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C H A P T E R I

INTRODUCTION

The effects of interaction between open-shell

electrons on the atomic structure can be most simply

investigated in atoms where only two such electrons are

present i.e. Helium and the alkaline-earth elements.

These effects can be fruitfully studied by comparing

the spectra of these elements with the spectra of the

simpler atomic hydrogen or the alkalis. For this pur-

F| pose highly excited states (Rydberg states) are parti-

'( cularly well-suited as the binding energies of the two

^' open-shell electrons are widely different in such

•• states: A comparison of the structure of Rydberg states

of e.g. alkalis and earth-alkalines yields direct infor-

mation on the influence of the second electron. Except

' for the small-scale effects on e.g. hyperfine structure

a drastic influence on the Rydberg states can be expect-

ed from the bound doubly-excited configurations in these

two-electron atoms. Interest in both the aforementioned

small-scale effects and the influence thereupon from

the doubly-excited configurations has motivated the

present work.

| The overall structure of the Rydberg series of

- these elements is nowadays quite well understood in the

;| framework of the Multi Channel Quantum Defect theory

(MQDT), suggested by Seaton and elaborated by Fano and

coworkers 1}. MQDT provides an elegant formalism to de-

scribe the effects of the doubly-excited configuration

': on the Rydberg series, by considering the doubly-



excited configuration to be part of a Rydberg series

converging to a different ionisation limit. MQDT then

describes the interaction between the various Rydberg

series. An analysis according to MQDT results in a rela-

tively small set of parameters. MQDT has been applied (•

to Calcium, Strontium and Barium by groups at IBM Z) 'l

and Orsay 3) , in conjunction with low-resolution laser .jl

spectroscopy. One of the goals of the present work was Ï

to test whether the parameters extracted in these MQDT

analyses can also account for the spectra when they are \

studied in more detail. 'fi

In the present work, which partly overlaps with on-

going similar work in Lund and Berlin, high resolution

laser spectroscopy is used in combination with atomic- >

beam techniques to study the Rydberg states of Barium '

in their finest details. S

In chapter II the necessary ingredients of atomic £•-

structure theory and MQDT are presented to provide a :.

framework for the discussion of the actual results.

Chapter III contains a description of the experimental

setup with emphasis on the frequency-doubled CW ring

dye laser. The development of this lasersystem, a major

part of the experimental effort, has enabled th experi-

ments described in chapter IV and V. Chapter IV contains

two letters on the frequency-doubling system and a re-

cent investigation of isotope shifts in low-lying p-

states in Strontium and Barium. Chapter V contains a

study of the odd-parity 6snf and 6snp states. Here the

wealth of spectral detail allows for an accurate test

of the applicability of the generally accepted pertur-

bation Hamiltonian. It will be shown that an effective

two-body spin-orbit term has to be introduced to account

for the observed spectrum. Finally chapter VI is devot-

ed to a discussion of the even-parity 6sns and 6snd

states. In the perturbed 6sns 1S 0 series the high reso-



lution study yields level mixing parameters in agreement

with MQDT. The analysis of the heavily perturbed 6snd

series is not complete. Continuation of this investiga-

tion in conjunction with new MQDT analyses possibly can

lead to a stringent test of the theory. Equally it will

be important to extend this study to other earth-alka-

lines. An interesting objective will be to measure the

effect of the two-body spin-orbit term for various

states of these atoms.

References

1) see ref. 6-13, chapter II

2) J.A. Armstrong, J.J. Wynne and P. Esherick: J. Opt. Soc. Aa. 6£

211 (1979)

3) M. Aymar, P. Camus, M. Dieulin and C. Morilion: Phys. Rev. A18 -

2173 (1978)
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C H A P T E R I I

ATOMIC STRUCTURE

II

A common characteristic of atoms excited just below

(< 1000 cm"1) the ionization limit is the appearance of

marked regularities in all properties such as level po-

sitions, lifetimes, finestructure intervals, etc. These

regularities come out very clearly when their behaviour

as a function of the principal quantum number n is stud-

ied.

The most conspicious and earliest observed trend in

atomic spectra is the increase in line density up to a

certain limit: the ionization limit. Above this limit an

absorption or emission continuum is observed. Early stud-

ies of the spectra of atomic hydrogen and the alkalis

led to a subdivision of the observed lines in a number of

series (sharp, principal and diffuse) which converge to

one and the same ionization limit.

The first steps to an understanding of spectrcscopy were

made in 1885 by Balmer when he was able to explain part

of the visible emission spectrum of atomic hydrogen with

what is now known as the Balmer formula

(2.1)
H 22

where a is the wavenumber of the observed lines, n is

an- integer n > 2 and

R H
109677.585 cm-l



This relation was later extended to explain the entire

atomic hydrogen emission spectrum. Rydberg subsequently

came forward with an interpretation of the spectra of

the alkalis

(2.2)

where ax is the wavenumber of the series limit and A is

called the quantum defect, which was observed to be a

constant in a series. The subscript serves to distin-

guish the various series; n is an integral number. R

proved to be only dependent on the element and to be

close to the constant R_ found by Balmer.

R is now known to be related to the Rydberg constant

R = 109737.3152 cm"1

by the relation

1 +
M

(2.2a)

where m stands for the electron mass and M for the nu-e
clear mass of the isotope under study.

In later years it has been shown that the Rydberg formu-

la (2.2) can be applied m.uch more widely. It can be used

for the great majority of highly excited states of es-

sentially all atoms, when the quantum defect for a given

series is allowed to vary slowly with the principal

quantum numter n.

The wide applicability of Rydbergs formula has

brought about the term Rydberg state and even Rydberg

atom. Rydberg states are atomic or molecular states

whose energies are described by the Rydberg formula 2.2



and consequently a Rydberg atom is an atom in a Rydberg

state.

A qualitative understanding of trends in Rydberg

series can be obtained by using a fully hydrogen:lc model:

The highly excited atom is subjected to the Coulomb at-

traction of a nucleus screened almost completely by the

non-excited electrons i.e. the effective nuclear charge

equals the proton charge.

In the first section of this chapter this model is ap-

plied for the description of a number of atomic proper-

ties. Section II.2 is devoted to a discussion of the

Multi Channel Quantum Defect Theory which elegantly

summarizes interactions between Rydberg series arid de-

scribes perturbed Rydberg series and non-hydrogenic be-

haviour. In section II. 3 the interactions in a matny-

electron atom and their n-dependence are discussed.

Finally section II.4 contains a discussion of the. ap-

proach to extract atomic parameters such as fine struc-

ture constant, hyperfine interaction constants and

Slater intergrals from spectra taken with high resolu-

tion.

II.1 GENERAL PROPERTIES OF RYDBERG STATES

The trends in the properties of Rydberg states can,

as mentioned before, be discussed with hydrogenic model-

states. The validity of this model is exemplified by the

success of the Rydberg formula (2.2) and the general

agreement with experimental results. In alkalis i.e. in

atoms with a single electron outside a closed shell the

level positions of Rydberg states are accurately given

by formula (2.2) with A constant. The values of 4 for

a number of alkalis are shown in table 2.1



Table 2.1 Quantum defect values for the alkalis

a) from ref. 23 b) from ref. 22 c) from ref. 2 d) from ref. 24

e) from ref. 25 f) from ref. 26 g) from ref. 27

Li

Na

K

Rb

Cs

0

1

2

3

4

s

.3995*

.3470e

.1802d

•1317f

.05 g

0

0

1

2

P

.0472a

.8550d

.7!2 d

.642f

1.

0

0

1

d

93* ÏO"3

.0144

.2769

.3464

a

e

d

f

3

1

9

1

.1

.42

.367

.628

3.26

f

*

*

*

*

*

ïo--

10-3

ÏO-3

10-2

IQ"2

a

c

d

f

g

2

42

17

3

5

.5

.2

g

*

*

*

*

*

10-5

10-5

ïo-1»

10-3

b

c

b

b

10-3 b

h

15*10-5°

s
I' „

I"

The non-zero value of 4 is a consequence of a) the

penetration of the Rydberg electron through the inner

closed shells, which leads to an effective contraction

of the orbit and thus to a decrease in energy, b) the

polarization of the electron cloud and c) relativistic

effects. For non-alkalis the quantum defect is no longer

a constant but a function of the bound-state energy.

This variation is described with the Multi Channel Quan-

tum Defect Theory which is outlined in the next section.

Although the bound states interact with bound states of

other series, the long-range behaviour of the wave func-

tion is still assumed to be hydrogenic.

For an understanding of some of the properties of

Rydberg states it is necessary to consider these proper-

ties for the hydrogen atom first. The wave functions of

the hydrogen atom with infinite nuclear mass, neglecting

relativistic and radiative effects, are



/

1 ml ms
= 7 P n l ( r ) Yl <6'«»Xg

S

Pnl ( r ) ' S

(2.3)

n+l

't

where L * (r) is an associated Laguerre polynomial,

Y,1(9,tp) is a spherical harmonie and x""3 describes the

spin state. N is a normalization constant, n and 1 are

the principal- and orbital angular momentum quantum num-

bers respectively.

The following results are a direct consequence of the

radial dependence of Pnl(r)

I: The radius of the electron orbit is given by ^

<r> = <nl|r|nl> = A [ 3n2 -1(1+1) ] (2.4)

and the geometrical area increases with n4.

II: Interactions which scale like <r~3> behave like k)

<r~3> = <nl|r-3|nl> = {n3l (1+1) (2.5)

This group of interaction comprises the spin-orbit

interaction and the hyperfine interaction.

Ills The transition probability per unit time to low
2

lying states is proportional to |<i|D|f>| where

[i> represents the Rydberg state and |f> the low

lying state. D is the electric dipole operator.

