-1B.00 -12.00
THETfll DEGREES. LFICSYSTEM)

Fig. IV.15. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 698 m/s;

g = 738 m/s (ff = 8.82xlO~llf erg). Theoretical curve calculated with the potential

given in the caption of Fig. IV. 10.
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Nfl/XE.g- 798 m

> EXPERIMENT NB/XE

-25.00 -2D.0D -15.00 -ID.00

THETBlDEGREES.LriBSYSTEM)

Fig. IV. IS. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 761 m/s;

g = 798 m/s (E = IO.SXIO"11* erg). Theoretical curve calculated with the potential

given in the caption of Fig. IV. 10.

NR/XL.Q= 890 m/s

> EXPERIMENT Nfl/XE

-15.00 -10.00
THETFH DEGREES,LHBSYSTEN)

Fig. IV.17. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 857 m/s;

g = 890 m/s (E = 12.8X10"11* erg). Theoretical curve calculated with the potential

given in the caption of Kg. IV. 10.
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Nfl/XE,g= 987 m/s

* EXPERIMENT NR/XE

•

-15.00 -10.00
THETfll DEGREES, LF1BSYSTEM)

A

.1
w

*

I

-5.00 0.0D

Fig. IV.18. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 957 m/s;

g = 987 m/s (B = I5.8X10"11* erg). Theoretical curve calculated with the potential

given in the caption of Fig. IV.10.

NR/XE, §=1092 m/s

• EXPERIMENT Nfi/XE

-12.DO - a . 00

THETflt DEGREES. LRBSYSTEM1

Fig. IV.19. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 1064 m/s;

g = 1092 m/s (B = 19.3xlO-xl* erg). Theoretical cv.rve calculated with the potential

given in the caption of Fig. IV. 10.
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NR/XE,9=1286 m/s

• EXPERIMENT NfVXF

-12.00 -B.D0

THETfU DEGREES, LfiBSYSTEM)

Fig. IV.20. Na/Xe scattering pattern. Nominal velocity of Na-b'eam atoms 1262 m/s;
g = 1286 m/s (.E = 26.8X10"11* erg). Theoretical curve calculated with the potential
given in the caption of Fig. IV. 10.

Nfl/XE,g=147i m/s

' EXPERIMENT Nfl/XE

_ t

-9.DD -6.00
THETHCDEDREES.LBBSYSTEti)

Fig. IV.SI. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 1450 m/s;
g = 1471 m/s (£" = 35.Ixl.O~11* erg). Theoretical curve calculated with the potential-
given in the caption of Fig. IV. 10.
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difficult to improve the fit in a systematic way over the entire energy

range studied.

As mentioned before, the potential model by Buck and that by Diiren were

developed to apply to all alkali-noble gas interactions. Since we had not really

found values for the potential parameters, except for e and r , giving a clearly

better fit to our experiments over the entire energy range, we decided to look

for the best e and r values using the other parameters as derived by Buck et
6) m 71

at. and Diiren et dl. . For the Buck model we found the optimum values to be
e = 1.97x]0~^1* ere and r = 5.00*10~8 cm. As far as the Dilren model is concerned

m
we estimated the optimum values to be e = 2.02xl0~1't erg and r = 4.88xlO~8 cm,

.. m 7)
which is a result that lies between the values derived by Diiren et al. and the

values that fitted our observed supernumerary rainbow best. The changes in e

and v with respect to the values derived by Buck et dl. and by Diiren et al.

with their respective models amount at most to 1.5% and 1% respectively. The

parameters of these new potentials derived by us are given in Table IV.2 (see

also Table IV. 1 for a comparison with literature values for E and r )• These two

potentials have been drawn in i'ig. IV. 22 together with the potential derived

by Buck et al. to facilitate a comparison with the potentials given in Fig.

IV.8. The differences between the two potentials we derived and the differences

between these potentials and those of Buck et dl. andDiiren et dl. are found

mainly near the minimum of the potentials. But even the small differences in the

curvature towards larger ^-values influence the resulting scattering patterns,

as we have mentioned above. Of the two potentials used (I and II in Fig. IV.22)

the Buck potential model with "our" parameters (I) gives the best fit for the

entire energy range studied. Therefore in all our plots the measured scattering

patterns are compared with theoretical curves calculated with this potential.

Figs. 14-21 show the good agreement we obtained also with the other relative

velocities we measured at.

The way in which we analysed our results by using two potential models

gives a good indication of the extent to which the values of e and r are
m

determined by the measurements. By using only one potential model (the Buck

model) and keeping the other parameters fixed we would have estimated the errors

in e and r to be about 2% and 1% respectively. As Table IV.2 indicates however

the e and r values for the two models differ by about 2.5%. Thus it appears

that the values of e and r are still model dependent.
m

See noce at the end of this section.
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Fig. TV.22. Na/Xe ground-state interaction potentials (XZL ..)

I derived in this work. Buck model e. = 1.97X1CT11* erg, r = 5.00*10' 1 cm,

m
parameters as given in Table IV. 2.

II derived in this work. Dilren model e = Z.OlxlO"11* erg, r = 4.88><10~8 cm,
m

parameters as given in Table IV. 2.

Ill derived by Buck et al to fit scattering data of Barwig et al. and

Von Busah et al. ', Buck model e = 1.97xl0~1!t erg, r = 5.05xl0~8 cm,
m

parameters see caption of Fig. IV. 8. " "
Comparison of the potential data derived by us and the pseudopotential

calculations of Baylis and Pascale et al. (Table IV.1) is of limited

value since in their calculations the well depth found from ground-state
3 5)

scattering measurements ' has been used .

Finally we investigated the consequences of the fact that the secondary
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Table IV.2. Ground-state Na/Xe potentials (X2'Z. ..-curve) derived to give best
+)

fits to measured scattering patterns presented in this work.

Potential

model*)

Buck model
(6-parameter)

-.. -"-- - 7)
Uren model '

parameters

: . k = 35 m = 7

n =16 t-= 25 \-

~rQv= 0.35 Y Q = 0.35 xQ = 1.0

Tj =-0.05 Yj =0.15 x} = 1.3

e

(IQ-^erg)

1.97

2-02

m

(10-8cm)

5.00-

4.88

c ( , ••

(10-G0

erg cm6)

591

546

See note at the end of this section.

Potential model: see appendix A.

beam might not have a Maxwellian velocity distribution corresponding to the

temperature of the secondary-beam source. Beijerinck et al. showed that in a

beam formed by a multichannel array used in the opaque mode (sect. Ill .4)

slow particles are lost, which causes the velocity distribution to shift to

higher velocities without much change of shape. From the measurements of

Beijerinckei al. we determined that at the pressures we used upstream from

our array, a shift of at most 10% could be expected. With this slightly dis-

torted velocity distribution we recalculated the patterns at the lowest relative

velocities at which the influence of the distortion would he most noticeable.

We found that this distortion did not significantly change our interpretation

of the scattering patterns in terms of the interaction potential.

Additional note

In the course of writing down the above results we went on trying to improve the

fitting of our scattering data especially with respect to the position of the

supernumerary rainbow at the lower relative velocities. We actually found a

potential which fitted our experiments slightly better. This potential, based

on the Buck model in whi.ch we changed not only e and v but also some other
m

parameters i s discussed in appendix B.
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IV. 7. Preliminary results on a ground-state Na/Ar scattering experiment

We did one single ground-state Na/Ar scattering measurement. To interpret

this scattering pattern we have followed the same procedure as outlined in the

preceding section. We looked for the e and r values which gave the best fit

to our experiment, using the Buck model and the Duren model.with the.other

Q)
N a / A r

O

a.
2
UJ

< 0.0

in

o
a.

' ' -0.5

-1.0 Hh
5.0 10.0
INTERNUCLEAR DISTANCE (10"8cm)

Fig. IV. 23. Na/Ar ground-state interaction potentials (X2E ,-J

I derived in this work, Buak model e = 0.82xi0~11* erg, r = 5.09x]0""8 cm,
parameters as given in Table IV. 3.

II derived in this work, Diiren model e = 0.82XI0"11* erg, r = 4.97xlO~8 cm,

parameters as given in Table IV. 3.

Ill derived by Diiren and Groger for the interpretation of their scattering

experiments t = O.85xlO~11* erg, r = 5.05xi0~8 cm, parameters as given in

Table IV. '6. (Dttren model)
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Table IV.3. Na/Ar ground-state potential data derived from scattering experiments

Experiment

Total cross

Von Busch

Von Busch

Differential

Diiren and

This work

This work

sections:

et at.3^

et at. 3 )

cross secti

Groger13)

Potential

model+)

Buck (5-par.)

Duren7)

ons:

Duren7>

Diiren7)

Buck (6 -par.)

m

h
r o = 0.35

Tj = -0.05

k =

n =

= 11

= 84

Yn = 0

Y, = 0

idem

idem

35

16

Parameters

k =

.35

.15

m =

t =

44

* 0 = l

aij = 1.3

7

25

(10"

0.

0.

0.

0.

0.

e

89

83

85

82

82

(10"8cm)

5.01

4.78

5.05

4.97

5,09

C6

(]0-60

erg cm6)

246

198

282

247

274

+) see note at the end of this section.

Potential models are given in appendix A.



parameters chosen the same as derived by Buck et al. and Diiren et al. (see

caption of Fig. IV.8 and Table IV.2). Na/Ar potential data were available from

the interpretation of total cross section measurements of Von Busch et al.

6) 7)
by Buck et al. (5-parameter potential model) and by Duren et al. ' (see

13)
appendix A for the potential models). Furthermore Duren and Groger ' have

recently done the same type of scattering experiments on Na/Ar as we did and

they derived a potential based on the Diiren model. These potentials we have

used as a start for our fitting procedure. In Fig. IV.23 we give our "best fit

potentials", using the Buck model (curve I, E = 0.82xl0~11* erg, r = 5.09xl0-8cm)

and the Duren model (curve II, e = O.82xlO~ll< erg, r = 4.97*10~8 cm), respec-
m - 1 3 )

tively, together with the potential derived by Duren and Groger from their

measurements (curve III, e = O.SSxlO"1** erg, r = 5.05xl0~8 cm). These potential

data together with the results derived earlier from the total cross-section
3)

measurements of Von Busch et al. are summarized in Table IV.3.

Table IV.4. Na/Ar ground-state potential data derived from theory and from

spectroscopic experiments.

Authors

Theoretical data

Baylis et al. 14^

Pascale et al.

Saxon et al.

Data derived from experi

Small-.y et al.10^
20)

Tellinghuisen et al.

Goble et al.1^

Type

pseudopotential calculations

pseudopotential calculations

CI calculations

nents

spectroscopy

+)
spectroscopy

E

do-1"
erg)

0.88

0.86

1.09

0.77

0.83

r
m

(10-8

cm)

4.97

5.03

5.01

4.99

4.97

Interpretation of the experiments of Smalley et al.
20)
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NR/flR, g= 819-m/s

• EXPERIMENT Nfl/FIR
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THETFKOEGREES.LflBSYSTEH)

Fig. IV.24. Na/Ar scattering pattern. Nominal velocity of Na-beam atoms 703 m/s;

g = 819 mis (E = 8.11xio~14 erg). Theoretical curve calculated with Diiren

potential model with E =

as given in Table IV. S.

0.82xi0~llt erg, r = 4.97*10~8 cm and other parameters

In Fig. IV.24 we give the scattering pattern we have measured (g = 819 m/s)

together with the theoretical pattern calculated with the Dilren potential model

incorporating "our" parameters as given in Table IV.3 (curve II in Fig. IV.23).

The Buck model with "our" parameters fits our experiment equally well, but this is
13)

not shown. We used the Duren model in the Na/Ar case since Diiren and Groger also

interpreted their data, which are along with ours the most reliable scattering data

available, using the Duren model. The potential of Diiren and Groger

with their parameters fits our experiment rather poorly. On the basis of their

scattering measurements at three different energies Dilren and Groger determined

their e and r values with an error of + 3% and ± 2% respectively. Within our

experimental accuracy (error of + 0.1° in the scattering angle, and error of

0.3% in the primary-beam velocity) we estimated, by comparing our calculations

with the result of our measurement, the error in e to be about ± 3% if the

other parameters of the potential model, including r , were taken as fixed.
m

Under similar conditions we found the error in r to be ± 1.5%. Since the e
m

and r values are not independent with respect to the influences they have on
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•-K

•i; t h e - s ca t t e r i ng p a t t e r n s we est imate the e r rors in our e and rm values_(Table

-*:XV.3) to be ± 5% and ± 3% re spec t ive ly . Within these e r r o r bounds our p o t e n t i a l

: data are in agreement with those of Dilren and Groger ' . =~isj...-.

..";"••••- Po ten t i a l da ta for the Na/Ar i n t e r a c t i o n are also a v a i l a b l e from other

'sources as mentioned in s e c t . IV .1 . Table IV.4 gives a summary of data about-

-_ the Na/Ar p o t e n t i a l derived from pseudopotent ial c a l cu l a t i ons ' , configu-

ration interaction (CI) calculations
20)

,Waals molecules prepared in supersonic free jet expansion . The CI calcula-

tions _. _ give a well depth which is 30% larger than the values derived'froin

scattering experiments. Another striking aspects is that_ the :e value derived^ from

the/spectroscopic data -of Smalleyet •'qlT'~zi.:\with the-useVofviau Morse; potential ,-

modei?ls> significantly^smaller Vthan the: values*'from other :sourcesf!(TablesriV73

and IV.4). However, a recent"fe-interpretation of the data of Smalley et al_.

by Goble et at. by means of a Thakkar potential model resulted in new E and

v values which are in very good agreement with the values we derived (Table

IV.4).

ill

If .1

• ii

Additional note

As mentioned in the note at the end of sect. IV;6 we give in appendix B a

modification of the parameters of the Buck model which slightly improves the

fitting of our Na/Xe results. We have also used these modifications for the

Na/Ar system. As far as we can judge from one experiment the resulting fit is

as good but no better than the one obtained in this section.

IV.8. Conclusions

We have designed a beam apparatus to measure differential cross sections

of alkali-noble gas systems. In this chapter we have reported measurements on

the ground-state interaction of Na/Xe and one preliminary measurement on Na/Ar.

We measured in the out-of-plane configuration and we paid special attention to

the symmetry of the scattering patterns with respect to the primary Na-beam axis.

In keeping with our objectives we could measure the Na/Xe scattering patterns

with a better resolution than reported so far by other authors (Buck et...al. ).

The measured scattering patterns we interpreted in terms of interaction poten-

tials. We used two potential models: the "Buck model" * and the "Uiiren model"7'13

For both models we optimized the e and r values maintaining the other potential
6) "* •• 7)

parameters as derived by Buck et at. and by Duren et at. respectively in
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order to obtain the best fit to our experiments over the entire energy range

studied. It turned out that for the Na/Xe system corrections of at most 1.5% —-

and 1% in the e and r values respectively with respect to the values found by

other authors (Buck et at. , Dilren et at. ') gave a significantly better fit

to our experiments (Table IV.2, Fig. IV.22).

We also described the Na/Ar interaction by means of the two potential

models. We have done only one scattering measurement from which we determined

the e and v values with an accuracy of about 5% and 3% respectively. In this

case (Na/Ar) the result jiould be compared with other scattering data which have
.r--_"_- - - - -_™- ,_ : ~ — - 1 3 ) — • '" -' "' . '

been obtained recently by Duren et a Z . . Within the" error bounds the: e "and

r values derived by us agree with the scattering results of Duren et at.

and are in very good agreement with recent interpretations of spectroscopic

data24) (Fig. IV.23, Tables IV.3 and IV.4).
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CHAPTER V.