For the states of atomic hydrogen it follows 5J

~ n~3 (2.6)



IV; The transition probability per unit time to

neighbouring states. F.i. jnl> -»• |n 1-1 > 5J

<nl|g|nl-l>| = 3/2 n /n 2-! 2 (2.7)

Vs The energy difference between neighbouring Rydberg

states can easily be derived from eq. 2.22 and

scales as

I'
J

Vis

AE ~ n-3 (2.8)

Consequently the density of Rydberg states, i.e.

the number of Rydberg states dn in an energy in-

terval dE, scales as g= ~ n 3.

The polarizability of the state g (ratio of in-

duced electric dipole moment and applied electric

field) is given by

a(g)
<q|D|m><m|p|g>

(2.9)

where the sum extends over all states, bound and

unbound with opposite parity to g and where g re-

presents the electric dipole operator

D = e E r. (2.10)

and r the electron coordinates.

The denumerator tends to emphasize the nearby le-

vels and as the nearest states of opposite parity

are states with An = 0 w = t l , eqs. 2.7, 2.8 and

2.9, can be combined to yield

~ n7 . (2.111
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VII: A quantity of major importance for the detection

of Rydberg atoms is the critical electric field

for ionization, i.e. the field at which the atom

ionizes spontaneously. The value of this critical

field is given by

3.22 *10 8

(in atomic units)

(2.12)

Volt/cm

Pc gives the value of the electric field at which

the Rydberg level energy coincides with the saddle

point (see fig. 2.1)

Fig. 2.1 One-dimensional picture of the potential energy of the bound
Rydberg electron as a function of z. The electric field i s directed along
z. The local maximum corresponds to a saddle point in three dimensions.

For E > E the atom ionises.

For hydrogen-like atomic states one may expect

that these parameters scale with the same power

of the effective quantum number defined as

n -A, (2.13)

.=*
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For clarity the expected n* dependence of some

parameters are collected in table 2.2. in the al-

kalis many of these trends have been confirmed.

Table 2.2 The n-depenclence of a number of relevant quantities

according to a hydrogen.! c model

?; -

radius of orbit

hyperfine- and spin-orbit interaction

transition probability to low
lying state

transition probability to other
Rydberg state

energy difference

polarizability

critical ionization field

<r>

<r"3>

g

AE

a

Fc

n2

n"3

n-3

n2

n-3

n7

Although strong deviations are to be expected for

non-alkalis in relatively localized energy-inter-

vals, it can be expected that many of the general

trends are valid also for the Rydberg states of

these atoms, although probably with a slightly

modified power of n* (see also 11.3,5).

II. 2 MULTI CHANNEL QUANTUM DEFECT THEORY

The Rydberg formula (2.2) defines a value of the

quantum defect for a specific level n with respect to a

chosen ionization limit I

r
(2.14)

m denotes the state of the core. The structure of the

alkalis (a number of filled shells + one valence elec-
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tron) is such that the core excitations lie far above

the first ionization limit i.e. no doubly excited states

occur below the first ionization limit. In contraposi-

tion thereof the earth alkalines and other many-valence

electron atoms exhibit a number of low-lying doubly ex-

cited staes. Configuration interaction between these

doubly excited states and the Rydberg series leads to

strong variations of the quantum defect and related pa-

rameters. Due to the proximity of the Rydberg levels

the interaction affects a large fraction of the series: e-z
thus a Multi Configuration Hartree Fock approach for a

calculation of the configuration interaction effects is

extremely tedious.

The need to discuss configuration interaction in a

wider framework beccrses particularly clear when it is

realized that the interaction can affect the continuum

states also. This wider framework is available when in-

teracting Rydberg series and the continua adjoining the

various Rydberg series are treated integrally (see fig.

2.2). This is comprehensively formulated in the Multi

Channel Quantum Defect Theory 6" 1 1 J. ¥,'

Quantum Defect Theory is closely related to a descrip- >̂

tion of scattering phenomena: an ionized state can ei- È'.

ther be reached by photoabsorption from a bound state or m

by electron impact on a free ion. A particular attrac- f\'

tive description for a scattering problem where one is f *

not interested in the detailed development of the system

during the interaction is the S-matrix formalism. Thus

it is expected that the parameters of a quantum-defect

theory relate to the S-matrix of the corresponding scat-

tering problem 11J . MQDT is based on the fact that the

Rydberg electron moves essentially in a pure Coulomb po-

tential in the major part of its radial range. The ef- ,]

fects of the core on the Rydberg electron are entirely ^

taken into account by a limited number of parameters, ;

,-•.!
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CHANNEL 1 CHANNEL 2 CHANNEL 3

Fig. 2.2 Schematic energy level diagram of a hypothetical atom. The

levels are arranged according to the ionization limits upon which they

converge. In this way channels can be distinguished.

the quantum defect Included. With this set of parameters

MQDT explains not only the level positions in the dis-

crete spectrum (below the first ionization limit) in de-

tail but also gives a good description of the autoioni-

zation spectrum (levels and line profiles), (An autoioni-

zation level is a "discrete" level which ionizes spon-

taneously due to interaction with an isoenergetic conti-

nuum state.) l2> Furthermore MQDT describes the beha-

viour of the oscillator strength (e.g. the occurrence of

Fano minima 7>) and many other atomic parameters as a

(. j function of n. Finally it also gives the ratio of the

, electron yields upon photoionization when various ioni-
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zation endproducts are possible.

II.2.1 One-Channel Quantum Defeat Theory (QDT)

To introduce some concepts it is easier to consider

a one-channel problem first: i.e. it is assumed that the

Rydberg series do not interact.

f In QDT the Rydberg formula (2.2) is written down in a

f' slightly different way

E = I - — - (energy in Hartree units) (2.15)
v 2v2

where I represents the energy of the ionic core (ioniza-

tion energy). The fundamental assumption of the theory

is that the Rydberg electron is subject to a pure Cou-

lomb attraction by the core for r > r0, where r0 is suf-

<;..' ficiently large. The behaviour for r < r0 is not subject

ft» of studyf but is represented by the parameters of QDT.

IHj Por r > r0 the wave function of the atom can be written

)' as 6J

•? = * [ f ( v , r ) cos TTU - g ( v , r ) s i n irp] (2.16)

' ' where * represents the core state, all spins and the an-

,; gular dependence of the Rydberg-electron wave function.

. 1 f and g are the regular and irregular Coulomb functions

\, 13^, both solutions of the radial Schrödinger equation.

•;! y is assumed to be fully anti symmetrized.
'A

i i f(v,r) = u(v,r) sin irv - v(v,r) e i i rv

•I r-H» (2.17a)
".('•

\•••;j g(v,r) = -u(v,r) cos irv + v(v,r) e
i i r (
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,r/v

(2.17b)

The coefficients cos iry and sin irp are determined

by the boundary condition at r = r 0 and represent the in-

teraction with the core. The boundary condition at r •+»

imposes the restriction V -*• 0 which implies that the

coefficient of u(v,r) +0.

This coefficient equals

cos iru sin irv + sin iru cos irv = 0

Sin ir(v +y) = 0 . (2.18)

The quantity y is the quantum defect in the one-channel

problem: as a result of eq. 2.18 v +v is integer and one

can write v +p = n. Substitution of the resulting ex-

pression for v in eq. 2.15 results in a form identical

to the Rydberg formula.

The quantum defect p is related to the phase shift

6 of the electron-ion collision problem by

6 = irp . (2.19)

This follows from the asymptotic forms for f and g (see

2.17) for E > I ; where v is imaginary 8J

(2.20)

g •+ cos(-ir ' ~»
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which gives

This implies at the same time that the S-matrix is given V

by .

S = ei2iTW . (2.21) i'

"s

II. 2.2 MQDT

The Multi Channel Quantum Defect Theory extends ^

this simple result to spectra with a number of ioniza-

tion limits i and interacting Rydberg series.

E * I L - — — . (2.22)

The concept channel is well defined above the ionization

limit. It indicates a set of states that consist of an

ion in a specified state and an impinging electron of any

energy. The channel is further specified by the angular

momenta of the ion and electron and their coupling. The

bound states of an unperturbed Rydberg series can be con-

sidered to belong to the same channel i as the ionized

states above the series limit under the restriction that

the core has the same angular momentum and energy as the

ion (see fig. 2.2}. These channels are called collision

channels.

An alternative basis for the description of the bound

and unbound states of the atoms are called the close-

coupling states a. For these basis states the S-matrix

is diagonal. The S-matrix for collision channels is ob-

tained by an unitary transformation U.

Uia el2nPa Vli (2'23>
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which is generally assumed to be real.

As has been indicated in II.2.1, the quantum defect

contains information about the interaction with the core;

especially it determines the phase shift and the diago-

nal elements of the S-matrix. A major goal of MQDT is to

extract the quantum defect from the experimental data.

Consider the close-coupling eigenfunction (generaliza-

tion of eq. 2.16)

*a = [2 *3 f(vjfr)Uja]cos Trpa - [Z «j g(v ,r)Uja]sln irpo . (2.24)

When there is interaction between the close-coupling

states the state becomes a superposition of close-cou-

pling eigenstates

V = r * Z { f ( v ± , r ) U i a A a c o s try - g ( v ± , r ) U Aa s i n Trua> ( 2 . 2 5 )
i a

and the boundary condition for bound states as r -»•» re-

quires, in analogy with 2.18

£ A U. sin ir(v, +p ) = 0 (2.26)a ia i aa

for all collision channels i.

The non-trivial solutions are given by

det(U. sin ir(v, + p )) = 0 . (2.27)
ia l a

The experimental energy levels should satisfy (2.22) and

(2.27) simultaneously. An analysis of these experimental

data yields the required information on the quantum-

defects and the elements of u. .
l o t
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II. 2.3 An example: MQDT analysis of J = 0 even-^parity states in

Barium ll*J

The collision channels are generally given in jj

coupling, which is an attractive coupling scheme from

the collision point of view (interparticle interaction

<< intraparticle interaction). For bound states LS cou-

pling is attractive as bound states of most atoms gener-

ally are nearer to LS coupling than to jj coupling. The

close-coupling channels are thus expected to be close to

LS coupling. To distinguish between the effects of

breakdown of LS coupling and channel mixing U is fac-

torized according to 9-'

r

u. = r u.- v_
ia - ia ao

a

(2.28)

where a denotes a pure LS coupled channel. (U - equals a

9-j symbol.)

Underneath an enumeration of the collision .channels. a

channels and the related ionization limits is qiven.
\

channel

1

a

1

6sns

42034

)nSl/2 5

'So

.85

2

*<2V2

5dnd

47709

)nd5/2

'So

.67

3

5 d ( 2 D3/2

5dnd

46908

>nd3/2

.70

4

6p(2P1/2)np1/2 6

6pnp 3PQ

62296.41

5

P<2p3/2)np3/2

6pnp 's0

63987.27

Channel 4 and 5 were united by Aymar et al. into a

single 6p(2p)np or 6pnp3P0 channel: the analysis could

be limited to a 4-channel problem.

Analysis of the experimental data with eqs. (2.22) and

(2.27) yields after factorization of the matrix U.
101

•X
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according to (2.28) the interaction matrix V -.
a a

a N-

1

2

3

4

1

0.9628

0.2693

0.0223

0

2

-0.2677

0.9390

0.2157

0.0030

3

0.0372

-0.2137

0.9761

0.0135

4

0.003

0

-0.0138

0.9999

It can be seen from the off-diagonal elements that the

interaction between channel 1 and 2 is quite strong,

just as the interaction between channels 2 and 3.

Some insight in the effect of the series interac-

tions on an individual member of the perturbed Rydberg

series can be gained from a so-called Lu-Fano plo-c 10J .

In such a plot the effective quantum numbers of the

bound states are plotted with respect to two ionization

limits, if necessary modulo 1 (see fig. 2.3). The simul-

taneous solution (full curve in fig. 2.3) of eqs. 2.22

and 2.27 should go through all the experimental points.

Levels which lie on an almost horizontal part of the

curve are relatively unperturbed. Strong perturbation

effects pertain to the steep parts of the full curve.

The distance between two branches of the full curve

gives an indication of the interaction strength.

In a relatively simple MQDT problem, such as the noble

gases, where only two ionization limits are relevant

approximate values for the eigenquantum defects can be

obtained directly from the Lu-Fano plot is;, they are

given by the intersection of the full curve and the line

vi =v 2 (mod.L) 6J , where the subscripts refer to the

it»
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Fig. 2.3 Lu-Pano plot of the Gsns series of Barium. Along the

vertical axis the value of v modulo 1 is displayed (ionization limit

6Sj.2). Along the abscissa the value of v . is plotted (ionization

limit 5GL,_)- T*1e perturbers are marked.

from ref. 14

ionization limits.

For a problem with more relevant ionization limits the

procedure is more complicated.

As can be seen the extraction of quantum defects

via MQDT is widely different from the method for unper-

turbed series i.e. the use of eq. 2.2.

The results of a MQDT analysis can be used to obtain

bound state wave functions which in turn can be used to

analyze other experimental data.
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II. 3 INTERACTIONS IN THE ATOM

The starting point for the description of atomic

structure is the zero-order Hamiltonian:

N
E 2 _ _L

r.
(2.29)

consisting of a kinetic energy term and a potential

energy term due to the attraction of the electrons by

the nuclear charge Z. The zero-order Hamiltonian is the

equivalent of the Bohr atomic hydrogen model and thus

introduces two quantum numbers: the principal quantum

number n and the orbital angular momentum quantum number

1. The eigenvalue equation for Ho reads:

B0\n1l1, n2l2. n2l2 » 1

(2.30)

The set of quantum numbers {n 1 } suffices to designate

the configuration.

In all atoms other interactions confound the simple

hydrogenic picture and more quantum numbers are re-

quired. These interactions are:

i The Coulomb repulsion,

ii The spin-orbit interaction,

iii The hyperfine interaction.

For low values of the principal quantum numberi the in-

teractions are ordered in decreasing strength provided

— << 1, where a is the Sommerfeld fine structure con-

stant.

This section is subdivided in five paragraphs of which

the first three contain a description of the aforemen-

tioned interactions; in the fourth the concept of iso-
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tope shift is discussed, while the last subsection com-

prises a treatment of these interactions as a function

of the effective principal quantum number.

II.S.I The Coulomb repulsion

The Coulomb repulsion between two electrons in a

non-relativistic treatment, is given by

ee 2 (2.31)

This operator operates on all pairs of electrons. The

Coulomb repulsion causes a) a screening of the nuclear

charge for the "outer" electrons and b) a splitting of a

configuration into terms. Due to effect a) it is gener-

ally inappropriate to use first-order perturbation

theory on eigenfunctions of the zero-order Hamiltonian

to calculate the effect of H . Therefore one generally
ee

works in the Independent Particle Approximation (IPA)

where the zero-order Hamiltonian is of the form

(2.32)

and U(r ) is a potential energy term, chosen in such a

way that

i/j
(2.33)

can be considered a perturbation on H _, . The eigenfunc-

tions of H__a have the same form as those of Ho. By as-

suming U(r1) to be spherically symmetric one uses the

Central Field Approximation, to which model we will re-

strict ourselves.

The Coulomb repulsion splits a two-electron configura-

tion in terms. Consider a configuration |a,b> (eigen-
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functions of 2.32). Then in first order

6E = <ab|l/r12|ab> - <ab| |ba> (2.34)

where the latter term is due to antisymmetrization of

the ttro-electron wave function. The operator is expanded

according to

1 •(2k+l) (Ck(l)Ck(2))(0) (2.35)

where r< is the smallest of ri and r2 (r> the largest)

and C is an unnormalized spherical harmonic operator,

acting on the angular momenta only. Substitution of 2.35

in 2.34 yields

<SE z ak(a,b)Fk(a,b) <5 (ma,mb)
s s

(a,b)Gk (a,b) (2. 36)

Fk(a,b) = R*(ab,ab)

r
Gk(a,b) = Rk(ab,ba)

Rk(ab,cd) = *+1 Pg (r1)P(i(r2).

F (a,b) and Gk(a,b) are called the direct and exchange

Slater integrals respectively; m a and mg are the spin-

magnetic quantum numbers of the states a and b. Tables

of the coefficients ak(ab) and bk(ab) can be found in

litterature '••'. The function P(r) Is defined in eg. 2.3.

The energy splitting between the terms pertaining to a

single configuration can now be expressed as a linear

combination of Slater integrals. The terms can be speci-

fied by the values of L and S, which are the vector sums

of the orbital- and spin-angular momenta of the elec-
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trons outside the closed shells

L = E 1 S = E S
1

II.3.2 The spin-orbit interaction

The terms, in turn, are split up into multiplets,

separated by so-called fine-structure intervals. The

spin-orbit interaction which provides the major contri-

bution to these splittings, is a direct consequence of

the single-particle Dirac Hamiltonian, i.e. it follows

from a relativistic description of the one-electron

atom.

For a many-electron atom no fully covariant de-

scription is available and a common approach to a cal-

culation of relativistic effects in these atoms is the

use of the Breit approximation 5). The relativistic

Breit-Dirac Hamiltonian can be expanded in the non-rela-

tivistic limit to yield a number of terms, commonly

known as magnetic interactions 16-':

the spin-orbit interaction

the spin-other-orbit interaction

the orbit-orbit interaction

the spin-spin interaction

of which the latter is generally the smallest. The orbit-

orbit interaction does not contribute to the fine-struc-

ture splitting.

For a parametric description of the fine-structure

in many-electron atoms it is common to consider the ef-

fective spin-orbit Hamiltonian

:r ; «i M i (2-38> I
; i

which allows one to use non-relativistic LS-coupled wave j
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functions l7). The values of CA can either be obtained

from experimental data or can be calculated from first

principles using relativistic theory.

In an classical treatment of the spin-orbit interaction

it is found that the interaction parameter £ is propor

tional to - T- where U is the potential energy term in

the Schrödinger equation.

If one takes for U the Coulomb potential it follows

The fine-structure states are specified by the value of

J where

- > • - * • - > •

J = S +L.

•r

II.3.3 The hyperfine interaction

1 The hyperfine interaction describes the interaction

I- between the open-shell electrons and the static nuclear

ƒ multipole moments. Relativity plays a major role in an

accurate formulation of the theory of hyperfine struc-

.' ture. However, using an effective operator one can again
:r employ non-relativistic LS coupled wave functions for a

calculation of the hyperfine energies.

The hyperfine operator can be separated into elec-

tronic (e) and nuclear (ni coordinates isj.

„eff _ " T(k) (k) (2 ...

The major contribution to the interaction comes from the

k =.1 (magnetic dipole) and k = 2 (electric quadrupole)

terms. (The k = 0 term corresponds to the point charge

Coulomb interaction, which is incorporated in (2.24).)

The angular momentum of the hyperfine states is
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specified by the number P where

F = I + J

and I relates to the nuclear spin.

The effective electronic operators T and T are
e e

single particle operators

T ( 1 ) = E T(1)(i)
e ± e

where the summation extends over all electrons in open

shells 19

(2.40)

where s., 1 are the spin and orbital angular momentum

operator, p is the Bohr magneton.