EXCITED-STATE SCATTERING OF Na /Xe

V. 1. Introduatior:

In this chapter we report on differential scattering measurements by means

of which we studied the interaction of optically excited Na*(32P) atoms with

ground-state Xe atoms. The lifetime of the excited Na* atoms being very short

(% 1.6xiO~8 s) compared to the flight time of the atoms through the scattering

volume (typically l*10~6 s), the crucial problem was how to maintain a signi-

ficant fraction of excited atoms in the scattering volume throughout the obser-

vation time. The problem however could be solved when high-power continuous dye

lasers became available. Hertel et at. ' were the first to report on beam

scattering experiments in which short-lived excited Na* atoms were used. They

studied the scattering of electrons by laser-excited Na* atoms and the electronic

to vibrational-rotational energy transfer in collisions of Na atoms with simple
2)

molecules . The first excited atom-atom differential scattering experiment was

carried out by Carter et at. on Na*/Ne. In their beam apparatus they used a

target gas chamber filled with neon. They reported only on one single measurement.

Duren, Hoppe et at. carried out differential scattering measurements on Na*/Hg,

mainly at large angles. Recently, Diiren and Groger have studied the Na*/Ar

system.

We investigated the Na /Xe system with the beam apparatus described in this

thesis (Chapters III, IV, Fig. IV.5). We used a frequency-stabilized c.w. dye

laser to excite Na-atoms in the scattering volume. The laser beam, the radia-

tion of which was linearly polarized, was directed perpendicular to both atomic

beams as shown schematically in Fig. V.I. The polarization vector was parallel

to the Xe-beam. The excitation mechanism will be treated in the next section.

We measured scattering patterns with "laser on" and "laser off". The

"laser on" scattering pattern consists of contributions of Na atoms scattered
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SECONDARY Xe
BEAM

PRIMARY BEAM

Na

DETECTOR

Fig. V.I. Schematic aonfiguration of the excited-state scattering experiment.

The Na-beam, the Xe-beam and the laser beam cross each other at right angles. -

in the excited state and of Na atoms scattered in the ground state, because the

detector cannot discriminate between them. The ratio of both contributions de-

pends on the ratio between the densities of excited- and ground-state Na atoms

in the scattering volume. As will be explained in sect. V.4.2, even without

knowledge of this ratio we can extract the information about the excited-state

potentials from the difference pattern obtained by subtracting the pattern with

"laser on" from the pattern with "laser off". Therefore we shall present our

experimental results as difference patterns [J(0) ("laser off") - J(0) ("laser

on")J.

The interaction potentials resulting from our work will be compared with

data from lineshape measurements and with calculated potentials.

V.2. The excitation of Na-beam atoms

V.2.1. Hyperfine structure of the Na atom; transition probabilities;

fluorescence-excitation spectrum at low laser power

To excite Na-beam atoms in the scattering volume we used a c.w. dye laser

(Spectra Physics model 580) pumped by an Ar -laser. Such a dye laser combines a

power of up to 100 mW with a bandwidth of 15-20 MHz as averaged over a few

seconds, resulting in a high spectral intensity. Since the linewidth is so small

the hyperfine structure of the Na states involved has to be taken into account.
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The Na atom has a nuclear spin I - 3/2, so bo.th the 3 2S ] / 2 and the 3
2P,/2 states

have two hyperfine levels with total angular momentum quantum numbers F = 1 and

F = 2, while the 3 2P 3 / 2 state has four hyperfine levels with F = 0, 1, 2 and 3.

If no magnetic field is applied the F levels are degenerate in (2F+1) magnetic

substates with M = -F, -F+l, +F. The relevant part of the energy level

diagram of Na is given in Fig. V.2. _ _

M =-3 -2 -1 0*1 +2

62.5 MHz
36.1 MHz
16.4 MHz

192 MHzI

D 589.0 nm

1772 MHzI

F=3'
F = 2
F = 1
F = 0

F=2

F=1

3/2

32P,

D. 589.6 nm
1 I

I
I
I

0 *1 +2M =-2 -1
F = 2

t3
2S<

Fig. V.2. Energy level diagram of Na, including the 3ZS and 32P states only.

The excitation process is governed by the transition probabilities for the

separate \F M> states. In the following discussion we assume that the laser has

a quasi-continuous spectrum over the absorption profile of the atom i.e. that

the laser bandwidth is markedly larger than the absorption profile. If u^ dfl

is the spectral energy density of the laser radiation at resonance frequency vo

of the atom with polarization characterized by X in the solid angle dfl, polari-

zation dependent transition coefficients b, and a, can be defined as follows:

&, (F Af ; F A ) \ u dil s the probability per second that an atom will
A U U X J. J VQ

be transferred from the lower substate I F J M ^ to the upper substate |FuMu> by

absorption of a photon with polarization X.
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bAFJd^F M ) \ u dft = the probability per second that an atom will be

transferred from the substate \F M > to the substate \F^M^> by stimulated emis-

sion of a photon with polarization X.

a {P.M. ;F M ) = the probability per second that an atom will be transferred

from the substate \F M > to the substate \F.M,> by spontaneous emission of a

photon, without regard to its polarization and direction.

The integral u dfi equals the spectral energy density p of the laser

beam at the resonance frequency v . The corresponding spectral intensity of the

laser beam J is given by J = ep , with a the velocity of light. The transi-
yo vo vo

cion amplitudes for absorption and stimulated emission are proportional to the

matrix element <FM\e. •U\F.M,>, where e, is the polarization vector of the laser
U U A l l A Q*

Deam and D is the electric dipole operator of the atom . According to the
Q\

Wigner-Eckart theorem , the matrix element is proportional to the Clebsch-

Gordan coefficient <F M lF.AZ.jlA> with A = 0 for linearly polarized light with

the quantization axis along e,, and \ = ±1 for circularly polarized light with
A ' -

the quantization axis along the laser beam axis. The b. coefficients for absorp-

tion and stimulated emission can be expressed in the corresponding coefficient
9)

for stimulated emission B(F,,F ) between the F levels involved as follows :

(V.la)

The a coefficient for spontaneous emission can be written as

a(F.M-,F M ) = \<F M \FM,\
1 1' u u ' u u1 1 1'

, ,F )
1' u

(V.lb)

where A(F,,F) is the coefficient of spontaneous emission between the F-levels

involved. The B(F^,FJ and AQF^F ) coefficients can be expressed in the well

known Einstein coefficients for stimulated emission B{J^,J ) and for spontaneous

emission A{J^,d^, respectively, pertaining to the eMLevels involved :

BCF,yiJ>,Fu<JuJ)) = (2«7u 1)

J F I]
u u

(V.2a)
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2

J F - I
u u

(V.2b)

From now on we shall denote the BfjT^J^) and AXJ^,J^) coefficients as

.4 respectively. A, and 5. are related to each other by

and

(V.3)

The Wigner 6j-symbols in eqs. V.2a,2b fix the selection rule: AF = 0, +1. If

linearly polarized light is used, as in our case, the selection rule for

absorption and stimulated emission is AM = 0. Spontaneous emission is indepen-

dent of the polarization of the laser beam and obeys the less restrictive selec-

tion rule: AM = 0, ±I.

In the excitation spectrum of the Na-Z?2~line (shown in Fig. V.3) all

allowed hyperfine-structure transitions can be observed. The linearly polarized

laser beam crossed the Na beam at right angles. The laser frequency was varied

and the resulting fluorescence integrated over the spectrum was measured by

means of a photomultiplier. Since the ground-state (3ZS. ,_) hyperfine splitting

is large (1772 MHz) the spectrum shows two groups of closely spaced h.f.-lines

. The separation between the observed, resolved excitation lines agrees

with the level scheme in Fig. V.2.

The width of the h.f.-lines in the fluorescence excitation spectrum is

determined by the natural linewidth of the transition, (Av =A. /2ir = 10 MHz),

broadened because of the residual Doppler effect, and by the bandwidth of the

laser. The Doppler broadening arises mainly from the divergence of the Na beam.

In the interaction region between Na beam and laser beam an atom moving with

velocity V experiences a frequency which differs from the laser frequency vT by

the Doppler shift Avn given by

vT
AvD = - — v cosot (V.4)

where a is the angle between the velocity vector of the atom and the laser beam

axis. Transition-time broadening is negligible. The result is a broadening of

the Lorentzian shaped natural line profile. Since the collimation ratio of the
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Fluorescence
intensity
(arb. units I

2 . 0

0 .0 J L
1772 MHz

Fig. V.3. Fluorescence excitation spectrum of the Na-Dg-line. The total

fluorescence was measured as a function of the laser frequency v^. The linearly

polarised laser beam crossed the atomic beam at right angles. F^ and F^ denote

the quantum numbers of the total angular momentum of the 32P,/„ and 32S,/9

levels respectively, corresponding to Fig. V.2.

sodium beam is about 1 : 285 and the atoms have typically a velocity of 900 m/s,

the Doppler broadening will be about 5 MHz. The divergence of the laser beam

causes a Doppler broadening too, but in our experiment this broadening is

smaller than 3 MHz. The absorption profile resulting from natural linewidth

and Doppler broadening has a calculated FWHM of 12 MHz. In the fluorescence

excitation spectrum the h.f.-line profile will be a convolution of the absorp-

tion profile and the laser line profile. The observed h.f.-lines (of Fig.

V.2) have a FWHM of 19 MHz, which indicates that the laser linewidth was about

15 MHz (FWHM). This is in agreement with our measurements of the laser linewidth

with a spectrum analyzer, which yielded 15-20 MHz.

To understand the relative peak heights of the different h.f.—transitions

we investigate the fluorescence intensity which arises when the central laser
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"frequency has been tuned to one particular F% - ^ transition. Atoms, after

being excited by absorption of a photon, can decay not only to the Fj-level

from which they were excited, but also to other levels, obeying AF = 0, ±1.

This "optical pumping effect", by which atoms may become trapped in states

from which they cannot be excited any more at the same laser frequency, will be

treated in sect. V.2.2. At sufficiently low laser intensities, however, the

statistically distributed population of the I^.Af^ states will hardly be

affected by the excitation process during the passage of the atoms through the

laser beam. The sum of all aiF^F^) coefficients of the transitions from any

given .IF M > state to all pemitted J f ^ states equals ^ l u > as can easily be

checked from eqs; V.lb'and V.2b. As a result the fluorescence intensity due to

the excitation of the transition F1 •*• F^ will be proportional to Z which is

given by

z =
(V.5)

M

with n (F M ) the density of \F^ states. If a linearly polarized laser beam

with a^ufficiently low intensity is used for the excitation of the transition

(F •*• F ) the densities of the different upper magnetic substates \F M > are
v 1 u
given by the balance equation

„ ev u \ = J, (V M -S7 M =M 1 n.(F.M-) 0 /A, (V. 6)

where M ( F ^ ) is the density of the ground-state magnetic substate

volved and P is given by

in-

/live
(V.7)

where P is the laser power and A is the cross section of the laser beam, respec-

tively, in the interaction region between the Na and the laser beam, and where

Av is the laser bandwidth. Since the {F^f states are uniformly populated, the

fluorescence resulting from the excitation of different Fx •*• F^ transitions (by

linearly polarized light) will be proportional to

I b (F M^M-^F^) which is equal to I b^F^^M^-.FJd^), i.e. the sum
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over the b -coefficients for stimulated emission of the magnetic upper and
o

lower states connected by the excitation mechanism.

The spectrum of Fig. V.3 was obtained by scanning the laser frequency v^

over the spectral region within a time which is very long compared to the time

required for an atom to pass through the laser beam. So the above expressions

can be used to predict the relative peak heights of the h.f .-transitions in-

volved. The laser intensity being low (y 6*10~3 mW/mm2), we verified that the

peak heights were proportional to p . Under these conditions the relative peak
uo

heights of the h.f.-transitions can be understood by applying the results

obtained above. By means of the b -coefficients given in Table V.I we find

easily for the h.f .-transitions of the Online:

transition F- •* F

(C2-line)

Relative
peak height

1 -> 0

1

1 * 1

5
2

1 •+ 2

5
2

2 ->• 1

1
2

2 * 2

5
2

2 * 3

7

This result is in fair agreement with the measured peak heights given in Fig. V.3.

Similar results were obtained for the h.f.-transitions of the D.-line.

V.2.2. Excitation of the 32S. ,2,F= 2 *3
ZP 3 ,2,F = 3 transition as a function

of laser power; saturation

As a result of the "optical pumping" effect mentioned in sect. V.2.1 Na

atoms moving in the interaction region between Na and laser beam will, after a

few spontaneous lifetimes, become trapped in F--levels from which they cannot

be excited any more by the same laser frequency. When, for instance, the laser

is tuned to the D -line transition F = 2-»-F = 2, the F-i- 1 level constitutes

such a trap. At first sight it appears that with linearly polarized light the

application of two laser frequencies matching the transitions F. = 2 ->• F = 2

and F. = 1 * F = 2 will suffice to prevent the optical pumping effect in that

every \F^M^> substate of the ground state is connected with an appropriate

|FuA?u> = 12 M^> substate. Since however the Clebsch-Gordan coefficient

<Fu 0 ^ 0 ; 1 0> = 0 if F^ = F^, the coefficient bQ{F 0;F.0) = 0 for F = F^.

This means that the \F M > = 12 0> state is not affected by the radiation and

constitutes an (M-)trap, too. Under stationary conditions all atoms will have
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decayed into this particular substate. This trapping can be avoided by adding

a third frequency, matching, for instance, the F = 2 •*• F =1 transition. I t

turns out that if we use linearly polarized light we need at least three pola-

rized beams in order to achieve a stationary excited-state population. This

applies to all transitions except the transition 2S ij^i = 2 -»- Z^2/2'^\i = ?

which has no trap. This also holds if circularly polarized laser light is usftd

or a combination of linearly and circularly polarized light. (For the S 1/2'
F, = 1 •+ 2P. . ,F = 0 transition one needs three independent polarizations in

order to prevent the occurrence of traps.) I t appears that since all atoms

of the 32S .„ ground state are involved, under stationary saturation conditions"

at most 50% of the atoms (dependent on the transition) can be maintained in the

excited state.

Several methods have been proposed for obtaining different frequencies

with one laser ' , but all of them are cumbersome. Gerritsen and Nienhuis

proposed a method in which the same laser beam crosses an atomic beam three

times at the same place, each time at a different angle, in such a way that for

one velocity class of atoms the Doppler shift generates the three frequencies

needed. Van Deventer et al, have verified experimentally that this method is

in principle a good one for getting rid of the traps. But since the angles at

which the laser beam has to cross the Na beam depend on the velocity selected,

this method was too complicated to be useful in differential scattering experi-
18)

ments over a wide energy range. Carter et al. made a laser beam, which was re-

flected back and forth, cross a sodium beam at an_ angle in such a way that the two

Doppler shifted frequencies matched two h.f.-transitions. In this way they pre-

vented the Na-atoms from getting trapped in an F-level. In addition they applied

a small magnetic field perpendicular to the laser polarization direction, in

order to eliminate optical pumping into magnetic M-sublevels. With this method a

17% fraction of the atoms was excited.

In our scattering experiments the beam of our laser, which was tuned to the

2Sj . ,F = 2 -*• Z?3i2>
p = 3 transition (Fig. V.4), crossed the Na beam at right

angles. Then the atoms do not experience optical pumping since the excited atoms

can only decay to the levels from which they are excited by the laser. Since the

ground-state magnetic sublevels of the Na-beam atoms entering the interaction

region with the laser beam will be equally populated, a fraction of only 5/8 of

the atoms may be affected by the F. = 2 -»- F = 3 excitation process. The rate

equations for the population of the. different accessible magnetic sublevels due

to excitation by linearly polarized light, are, with F. = 2 and F = 3 fixed,
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with . The coefficients obey
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the selection rule AM = 0 for linearly polarized light (eqs. V.I and 2).