The constituents of the dipole operator have clas-

sical equivalents: they correspond to an interaction be-

tween the nuclear spin and the electronic spin density

at the nucleus, a dipole-dipole type interaction and an

interaction between the nuclear magnetization and the

magnetic field caused by the motion of the electron

respectively. Only the first quadrupole contribution has

a classical equivalent. The various expectation values

of r~3 can be obtained from a parametric fitting to ex-

perimental data or from first principles calculations.

The matrix elements of the nuclear operator are related

to the various static moments
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(2.41)

<II I T ( 2 )

where ji and Q are the nuclear magnetic dipole moment

and electric quadrupole moment respectively. The hyper-

fine splitting in a single low-lying fine-structure

level can be adequately summarized in two hyperfine cou-

pling constants A and B, proportional to the nuclear

moments p and Q respectively.

E _ A w . B 3/2 K(K+1) - 21(1+1)J(J+1) ,, ...
h ~ 2 * 4 1(21-1)J(2J-1) K£.*t)

where K = F(P+1) - J(J+1) - 1(1+1) (2.43)

(h is the Planck constant). A and B can be expressed as

"", linear combinations of the various <r~3>, , values from
ƒ kl

eq. 2.40.

II.Z.4 The isotope shift

The isotopic shift in a spectral line is caused by

the variations in nuclear mass and volume between two

isotopes of the same element.

The mass effects are summarized in the kinetic

' energy term of the nucleus

( 2 > 4 4 )
nucl 2 M

where M stands for the nuclear mass. Due to momentum

conservation we have in the centre of gravity
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where the sum runs over all electrons. Substitution in

(2.44) yields two energy terms

i N
JL *• 2

(2.46)

and ^ < s p.-p^ .

The first contribution causes the normal mass shift

(NMS) while the latter term gives rise to what is known

as the specific mass shift (SMS).

Actual measurements are never performed on absolute

energy values for two isotopes but rather on the slight

difference in transition energy.

For instance the NMS (in frequency units) in the transi-

tion g-*• f between isotopes with nuclear mass M and M1 is

given by

(2.47)

All sums run over all the electrons.

Writing <p?> =2m T where T is the electronic ki-i g e g g
netic energy and m the electron mass we obtain

MUI
 m, MM _ e

Application of the virial theorem

(Tg - Tf) = (Ef - Eg) (2.48)

results in
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AA'
rae f
5~ Ip

A'-A

AAH

v is the transition frequency, m and m are thewhere

electron and proton masses respectively; A and A" repre

sent the mass numbers of the isotopes.

The specific mass shift can be brought into an

equivalent form

A'-A ,-
SMS

and is a measure for the correlations of the electronic

momenta.

A third contribution to the isotopic energy shift

arises from the difference in nuclear volume between two

isotopes, sampled by the electrons which penetrate into

the nucleus. This so-called volume effect in a level i

is written as

6<r2>AA (2.50)

r> A A '

where <5<rz> represents the isotopic difference in

mean square nuclear charge radius and F. is a measure

for the electronic charge density at the nucleus.

II.3.5 Interactions as a function of n* in a two electron atom

For a discussion of the behaviour of the interac-

tions in unperturbed Rydberg series of two-electron

atoms, we again have recourse to the hydrogenic model.

To clarify the point reference is made to the unperturb-

ed 6s nf series o£ Barium.

(Jk
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I. The electrostatic interaction.

The quantity that can be extracted from experiment

is the exchange Slater parameter G (sf)

G{k)(sf) (2.51)

The 6s-wave function is localized near the nucleus,

while the nf oscillates with n-3 modes, mainly far

away from the nucleus. The main influence of the

variation in n is caused by the normalization factor

n~ of the nf wave function 5 J. So

G(k)(sf) o n*~ . (2.52)

II. The spin-orbit interaction.

The behaviour of the spin-orbit interaction in a

Rydberg series is determined by the behaviour of

C(r). It was shown in II.3.2 that

a <r~3>

-3
So (see (2.5)) £(r) a n*

(2.53)

(2.54)

If the Rydberg electron is bound to a core with

non-zero orbital angular momentum the spin-orbit

interaction of the ionic core gives rise to a num-

ber of Rydberg series which are separated by the

core fine-structure intervals. In each series the

spin-orbit interaction of the Rydberg electron be-

haves as sketched afore.

III. The hyperfine interaction.

Due to the relatively small value of the hyperfine

interaction we will include all electrons outside

closed shells in the discussion.
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The hyperfine interactions scale like r~3 so we ex-
pect (see II.2.5)

AE. ~ n*"3 (2.55)
hyp

In a Rydberg series like 6s nf the hyperfine inter-

action of the f electron is expected to go to zero

like n , and be neglible for large n (e.g.

n* > 20) . However, the unpaired 6s electron exhibits

a contact hyperfine interaction (s.I) which does,

for high values of n , not depend on n .

So

Hhyp - ac I' S

and equally, because of continuity across the ioni-

zation limit

A E h y p = A

Conclusion: The structure of a 6a nl state converges to

a hyperfine doublet as follows from I, II

and III.

IV. The isotopic shift.

The behaviour of the isotopic shift contributions

as a function of the effective quantum number is

given by

NMS irr^11*' (2.57)
m AA

(2.58)

(n*) -• C2
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The last two relations are based on heuristic argu-

ments: the specific mass shift contribution of the

Rydberg electron will tend to zero with some power

of n*. The same is true for the field shift contri-

bution. The other electrons' contribution is, again,

almost independent of n*. Note that the constants

Cj and C2 are not simply the isotopic energy shifts

in the groundstate of the transitions. Due to relax-

ation the core electrons are rearranged and thus

f.i. the nuclear volume change is sampled different-

ly by the core electrons in the groundstate and in

a Rydberg state. Nevertheless the constants Cj and

C2 are commonly referred to as the isotopic shifts

in the groundstate by rearranging the energy scale

in such a way that the ionization limit is mass-

independent 2l1 .
AA' .

The sum

al isotope shift.

AA '
•'FS

is referred to as the residu-

II.4 EXTRACTION OF ATOMIC PARAMETERS

The major part of the experimental data in this

thesis are related to the 6s nl series of Barium. In

these series the aforementioned interactions and the oc-

currence of a number of odd and even isotopes split the

transition into many components (up to 50). Analysis of

the spectrum for each value of n thus yields a value of

the Slater integral G(1)(si)

the spin-orbit parameter £(1)

the Fermi contact hyperfine parameter a s
nit I A n •

the residual isotope shift 6V - «v**s .

For Rydberg states it is expected that the first three

parameters are generally of the same order of magnitude.
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Hence the interactions have to be treated simultaneously

and the eigenvalue equation is solved by diagonalizing

the energy matrix.

In principle G (si) and £(1) can be extracted from the

study of the even isotopes as these interactions are

isotope independent. However, in many cases experimental

conditions prevent such a simple approach. Alternatively

the parameters can be extracted by considering a single

odd isotope, diagonalizing the energy matrix in some

suitable basis and, including the known groundstate hy-

perfine splittings, comparing the experimental energy

splittings with the results of such a calculation. Fi-

nally a fitting procedure can be applied. The require-

ment of isotope independence can be used either as an a

posteriori consistency check or can be used a priori by

fitting all isotopes at the same time.

For the calculation of the matrix elements of the

electrostatic, spin-orbit and hyperfine interactions we

use the basis

| 6s nlS.LI J FM> .

The 6s and nl electrons are Russell-Saunders coupled to

a state with total orbital angular momentum L and total

spin S. These angular momenta are coupled by the spin-

orbit interaction to J, which in turn couples with the

nuclear spin I to a total angular momentum F with z-com-

ponent M.

Except for the quantum numbers n and 1, F is the only

good quantum number; thus the energy matrix can only be

factorized according to F. The perturbative Hamiltonian

(6s nl configuration) is
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Bpert ( 2' 5 9 )

where we assume that the hyperfine interaction of the nl

electron can be neglected. Using the aforementioned basis

we write the general matrix element (1=0) (L' =L = 1')

<11' S'L'IJ'F'M' I

algebra we obtain

H Jll'SLIJFM>. With some Racah=pert'

Spin-orbit interaction:

1SL

(2.60)

Electrostatic interaction:

Hyperfine interaction:

, .,I+F+J+J'+S+S'+L+l

(2.62)

The electrostatic matrix is diagonal in all quantum num-

bers and separates the singlet from the triplet levels.

The off-diagonal elements of the spin-orbit matrix mix

the 1L. and 3L_ states.

This basis is convenient for low n; here the cou-

pling scheme follows the interaction strength. For in-

creasing n the off-diagonal elements gain in importance
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and the assignment of quantum numbers like S and J be-

comes meaningless.

The direct Slater parameter F°(sl) causes nothing but a

common shift and thus cannot be extracted from experi-

ment.
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C H A P T E R I I I

EXPERIMENT

In this chapter a presentation is given of the

experimental methods developed for the high resolution

laser experiments which are described in this thesis.

In section III.l a general lay-out of the experiment is

given. Section III.2 is devoted to a concise review of

Doppler-free techniques, with emphasis on the laser-

atomic beam technique; in section III.3 the laser

source is described and in section III.4 atomic beam

production and detection systems are discussed. Finally

section III.5 contains a short review of the calibration

procedure and the analysis of the observed spectra.

III.I EXPERIMENTAL SETUP

C
The experiments described in this thesis have been

done with high spectral resolution. To resolve spectral

components, which are only a few MHz apart, a laser

source is required with a bandwidth of the order of a

MHz. Secondly, an excitation technique has to be used

. which reduces the Doppler width severly or eliminates

I it altogether.

: In fig. 3.1 a block diagram of the experimental

i1 setup used in the. major part of the experiments is

shown. Monochromatic light is produced by a Spectra

Physics 380 ring dye laser stabilized on external eta-

Ions to reduce the effective bandwidth to < 1 MHz. The
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Pig. 3.1 A sketch of the experimental setup. The dye laser output (funda-

mental or second hamonic) is sent to the atomic beam machine. Part of the

fundamental beam is led to a calibration interferometer and to a wavelength

meter. The signals from the calibration interferometer and the atomic ab-

sorption detector are led to a minicomputer.

dye laser Is pumped by a Spectra Physics 171-19 Argon

ion laser. The technique of intracavity frequency dou-

bling for the production of coherent ultraviolet radia-

tion, required for the experiments described in chapter

IV and V, is applied. The application of this technique

is dealt with in some detail in section ill.3»

Various dyes are used to obtain the required wavelengths:

for the experiments described in chapter IV and V the

dye Rhodamine 6G (lasing region 564 -624 nm) is used.

The study of the even parity Rydberg levels requires

the use of the dyes Rhodamine 110 (lasing region 536 ~

580 nm) , Stilbene 3 (lasing region 420 - 470 nm) and

Stilbene 1 (lasing region 410-425 nm).
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Part of the visible dye laser output is sent to a con-

focal Fabry-Pérot interferometer. The transmission spec-

trum of such an interferometer as a function of the la-

ser frequency serves as a calibration for the simulta-

neously recorded atomic spectrum. The visible output is

also employed for a determination of the wavelength of

the excitation under study. The wavelength meter, a

double Michelson wavemeter type has an accuracy better

than 10"1* nm. A more detailed discussion is given in

section III.5

Two types of detectors are used for the detection

of atomic excitation. If the excitation energy falls

far below (> 1000 cm"1) the ionization energy the atomic

fluorescence is detected by means of a photomultiplier.

Due to the low transition probability for decay to low-

lying states (see section II. 1) the observation of

fluorescent light is particularly unsuited for atoms

excited to Rydberg states. The technique of fieldioni-

zation and subsequent detection of the ejected electron

with an electronmultiplier is used for detection of

Rydberg state population.

The signals of both the calibration interferometer

and the detector are led to a minicomputer for data-

storage, -manipulation and analysis.

III.2 DOPPLER-FREE TECHNIQUES l>

The study of a spectral line in all its details re-

quires the elimination or a strong reduction of the

Dopplerwidth of the transition. Over the last decades

various by now classical techniques zi3> have been

developed to circumvent the Doppler broadening. The ap-

plication of techniques such as level-crossing and op-

tical-radiofrequency double resonance have greatly added
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to the knowledge of atomic structure. Equally the atom-

ic-beam-magnetic resonance method, mainly suited for

the study of hyperfine structure in (meta-)stable

states, produced a wealth of information concerning

both atomic and nuclear structure hrb> .

The advent of the laser and more specifically the

tunable dye laser enhanced the possibilities of studying

atomic states enormously. The beam-like properties of

the laser light and the well-established atomic-beam

techniques were fused into a widely applied method, i.e.

the laser-atomic-beam method. Here the Doppler width

reduction is accomplished by having mutually orthogonal

beams, where the atomic beam is strongly collimated.

The remaining Doppler width is due to finite collimation

and the difficulty in obtaining orthogonality. In an

actual experiment the orthogonality problem imposes a

lower limit of 3.5 MHz on the observed linewidth (FWHM).

Only in very rare cases this lower limit will affect

the final results.

In many cases the natural linewidth is appreciably

larger than 3.5 MHz FWHM. In these cases it is not ne-

cessary to reduce the Doppler width far below the natu-

Interatomic collisions can be entirely neglected

as a source of broadening for transitions to non-Rydberg

states due to the low (~ 10~6 torr) ambient pressure in

the apparatus and the rarefied character of the beam.

For Rydberg atoms with high values of the effective

quantum number collisions with other particles in the

beam might give rise to broadening.

The other laser-assisted Doppler-free techniques are

essentially based on the interaction of an atom with

two identical photons from opposite directions. The

atom with velocity v in the laboratory frame sees both

photons (wavevector ïc_ and -)c_) Doppler shifted by an
It L
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amount |k .v| in opposite amounts (see fig. 3.2)

Fig. 3.2 Two photon absorption from waves travelling in opposite directions

as seen in the laboratory frame. In the rest frame of the atom it will encounter
•+ -*• •+ •+

two waves, doppler shifted by an amount kL-v and -k^-v respectively.

In the atomic frame this corresponds to a photon of

frequency wT -Jc_.v and a photon of frequency « +jt.v.

Examples of this class of Doppler-free techniques are

two-photon spectroscopy (absorption of both photons),

saturation spectroscopy and all the derived techniques
Si (absorption of one photon and probing the transmis-

sion of the sample with the second photon). This class

of Doppler-free techniques has not been used in the ex-

periments described in this thesis.

III.3 THE DYE LASERS

The description of the laser source is divided in

•:'A two parts. The first section gives a general treatment

I of the dye laser while the second part is devoted to

\ | frequency doubling.
) *.
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I'
III. 3.1 The dye laser

For the experiments we have employed a frequency- I '

stabilized CW ring dye laser. The ring dye laser offers ;•..-,

high power and narrow effective bandwidth and is as such

a good instrument for spectroscopy using non-linear

techniques.

The basic idea behind all single mode CW dye lasers is

the use of mode competition to simplify mode selection 6J.

Due to the mode competition only a minor difference in

gain between neighbouring modes of the laser cavity has ^

to be introduced to obtain single-mode action. This gain

variation is accomplished by inserting frequency selec-

tive elements in the cavity. The most common approach is

the use of a birefringent filter and some coated etalons

as selective elements.

The introduction of such elements, having 100 % trans-

mittance in a limited frequency band, is a priori ex-

pected hardly to affect the laser output power. However,

it is a well-established fact that coated elements do

decrease the output power quite appeciably. Extensive

work has shown that this is mainly due to absorption

losses in the coatings 'z8-1

Standing wave dye lasers generally require high

reflectivity (up to 60 %) coating on the etalons. This

is due to the effect of spatial hole burning i.e. the

standing wave inside the laser generates an inversion

grating in the dye. The population inversion is depleted <,

only locally by stimulated emission. The non-depleted

population inversion in the dye tends to create additi-

onal modes, which are to be suppressed.

A different method to obtain the required selectivity

in the standing wave laser is the use of an intra-cavi- ^

ty Michelson interferometer for frequency selection in- :

stead of 2 coated etalons. High power has been obtained ;'•' i

at the cost of increased tediousness 9J. <C \
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Alternatively travelling-wave ring lasers have been de-

veloped recently 1 0 J. The travelling wave depletes the

created population inversion in the dye uniformly facil-

itating mode selection. However, travelling wave lasers

can run in two directions and tend to switch over quite

fast from one direction to the other 1 1 J. This deleteri-

ous directional instability can be overcome by again

using mode competition, increasing the gain of one di-

rection over the other. Once unidirectional a travelling

wave laser requires very little frequency selectivity

(thus low reflectivity coatings on the etalons) to ob-

tain single-mode action and thus high output powers at

a given pump power are available.

A schematic of the ringlaser is given in fig. 3.3.

The pump mirror M focusses the 514.5 nm light frompump

ION LASER PUMP BEAM
M PUMP

PIE20-0RIVEN M2

Fig. 3.3 Schematic of the ring laser.
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the A pump laser into the vertically running jet around

which the folded ring is built. The unidirectional de-

vice consists of a Faraday rotator and an optically ac-

tive quartz compensating plate. Both elements rotate

the plane of polarization; for one direction they are to

fos subtracted, for the other added. This directional in-

equivalence results in different directional gain and,

due to mode competition in unidirectionality.

The birefringent filter is of a three-layer type

and enables coarse wavelength tuning. To enable conti-

nuous mode-hop (sudden frequency jump to a different

mode of the cavity) free scanning and the possibility

to select any wavelength within the lasing range of the

dye a thin uncoated etalon, a 30 % reflectivity coated

scanning etalon and two galvoplates are added to the

cavity. The laserscan is generated by a rotation of the

two galvoplates around Brawster's angle. To avoid beam

walk-off during a scan the two galvo's move in opposite

directions. The scanning etalon (fsr 75 GHz) is locked

to the cavity mode to obtain a mode-hop free scan. The

uncoated thin etalon (fsr 900 GHz) remains untouched v

during a scan. To eliminate the astigmation of the out-

put beam a fused quartz parallel plate is inserted un-

der Brewster's angle between the dye jet and Mj.

The free running dye laser suffers from large low-

frequency jitter and requires locking to an external

stabilizer to reduce the effective bandwidth to below \

1 MHz. Two stabilizing schemes are used. In the first

the laser is locked to a wing of a transmission peak of

an external 3 GHz fsr etalon. In this scheme, discussed

in detail elsewhere 1 2 J, the effective bandwidth is re- \

duced to ~ 1 MHz FWHM; a scan of ~ 10 GHz is attainable.

In the second scheme a Spectra Physics 388S stabilizer |

is used. The effective bandwidth is reduced to < 1 MHz !{

and a scan of 30 GHz is possible. The major advantage \



45

of the commercial stabilizer is the strongly reduced

sensitivity to mode-hops and its capacity to restore

the laser to its state before the disturbance. It has

however smaller dynamic range than the first stabiliz-

er and a careful match between stabilizer electronics

and ring laser electronics is required.

III.3.2 Frequenay doubling

Frequency doubling is one of the non-linear tech-

niques employed to extend the action of dye lasers into

the ultraviolet part of the electromagnetic spectrum.