Calculations have shown that M-mixing collisions can be neglected in the rate

equations. The normalization condition for eq. V.8 in the case of the

F "=" 3 transition is
u

(V.9)

M-, M
1 ------- u"

where n is the total density of Na atoms (in the ground state and excited

state) in the interaction region. The scheme of the (de-)excitation of the

F. = 2[--+-F = ~3 transition by linearly polarized light;(quantization axis^in

the direction of the laser polarization) is given in Fig. V.4. Since the selec-

tion rules do not permit the |f M > = |3 ±3> substatesto be populated, we have

to consider 10 rate equations for this excitation according to eq. V.8. In the

stationary state, which will be reached after a few spontaneous lifetimes, we

have

'.s

I'-'

dt
(V.10)

for all M. and M values involved and F1 = 2 and F = 3. By solving eqs. V.8a

and V.8b using eqs. V.I and 2 and the a- and ^-coefficients listed in Table V.I,

we find the stationary relative density distribution over the |? M> states

involved, denoted by W(F M), to be

W(F M ) = WO M )
U U 11
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Xhe absolute density w p of the atoms in the F = 3 state is thus given by
u

_5
16

461

1 5 1 2

(V.ll)
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This equation describes theoretically the stationary excited-state fraction

denoted by a(p ) = n /n . With the help of eqs. V.3 and V.7, we can write

eq. V.11 as

_5
16

1 + 0.305

no = T6
I + sat

(V.12)

where P s a t = 0.305(8TT?zv
3i4Av/c2) is the saturation parameter, that is, the power

(in the interaction region) at which the fraction of excited (F = 3) atoms is

half the fraction obtained at full saturation when S, p >>/?

lu v
lu vQ lu

The fluorescence intensity as a result of the excitation of the

= 2 -+ F = 3 transition is proportional to f!f , i.e. proportional to

,,/P) . Fig. V.5 gives the result of a measurement of the fluorescence

intensity as a function of the laser power in the interaction region, the laser

1
(1 +

10

10" 10
Laser power P (mW)

Fig. V.S. Fluorescence signal, resulting from the excitation of the 2S

Fi = 2 ""*" P3/2' F u
 = 3 transition, Versus laser power P in the interaction

region between the Na beam and the laser beam. Full curve: best fit calculated

with: n = 5/l6'(l y1 n
0

 (ecl- V.12). ( ; asymptotes.
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being tuned to the F, = 2 •*• F = 3 transition. The full curve in Fig. V.5 is the

best fit to the experimental points, calculated with -yg- (1 +

Using eq. V.12 we calculated P to be 0.7 mW. From Fig. V.5 we obtain

P = 0.7s mW, in agreement with the theory. In the actual scattering experi-

ment we used about 25 mW in the interaction region, which is equivalent to a

laser output power of about 60 mW because of losses due to diaphragms in the

laser beam (used to get a uniform power density in the interaction region) and

losses due to reflections on mirrors and lenses of the beam expanding system.

As a check we compared the calculated absolute fluorescence intensity in

the saturation limit, corresponding to a degree of excitation of 5/16 (̂  31%),

with the actually measured fluorescence intensity in a solid angle element which

was determined by the photomultiplier system. We assumed an isotropic fluores-
I Q \

cence (which is correct within 25% ) . The experimental fluorescence appeared

to be about 20% less than expected, but the accuracy of the calculation was no

better than 50% because of the uncertainties in the determination of the Na-beam

intensity, the volume of the interaction region, the solid angle subtended by

the photomultiplier system and the gain of the photomultiplier. A more accurate

way of determining the degree of excitation is given in the next subsection (see

also sect. V.4).

V.2.3. Determination of the degree of excitation from the Na-beam deflection

arising from photon momentum transfer.

As a result of the absorption of a photon, a Na-beam atom acquires a linear

momentum p = hv/a in the direction of the photon. If de-excitation takes place

by stimulated emission the atom loses this momentum and the trajectory of the

atom undergoes only a negligible translation. However, if a photon is re-emitted

by spontaneous emission the recoil momentum of magnitude p can have any direction

and has a mean value zero. On the average this will result in a deflection of the

atom from its original direction. If the laser beam crosses the Na beam at right

angles, the mean deflection angle |3 resultirg from a number of spontaneous

emissions N to which an atom is subject while passing through the interaction
21 22)

region between the Na beam and laser beam, is given by ' '

e mo e mva (V.13)
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In the saturation limit 'N is given by

where wT is the pathlength through the laser beam, V the velocity of the atom

and T the spontaneous lifetime of the atom (T = A' - 1 .-= 1.64*10~8 s). The

factor of jr in this equation reflects the fact that those atoms which respond

to theilaser frequency spend half their life in the excited :state-in full

saturation. Thus,

(V.15)

Deflection of atoms in a beam due to excitation by resonance radiation has been
20—22 5)

measured by several authors ' .

By measuring the Na-beam profiles with "laser on" and "laser off" we can

determine the fraction of atoms for which the laser field is at resonance.

Fig. V.6 gives the result of the beam profiles we measured by displacing the

detector i.e. it gives the distribution of Na-beam intensity measured as a

function of the angle with respect to the Na-beam axis. We measured at two

different mean velocities of Na-beam atoms: 628 m/s and 1039 m/s. The curve

marked I gives the profile with the laser off (the profile is somewhat asymmetric,

as explained in sect. IV.6), and the curve marked II gives the profile with the

laser on, the laser being tuned to the 2si/2'^i = 2 "* Z^-\l2'^ = ^ transition

with P i> 25 mW(in the saturation region) (Fig. V.4). The latter profile II

results from a superposition of contributions of atoms deflected due to the

excitation process and of atoms not deflected. Assuming that the left wing of

curve II (at negative angles) is determined only by the fraction of undeflected

atoms and assuming that these undeflected atoms show a beam profile which has

the same shape as the corresponding profile I, we can decompose the profile II

into these two separate contributions. The result of this decomposition of

profile II is given in Fig. V.6 (a and b for the two different velocities):

curve III is the profile of the undeflected atoms (same shape as curve I) and

curve IV is the profile of the deflected atoms resulting from the subtraction

curve II "minus" curve III.

Although the Na-beam and detector dimensions were not very well suited

for a precise measurement of the deflection angle 3, we estimated this angle

roughly from the angular positions of the centres of the profiles III and IV,
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indicated by an arrow in Fig. V.6. Using these 0-values we find from eq. V.15

that the number of spontaneous emissions, N , experienced by an atom which has

passed through the interaction region, was about 65 (Fig. V.6a, U N a = 1039 m/s)

and 85 (Fig. V.6b, v = 628 m/s) respectively. Theoretically we find according

to eq. V.14 and using WT = 2 mm, that II = 60 and 100 respectively, which is
L e

in reasonable agreement with the experiment.

The fraction of atoms that were subject to the excitation process, i.e.

for which the laser field was at resonance, can be determined accurately from

the ratio of the area under profile IV to that under profile II (which equals

the area under profile I). We found values for this fraction of 40% and 45%

from Figs. V.6a and V.6b respectively. Theoretically we expect the fraction to

be 5/8 (>v 63%) as pointed out in sect. V.2.2. This indicates that the fraction

of atoms subject to the excitation process was not quite uniform throughout the

scattering region. Possible reasons are that either the whole scattering volume

was not completely illuminated or that the laser profile was not broad enough

with respect to the Doppler broadened absorption profile.

Since we measured near the saturation limit (Fig. V.5), the experimental

degree of excitation in the scattering volume was close to half the fraction

of atoms subject to the excitation process i.e. a(p ) was about 20%, which is
vo

somewhat less than the maximum theoretical value of 31% (5/16). The experimental
values found in this way give a good indication of the value of a(p ) that

vo
prevailed during the actual scattering experiments, even though they were

obtained in a separate experiment. (During *:he scattering experiments we did

not want to expose the detector ribbon to the full Na-beam intensity; conse-

quently no beam profile measurements could be performed at that time.)

V.3. The experiment

V.3.1. Experimental

The laser beam was sent through the beam apparatus (described in Chapters

III and IV) from the - 90 direction via two Brewster windows, crossing both

the Na beam and the Xe beam at right angles (Fig. V.I and a schematic top view

in Fig. III.9). The frequency of the laser was locked to the 2S. •2,F1 = 2 ->•

2p3/2 ' ̂ "u = ^ transition by means of a feedback optimization of the fluores-

cence signal resulting from the excitation of a Na beam in an auxiliary beam

apparatus (sect.III.7). For this purpose a small fraction of the laser power
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was diverted into this apparatus. Usually it took several hours to get a

reliable long-term stabilization because of warming-up effects in the laser

system. Advantages of carrying out the frequency-locking in a separate beam

apparatus were:

1°) the Na beam in the auxiliary apparatus was not velocity selected so the

fluorescence intensity was larger than in the scattering apparatus and

could be detected more easily;

2°) the stabilization procedure did not interfere with our work on the

scattering beam machine.

At the start of each measurement we carefully adjusted the locking system

and checked the (right) angles between the laser beams and the corresponding

Na beams so as to optimize the fluorescence signal in the scattering apparatus.

We checked whether we had enough laser power to reach saturation (sect. V.2.2.).

We found the final frequency setting by maximizing the difference between the

scattered Na-atom intensities observed at a suitable detector angle with laser

on and laser off. Once the frequency locking, which added a modulation of a

few MKz to the laser frequency, was well adjusted and stabilized, manual re-

adjustments were required only about twice an hour to prevent the laser system

from modehopping.

The laser beam was expanded to about 4 x 3 mm2 (height x width) by an opti-

cal system and diaphragmed thereafter to the height of the Na beam (usually

3.2 mm) and a width of about 1.5 to 2.0 mm to make sure that the whole scatte-

ring volume (sect. IV.3.2) was uniformly illuminated. Since we were able to

view the region of the scattering volume via windows in the wall of the beam

apparatus, we were able to determine the cross section of the Na beam in the

scattering volume by measuring the "floating" fluorescent rectangle as seen

from the direction opposite to the Na-beam direction. Using an alignment tele-

scope we found the height of the Na beam to vary between 2.8 mm and 3.5 mm,

depending on the position of the secondary-beam source assembly (as mentioned,

we used a height of 3.2 mm during the scattering experiments); the width of the

Na beam was 0.8 mm.

We measured the fluorescence intensity in the scattering apparatus by means

of a photomultiplier (EMI type 9785B) and a lock-in amplifier. During the

excited-state scattering experiments we chopped the Ha-beam mechanically at

about 30 Hz (chopper: see Figs. IV.5 and III.I) and detected the fluorescence

signal synchronously. In this way we got rid of the continuous background light

caused mainly by reflections of the laser light, but the price we paid was the

loss of half the density of Na atoms in the scattering volume.
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V.3.2. The measuring procedure- -__---_.-__---_-_..___— . . _

We measured the intensities of velocity-selected Na-beam atoms scattered

as a function of the angle, with laser off and on, respectively, in the out-of-

plane configuration (Fig. V.I). Since the information about the excited-state

potentials can be derived most easily from the difference of the two patterns,

as will be explained in sect. V.4, we subtracted the normalized scattered Na

intensity with laser on from that with laser off, at-every detector angle we

measured at.

_The measuring procedure of _the__automated experiment, .which resembles the

measuring procedure of the ground-statescattering experiments (sect. IV.5.1),

is shown in Fig. V.7. (A survey of the beam apparatus, its peripheral devices

and their interfacing with the PDP-11/40 computer is given in Fig. Ill,9).

The procedure starts with the initiation of experimental parameters followed by

the rotational speed setting of the selector and the angular positioning of the

detector. After the appropriate waiting times required for the stabilization of

the detector system, the detector signal CTT}ET) and the monitor signal (Jw0N)

are measured twice,with laser switched off and on respectively by means of a

beam stop (Figs. III.l). In both cases the detector signal is normalized with

respect to the monitor signal (•* Ha-beam intensity) and with the laser on the

fluorescence signal (J ) is measured as an extra check. Furthermore the

difference between the normalized detector signals with laser off and laser on

is determined, whereupon all data are stored on disk. The whole cycle is

repeated at all the desired detector angles. With regard to the other details

of the flow diagram we refer to sect. IV.5.1.

Since the "difference scattering intensities" were small, i.e. no more

than 15% of the corresponding ground-state intensities, we used waiting times

to get rid of transients (after the switching on and off of the laser beam stop)

and measuring times for the detector signals which varied from 6 to 12 seconds;

these times were generally longer than in the case of the ground-state scattering

experiments (Ch. IV). A measurement over an angular range of 25 with an angular

step size (A0) of 0.1° (sect. IV.5.1) took 2.5 to 3 hours on the average.

After we had carried out a scattering experiment according to the procedure

given above, we also measured background pattern(s) according to the procedure

given above, but with the Xe beam moved away from the Na beam and with a larger

angular step size. The background measurement usually took about 15 minutes. With

regard to the difference pattern no background correction was carried out,
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since background due to the dark current of the detector and due to contributions _

of Na atoms scattered by background (Xe) atoms and by the walls of the vacuum .

system was eliminated as a result of this subtraction procedure. We did apply

the background correction as outlined in sect. IV.5.1 with respect to the ground-

state pattern that was obtained in the course of the same measuring procedure

(pattern with laser off). Since we also needed the ground-state interaction for

the interpretation of the difference pattern, both difference and ground-state

patterns were processed further. -

The patterns were measured at "positive:and negative scattering angles. A

symmetrization procedure was carried out afterwards with regard to the ground-

state pattern (sect. IV.5.1). The resulting shift, if there was one, was also

applied to the difference pattern. The latter pattern turned out to be not quite

symmetric at small angles (of a few degrees around 0 = 0 ) with regard to the

absolute intensities. This because the contribution of the flanks of the Na beam

to the measured scattering intensities at small angles differs according to .

whether the laser is on or off because of the deflection of the Na beam by the

laser radiation (sect. V.2,3). The result is a contribution to the difference-

intensities measured at those small angles, which in the positive angular range

has a sign opposite to that of the contribution in the negative angular range.

This asymmetry effect hardly influenced the interpretation of the difference

scattering patterns.

The resulting scattering data were transmitted to the CDC computer of ACCU

to be interpreted by way of calculations carried out according to the procedure

outlined in the following section. \

V.4. Theoretical description of the excited-state scattering experiments

V.4.1. Excited-state scattering; theory

In the theory of atomic scattering the adiabatic potentials are a familiar
23) <

concept . For the spherically symmetric systems under consideration these are ".

formally defined as the eigenvalues U (r) of the Hamiltonian of the electrons 3

in the field of the nuclei as a function of the fixed internuclear distance v, .)'

with the Coulomb repulsion between the nuclei added. The corresponding adiabatic ••-

electronic eigenstates x^islr) form a complete set, and depend parametrically on j

r (the electron coordinate is denoted by s ) . The time-independent Schrodinger j
equation j

1
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£T (V.16)

for thetotal scattering complex may be represented by a set of coupled equa-

tions by expanding T.as a linear combination.of the adiabatic states:

«n(r) Xn(s|r) (V.17)

Next we substitute

with u the reduced mass of the collision partners and we use the defining

relation

(V.19)

Then we obtain

+ [U (r) - £}0 (r)
m m

| It < x J ^ (V.20)

where the right-hand side of the equation contains the coupling terms between

the adiabatic states due to their dependece on r.

For alkali-noble gas systems at thermal energies it is reasonable to treat

the noble gas atom as a polarizable system and the closed shell of the alkali

atom as a frozen core. If the fine splitting is neglected the component M

of the electronic orbital angular momentum in the direction of r is a good

quantum number for the adiabatic states. If the valence electron is in the P—

orbital, the adiabatic potentials for the diatomic system will be a V'•.(**) curve

and a V (r) curve (for \Mr\ = 1, and 0 respectively), which will merge for large

v at the energy level of the P-state of the alkali atom.