Frequency doubling of dye lasers is a common technique

when pulsed laser sources are used. Frequency-doubling

of a CW dye laser was, until recently, hardly consider-

ed feasible, due to the low efficiency of the process

and the non-linear conversion. The development of the

powerful ring laser, partly motivated by the prospect

of frequency doubling, opened up new frequency domains

for CW laser spectroscopy via non-linear processes.

In the first paragraph of this section some terminology

and conditions of crystal optics are introduced while

in the second paragraph they are applied to frequency-

doubling.

III.3.2.1 Some aspects of crystal optics

Frequency doubling belongs, together with sum and

difference frequency mixing and optical rectification

to the class of non-linear optical processes involving

the second-order non-linear susceptibility l3J i.e.

Pi(«>3) = Xi:) (ü>3 ,ü>2,tüi ) Ej (u2)Ek (Ü)! ) (3.1)

where Efuj) and E(002) are the amplitudo's of the elec-

tric fields of the incident light fields at frequency
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and u2. P(ü)3) is the amplitudo of the polarization

is the second-order nonlinearat frequency u3 and x

susceptibility tensor.

The polarization acts as a source term in Maxwell's

equations

7 A H =
3E . 3P

£° at at

(3.2)

V A E = -U„ TÏ

and consequently gives rise to a wave at the frequency

(D3. Thus we can write

E (u)3) = d E (Ü>2) (3.3)

which yields the relation for the intensities

I(<o3) = d
2 I U J ) I(o)2) (3.4)

d is called the effective nonlinear optical susceptibi-
(2)

lity, which of course is related to x •

Because of the wave properties of the incoming and

outgoing fields the amplitudo of the wave at <o3 will be

maximum when the phase-matching condition is satisfied:

(3.5)

where k stands for the wavevector (see. fig. 3.4).

The second-order nonlinear susceptibility is non-zero

only in media which lack inversion symmetry. The well-

established doublers or mixers are single crystals of

the tetragonal, hexagonal and orthorhombic lattice
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Fig. 3.4 The phase matching condition kj

types. These crystals are birefringent i.e. the velocity

of light depends on the direction of propagation and on

the polarization direction ll>^. They can be subdivided

into uniaxial and biaxial crystals according to whether

they have one or two optic axes. An optic axis is de-

fined as a direction in the crystal such that the die-

lectric tensor is a constant in a plane perpendicular

on this optic axis. Consequently all waves at specified

a with a polarization perpendicular to the optic axis

traverse the crystal with equal velocity. In the follow-

ing the discussion is restricted to doubling in uniaxial

crystals since all UV experiments presented here make

use of this class of crystals only.

The most common type of frequency doublers are

uniaxial i.e. the KDP isomorphs and Li IO3. The KDP iso-

morphs belongs to the tetragonal crystal structure,

while Li I03 has a hexagonal crystal lattice. The optic

axis points along the ineguivalent [001] crystal axis.

Xn these crystals the phase-matching condition (3.5)

can be rewritten in terms of crystal orientation0 Let

xyz be a set of axes such that the dielectric tensor is

diagonal (principal axes). Then the refractive indices

along these axes are related by 13-*

n
z

t

2

1 . (3.6)
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This relation represents the index ellipsoid. For uni-

axial crystals n =n . The intersection with the ellip-

soid of any plane going through the origin is an ellipse.

The two axes of this ellipse give the principal polari-

zation directions of a wave with wavevector k perpendi-

cular on the intersecting plane (see fig. 3.5).

Fig. 3.S The Index ellipsoid. A and B give the fundamental polarization

directions of a Wave with wavevector k.

For an uniaxial crystal this ellipsoid collapses into

an ellipsoid of revolution and the ellipse of intersec-

tion becomes a circle (in the x-y plane) if the direc-

tion of propagation coincides with the optic axis (z-

axis). One of the axes of the intersection ellipse is

perpendicular to the plane defined by the optic axis

and the k-vector. The length of this axis is independent

of the angle e subtended by the optic axis and the k-

vector (see fig. 3.6). The direction corrsponding to

this axis is called the ordinary direction. For the

other polarization direction, the extraordinary direc-

tion/ the refractive index varies elliptically when e
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OPTIC A X I S

ORDINARY

Fig. 3.6 The ordinary and extraordinary polarization directions. The

ordinary polarization is perpendicular to the plane through the optic axis

and the wavevector it. The extraordinary direction lies in this plane.

is varied. The refractive indices in the ordinary and

the extraordinary direction can be expressed as a func-

tion of two constants nQ (=n x=n ) and ng (= nz) .

for an ordinary wave: n = na o
(3.7)

n n
e o

for an extraordinary wave: n = — -
(n2 sin2 e +n2 cos2 e p

Uniaxial crystals fall into two categories:

i) negative uniaxial crystals n Q >n g

ii) positive uniaxial crystals n
o
 < n

e

All uniaxial doublers are negative.

III.3.2.2 Conditions for frequency doubling

In actual frequency doubling a plane polarized
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laser beam impinges on a crystal. If the phase matching

condition (eq. 3.5) is satisfied the harmonic appears

behind the crystal polarized perpendicular to the funda-

mental polarization. This choice of polarizations is re-

ferred to as type I phase matching.

Type II phase matching is characterized by using ortho-

gonal polarization for the fundamental beams and thus is

of no interest for intracavity doubling.

The phase matching condition (3.5) for type I phase-

matched intracavity doubling can be rewritten as

n (a)) = n (2w) . (3.8)

From this relation it follows that in negative uniaxial

crystals the fundamental wave serves as an ordinary wave

and the harmonic wave as cin extraordinary (see fig. 3.7)

and the phase-matching relation (3.8) reads

165

T
1.55 .

1.45 .

400 600 800

Fig. 3.7 Dispersion curves for KDP. The refractive indices for the ordinary

and extraordinary directions are shown. The phase matching condition for

frequency doubling by type I phase matching in this uniaxial crystal is shown.



3J

&
(D

ra
rt

3
0

o-

1p
3
<a

E tal

r—

ca

H-

'

CD

8
r t

e»
n>
e

9
>0

sves

&
\s
°o
"D
3*&
01re

Iorr
H-
3

€

rf

p
e
fö
M

* ^
C
3
a

3

3

UI
oo

en
o
o

• J
o
o

TEMPERATURE, DEGREES KELVIN
1VJ ISj GJ
O en o
o o o

>
O

— t >

— . _

— - ^ .

_ _ _ _

— • — — -

3
O

- — —

•^3 —.
>*i i i i i > i i i

• i i
<O Ol — I*J
CO U) LJ - J

TEMPERATURE, DEGREES

w
a i
o
i

>

• o *

o
•D

^ _ _

• ~ — 1

1 1 1

<T> O

:ENTIGRADE

H
0
3

o3"

M>
0
y~*
h-1

O

en

3
0

é"
i

3
0 fo

^ ^
NJ

e
^*
ui
H-
3
ro

a>

'T
3

(0 ro

to
e
o
0
(0ro

CD

3

e

3
0

t o

e

H
3

rt
tr
(D

M
0i

rt

r̂o
»i

0
B)
ca
fD

p-
rt

i-h
0
p i
M
0

%

Hl

0
3
fD

01
"

U I

10

tu
3
&
U i
v

CO
•

tr
*<
<

H
><
H**
3U3

f t
3"
(0

tu

vQ

fD

o

B)
.n

fD

ft
C
3
P-

|-Q

(0

fD
fD

H l

p -

«

U )

rture

rtuni

3

*->
cn
fD
f»

M)
P-

iD

u>
CO

•

er

<
ai

<<

3
i£l

f t
3*
fD

rt
fD
3
fD

ry
ft

eH
fD

0
H>

rt
3*
fD

O

•<
0)
rt
B)
p -

rt
tw
\V
3
•afD
B)

ET
ro
t=l
ro

tu
n
fD

cf

o
Q
f t
3*
0
e.to

rt
o
Hl

cM
Hl
Lj.

p»
p"

fD

•

••

3
B>

*-^
e

I!

e

•

u
•



n2(2u) (n2(2u>) -
s i n2 Q Q S 2

52

n 2( oj) (n2(2o)) - n2(2ü3)) F
o o e

Angle tuning offers greater applicability than tempera-

ture tuning (for instance phase matching in Li IO3 is

almost temperature insensitive). However, when applica-

ble , temperature tuning is considered superior over

angle tuning as it is generally more efficient.

The greater efficiency of temperature tuning is a re-

sult of the angular dependence of the nonlinear optical

susceptibility defined in eq. 3.4. This relation can now

be rewritten as

I(2(o) = d2(e,cp)I2(üj) (3.11)

where e,<p are the azimuthal and polar angles subtended

by k (see fig. 3.6). For the tetragonal crystals (point

group D2d)

d(e,cp) = -d sine sin 2cp (3.12a)

and for the hexagonal crystals (point group C )

d(e,<p) = dxxy sine (3.12b)

for type I phase matching in negative uniaxial crystals

in a region without absorptions. Under these conditions

d and d are the pertaining components of the non-

linear optical susceptibility tensor l3J

From 3.12 it follows that the doubling process is most

efficient if 6 =n/2. This condition is maintained when

the phase matching condition is satisfied by tempera-

ture tuning (so called 90° phase matching). Equivalent-

ly it can be seen from eq. 3.12a that for the tetragonal

crystals tp = IT/4 optimizes the second harmonic power.
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ïeKparature tuning with this group of crystals is com-

nonly done in crystals referred to as 45° Z-cut. These •''.

crystals are cut in such a way that «p = n/4 and 6 = TT/2

for the fundamsntal beam.