The electron spin however causes the alkali P-levels to split into the

2pi/2 an<* 2P3/2 •'•evels w i t n a fine splitting denoted by A£. For large r, when
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t -

\V - V I is much smaller than A£', J will be a good quantum number. Because of

this fine splitting the potential matrix will generally no longer be diagonal

on the \JMT> or on the \LMT> basis, which indicates that neither of these sets
1 d L

are adiabatic states. The correct adiabatic states are the six eigenstates of

the potential matrix, for which Mj (but not J) is a good quantum number. These

six states separate into three pairs of states which are degenerate because of

reflection symmetry with respect to any plane through r. The corresponding

eigenvalues define the potential curves usually denoted by A2JIj ,^, A 2 ] ^ ^ and

B2E ,„ . On the \JMj> basis the \-^ ±-y>-states are'eigenstates already with

eigenvalue (= adiabatic potential curve A2n_,„) = V~"•*• AE. Eigenstates with
1 T 1 1 1 -----

MT = ±— are linear combinations of |-r- ±-^> and |-=- ±-r>. Let the two eigenvalues
3 1 1 1

of the projection of the potential matrix on the \-^ -j> and |-j ^> states be

denoted by X+ and X_ (without loss of generality we assume X+ > X_). If for

certain internuclear distances I^O") - 7 n ( r ) | « A£", then i t can easily be
-it 1 1

shown that, the |y y> a n d ly Y" s t a t e s will be eigenstates with \ + = V + hE
and \ = V (V = V- V). In these regions the spin-orbit interaction deter-

™ 1L 2»
mines the adiabatic states and J,MT are good quantum numbers. However in r-

d

regions with \VAv) - V^(r) I >> bE, the eigenstates will be the \LMT, SMC>
h 11 , . L i O

states with MT 1, = - Y and M, = 0, = y and with

V x- m vn> if

and if

In these regions the electronic orbital angular momentum and the spin decouple

and M and M are good quantum numbers. This means that in the region where

V and Vy cross, the potential curves B2Z ,„ (= X ) and A2n . (= X_) show an

"avoided" crossing where these adiabatic curves change their character from
25 5)

E to I and vice versa ' .

Fig. V.8 gives a schematic representation of the adiabatic potential

curves involved for the sodium-noble gas system (X2Z.,_ is the ground-state

potential curve). The avoided crossings are denoted by a circle. High up in

the repulsive region at small r, coupling may occur between the potentials

involved, which include the ground-state potential. This region is not indi-

cated in the figure since at thermal energies this coupling region is in-

accessible. Near the two indicated avoided crossings the adiabatic states will

vary strongly with v and the "radial" coupling determined by the radial compo-
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nent of the derivative 3/3r in eq. V.20 will be large.

As mentioned in sect. IV. 1 alkali-noble gas adiabatic potentials have been

jf.\ 27^ 28)
calculated by Baylis , Pascale and Vandeplanque ' and Czuchaj et al. by

27)
means of a one-electron approximation. Pascale and Vandeplanque expanded the

one-electron wave functions with a larger number of states in the atomic basis

than did Baylis ' . Their respective results will be discussed in the next

section and in the conclusion of this chapter. More elaborate calculations have
29) 30)

been performed by Masnou-Seeuws et al. for Na/Ne and by Saxon et al. for

Na/Ar.

For the sodium-noble gas systems and especially for the Na/Xe system we

studied, the fine splitting t£ is very small compared to the potential-well

depth e of the A2n , and A2It . curves (Baylis ': A£/e ^ l.OxIO"2, Pascale
27) 3/Z

et al. : A£/e f); 2.5xlO~2), so the shapes of these two potential curves are
practically indiscernible.
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31) 32)
In their treatment of atomic collisions, Reid and Mies have included

inelastic transitions. This treatment is applicable to the alkali-noble gas

collisions. Diiren et at. ' used the same treatment to interpret excited-state
* *

differential scattering measurements on Na /Hg and Na /Ar, which led to very

complicated calculations. We shall interpret our measurements by means of the

"elastic", approximation where every scattering event is assumed to occur either

along the A2II .„',„ potential or along the B2E -2 potential. Then the differen-

tial cross sections^-Summed over the final J-values, can \be : expressed in

elastic scattering amplitudes "associated with these potentials. ~rThis~approxi-

mation has been introduced by Wofsy et at. and Reid , used by Carter et at.

for the Na/Ne system and thoroughly discussed by Bottcher . In the elastic

approximation the fine structure of the levels is neglected, so only the distri-

bution of the atoms over the MT states is relevant for the collision process.
h

In our experiments on Na/Xe the fine splitting is very small compared to the

A2JI. .„ _,„ potential-well depth and furthermore the total energy of the excited

complex obeys the inequality

E » AE (V.21)

Finally we do not distinguish in our experiment between scattered sodium atoms
33)

with different J or M.. As has been pointed out by Bottcher , in this situa-

tion the total cross section can be well explained with the elastic approxima-

tion. For the differential cross section however the actual condition to be

satisfied for the elastic approximation to be valid is that the collision time

should be small compared to the precession time of the atom, i.e.

gfd » kE/h (V.22)

where g is the relative speed of the collision partners and d a typical inter-

action range. In our situation this inequality is just barely obeyed; more

precisely we have typically g <v 105 cm/s, i i 2 r ^ 7xIO~8 cm for the

/o in curve, so g/d ^ 3 b.E/h.
5 6)

D'tiren et at. '
30)30)

and Saxon et at. showed that their treatment of the

differential cross sections, which included the inelastic effects, led to

results which differed from those found by means of the elastic approximation,

but these differences occurred mainly at large angles ([o|>3O°) at which we did

not measure.
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By exciting the sodium beam atoms we introduced a certain anisotropy repre-

sented by W in sect. V.2.2. W(F,MJ) gives the relative density distribution of

the photo-excited alkali atoms over the magnetic hyperfine substates |FAL> in

a fixed frame where the quantization axis is in the direction of the linear

polarization vector of the laser beam. In our experiment this quantization axis

is along the noble gas beam axis. As far as the collisions are concerned we" are

interested only in the distributions over the A/, states in the moving frame

defined by the.internuclear axis r. The resulting anisotropy inrthe latter dis-

tribution will be much smaller than the anisotropy in the initial distribution

for the following reasons:

(i) To find the distribution of the atoms over M, in the fixed frame, the Mv

distribution has to be traced over the nuclear spin J, which picks up

part of the anisotropy.

(ii) To find the distribution of the atoms over AL in the fixed frame, the Mal-

distribution in the fixed frame has to be traced over the electron spin S,

which also picks up part of the anisotropy.

(iii) To determine the distribution of the atoms over AL in the moving frame,

the AL distribution in the fixed frame has to be averaged over possible

orientations of the axis r. These orientations of r arise from the

different impact parameters b that contribute to the cross sections for a

given scattering angle.

(iv) As mentioned before (Fig. V.8) there is a strong coupling between the

potential curves that have the same M, value in the moving frame: Azn.,„

and B2E . .

These effects tend to result in an isotropic distribution of the alkali atoms

over the AL-values in the moving frame. Thus in the elastic approximation,

scattering of Na(32P.j,2) from Xe(
1SQ) will occur which will be statistically

distributed over the f._ and the /„_ curves, in a ratio 2 : 1 . The differential
All DA

cross section denoted by a ,-(Q,g) = ae (8,g) is then given by

e l /• 2 1
Oq/9(8.g') = a (6,ff) = -, a/Ln(^',9)

 + "5" avx-(d'9> 'J/ i. J AH J ah

where 0^(8,g) and o (Q,g) are the differential cross sections for the

(V.23)

elastic scattering along the .V and the
AIL

potentials respectively.
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V.4.2. The interpretation of the excited-state scattering experiment

In the excited-state scattering experiments we measured the scattering

pattern with "laser off" (ground-state pattern) and with "laser on" (the

scattered intensities in both cases being normalized with respect to primary-

and secondary-beam intensities). Furthermore we determined the difference -

scattering pattern by subtracting the scattered intensity with "laser on" from

the scattered intensity with "laser off" for each detector angular position at

which we measured. The latter, difference scattering pattern is best suited for

the interpretation of the experimental results in terms of interaction poten-

t ials .

In the "laser off-situation the number of sodium atoms NQQ scattered per

unit time into the solid angle subtended by the detector is given by eq. 11.12:

=90°) =

Ax>2 Au. Ar Afi

(V.24)

(see sect. II.2.1 after eq. 11.12 for the definition of the variables, r denotes

the position coordinates of the particles in the scattering volume in contrast

to its use for the internuclear distance in sect. V.4.1). In the "laser on"-

situation the number of sodium atoms N T scattered per unit time into the solid

angle of the detector (which does not distinguish between atoms scattered in

ground state or excited state) is given by

DLV 3, | * |=90 O ) =

/ / / / I
Ay_ Av. Ar

)- n*(vvh] n2 g a(B,g) -^

Av. Ar AS2
(e,S) g (V.25)

with nj(Uj,r) the density distribution function of sodium atoms in the excited

state O2P.j/2> *"u = 3) as a function of their velocity and position; o{Q,g)

and a (9,gr) are the cross sections for scattering of the sodium atoms in the
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ground state and the excited state respectively by the ground-state noble gas

atoms. In the elastic approximation a (9,gO = a (8,3), given by eq. V.23.

Our difference measurements are proportional to AN = N_ - N which is
U JJU lJi-4

given by

AiVn(0, | « | =90°) =

g [o{e,g) - a*(.e,g)] ^

Ay Ar Afl

(V.26)

In the experiments we aimed at a uniform density of excited atoms in the

scattering volume. We expanded the laser beam so that it would irradiate the

whole scattering volume. Furthermore the bandwidth of the dye laser was such

that all atoms in the scattering volume which are in correct ground state

(2S. ,„, F. = 2) have an equal chance to participate in the excitation process.

Then according to the treatment in sect. IV.2 (eq. IV.2), we can rewrite

n (w ,r) - n f,(.v.) - «(P ) n. (V.27)

with n the uniform density of excited sodium atoms when the laser is on, n

the uniform density of ground-state sodium atoms when the laser is off; f.(v.)

the velocity distribution of sodium atoms in a given volume independent of their

states; a(p ) the uniform degree of excitation of sodium atoms, defined in

sect. V.2.2, with p the (maximum) spectral volume density of radiant energy
vo

of the laser at the resonance frequency of the atom (maximum value of

ct(p ) = 5/16).
o
Using eq. V.27 and also assuming a uniform density of the secondary-beam

particles (sect. IV.2, eq. IV.2) we obtain:

=90°) =

Au_ hv. hr

. (V.28)
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This expression for AiV_ is similar in form to the expression IV.3 for the ground-

state scattering. Following the procedure outlined in sect. IV.2 and leaving out

constant factors we can calculate a difference scattering intensity Ai"D(0),

proportional to Ail/, to describe our experimental scattering patternsmeasured in

the out-of-plane configuration at fixed energies. In the elastic approximation,

using a*(8,gO = ere (8,gO and eq. V.23, and denoting a(Q,g) by o^O.gr), we

find

AXD(9) =

(see sect. IV.2 and III.3.1 for the definition of B(v )). Now the expression for

the difference scattering pattern consists of a linear combination of three

different scattering patterns which can be calculated separately (compare with

eq. IV.8). The three different elastic cross sections involved can be computed

according to the method described in sect. II.1 (partial-wave expansion with

JWKB—approximation for the phase shifts) if we adopt three potentials for the

three different, elastic interactions involved: Vv (ground state), V and V .
]\Li AIL OIJ

The integration boundaries for the calculation of the difference scattering

pattern according to eq. V.29 will be the same for all three scattering patterns

involved. If the condition of uniform density of excited sodium atoms over the

whole scattering volume is satisfied, then the integration boundaries in the

calculation of difference patterns are the same as those found for the pure

ground-state calculations, as determined in sect. IV.2. Furthermore, by scaling

the intensities of a theoretical difference scattering pattern (calculated ac-

cording to V.29) to the corresponding difference experiment, and comparing.this

scaling factor with the scaling factor determined from the theoretical and the

experimental ground-state patterns at the same energy, we easily find the actual

degree of excitation a(p ) in the scattering volume in our experiments.

If however the uniform-density assumption for the excited sodium atoms is

not quite fulfilled, e.g. if the ground-state scattering volume is only

partially irradiated by the laser beam, or if the laser profile is not broad

enough with respect to the Doppler broadened absorption profile, this will

result in an experimental difference scattering pattern with a better resolu-

tion than that obtained in the ground-state scattering pattern. The reason is
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that in this situation sodium atoms in a more confined volume than the "ground- ..

state" scattering volume will contribute to the difference scattering pattern

because as far as the difference pattern is concerned, the effective scattering

volume (Ar in eq. V.26) is that part of the ground-state scattering volume in

which the laser beam is "active", i.e. is present and at resonance with the

Na atoms in the 2 S , / 2 > ^ = 2 level. In this case a comparison of the scaling

factors"for the difference pattern and the ground-state pattern as mentioned :

above will produce an apparent (mean) value for a ^ ) which is lower than the

actual value in the zone of the sodium beam in which the laser is active by

the ratio between the effective scattering volumes in the difference measurement

and the ground-state measurement respectively.

It will be clear that in principle the actual value of a(pyQ) will not in-

fluence the interpretation of the experimental difference scattering patterns in

terms of interaction potentials. However, the larger the a(pVQ) value, the

larger the intensities of the experimental difference patterns will be.

V.5. Experimental results on excited-state Na*/Xe scattering and the interpre-

tation of the scattering patterns in terms of interaction potentials

We shall present the excited-state scattering measurements as difference

scattering patterns: 1(0) (laser off) - 1(6) (laser on) [multiplied by sin (0)].

Together with each difference pattern we give in one and the same figure the

corresponding ground-state scattering pattern (with laser off) to facilitate a

comparison of the two patterns. Furthermore two theoretical curves are drawn

in each figure to fit the experimental patterns. As far as the ground-state

pattern is concerned, the theoretical curve is calculated with the potential

(denoted as V^) derived in sect. IV.6: Buck (6-parameter) potential model

(appendix A) with e = 1.97*10-" erg, ̂  = 5.00xl0"8 cm, k = 35, m - 7, n = 16,

* = 25. According to sect. V.4 the theoretical difference pattern in the elastic

approximation is a linear combination of three patterns corresponding to three

different interaction potentials: the ground-state potential V^ and the excited-

state potentials V^ and V^. To determine the excited-state potentials we used

the same potential-fitting procedure as in the ground-state situation (sect.

IV.6), i.e. we varied the V^ and V^ potentials in order to obtain an optimum

fit to the experimental difference patterns. We adopted a Lennard-Jones (7,6)

and a Lennard-Jones (12,6) potential model (appendix A) for V^ and V^,
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respectively. These models were chosen because they appeared to give a good f i t

to the shapes of the Na*/Xe excited-state potentials as derived from pseudo- V.r-
*7fi 0 7 7ft^

potential calculations ' ' . Using these models we varied e and r and .

calculated the separate scattering patterns with the resulting potentials. The

difference patterns we determined by adding the scattering patterns, calculated

with the assumed potentials V, V and V^, with weighting factors +1, -2/3,

and -1/3 respectively, according to eq. V.29 (sect. V.4). :

• Figs V.9 and V.10 give the experimental and theoretical results at a mean

relative velocity g = 890 m/s, at negative and positive angles respectively.

-Since a difference pattern arises from contributions of the same number of

Na atoms (in the scattering volume) in the ground state and in the excited

state (eqs. V.26 and V.28, sect. V.4.2) we denoted the experimental difference

pattern by: Experiment Na/Xe - Na*/Xe. The intensities of the difference pattern

being small with regard to the corresponding ground-state intensities, we multi-

plied the experimental (and theoretical) intensities of the difference pattern

by a factor of 4.0 in order to obtain a clear picture. This factor proved to

be well suited for the presentation of all our measurements.

The measurements reported in this chapter are the.first data on excited-

state Na (32P_/0)/Xe scattering and they show a better resolution than the

analogous type of measurements on Na /Ne done by Carter et at. .

In Figs. V.9 and V.10 we see that the sign of the intensities of the

difference pattern changes four times over the investigated (positive or nega-

tive) angular range, i.e. in the experiment the laser radiation resulted in

either an increaseor a decrease of the scattering intensities as detected

without the laser radiation, depending on the angular position of the detector.

At small angles (|G| < 3.5°) there is a slight asymmetry with respect to the

intensities in the experimental difference patterns for positive and negative

angles, respectively. As outlined in sect. V.3.2, this is due to the deflection

of the Na beam by the momentum transfer from the absorbed resonance radiation

of the laser, which results in intensities that are slightly smaller at positive

angles than at the corresponding negative angles. Furthermore, the amplitudes

of the rapid oscillations in the experimental difference pattern are slightly

smaller at positive than at negative angles; this is a result of the resolution

of the beam apparatus being better at negative angles than at positive angles,

as has been observed already in the ground-state patterns (sect. IV.6).