III. 3. 3 The intracavity frequency doubting system

During the development of a reliable and versatile

intracavity frequency doubling unit several operational

systems have been designed and tested. In this section

these systems will be discussed. All systems have been

in operation with the KDP isomorph Ammonium Dihydrogen

Arsenate (ADA) which allows 90° phase matching by tem-

perature tuning in the spectral interval 283 -310 nm

corresponding to 220 -393 K. Starting point for the de-

sign of any intracavity system is the minimization of

the insertion losses. Additionally the actual designs ;.

are supposed to require a minimum of modification on ';

the available dye laser. In the first design a 20 mm f"

long right-angled polished 45° Z-cut crystal of ADA has ^

been used as a doubler with the optic axis perpendicu- [

lar on the lasing plane (90° phase matching). To mini- •

mize the insertion losses single-side antireflection

coated quartz windows enclosed the crystals. Between

crystal and windows a very thin layer of index-matching .

fluid was contained. This system was surrounded by a

cylindrical copper oven for temperature tuning. The cop-

per oven was mounted on a manipulator which allowed x

slight angular setting. With this system we produced

0,5 mW Ü.V. at 293.2 nm using 1.8 W pump power (A+ ,;

514.5 nm) The scanwidth was limited to 7 GHz. The pro-

duced UV was sufficient to perform a high-resolution i j

study of the x =293.2 nm line in In I(see chapter IV). J[

Although the feasibility of doubling and its application i

to spectroscopy was demonstrated in this experiment,
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Gor:2 disadvantages of the design were apparent. It re-

quired a major effort to select the required wavelength

and the scan range was small. An important drawback of

this design was the occurrence of etalon effects in the

doubling unit. Due to the many almost parallel surfaces

the doubling unit acted as a series of low-finesse eta-

Ions. These additional etalons compete with the standard

etalons of the ring laser and are responsible for the

difficulty in wavelength selection.

An obvious simplification is the use of coated

crystals. Such a system will have low loss and only one

pair of parallel surfaces is inserted in the laser. Al-

though some preliminary experiments have been done this

approach has not been studied in great detail. Wavelength

selection was greatly simplified and the insertion loss

was reduced compared to the aforementioned system but

single-mode operation was attainable only for relatively

short intervals (~ 1 min.). This observation has been

confirmed by other workers in the field 1 5 » 1 6 J . This

instability is a severe handicap and thus led us to con-

sider an alternative approach.

The major part of the U.V. experiments described in this

thesis have been performed using an uncoated crystal

(15 -20 mm long), cut under Brewster's angle for the

fundamental beam. However/ a Brewster crystal introduces

beam displacement. This beam walkoff has been compen-

sated with a fused quartz Brewster cut rhomb of almost

equal length as the doubling crystal (see fig. 3.9). On

the first test this system proved to have lower inser-

tion loss than the previous systems used, so a careful

procedure was worked out to optimize the performance of

the laser. For intracavity doubling mirror M3 is re-

placed by a high reflector in the visible which trans-

mits ~ 70 % around 300 nm (UV outcoupler)„ M4 is re-

placed by a high reflector which, in the case of
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U.

pump beam ( Ar+ 514.5 nrn)

compensating
rhomb

temperature
stabilized

crystal oven

SE. TE. B.R
filter

fundamental
beam

Fig. 3.9 Tho ring laser with frequency doubling Bystera. Light from the pump beam is

focunacd by piofoirror P in the dye jet J. The cavity is formed by mirrors Ml -HO. The

birefringont filter B.F., thin etalon T.E. and scanning etalon S.E. enable together with

tho galvo'o continuous mode-hop-free scanning and easy wavelength selection. The uni-

directional device U.O.D. serves as an optical diode. M3 Is highly reflecting in the

visible and partially transparent in the U.V. The filter behind M3 eliminates the re-

caining visible output in that beam. The fundamental beam behind M4 is used for

stabilization, calibration, etc.

Rhodamine 6G has 3 %o transmission. This residual trans-

mission is required for laser alignment, stabilization

and spectrum calibration. An oven system has been built

around the crystal which allows temperature tuning be-

tween room temperature and 380 K. The crystal tempera-

ture is maintained constant with an average variation

of 5 nK. The oven consists of 2 concentric ovens which

are independently temperature stabilized. A temperature

difference of 1.5 K is maintained between inner and ou-

ter oven. This oven can contain both Brewster-angled

and right-angled crystals. Both the oven and the compen-

\
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Dating crystal are mounted on separate X-Y translation

stages v/ith an additional rotation mount enabling set-

ting at Bewster's angle. The system of crystal oven and

compensating rhomb can be moved simultaneously in a di-

rection perpendicular to the lasing plane (defined by

the folded cavity). Additionally the oven can be rotated

around its axis to align the optic axis in a direction

perpendicular to the incident light polarization. The

latter operation, although tedious, has to be done very

carefully as otherwise the birefringence of the crystal

will affect the polarization of the fundamental laser

beam. This can lead to bidirectionality of the laser

and to severe losses in the intracavity power.

The introduction of 2 Brewster cut rhombs, each

15 -20 mm long, affects the optical length of the cavi-

ty, the Gaussian beam parameters l7> and, as the laser

beam is converging, the astigmatism of the cavity 18J.

To fulfill the selfconsistency condition of the Gaussian

beam parameters the cavity length has to be increased

(by moving M3). Experimental criteria for the cavity

optimization were mode structure and output power at V.

the fundamental wavelength under non-phase matched con- i'

ditions. The astigmatism of the cavity has not been (;;

considered in detail. The two rhombs in the converging I1

laser beam partly compensate for the empty cavity's jj-

astigmatism. Experimentally it has been shown that the ^

factory supplied astigmatism compensating rhomb should j

be removed to increase the second harmonic power 1 9 J. ^

Then the fundamental output beam is stigmatic. However,

the second harmonic beam shows slight astigmatism. This

residual astigmatism can be compensated outside the ;;

cavity. No effort in this direction has been invested. U

An intrinsic property of a Brewster cut crystal is the '"•':

Fresnel loss suffered by the outgoing second-harmonic ""';

beam, as the second-harmonic's polarization is perpen- 1
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dicular to the fundamental beam polarization. For ADA

the Fresnel loss amounts to ~ 17 %. Of the remaining

power only about 70 % is available for experiments due

to the limited UV transmission of M3 19-).

III.4 BEAM PRODUCTION AND DETECTION SYSTEM

III.4.1 Beam apparatus and production

The atomic beam runs through a two-stage differen-

tially pumped vacuum system. The first chamber serves

for beam production only, the second for the actual ex-

periment. Solid material (in general of natural compo-

sition) is contained in a tantalum oven. The oven is

heated in two ways: heat absorption from one or two re-

sistively heated tungsten filaments or electron bombard-

ment combined with the previous process. The evaporized

material escapes from the oven through a small orifice.

Generally the pressure in the oven is maintained at a

sufficiently low value to ensure free molecular flow in

the slit region. The forward beam passes into the beam

apparatus and leaves the oven chamber through a slit.

The beam is collimated in the horizontal plane passing

a second slit, adjustable during the experiment, and

travels towards the interaction region with the laser.

Generally the atoms escape from the oven in the

spectroscopie ground state. According to Boltzmann

statistics a certain percentage will be in metastable

states. This equilibrium related metastable population

is for instance used in the Indium experiment described

in Chapter IV (excitation from the 5p 2 p
3/ 2 level,

2212.6 cm"1 above the ground state 5p 2 p
1 / 2 ) ' T n e 1

metastable states of the earth-alkalines such as Barium j

are populated to a negligible amount when the conditions '
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of free molecular flow are met. As the vapour pressure

increases almost exponentially with temperature, one

has to use an alternative technique to augment the

n:2tastable fraction in the beam.

Metastable fractions can be enhanced by running a

discharge through the vapour 20). In our set-up the

electron-bombardment filament is used for this purpose.

Once a certain atomic vapourpressure outside the ori-

fice of the oven is established by radiative heating, a

discharge is fired by fast electrons from the heating

filament. The discharge is maintained at constant cur-

rent with a voltage drop between cathode and anode of

~ 100 Volt. Stable discharge conditions are generally

met at low filament current (4-5 A) (heat is supplied

by the discharge). Strongly enhanced metastable popula-

tions are obtained in this manner and have been demon-

strated with some transitions between the 5d6s & 5d 6pmul-

tiplets. The metastable states of Ba are listed in

table 3.1.

Table 3.1 The low-lying metastable states of Barium,

a) from ref. 21.

Configuration

5d6s

State

3D,

3°2
3 D 3

>D2

l a)
Energy (cm"')

9033.985

9215.518

9596.551

11395.382

111:4.2 Detection systems

This section is subdivided into three parts. The

first part is devoted to a description of the optical
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detection! system used for detecting the fluorescence

frora states with radiative lifetimes <_ 1 gs. In the

second part the concept and the physical background of

Rydberg-state detection is given while in the last part

the actual detector is discussed.

III.4.2.1 The optical detection system

The excitation of states with radiative lifetimes

< 1 us (principal quantum number n £10) is efficiently

monitored by detecting the fluorescence light due to

the decay to lower states.

Fluorescence detection has been used in all test expe-

riments on the frequency doubling system (Indium, Euro-

pium, Barium and Strontium), in the initial experiments

on the metastable beam production (Barium) and more ex-

tensively in earlier work Z2> .

The fluorescence is detected with photomultiplier

tubes which are sensitive on the single-photon level.