The experimental difference patterns of Figs. V.9 and V. 10 are well fitted
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Nfl/XE, g= 890m/s

• EXPERIMENT NR/XE
• EXPERIMENT NfVXE-Nflx/XE I MULT, SY 4.0)

I",

-15.00 -10.00
THETfllDEGREES. LflBSrSTEMl

Fig. V.9. Na/Ke difference and ground-state scattering patterns at negative

angles. Nominal velocity of Na-beam atoms 857 m/s; g = 890 m/s (E = 12.8X10-1"*

erg) . Experimental ground-state pattern denoted by "Experiment Na/Xe"j Experi-

mental difference pattern denoted by "Experiment Na/Xe - Na*/Xe" (intensities

of difference pattern multiplied by 4.0A Theoretical curves calculated with

the following potentials: V : Buck (6-parameter) model with e = 1.97xl0~1If erg,

r = 5.00xi0~8 cm, k = 35, m = 7, n = 16, t = 25 (sect. IV.6).m
VkY^Lennard-Hones (7,6) model with e = 27.3xlO~llf

erg, = 3.5xlO~8 cm.

yB_.- Lennard-Jones (12,6) model with e = 0.4xl0~llf erg, r = 7.0><i0~8 cm.

potential models: see appendix A.)

by the theoretical difference pattens shown. The three component scattering

patterns contributing to the theoretical difference pattern at g = 890 m/s

are given in Fig. V.I I. The potentials with which these patterns are calculated

are summarized in the caption of Fig. V.9. In Fig. V.I) we see that all three

patterns show rapid oscillations with rather similar angular spacing, but the

ground-state pattern shows the most pronounced oscillatory behaviour, and this

is still predominant in the resulting difference pattern. The component pattern

calculated with the shallow V^ potential falls off sharply, especially at

higher relative velocities, usually within 0 < |G| < 4 without showing a

rainbow maximum. However, the pattern calculated with the potential V exhibits
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Nfl/XE, g= 890m/s

•EXPERIMENT Nfl/XE

-EXPERIMENT Nfi/XE-Nflx/XE (MULT. BY M.Q)

10.00 IS.00
THETfif DEGREES. LflBSYSTEM!

Fig. V.10. Na/Xe difference and ground-state scattering pattern at positive

angles. Nominal velocity of Na-beam atoms 857 m/s; g = 890 m/s (E = 12.8X10"11*

erg) . Theoretical curves calculated with potentials given in the caption of

Fig. V.9.

Fig. V.ll. Calculated scattering patterns contributing to the theoretical differ-

ence pattern of Figs. V.9 and V.10 according to the elastic scattering approxima-

tion. Scattering patterns resulting from the V

given in the caption of Fig. V.9, are denoted by SP.
V. and V-.~ potential curves, as

SP. and SP respectively.
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an oscillatory behaviour (with supernumerary rainbow structure) which extends

towards large angles due to the deep potential well. The changes in sign of the

difference pattern are mainly due to the contribution of this latter potential,

as can be seen easily from Fig. IV. \\." . .

Scattering measurements at g = 798 m/s, 1176 m/s and 1286 m/s are given in

Figs: V.12, V.13 and V.1A respectively. In these figures, too, we see that the

experimental difference patterns are rather well fitted by the theoretical

curves. The slight misfit "of the fast oscillations at large angles in the differ-

ence pattern at ~g =798 m/s reflects the fact that the experimental ground-state

scattering pattern is not reproduced exactly by the corresponding theoretical

curve (to avoid this type of error we contrived a solution which will be eluci-

dated further on in the treatment of the pattern at g = 1092 m/s). The theoreti-

cal difference patterns of Fig. V.12 - V.14 have been calculated with the same

potentials as used for the pattern at g = 890 m/s (Figs. V.9 and V.10). In order

to obtain the best fit over the entire energy range studied we calculated hun-

dreds of scattering patterns starting from the potentials derived by the pseudo-

potential calculations of Baylis and Pascale et al.
27) The resulting

NR/XE, g=798 m/s

> EXPERIMENT NfVXE

- EXPERIMENT Nfl/XE-NHx'XE (MULT. BY 4.01

-15.00 -IP.00
THETfl [ DEGREES, LflBSrSTEM 1

Fig. V.12. Na/Xe difference and ground-state scattering patterns. Nominal

velocity of Na-beam, atoms 761 m/s; g = 798 m/s (E = 10.3xl0~l;f erg). Theoretical

curves calculated with -potentials given in the caption of Fig. V.9.
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NfVXE, g=1176 m/s

• EXPERIMENT Nfi/XE
•EXPERIMENT NR/XE-Nfl»/XE CMULT. BY M.Q1

-12.00 -8.00
THETfll DEGREES. LflBSYSTEM)

Fig. V.13. Na/Xe difference and ground-state scattering patterns. Nominal

velocity of Na-beam atoms 1150 m/s; g = 1176 m/s (E = 22.4xlO~11* e rg) . Theoreti-

cal curves calculated with potentials given in the caption of Fig. V.9.

NR/XE, g=1286 m/s

> EXPERIMENT Nfl/XE

•EXPERIMENT NR/XE-N1WXE I MULT. BY t .O)

-12.00 -B.0O

THETRC DEGREES. LRBSYSTEMI

Fig'. V.14. Na/Xe difference and ground-state scattering patterns. Nominal

velocity of Na-beam atoms 1262 m/s; g = 1286 m/s (E = 26.8XIO"11* e rg) . Theoreti-

cal curves calculated with potentials given in the caption of Fig. V.9.
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excited-state potentials which gave the best overall fit were found to be

•V : Lennard-Jones (7,6) potential model, e = 27.3xlO~11( erg, r = 3.5*10~8 cm;
AH .. • , m

V „: Lennard-Jones (12,6) potential model, e
BE, . -

0.4X10"14 erg, r
m

cm.

The contribution to the difference pattern resulting from the V potential
ISA

is in general only discernible at |G| < 4 . The weighting factor of its contri-

bution is small (-1/3) and the scattering pattern is not very sensitive to the

choice of the potential, so this K.;,;"curve could not be determined very accura-

tely. Only by changing its x-value by about 50% or its r -value by about 30%/

keeping the V.n potential fixed, did we find that the resulting theoretical
All

difference patterns deviated significantly from the corresponding experi-

mental patterns. These V _ data, however, just like the V._ data,

are the first excited-state potential data reported on Na*/Xe resulting from

scattering experiments. In Table V.2 we give our V results together with the
26) 27)

results of the pseudopotential calculations of Baylis and Pascale et til.

and the results of the line shape measurements (collisional broadening and line

shift) of McCartan et til. (see also sect. IV. 1). With respect to these line-

broadening experiments it turned out that there was a systematic error in theTable V.2. Parameters of the potential for Na*/Xe

Author(s)

Baylis26^

271
Pascale et til. '

McCartan et al.3^

This work

Method

pseudopotential calculations

pseudopotential calculations

line shape experiments:

line width and line shift

wing profile (satellite)

differential scattering

experiments

(lO-14 erg)

0.43

0.54

0,52

0,70

0.4±50%

r
m

(10~8 cm)

7.9

7.5

5.9

7±30%
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Na/Xe measurements, as was pointed out later on by the authors and as has

been shown by West et al. . Improved measurements by Lwin, McCartan et al.

and very recent measurements by Chatham et al. still differ from those of

West et al. - , but have not been interpreted in terms of new potential para-

meters. The wing profile measurements (satellite bands), of McCartan et al. ,

which were interpreted by means of difference potentials just like the line

broadening and line shift measurements, were believed to give less reliable
- -- 3i\ - " , : ~ " • " • - - -— -•'--_ - - - - • - - .-. - ~-

results '. Furthermore the (in)accuracy of the ground-state potential, for
-—---"-~i -̂'T - -" " ~-— - -' . _J _ - "" "270

which the authors adopted the curve calculated by Pascale et al. , influenced
the accuracy of their K__ data.

The influence of the V ^ potential on the scattering could be studied

rather accurately. This was especially important since there was a considerable

difference between the theoretical data available, i.e. the pseudopotential

calculations of Baylis , Pascale et al.
27) 28)

and Czuchaj et al. . The

V, potential that gives the best fit to our experiments over the entire energy

range we studied was found only after much effort. We varied the e and r values

of the Lennard-Jones (7,6) potential model over large ranges and studied the

resulting effects on the difference patterns, judging the fits by visual inspec-

tion just as we did in the ground-state fitting procedure (sect. IV.6). Using

the "tendencies" which resulted from these variations, we kept on trying other

combinations of e and P values which were likely to give better fits and

finally we found the optimum values given above. These values were used in the

patterns shown up till now.

To illustrate the measure of accuracy with which we determined the resulting

V potential we shall compare measured scattering patterns (at g = 987 m/s and

g = 1092 m/s) with difference patterns calculated according to K potentials
All

with the optimum parameters and with parameters which we varied separately

(taking 1̂  and V fixed as given above, see also the caption of Fig. V.9).

We chose variation ranges for e and r of about two times the roughly estimated

errors. The values used are given in Table V.3,together with the figure numbers

in which the resulting theoretical difference patterns are shown.

In Figs. V.15 - V.19 the results are compared for the scattering at

g = 987 m/s. Fig. V.15 shows the theoretical difference curve calculated with
the optimum V parameters E = 27.3X10"11* erg and r = 3.5xlO~8 cm, which fits

AJI ni
the experimental pattern best. Figs. V. 16 and V.17 show the influence of v

m
being changed to 2.9 and 4.1xlO~8 cm respectively (with e being kept fixed at
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Table V.3. Diagram showing e and v values of the V^. potential (Lennard-Jones .

(7,6) model). The e and r values listed were used in the calculations of differ-

ence patterns in order to obtain error limits for the best fit values of these

parameters for the Vy~ potential as derived from our measurements. Figure numbers

given in the diagram refer to figures in which difference patterns calculated

with the listed e and r values are compared with the experimental patterns
- - - • - . " - __ - m .

measured at relative velocities of 987 m/s and 1092 m/s, respectively.

+ rm

i (10~8 cm)

1
e (10~1(* erg)

e =

r =
m

(Figs.

.27.3

2.9

V.16/V.21)

E =

X> =

m

(Figs.

E =

V =
m

(Figs.

E =

r =
m

(Figs.

17

3

V.

27

3

V.

37

3

V.

.0

.5

I8/V.

.3

.5

15/V.

.0

.5

19/V.

23)

20)

24)

e =

v =
m

(Figs.

27.3

4.1

V.17/V.22)

27.3x10 1£* erg). The discrepancies between experimental and theoretical differ-

ence patterns are now clearly visible; the lower r value leads to a theoreti-
m

cal difference pattern the intensities of which are on the average too high in

the region between 4 and 8 (the region up to 3.5 is not considered, because

of the slight asymmetry mentioned before and because of the misfit of the ground-

state pattern in this region); the higher v value leads to too low intensities
m

up to 6 and in the region from 8 to IS . Since the discrepancies with r =
m

4.1*10~8 cm are larger than the discrepancies with r = 2.9xlO~8 cm, we conclu-

ded that the error in the derived r value is smaller towards the higher r

m B m
values than towards the smaller r values.

m
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Figs. V.18 and V.19 show the results of e-variations (from 27.3x10 lk erg -

to 17.0>MCrllt erg and to 37.0xl0~14 erg, respectively), the r^ value being kept

at 3.5*10~8 cm. Here the discrepancies are much less pronounced. The tendency is

however for a low e value to lead to too high intensities in the theoretical

difference pattern (in the regions of 4° to 5 and of 6 to 7 ) whereas a high e

value leads to intensities which are too low (in regions of 4 to 5 and of 7

to 10°). From this we conclude that the e values used lie only just outside

the error limits. . .

TheTmean intensities :of-the - experimental; difference-pattern _at larger

angles (|e| > 15°) are only about .15-20% of the ground-state intensities; there-

fore the rapid oscillations and supernumerary rainbows expected in this region,

the observation of which would certainly have helped us to determine the V^

potential, disappeared into the noise (sect. IV.5.2) and could not be resolved.

I

Nfl/XE,g= 987 m/s

• EXPERIMENT MR/XE

•EXPERIMENT NfVXE-NFIx/XE (MULT. BY M.OI IV
r v

V V V VI J

-25.00 -20.00 -15.QD -10.00

THETF1 (DEGREES, LflBSYSTEM!

Fig. V.15. Na/Xe difference and ground-state scattering patterns. Nominal

velocity of Na-beam atoms 957 m/s; g = 987 m/s (E = lS.SxlO"11* e rg) . Theoreti-

cal curves calculated with potentials given in the caption of Fig. V.9.

(V : Lemard-Jones (7,6) model with z = 27.3X1O"11* erg, r^ = 3.5xlO~8 cm).
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i S I

- 987 m /s

• EXPERIMENT Nfl/XE

'EXPERIMENT N R / X E - N R M / X E IMULT. BY M.01

-15.00 -to.ao
THETR1DEGBEES, LflBSYSTEti)

Fig. V.16. Na/Xe difference and ground-state scattering patterns; g = 987 m/s.
Potentials used for the calculations of the theoretical curves are as in the
caption of Fig. V.153 except for V -. L.-J. (7,6) model with z = 27.3xlO~14 erg,

All
r = 2.9xiO~8 cm.m

is-r

.9= 9 8 7 m / s

• EXPERIMENT Nfl/XE

•EXPERIMENT Nfl/XE-Nflx/XE IMULT. BY M.OI

r - .

1—

is
in o

^ a
i—

t-t

3
'-25.00 -20.00 -15.00 -10.00

THETfU DEGREES. LRBSYSTEM)

• * •

-5.00

1

\ **
\

0.00

Fig. V.17. Na/Xe difference and ground-state scattering patterns; g = 987 m / s .
Potentials used for the calculations of the theoretical curves are as in the
caption of Fig. V.15, except for V : L.-J. (7,6) model with e = Z7.3xI0~1If erg,
v = 4.Ixf(T8 cm.
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Nfi/XE, g= 987 m/s

- EXPERIMENT ".Nfl/XE _...._
> EXPERIMENT "NR/XE-NRM'/XE IMULT. BYt.O)

-15.00 -10.00
THETfiC DEGREES. LRBSYSTEti)

Fig. V.18. Na/Xe difference and ground-state scattering -patterns; g = 987 m/s.
Potentials used for the calculations of the theoretical curves are as in the
caption of Fig. V.lb, except for V. : L.-J. (7,6) model with e =

Allr = 3.5xlO~8 cm.m
All erg,

Nfl/XE,g= 987 m/s?

• EXPERIMENT Nfl/XE

'EXPERIMENT Nfl/XE-Nfl«/XE (MULT. BY t .O)

-15.00 -10.00
THETfl t DEGREES. LflBSYSTEM)

Fig. V.19. Na/Xe difference and ground-state scattering patterns; g - 987 m/s.
Potentials used for the calculations of the theoretical curves are as in the
caption of Fig. V.15, except for V^: L.-J. (7,6) model with E = 37.0X10"11* erg,
r = 3.5xlO~8 cm.m
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Figs. V.20 to V.24 show the results for the scattering at g = 1092 m/s.

With respect to the theoretical difference patterns at this relative velocity

we made a major contribution to the solution of the problem that the experimen-

tal ground-state pattern was not fitted exactly by the corresponding theoretical

pattern. This discrepancy affects the fitting of the difference pattern since,

as pointed out above, the ground-state pattern constitutes a major component of

the (theoretical) difference pattern. In the linear combination of the three

patterns composing the theoretical difference"pattern we therefore decided to

replace the calculated ground-state pattern by the (properly scaled) experimental

ground-state pattern. Since the theoretical patterns were not calculated at

exactly the same angular positions as those where the experimental points were

obtained, we had to interpolate between the experimental points in order to

NR/XE, g=1092 m/s

>EXPERIMENT NR/XE

•EXPERIMENT Nf l /XE-Nf lx /XE IMULT. BY t . O )

-12.00 -Q.00
THETfllDEGREES,LflBSYSTEH)

Fig. V.20. Na/Xe difference and ground-state scattering patterns. Nominal

Velocity of Na-beam atoms 1064 m/s; g = 1092 m/s (E = 19.3xl0~1I( e rg ) . Theoreti-

cal ground-state curve calculated with fv_ as given in tfie caption of Fig. V.9.

Of the three scattering patterns contributing to the theoretical difference

pattern, the calculated ground-state pattern has been replaced by the (properly

scaled and interpolated) experimental ground-state scattering pattern. The

excited-state scattering patterns have been calculated with the V. and VBJ.

potentials as given in the caption of Fig. V.9 (V^: Lennard-Jones (7,6) model,

e = 27.3X10"14 erg, r = 3.5X10"8 cm).

L"
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0.00

i"i^. 7.21. Na/Xe difference and ground-state saattering patterns; g = 1092 m/s.

Potentials and method used for the calculations of the theoretical curves are as

outlined in the caption of Fig. V.20, except for the V._ potential: L.-J. (7,6)
model with e = 27.3xl0-11* erg r = 2.9x10"

Nfl/XE, §=1092 m/s

• EXPERIMENT Nfl/XE

•EXPERIMENT Nfi/XE-Nflx/XE (MULT. BY 4 .01

-12.00 -8.00
THETfU DEGREES. LflBSYSTEMJ

Fig. V.22. Na/Xe difference and ground-state saattering patterns: g = 1092 m/s.

Potentials and method used for the calculations of the theoretical curves are as

outlined in the caption of Fig. V.20, except for the V potential: L.-J. (7,6)

model with e = 27.3xlO"1If erg, r = 4.1xio~8 cm.
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NR/XE, g-1092 m / s

> EXPEHIMENT Nfi/XE

• EXPERIMENT Nfl/XE-NRx/XE 1I1ULT. BY 4.0)

'-20.00 -12.00 -8.00
THETfiI DEGREES, LflBSYSTEti 1

Fig.-V. 23. Na/Xe difference and ground-state scattering patterns; g = 1092 m/s.

Potentials and method used far the calculations of the theoretical curves are as

outlined in the caption of Fig. V.SO, except for the V^ potential: L.-J. (7,6)

model with e = 17.0xl0~1It e re . r = 3.5xl(T8 cm.erg, r = 3.5x10m

NR/XE. §=1092 m/s

• EXPERIMENT Nfl/XE

•EXPERIMENT Nfl/XE-NFN/XE IMULT. BY 4.0)

'-20.00 -12.00 -8.00
THE rflt DEGREES, LRBSYSTEM)

Fig. V.24. Na/Xe difference and ground-state scattering patteryis; g = 1092 m/s.

Potentials and method used for the calculations of the theoretical curves are as

outlined in the caption of Fig. V.20, except for the V^ potential: L.-J. (7,6)

model with z = 37.0xl0~1Jf erg, r = 3.5xlO"8 cm.r = 3.5x10"
m
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make the linear combination of the experimental ground-state pattern and the __.... -

two theoretical excited-state patterns according to the elastic approximation.

Thus the interpretation of the excited-state experiments becomes independent of

assumptions about the ground-state interaction. It turned out that in this way

the best fit to the experimental difference pattern was again obtained by apply-

ing the parameters e = 27.3xlO-llf erg and r^ = 3.5xlO~8 cm (Fig. V.20).

In Figs. V.21 and V.22 the influence of r variations over ± 0.6xl0~8 cm

with respect to the optimum value of 3.5* 1CT8 is shown. Again the discrepancies

are clearly visible and the effects of the changes in r are similar to the

effects in the patterns at g = 987 m/s (Figs. V.16 and V. 17). The low r value

results in intensities of the theoretical difference pattern which are too high

with respect to the experimental intensities in the region up to 7 .The high

r value leads to calculated intensities which are lower than the experimental
m
ones over almost the entire angular range. Again the effect of increasing i» is

greater than that of decreasing T , so we conclude that the error in the deter-

mination of v is smaller towards higher v values than towards lower r values,

m m m

Figs. V.23 and V.24 show the results of £ variations (from 17* 10"11* erg to

37xlO~11* erg with respect to the optimum value of 27.3X10"11* erg). The effects

here are more clearly visible than the corresponding effects in the patterns

at g = 987 m/s (Figs. V.I8 and V.19). The low e value leads to too high inten-

sities in the region from 3.5° to 5° and to a discrepancy in the region between

11° and 12°. The high e value results in discrepancies between 4° and 5°,

between 9° and 11° and around 13°.

As a result of the calculations shown in the preceding figures (see Table

V.3) we conclude that the uncertainties in the determination of the e and r
m

values of the V ^ potential may reasonably be estimated to be about half the

variations used in these calculations, with two qualifications. The calculations

in which e was chosen larger than the optimum value (Figs. V.19 and V.24) led

to less pronounced discrepancies between the experimental and theoretical patterns

than with the smaller e values (Figs. V.18 and V.23). Our conclusion is that the

. upper limit for e was noL determined as accurately as the lower limit. The

resulting well depth of the V potential is therefore best represented by
+7 _

e = 27(_5)xlO 11* erg. As outlined before, the error in r is smaller towards
higher r values than towards smaller ones. The result is v = 3.5(*oi3)xlO~8 cm-

We carried out many calculations in which we varied both e and v within
m

their error regions and i t turned out that even with respect to combined
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variations of e and r the given error limits are well estimated. But combina-
m

tions in which both parameters were either larger or smaller than the optimum -"

values tend to result in theoretical difference patterns which fit the experi-

mental patterns less well. Furthermore we learned from our calculations that the

quality of the fit does not have a simple relation to the position of the e, r -

combinations within the error region. We ascribe this to the fact that scatter-

ing patterns with very similarly spaced oscillations are added; as a result

(because of "interference effects") the difference patterns show marked;changes

with small changes of the-parameters; -For instance with E"= 27.3xlO~llf erg we

obtained a better fit than with e = Zy.OxlO"11* erg (keeping r fixed),so we used

the former value in the calculations we Have shown.

Table V.4 gives our V results together with the results from pseudopoten-

tial calculations by Baylis , Pascale et al. and Czuchaj et al. , and

with the experimental result of York et al. derived from line shape measure-

ments. (The accuracy of the latter result, obtained with a modified Morse poten-

tial, is unknown to us.) We have also plotted the results in Fig. V.25. In this

figure we have indicated the error limits of the potential derived by us. The

Table V.4. Parameters of the potential V for Na /Xe.
Ail

Author (s]

Baylis26)

Pascale et

Czuchaj et

•York et al.

This work

al.

al.

35)

27)

28)

Method

pseudopotential calculations

pseudopotential calculations

pseudopotential calculations

line shape experiments

differential scattering

experiments

E

(lO"11* erg)

35.2

13.1

21.7

22.5

" -6

r
m

(10-8 cm)

3.12

3.44

2.91

3.31

., r +0.2
°-5 -0.3
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-40.0 L-/f—J—
0 2.0 5.0 10.0

-8
i n te rnuc lear d is tance(10 cm)

Fig. V.2S. Na*/Xe interaction potential V^ (A-ZlI
]/2 3 / 2 ) - ZeT0 energy level

corresponding to excited-state 32P level of Na (fine splitting being neglected).

potential derived from our work, Lennard-Jones (7,6) model with e = 27(.3)x

xlO~1If erg and r = 3.5*IO~8 cm (.Table V.4) ;\#jSfybtted area gives error limits
in

of e and r values derived by us. Potentials resulting from (extreme) z and r^

values within the error region are confined to the area limited by the dashed

( j contours; • potential minimum as calculated by Baylis • poten-
27)

tial curve and A potential minimum as calculated by Pascale and Vandeplanque ;
o n 1

• potential minimum as calculated by Czuchaj et al ; + potential minimum
35)

derived from line shape measurements by lork et al .
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£ and J?" values derived by York et at. are just inside our error region
in - r)ft\ 9ft^ ~

whereas the results of Baylis and Czuchaj et at. • are just outside this
27) .

region. The potential as calculated by Pascale and Vandeplanque , certainly

does not agree with the V~ potential we derived. So we have the interesting
All

situation where three rather similar pseudopotential calculations give distinctly
~ ' 27) — . -

different results. Although Pascale et at.. have used the largest atomic basis

set (sect. IV.I), their results differ most from the recent experimental data.

In the most recent calculations Czuchaj and Sienkiewicz have modified the

Baylis scheme in two ways: firstly they calculated accurately the-pseudopoten-

tial resulting" from the Pauli exclusion principle-for the repulsion between the

alkali core and the rare gas atom and secondly they used atomic radial orbitals

of another type. On the other hand they did not include in their basis as many
27)

alkali-states as Pascale et at. (although enough to ensure stability of the
first few excited molecular terms). The e value which Czuchaj et at. derived

for the V potential agrees fairly well with the one we derived from our expe-
iVlt

riments, but their v value seems to be a bit too small. Hence the discussion
m

on the merits of the pseudopotential calculations does not seem to be closed yet.

Finally we comment on the (mean) degree of excitation a(p ) reached in the
vo

scattering volume during our scattering experiments. From the ratio of the fac-

tor for the scaling of the theoretical and experimental difference patterns to

the factor for the scaling of the theoretical and experimental ground-state

patterns, the a(p ) could be calculated (sect. V.4.2.). From our experimental

and theoretical scattering data for the entire energy range studied we calcula-

ted values of a(p ) between 13% to I8£. These are slightly lower than the
o

value derived from the beam deflection measurements which we carried out after

the scattering experiments (sect. V.2.3). From these deflection measurements

we concluded that about 40% to 45% of the atoms in the scattering volume were

involved in the excitation process, which (in the saturation limit) would

correspond to a value of a(p ) of 20% to 22%. The discrepancy observed here

(and the discrepancy with respect to the theoretical maximum value of 31% (5/16))

may indicate that during the actual scattering measurements the scattering volume

was not always optimally illuminated (either in frequency or in space domain).
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results ̂ on an exalted-state Na*/Ar scattering experiment -^--.r-

We also carried out one scattering experiment on Na*/Ar. The corresponding

ground-state measurement has been treated in sect. IV.7. With respect to the

excited-state Na*/Ar interaction more information is available from the litera-

ture than for the Na*/Xe interaction. Besides the pseudopotential calculations

by Baylis26)
; Pascale and Vandeplanque

27^ and Czuchaj and Sienkiewicz , con-

figuration interation (CI) calculations have been carried out by Saxon et al. -

Also experimental sources of information have become available: the line shape

studies in the far wings of collisionally perturbed resonance lines by York-

et al 3 5^ "and thespectroscopic investigations on Na-Ar van der Waals molecules
37)

prepared in supersonic free jet expansions by Smalley et al. and Telling-

huisen et al.37^ yielded F.n potential data. Recently fine-structure-transfer
Ail

collisions and fine-structure-resolved differential cross sections have been

studied by Phillips et al.38^ but no potential data have been derived so far

from these types of experiments. Recently Dllren and Groger carried out

differential scattering experiments on Na*/Ar. They measured difference patterns

at large angles (15°-5O°) where the influence of the ground-state interaction

has disappeared. They deliberately used a reduced angular resolution in order to

obtain sufficiently high intensities for measuring the secondary-rainbow struc-

ture; as a result they could not resolve the superimposed rapid oscillations.

The potential data derived from the sources mentioned above are given in

Table V.5.

Fig. V.26 shows our Na*/Ar measurement at g = 819 m/s. As in the Na /Xe

situation (sect. V.5) the theoretical difference pattern (calculated according

to the elastic approximation) is not very sensitive to the V^ potential. We

used parameters for this potential which are a compromise between the data of

2 6^ and Pascale et al. . The parameters of the V^ curve used in the

rcalculation shown in Fig. V.26 are those derived by Diiren and Groger . We also

calculated difference patterns with the potential data of Baylis and

Pascale et al. , which data are given in Table V.5. Both visual inspection and

this time also the use of a x2"test revealed that the data of Diiren and Groger

give a slightly better fit to the experimental difference pattern than the data

of Baylis26^ and a' far better fit than the data of Pascale et al. . Since we

also varied e towards larger values we can give a rough estimate of the error

in e. The result is e = 11 (±4)xlO~11* erg. We did not investigate the uncertainty
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Nfl/flR, g= 819 m/s - •

• EXPERIMENT Nfl/flR
•EXPERIMENT Nfl/flR-Nfl»/FIR I MULT. _BY 4 .0 )

-9.00 -6.00
THETfltDEGREES.LflBSYSTEM)

Fig. V.26. Na/Ar difference and ground-state scattering patterns. Nominal

velocity of Na-beam atoms 703 m/s; g = 819 m/s (E = 8.11xlO~14 erg). Theoreti-

cal curves calculated with

V : Duren potential model with e = 0 .82xl0~ l l ferg, r = 4.97xl0~ s cm, r_ = 0 .35,

Yo = 0 .35 , xcQ = 1.0, Tj = - 0 . 0 5 , Tj = 0 .15 , x^ = 1.3 ( s e c t . I V . 7 ) .

V : Lennard-Jones (7,6) model, e = 11. lxlO~1!terg, r = 3.0xi0~8 cm.6^
All m

V : Lennard-Jones (12,6) model, e = 0.27x lO '^erg , r = 7.3xlO~8 cm.
DL m

(For potential models see appendix A.)

in r (= 3.0xl0~8 cm) (Table V.5) .
in
Here again, as in the Na /Xe situation, the V potential data from pseudo-

27)
potential calculations by Pascale et al. turned out to agree less well with the

experiment than the older data calculated by Baylis and the more recent data

calculated by Czuchaj et al. . However the r -value derived by the latter
m

authors is a bit too small with respect to the experimental data just as in the

Na /Xe case.

One has to bear in mind that in the spectroscopic and line shape experiments

(Table V.5) the potential data are derived as difference potentials and that the

accuracy of the excited-state potentials depends on the ground-state potentials

assumed. Furthermore the derived potential parameters depend strongly on the

potential models used, as pointed out by Goble and Winn .
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Duren and Groger -identified the structure which they measured at large

angles as rainbow oscillations modified by the presence of (inelastic) multi-

plet mixing processes. Taking into account the .inelastic effects Duren et al.

calculated the difference pattern at large angles with the potential data of

Saxon et al. and modified E in order to obtain the best fit. Although the

elastic approximation may not be adequate, for. describing the right behaviour

of the difference scattering patterns at large angles * , the fact that our

data agree so well with the data derived from the Targe-angle scattering

measurements ofDiiren et al. , supports our adoption of the elastic model

(sect. V.4.1) for the interpretation of our measurements at smaller angles.

Table V.5. Parameters of the potential V._ for Na /Ar.

6)

Author(s)

Baylis26)

27)
Pascale et al.

Czuchaj et al.

Saxon et al.

35)
York et• at. '

37)
Smalley et al.

Tellinghuisen

etal.™ ^ J
Goble et al.j9^

Duren et al.

This work

Method

pseudopotential calculations

pseudopotential calculations

pseudopotential calculations

configuration interaction

calculations

line shape experiments

spectroscopy on

van der Waals molecules

(re-)interpretation of

spectroscopic data from

ref. 37

differential scattering

experiments (large angles)

differential scattering

experiments

£

(10"14 erg)

9.4

5.6

10.1

9.8

11.0

11.3

11.4

11.1 (±5%)

11+4

r
m

(10~8 cm)

3.17

3.36

2.65

3.04

3.17

2.91

2.91

3.04(±5%)

3.0
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V.7. Conclusions •-- .•'-'''-•""•"".

The apparatus which we have designed and built has proved to be well suited

for yielding information about the ground-state interaction potential 7 (Ch.IV)

and the excited-state potential 7 and (less accurately) the excited-state
All

potential 7R5, from differential scattering measurements on the Na/Xe pair (with

a single experiment on Na/Ar). Since the experiments were carried out in the

thermal energy range they probed the attractive part of the potentials and the

region around the minimum of the potentials.

Na*(32P« .„,~.F =3)~atoms~were obtained by exciting Na-beam atoms in the

scattering volume by resonant radiation from a c.w. tunable dye laser. We studied

the excitation process itself by measuring the fluorescence-excitation spectrum,

the fluorescence as a function of laser power and the deflection of the Na beam

due to momentum transfer from the laser radiation. The deflection measurements

and the interpretation of the measured scattering patterns revealed that the

mean degree of excitation of the Na atoms attained was about 13-20%, which is

less than the theoretical maximum of 31% (5/16). This could be explained if the

scattering volume were not optimally illuminated, either in frequency of space

domain. The discrepancy did not influence the interpretation of the scattering

experiments. Unique features of the excited—state experiment were the size of

the energy range over which the measurements were performed (10* lO"11* erg to

27xl0~11* erg) and the fact that the measurements were done for positive and

negative scattering angles; the latter enabled uŝ  to account for the asymmetry

of the scattering patterns caused by the Na-beam deflection. Scattering experi-

ments on Na*/Xe have not been reported before.

Information about the excited-state potentials was derived from difference

patterns obtained by measuring the scattering with laser "off" and laser "on".

The interaction potentials were arrived at by comparison of experimental scatter-

ing data with calculated scattering patterns based on assumed and model poten-

tials; in these calculations the elastic approximation was used, i.e. the doublet

splitting was disregarded. The accuracy with which the potential parameters were

obtained in our fitting procedure was investigated fairly thoroughly in the case

of the 7 potential for Na*/Xe. This investigation sheds new light on the

correctness of the potentials derived from scattering experiments. The potential

parameters resulting from our work are for Na /Xe:

- _ • • > •
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V : L.-J.(7,6) potential model: e = ll^xlCr11* erg, r = 3.5(*°'3)xlO~8cm

KBE: L.-J. (12,6). potential model: E = O.4(+O.2)xiO~
llt erg, r^ = 7(±2)*icr8cm

and for Na /Ar (tentative result, based on a single experiment):

y^: L.-J.(7,6) potential model: e = 11 (+4)xlO~I't erg, r^ = 3xI0~8 cm.

The values for Na*/Ar are in good agreement with those which Diliren et al. '

derived from scattering experiments ihwhich the resolution was deliberately

kept low in order to measure at large angles the inelastically modified rainbow

oscillations. - ' - - - - . _ .

We have compared our experimental results with pseudopotential calculations
0(\*\ - - "?~J}

by Baylis , Pascale and Vandeplanque and the more recent ones by Czuchaj

and Sienkiewicz in Tables V.4 and V.5. Surprisingly, the calculations based

on the largest set of states in the atomic basis i.e. those by Pascale et al. ,

show the largest discrepancy in relation to the Na /Xe and Na*/Ar potentials we

derived. Czuchaj and Sienkiewicz used an atomic basis with a number of states

between those employed by Baylis, and by Pascale et al. respectively and found

a well depth for V which is in reasonable agreement with our value, but their
AIL

v is rather too small. However, Baylis' calculations with the smallest atomic

basis give a potential which fits our experimental results nearly as well as

the potential found by Czuchaj et al. In addition to using an expanded atomic

basis, Czuchaj et al. applied other atomic radial orbitals and accounted for

the repulsion due to the Pauli exclusion principle in a more accurate way. So

far, there has been no firm experimental basis for an appraisal of the different

approximation schemes used in the pseudopotential method. The experimental data

such as those obtained in our work could provide a good starting point for such

an appraisal.
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APPENDIX A

Alkali-noble gas interaction potential models

V(r) spherically symmetric interaction potential

e : potential well-depth. (e>0)

r : radius of the potential-well minimum.

Lennard-Jones (m,6) potential model

m - 6 (p ) ~ 6(r J J

H 0)

with m > 6

5-Parameter modified Lennard-Jones potential model (Buck et at. )

kjm
for r < r

= m
with m2 > k

for r" >
=

with k2 > 36

For the alkali-noble gas interactions the following values for the parameters

have been proposed by Buck et al.

m = 11 = 44 = 84
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6-Parameter modified Lennard-Jones potential model (Buck et. al. )

7(2") =
e k

n2 - k

- 6t

) ...

k-~-
(t-6)

nt

for

with

'r"6... m.

f o r

x>

m2

-k

r

< r

> k -

- 6n ""
t)(t-w

> r
= m

-:-"(S

with t > n > 6

For the alkali-noble gas interactions the following values for the parameters

have been proposed by Buck et at. :

m = 7

k = 35

t = 2 5

n =16

8-Parameter modified Lennard-Jones potential model (Dliren et al. )

V{r) = e
r 12 12 r 6

0

For the alkali-noble gas interactions the following values for the parameters
2)have been proposed by Diiren et at. :

y = 0.35 x = 1 . 0

T, = 0.15 a:, = 1.3

rQ = 0.35

r =-0.05
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Appendix B. Recent modifications of the ground-state interaction potentials

for the Na/Xe and Na/Ar systems. _

In sect. IV.6 we have derived ground-state Na/Xe potentials according to

the 6-parameter Buck potential model and the Dilren potential model, both of

which fitted our scattering experiments rather well. Except for e and r , the

potential parameters we chose were those derived by Buck and Diiren (appendix A).

Because the Buck model gave a somewhat better fit of the rapid oscillations

over the whole energy range studied we preferred it to the Dilren model,

although with the-latter one we could fit better the supernumerary rainbow

^which appeared in the scattering patternsatrlow energies. JJsing the_ Buck model

we varied other parameters as well to~ get a potential which approached at

2"vr the best potential of sect. IV.6 based on the Duren model and for the
in r

larger p-values the best potential of sect. IV.6 based on the Buck model.

Since the exponent m of the repulsive part of the potential in the Buck model

hardly influenced the results of our calculations we chose m to be equal to 7

which is in good agreement with the results of the high energy scattering

Mfl/XE.g-- 709

- EXPERIMENT r-JJ

-18.00 -12.00
THETB[DEGREES,LflBSYSTEM)

Fig.B.I. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 667 m/s;

g = 709 m/s (E = 8.13xKrllf e rg) . Theoretical curve calculated with Buck

potential model e = 2.01xi(r1If erg, r = 4.93*1(T8 cm, k = 45, m = 7, M = 14,

t = 15. Arrows: see text.
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i - -\ Nfl/XE_, 9= 798' m/s~ .'

• EXPERIMENT Nfi/XE

-15.00 -10.00
THETB!DEGREES,LflBSYSTEH)

Fig, B.2. Na/Xe scattering pattern. Nominal velocity of Na-beam atoms 761 m/s;

g = 798 m/s (E = 10.3xl0~11* erg) .Theoretical curve calculated with Buck poten-

tial model with parameters as given in the caption of Fig. B.I. Arrows: see text.
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-3.00
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0.0D

Fig. B.3. Na/Xe scattering pattern. Nominal velocity of Na-heam atoms 1450 m/s;

g = 1471 m/s (E = 35.ixlO~1£t erg) . Theoretical curve calculated with the poten-

tial given in the caption of Fig. B.I.
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5.0 100
-» • - INTERNUCLEAR DISTANCE (10~8cm)

Fig. B.4. Na/Xe ground-state interaction potentials (XZZ- -.„)
I derived in sect. IV.6, Buck model e = 1.97tlO~llf erg, r = 5.00xi0~8 cm,

' k = 35, m = 7, n = 16, t = 25 fTable JK.2 and Fig. IV.22).

II derived in sect. IV.6, Diiren model e. = 2.02xi0~1'*erg, r = 4.88xio~8 cm,

rQ = 0 . 3 5 , Y 0 = 0 .35, xQ = 1.0, I-j = - 0 . 0 5 , Yj = 0 .15 , x} = 1.3 (.Table IV.2

and Fig. IV. 22)

III Buck model e = 2.01xi0~1'f erg, r = 4.93xl0"8 cm, k = 45, m = 7, n = 14,
mt = 15 fsee

(Potential models: see appendix A)

experiments (Table IV.I). Near the minimum which adjoins the supernumerary
rainbow towards smaller angles the new resulting potential fits our experiments
slightly better than the potential we used for the calculations in sect. IV.6.
Fig. B.I gives the result at g — 709 m/s. The theoretical curve in this figure has
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been calculated with the new potential and should be compared with the theoretical

pattern of Fig. IV.10 calculated with the potential derived in sect. IV.6. The -

relative amplitudes of the oscillations indicated by arrows in Fig. B.I are in

better agreement with the experiment than the corresponding ones in Fig. IV.10.

The same holds for the result at g = 798 m/s given in Fig. B,2 which should be

compared with Fig. IV.16. To show that the new potential also fits well at -

higher relative velocities we give in Fig. B.3 the result for g = 1471 m/s. Even

here we see a slight overall improvement compared with the result of Fig. IV.21.

The potential derived has the following parameters

e =:2.0lxi0~
1^ erg, V : = 4.93\l0~lJcin,:fc = 45,_m"= 7, n = 14, t = 1 5 (Buck model).

This potential'is given in Fig. B.4;(curve ill)7together,with,the best results

of sect. IV.6 obtained witli the Buck model (curve I) and-the Dilren model, (curve

II). We think that some improvement may still be obtained by slightly increasing

the e value and decreasing the r values and by looking for the optimum values

for the other parameters.

We have also applied the k, m, n and t parameters derived for the Na/Xe

system to the Na/Ar system and have searched for the best fitting e and P

values. We found e = 0.82*I0~llt erg and v = 5.05xl0~8 cm. Fig. B.5 gives

Nfi/fiR, g- 819 7i

• EXPERIMENT Nfl/fiP

-9.00 -6.00
mErm DEGREES, LHBSYSTEMI

Fig. B.5. Na/Ar scattering pattern. Nominal velocity of Na-beam atoms 703 m/s;

g = 819 m/s {E = S-ll^lO"14 e rg) . Theoretical auvoe calculated with Buck poten-

tial model e = 0.82xl0"14 erg, r^ = 5.05*10-8 cm, k = 45, m = 7, n = 14, t = 15.
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Fig. B.6. Na/Ar ground-state interaction potentials (X2Z ,„)

I derived in sect. IV.7, Buck model E = 0.82X10"11* erg, v = 5.09xl0~8 cm,

k = 35, m = 7, n = 16, t = 25 (Table IV.Z and Fig. IV.23)

II derived in seat. IV.7, DUren model E = O.82xio~1'* erg, r = 4.97xiO~8 cm,

rQ = 0 . 3 5 , YQ = 0 .35, xQ = 1.0, Tj = - 0 . 0 5 , Yj = 0-15, x} = 1.3 (Table IV.3

and Fig. IV. 22)

III Buck model, e = O.82xlO~1'*erg, r = 5.05xl0~8 cm, k = 45, m = 7, n = 14,

t = 15.

(Potential models: see appendix A)

the experimental pattern together with the pattern calculated with these poten-

t ial parameters. This result is as good as the result shown in Fig. IV.23

which was obtained with the potential derived in sect. IV.7. The new potential

is given in Fig. B.6 (curve I I I , Buck model).
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SUMMARY

In the past molecular beam experiments have provided detailed information

about the interaction of neutral atoms and simple molecules in their ground

states. With the advent of high power c.w. dye lasers, however, it has become

possible to do scattering experiments which probe the interaction of atoms in

short-lived excited states. Sodium was the most promising species on which to

carry out such experiments because transitions to substates of its first excited

doublet almost coincide with the maximum of the gain curve of rhodamine 6G,

which is one of the most efficient laser dyes. So that our investigations would

link in with other work currently being done in the molecular physics section

of the Department of Atomic and Molecular Physics we decided to study the

scattering of sodium atoms by other atomic species in the thermal energy range.

Measurements in this energy range provide information about the attractive

region of the interaction potentials of the collision partners involved and

about the region around the minimum of the potentials.

We designed and built an automated apparatus for measuring differential

scattering cross sections of Na atoms in the 32S .„ and 3ZV .„ states versus

noble gas atoms in the ground state. For the experiments reported on here we

selected as target particles heavy, slow-moving, easily condensable Xe atoms.

A velocity-selected sodium beam travelling in the horizontal plane is inter-

sected by a vertical secondary beam which issues from a multichannel array.

A conventional hot-wire detector moving in the horizontal plane through the

sodium—beam axis measures the intensity of scattered Na atoms as a function of

the scattering angle ("out-of-plane" configuration; for details of the measuring

apparatus see Chapter III). In this configuration the scattering patterns should

be symmetric witn respect to the Na-beam axis so that the experimental data can

be corrected if necessary, for an accurate interpretation of the measurements.

In Chapter IV the experiments on ground-state Na are discussed. Experimen-

tal details such as the shape of the scattering volume, the alignment of

different parts of the equipment, the accuracy of the calibration of angles and

velocities, and the measuring procedure with the PDP-11/40 computer are given.
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The angular resolution is so good that the rainbows as well as the fast quantum -- - _.

mechanical oscillations in the. scattering patterns can be resolved. Scattering •__

; patterns for Na/Xe at relative velocities varying from 600 to 1500 m/s are re- j

•/ ported and a single result is given for Na/Ar. Since it is not (yet) possible

to obtain the interaction potential by direct inversion of the scattering data, . F
• ~ - . . " ? " " ' " *
':. the interpretation of the measurements was based on a comparison of experimental ' ir
*: ' '- - -. -_ • '. X

scattering patterns with computed scattering patterns. Starting from an assumed . [
model-potential-the partial wave expansion is used to.calculate differential _ -; j-

scattering cross sections (see-Chapter II) which after integrationTover the ap- --_-- • (

\ paratus dependent variables yield "simulated scattering patterns. We used both a 7 r • —- ?

6-parameter and an 8-parameter interaction model (for details see Appendix A) : : j.

and varied the parameters, especially the well depth e and the distance r of ' !•

'-:- the potential minimum, in order to obtain the best fit between experimental and |

calculated scattering patterns over the entire energy range of the experiments. ;

The resulting potential parameters for the Na/Xe and Na/Ar ground-state inter- ;

action (X2£ ,„) are given in Tables IV.2 and IV-3, respectively. During the

writing of this thesis some improvements were made in the interpretation of the

data; the results are given in Appendix B.

Chapter V is devoted to the scattering of excited Na atoms. A high power

(100 mW),Ar -laser pumped, c.w. tunable dye laser with a small bandwidth

(< 20 MHz), is used to excite Na atoms in the scattering volume. The laser beam

crosses both the atomic beams at right angles and is tuned to the 32S

F = 2 -*• 32P_, ,„, F = 3 transition of Na in order to avoid optical pumping. Under
1/2'

3/2'
these conditions the maximum degree of excitation obtainable in the interaction

region between the sodium beam and laser beam is ^ 31Z (5/16). We have determined

the degree of excitation experimentally by measuring the deflection of the Na

beam, caused by momentum transfer from the resonant laser radiation; the degree

of excitation follows also semi-empirically from the interpretation of the

measured scattering patterns. It turned out that during the measurements the

degree of excitation was between 13 and 20%. The difference between the experi-

mental values and the theoretical maximum may be due to the scattering volume

not being completely irradiated in the space- or in the frequency-domain. This

discrepancy however does not affect the interpretation of the scattering

measurements.

The primary data obtained from the automated excited-state experiments are

the difference patterns ("laser off" minus "laser on"). Useful Na intensities

were obtained for Na /Xe measurements at relative velocities ranging from 800
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to 1300 m/s; in addition one measurement was done on Na /Ar scattering. The

interpretation of the results is again based on fitting calculated scattering

patterns to the~patterns observed experimentally. For the calculations we used :

the elastic approximation in which the doublet splitting is neglected. In this i

approximation the difference pattern is a linear combination of three scattering

patterns, which are "determined by the ground-state interaction potential X2E ,/2 -- - ---

and the two excited-state potentials A2It. ,„ -,„ and B2E. ,_• respectively. The

separate elastic scattering ̂ patterns" arelcalculated as before. However, as far . '-•-$]

as the excited-state potentials are "concerned, the measurements did not warrant- :-="_ F~ ,'_ I

the use of complicated models such as we used for the ground-state interaction '_ \,

in Chapter IV. The Lennard-Jones (7,6) and Lennard-Jones (12,6) model used for • , '•'

the A2II .„ , .„ and the B 2£ 1 / o potential respectively facilitate direct compar- i • '••

ison with theoretical pseudopotential calculations of the interactions. - : ' ' iv

The "best-fit" parameters for Na*/Xe are given in Table V.2 (B2Z ,_) and ' ; »

Table V.4 (A2n, ,„ o / n ) . Since the experiments are not very sensitive to the , » ; /'-

1 / Z, J/ i. ! > - f
C-

B^S. ,9 potential, the parameters obtained for this potential are not very accu- ;

rate. Potential data for Na*/Ar are given in Table V.5 (A2n ,„ -wn)- Extensive ' ; ':

computer calculations have been performed in order to assess the accuracy of k

the A2n .̂  O/2 potential parameters derived from our Na*/Xe experiments. These " ,7

investigations shed new light on the degree to which parameters of excited-state

potentials can be determined by measurements on differential cross sections. 7
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SAMENVATTING

. Molekuulbundel eksperimenten hebben de afgelopen jaren nauwkeurige gegevens

verschaft over de interaktiepotentialen van veel neutrale atomen en molekulen in

de grondtoestand. De komst van kontinue kleurstoflasers met een hoog vermogen

maakte het mogelijk om ook verstrooiingseksperimenten met-atomen in een kort-

levende aangeslagen toestand uit te voeren. Een van de meest aantrekkelijke kan-

didaten voor dergelijke eksperimenten is natrium in een van de subtoestanden van

het laagst aangeslagen doublet. De betreffende overgang ligt namelijk nabij het

maksimum van de versterkingskromme van een van de meest efficiënte kleurstoffen

voor lasergebruik, rhodamine 6G. Aansluitend bij het andere onderzoek binnen de

afdeling inol.ekuulfysika van de vakgroep Atoom- en Molekuulfysika hebben we geko-

zen voor de bestudering van de verstrooiing van Na atomen aan andere atomen bij

lage zogenaamde termiese energieën. Metingen in dit termiese energiegebied geven

informatie ten aanzien van het attraktieve deel van de interaktiepotentialen van

de botsingspartners en van het gebied rond het minimum van de potentialen.

We hebben een geautomatiseerde bundelopstelling ontworpen en gebouwd voor

de bestudering van differentiële botsingsdoorsneden van Na atomen in de 32S ,.

(grond)toes tand en de 32P_,_ (geëksiteerde) toestand versus edelgassen in de

•'s., (grond)toestand. In eerste instantie hebben we daarbij gekozen voor Xe als

botsingspartner in verband met de relatief grote massa en de resulterende lage

termiese snelheid. In de meetopstelling wordt in het horizontale vlak een Na

bundel geformeerd waarvan de atomen snelheidsgeselekteerd worden met behulp van

een mechaniese snelheidsselektor. Deze Na bundel wordt gesneden door de verti-

kaal (omlaag) gerichte edelgasbundel die geformeerd wordt met behulp van een

multichannel array. Na atomen die door de edelgasatomen in het interaktiegebied

tussen beide bundels (= botsingscentrum) verstrooid worden, worden met behulpvan

een hete draad detektiesysteem gedetekteerd in het horizontale vlak door de as

van de Na bundel als funktie van de verstrooiingshoek (out-of-plane konfiguratie;

details van de meetopstelling worden gegeven in hoofdstuk III). In deze konfigu-

ratie behoren de verstrooiingspatronen (intensiteit verstrooide Na atomen versus

verstrooiingshoek) symmetries te zijn ten opzichte van de Na-bundel as. De kontrole
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van deze symmetrie en de daaruit voortvloeiende (kleine) hoekkorrekties zijn van

belang in verband met een nauwkeurige interpretatie van de meetgegevens.

Grondtoestand-interakties worden behandeld in hoofdstuk IV. Naast appara-

tieve details, zoals de keuze van de vorm van het botsingscentrum, uitlijning

van de meetopstelling, nauwkeurigheden ten aanzien van de bepaling van de ver-

strooiingshoeken en de snelheden van de Na atomen, wordt de on-line meetprocedure

van de grondtoestands-verstrooiingspatronen met behulp van de PDP-11/40 komputer

behandeld. Dankzij het hoge hoekoplossend vermogen van de meetopstelling kunnen

in de gemeten verstrooiingspatronen behalve de "regenboog" maksima ook de "snelle"

kwanitummechanies te verklaren oscillaties goed waargenomen worden (hoofdstuk II;

basisteorie elastiese verstrooiing). Verstrooiingspatronen van Na/Xe zijn ge-

meten bij relatieve snelheden variërend van 600 m/s tot 1500 m/s, terwijl aan

Na/Ar één enkele meting is uitgevoerd. Voor de interpretatie van de gemeten

verstrooiingspatronen zijn uitgebreide komputerberekeningen uitgevoerd. Uit-

gaande van een modelpotenciaal worden daarbij m.b.v. de partiële golfontwikke-

ling differentiële botsingsdoorsneden berekend (hoofdstuk II) die na integratie

over apparaatafhankelijke variabelen verstrooiingspatronen opleveren. We ge-

bruikten zowel een 6—parameter als een 8—parameter modelpotentiaal (appendix A)

en varieerden de parameters (speciaal de putdiepte E en de afstand r waarbij

het minimum van de potentiaal bereikt wordt) om over het gehele kinetiese

energiegebied waarover werd gemeten een zo goed mogelijke aanpassing te ver-

krijgen tussen berekende en gemeten verstrooiingspatronen. De resultaten

ten aanzien van de interaktiepotentialen voor de grondtoestand (X2£ ,_) van

Na/Xe en Na/Ar worden respektievelijk gegeven in de Tabellen IV.2 en IV.3.

(Tijdens het schrijven van deze dissertatie zijn er nog enige verbeteringen aan-

gebracht ten aanzien van de interpretaties; de resultaten worden gegeven in

appendix B.)

In hoofdstuk V wordt de verstrooiing van geëksiteerde Na atomen behandeld.

Voor de eksitatie van Na atomen in het botsingscentrum wordt een kontinue en

afstembare kleurstoflaser gebruikt waarvan de bundel de beide atoombundels lood-

recht snijdt. Deze laser heeft een hoog vermogen (100 mW) bij een smalle band-

breedte (< 20 MHz). Om te voorkomen dat atomen die geëksiteerd worden zouden

vervallen naar (grondtoestand) hyperfijnnivo's van waaruit ze niet meer met de

(smalbandige) laserstraling geëksiteerd zouden kunnen worden ("opties pompen")

is er gekozen voor de eksitatie van de overgang 3ZS . , F = 2 •+ 32P3,„, F = 3

waarbij dit effekt niet optreedt (zie hoofdstuk V voor de Na-hyperfijnstruktuur).

De optiese levensduur van de geëksir.eerde Na atomen is kort n.l. ̂  1.6*10~8 s,
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d.w.z. ongeveer een faktor 60 korter dan de verblijfsduur van de Na atomen in

het botsingscentrum. Met behulp van de laserstraling kan teoreties een statio-

naire toestand bereikt worden, waarbij in het interaktiegebied tussen Na-bundel

en laserbundel gemiddeld 5/16 van het totale aantal aanwezige Na atomen in de__"•""'

geëksiteerde toestand verkeert. Eksperimenteel is deze "eksitatiegraad" onder-

zocht via de meting van dè afbuiging van de Na-bundel'tengevolge van impuls-

overdracht door de resonante laserstraling, terwijl deze eksitatiegraad ook

semi-empiries bepaald kon worden via de interpretatie-van de gemeten verstrooi-

ingspatronen. Het resultaat was dat een eksitatiegraad~werdgevonden" variërend

tussen 13 en 20%. Het verschil met de teoreties máksimáal haalbare waarde is

mogelijk veroorzaakt doordat het botsingscentrum (in ruimte- of frekwentiedomein)

niet geheel door de laser werd belicht. Deze diskrepantie heeft overigens geen

invloed op de interpretatie van de verstrooiingsmetingen.

Verstrooiingsmetingen met aangeslagen Na atomen worden via een geautoma-

tiseerde meetprocedure uitgevoerd waarbij tijdens de metingen direkt het ver-

schil-verstrooiingspatroon ("laser uit" minus "laser aan") bepaald wordt (hoofd-

stuk V ) . Aan Na*/Xe zijn metingen verricht voor relatieve snelheden variërend

van 800 m/s tot 1300 m/s terwijl aan Na /Ar slechts één meting is verricht.

Voor de interpretatie van de meetresultaten worden de verschilpatronen gebruikt.

Ook hier wordt een fitting procedure toegepast, waarbij voor de berekening van

de verschil-verstrooiingspatronen gebruik gemaakt wordt van de elastiese bena-

dering waarin de doublet splitsing wordt verwaarloosd. In deze benadering be-

staat de verschil-verstrooiingskurve uit een lineaire kombinatie van drie ver-

strooiingspatronen die respektievelijk bepaald worden door de potentiaal X2E .„

van de grondtoestand en de potentialen A2ÏÏ ._ ,„ en B2Z . van de aangeslagen

toestanden. De afzonderlijke verstrooiingspatronen worden berekend via elastiese

verstrooiingsberekeningen zoals eerder is aangegeven. Uit de beste aanpassingen

van de op deze wijze berekende patronen van de Na*/Xe metingen werden potentiaal-

parameters (E e n r j gevonden voor zowel de A2TT -2 3 < 2 potentiaal (Lennard-Jones

(7,6) potentiaalmodel, resultaat zie Tabel V.4) als de Bz£ . potentiaal

(Lennard-Jones (12,6) potentiaalmodel, resultaat zie Tabel V.2), waarbij de

laatste bepaling niet zeer nauwkeurig is. De nauwkeurigheid van de bepaling van

de potentiaalparameters voor de A2n. ,„ _,_ potentiaal hebben we uitvoerig onder-

zocht. Uit de enkele Na /Ar verstrooiingsmeting werden alleen de A2n .„ ,,_
1/2,3/2

potentiaalparameters bepaald (Tabel V.5).
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vijf maanden aangesteld geweest bij de Rijksuniversiteit te Utrecht ter afron-

ding van het proefschrift.
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S T E L L I N G E N

behorend bij het proefschrift

Differential cross sections for the scattering of Na 2S. ,„ and Na 2V~.- by Xe 1 S .

De meest recente pseudopotentiaal berekeningen van de 2,3/2 potentialen voor

alkali-edelgas interakties door Czuchaj et al. , welke, evenals de berekeningen

van Pascale et al., gebaseerd zijn op de metode ontwikkeld door Baylis, geven

weliswaar resultaten die beter met eksperimentele gegevens in overeenstemming

zijn dan de resultaten van Pascale et al. , maar de door hen berekende r waarden

voor Na /Xe en Na /Ar zijn t . o . v . eksperimenteel gevonden waarden te laag.

Baylis, W.E., J . Chem. Phys. 5]_ (1969) 2665.

Pascale, J . , J . Vandeplanque, J . Chem. Phys. 60_ (1974) 2278.

Czuchaj, E. , J . Sienkiewicz, Z. Naturforsch. 34a (1979) 694.

Dit proefschrift , hoofdstuk V.

I I

Mohammadi en Brooks konkluderen uit metingen met behulp van mikrogolf Spektros-

kopie dat broommethyl-oxiraan in drie verschillende konformaties voorkomt. Deze

konklusie vindt echter geen rechtvaardiging in de door hen gegeven rotatie-

konstanten.

Mohammadi, M.A., W.V.F. Brooks, J. Mol. Spectr. 77 (1979) 85.

III

De door Roy en Sil teoreties berekende waarde van de botsingsdoorsnede (nabij

de drempel) voor de eksitatie van de 3P(2p)2 toestand van Helium door elektronen

vindt in tegenstelling tot wat de auteurs menen, geen ondersteuning in de ekspe-

rimenten van Burrow.

Roy, A.C., N.C. Sil, Phys. Rev. A _[4 (1976) 68.

Burrow, P.D., Phys. Rev. A 2 (1970) 1774.



IV

De uitdrukking van Duren en Hoppe voor de afbuiging van een Na bundel onder in-

vloed van resonante (laser) s t ra l ing geeft een afbuighoek die een faktor 2 te

groot i s .

Duren, R., H.O. Hoppe, H. Pauly, 50 Jahre Max-Planck-Institut für Strömungs-

forschung, Göttingen (1975), 414.

Hoppe, H.O., dissertat ie Göttingen (1977).

Dit proefschrift, hoofdstuk V.

Bastard et ál. geven bi j verschillende drukken van stooratomen eksperimentele

krommen waarin de absorptie-koëfficient van een OH-mikrogolf overgang gegeven

wordt als funktie van het tnikrogolfvermogen. De drukafhankelijkheid van deze

kurven i s echter in s t r i j d met de teoretiese beschouwing van de auteurs waarmee

zij deze krommen interpreteren.

Bastard, D., A. Bretenoux, A. Charru, F. Picher i t , J . Quant. Spectrosc. Radiât.

Transfer 21 (1979) 369.

VI

Verstrooiing in de out-of-plane konfiguratie i s in principe symmetries ten op-

zichte van de primaire bundelas. Gemeten verstrooiingspatronen kunnen alleen dan

nauwkeurig geinterpreteerd worden wanneer deze voor eventuele afwijking van de

symmetrie zijn gekorrigeerd.

Dit proefschrift, hoofdstukken IV en V.

VII

Ten aanzien van het gebied van de interaktie(verschil)potentiaal dat zowel de

verschuiving als de verbreding van alkali resonantielijnen als gevolg van bot-

singen van alkali atomen met edelgas stooratomen bepaalt, is de verschuiving

relatief gevoeliger afhankelijk van de vorm van de poter".iaal dan de verbreding.



VIII

De interpretatie door van der Hurk van zijn metingen aan BaO emissiebanden,

waarbij hij laaggelegen elektronen nivo's boven de *E grondtoestand van BaO

aanneemt, is onjuist.

Hurk, J. van der, dissertatie, Utrecht, 1974.

Gottscho, R.A., J. Brooke Koffend, R.W. Field, J.R. Lombardi, J. Chem. Phys. 68_

(1978) 4110.

IX

Takasuka en Matsui wijzen de absorptieband b i j 3607 cm"1 in het infrarood spek-

trum van 2-hydroxy-benzyl-alkohol ten onrechte toe aan een vvije OH-rekvibratie

van de CH OH-groep.

Takasuka, M., Y. Matsui, J . Chem. Soc. Perkin I I J_2 (1979) 1743-

De kans op twee-foton absorptie bi j gebruik van één enkele laserbundel wordt

mede bepaald door andere eigenschappen van de laserbundel dan zijn spektrale

en ruimtelijke intensitei tsverdeling.

XI

In zijn beschouwing in verband met power broadening verwijst Behmenburg ten on-

rechte naar Allen et al. en Sargent et dl. Ten aanzien van de begrippen power

broadening en saturation broadening zijn eenduidige definities dringend gewenst.

Behmenburg, W., in Progress in Atomic Spectroscopy, part B, ed. W. Hanle en

H. Kleinpoppen, Plenum Press, New York (1979) 1187.

Allen, L., J.H. Eberly, Optical Resonance and two-level atoms, Wiley & Sons,

New York (1975).

Sargent III, M., M.O. Scully, W.E. Lamb Jr., Laser Physics, Addison-Wesley Publ.

Comp., Reading (1974).



XII

Gezien de kleinschaligheid van het Nederlandse landschap mag geen adekwate be-

scherming van natuur en landschap verwacht worden van een streekplan waarin de

grenzen die door stedelijke bebouwing niet overschreden mogen worden,vaangegeven

zijn met lijnen die een breedte van 250 meter in werkelijkheid representeren.

Streekplan Utrecht-West, Provincie Utrecht, mei 1978.

XIII

Binnen het kader van de beperking van de overheidsuitgaven is het rechtvaardiger

de salarissen van ambtenaren in de verschillende (hoge) salarisschalen te ver-

lagen dan nieuw aan te stellen medewerkers lager in te schalen dan voorheen ge-

bruikelijk was.

XIV

Uit advertenties waarmee momenteel fysici worden geworven voor promotieplaatsen

blijkt veelal dat het risiko van het niet (tijdig) tot resultaten leiden van de

aangeboden onderzoeken te zeer eenzijdig op de schouders van de promovendi wordt

gelegd.

Jos van Deventer

19 mei 1980