Therefore great care has to be taken to minimize the

number of stray photons, which originate from laser beam,

oven and experimental surroundings. The last two sources

offer a continuous spectrum and their effect can be sup-

pressed efficiently with a filter in front of the photo-

multiplier tube. Stray light from the laser, however,

cannot be suppressed with a transmission filter when

the fluorescence from the excited state falls in the

same wavelength interval as the laser light. In such

cases great care has to be taken to reduce the laser

stray light, which originates from scattering on the

optical elements in- and outside the laser and on the

windows enclosing the atomic-beam machine. The contribu-

tion of this source of stray light to the total detec-

tion signal is reduced by increasing the distance from

the detection region to the windows, and consequently,
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to the other scattering sources. More details about

stray light reduction can be found elsewhere 2 3 J. An

E.-3I D307 photomultiplier is used for detection of the

photons. The specified quantum efficiency amounts to

~ 20 % around 400 ran remaining almost constant to ~ 300

nm. Taking into account the finite solid angle, the op-

tical detection system has an efficiency of ~ 1 % under

the most favourable circumstances. Optimization can in-

crease the efficiency to 10 %.

Fluorescence detection is also applied in two-step ex-

citation processes for the study of the even parity

states of Barium. To keep the first step in resonance

with the 6s2 ^g-• 6s6p ]P! transition the fluorescence

from this excited state is monitored. The photomulti-

plier signal is processed to keep the laser frequency

locked to one of the hyperfine components. These two--

step excitations are treated in more detail in chapter

VI.

III.4.2.2 Rydberg state detection

In chapter II it has been shown that due to the

small overlap of the radial wave functions, the decay

of Rydberg states to low-lying states is slow (Einstein

A-coefficients of order 103 - 1 0 5 ) . During this "optical"

lifetime the atoms travel an appreciable distance in an

atomic-beam machine, preventing detection by fluores-

cence monitoring.

Due to the proximity of the Rydberg levels to the

ionization limit, the electron is weakly bound to the

nucleus and laboratory electric fields are sufficient

to ionize the Rydberg atom. The ionizing field (critical

field) obeys the relation (see eq. 2.12)

F , 3.214*108 v o l t / m e t e r

c 1
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where na ia the effective quantum number (eq. 2.13}.

This relation, which is easily derived from the Bohr

model, has been shown to be valid also for non-alkalis
2t*J. The critical ionization field can be used as a

state selective detector such that only states with

n* >nc are ionized (nc = r' p ),,) . This relation

underlies the application of Rydberg spectroscopy to

the detection of infrared radiation with exceptionally

attractive features 2 5 J. Deviation from the critical

field relation can easily arise due to the actual de-

tection system. Kleppner et al. have shown that at va-

lues below the critical ionization field the electron

can escape by tunelling through the Coulomb barrier

(see fig. 2.1) and that above F the atoms ionize via

the classical mechanism 26J. Ionization via tunelling

is only observed if the detection interval is suffi-

ciently long.

To study unperturbed Rydberg states excitation and

detection have to occur in succession as otherwise the

atom is excited to a continuum Stark state. Until now

pulsed lasers have been used in all atomic-beam work on

Rydberg states in order to populate the levels of inter-

est. Then a pulsing sequence is applied to populate and

ionize the Rydberg levels within ~ 100 ns. In this way

f.i. the aforementioned relation for the critical field

has been verified. When a continuous wave laser is used

in conjunction with an atomic beam a means has to be

devised to ensure unperturbed excitation. Fast switching

(> 1 MHz) of the laser beam and electric field is unat-

tractive as the switching affects the effective line-

width and complicates the experimental procedure. We

have chosen to enlist the long excited-state lifetime

to ensure unperturbed excitations by separating the ab-

sorption and ionization region in space: the atoms are

excited in a field-free region and are ionized downstream.
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An attractive feature of detection by field ioniza-

tion is the high efficiency of the technique. Field

ionization is complete and the electric field present

causes all electrons to move in the direction of the

detector. Detection of the accelerated electrons with

an electron multiplier reaches efficiencies of the or-

der of 1. Consecutively Rydberg states excitation can be

detected with essentially 100 % efficiency. This number

compares favourably with the detection efficiency of

fluorescence (see previous section).

III.4.2.3 The detector

The detector is designed to accommodate various

experiments on Rydberg atoms. It consists of a solid

block of copper in which 4 small chambers have been

drilled. Three of them contain a condenser either for

field ionization or to ensure Stark-state selective

absorption (see fig. 3.10). The atomic beam runs through

all the chambers. Three holes (A, B, C ) , through which

the laser beam can be directed, are drilled through the

copper perpendicularly on the atomic beam channel. A

BEAM

Fig. 3.10 The detector assembly. Chambers I, III and IV contain condensers. Regions

A, B and C indicate the possible intersection regions of the Iftser- and atomic-beams.

The electron multiplier can be positioned at either 1 or 2. The atonic beam enters the

assembly either from the left or from the right.
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k
nurJbsr of experiments thus can be performed by only P

codifying the geometry. Absorption spectroscopy e.g. is I

done by exciting the atoms in hole B, ionizing in con- F

denser III and counting the charged particles in region '•'

1. Stark spectroscopy can be performed by exciting in

hole C in condenser IV and subsequent ionization in con-

denser III. The absorption spectrum of the Stark quasi- ;

continuum can be studied by exciting in hole C in con- '*

denser IV and counting at position 2.

In our experiments the electrons are detected, :~

which are repelled by the negatively charged lower plate

of the ionizing condenser and escape through a fine mesh

in the top plate of the condenser. The electrons are

captured on the cathode side of an electron multiplier

(Galileo CEM4039) which delivers a short current pulse \

for each impinging charged particle. In contradistinc- ^

tion to the experiments using pulsed lasers, the field i

ioniziation process is not state selective in a CW ex- L

periment. This is due to the interaction of the atoms -

with the ubiquitous blackbody radiation. The blackbody

photons interact very strongly with the Rydberg atoms

due to the large transition dipole moments between the

Rydberg states of opposite parity (see eq. 2.7). The

blackbody induced far-infrared and microwave transitions

between Rydberg states, demonstrated directly by Haroche

et al. 27J and responsible for the apparent lifetime

shortening of Rydberg states as shown by Gallagher et

al. 28J , induce rapid (<̂  1 us) redistribution of the

initial population over the manifold of Rydberg states.

Thus in our detection system a great number of Rydberg

states will be populated before the excited atoms arrive

in the ionization region. ,

On the other hand the blackbody radiation populates

higher states than the initial state, which can be io-

nized more easily. The field ionization process perturbs
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the blackbody induced steady state populations and

eventually ail Rydberg atoms arrive in ionizable states

and are thus detected. Consequently the blackbody in-

teraction effectively reduces the required ionization

field.

III.5 CALIBRATION AND DATA ANALYSIS

In this paragraph the auxiliary equipment is re-

viewed in the first part. The analysis of the experi-

mental data together with the calibration spectra is

the subject of the second part.

III. 5.1 Calibration equipment

The heart of the calibration equipment is a home-

built 3He22Ne laser, stabilized in length on a transi-

tion in 1 2 9 I 2 . Absolute frequency stability and repro-

ducibility is estimated to be better than 2 00 kHz/year.

The length-stabilized laser yields .4 mW power at the

632.8 nm transition in Neon. The various properties of

the laser and the stabilization electronics will be £

discussed elsewhere 1 2 J.

The output of this HeNe laser is used as a refer- j

ence beam for two instruments: a wavelength meter and a :'

calibration interferometer. •

The wavelength meter is a fringe-counting Michelson \

interferometer similar to the design of Hall & Lee 29) . %•

It consists of two overlapping Michelson interferometers: i ,

one for the dye laser output and one for he HeNe laser

output. Within the interferometer the laser beams travel jf \

along exactly the same paths but in opposite directions. [|

This ensures easy beam separation and relative insensi-

tivity to disturbances. The interferences at both wave- '[

lengths are monitored in separate photodiodes. The out- p >
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counting is uood to increase the counting speed. In

thin ;:ay the travelling mirrors have to move only ~ 14

en tc obtain an accuracy of I in 107 for wavelengths

around 600 ran.

The use of a stabilized HeNe laser as a reference

bean in the wavelength meter eliminates errors in the

wavelength readout due to variations in the frequency

of this reference beam. The reproducibility of a wave-

length rr.easurement has been tested by locking the dye

laser frequency to the frequency of an atomic transi-

tion. It turns out to be better than 1 in 107 (10"1* nm

at 600 nm). This high accuracy is required for the ac-

curate determination of the excitation frequencies of

the Rydberg series. Some more details of the design of

the wavelength meter are discussed elsewhere 2 3 J.

For the calibration of the spectra we have the

disposal of two confocal Fabry-Përot interferometers:

a high finesse 50 cm long super-invar interferometer

with free spectral range (f.s.r.) of 148.937(3) MHz and

FWHM of 3.7 MHz (finesse 40); secondly a low finesse

1 meter long Nilo 36 interferometer with 75.05 MHz free

spectral range and FWHM of ~ 6.5 MHz (finesse 11). The

high finesse etalon is used for calibration of the

spectra when the scanning dye laser operates in the

wavelength region 530-650 nm. The 75 MHz free spectral

range interferometer is used outside this wavelength

region.

To eliminate fluctuations and drift in the optical path

length due to temperature and pressure variations sta-

bilization of these instruments is required to enhance

the reliability of the calibration. This stabilization

is accomplished by locking the length of the interfero-

meters to the wavelength of the I2 stabilized HeNe laser.

Details of the stabilization of the calibration inter-
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rotexe have been calibrated on the 589.5 ran transition

in Ha (150 MHz f.s.r. interferometer) and both the 451.1

no transition in In I and the 410.2 nra transition in

3b I (75 MHz f.s.r. interferometer). These calibrations

are regularly checked against the well-known groundstate

hyperfine splittings in various transitions under study.

A block diagram of the calibration equipment is shown in

fig. 3.11.

STABILIZATION
ELECTRONICS

1, STABILIZED
HO No LAKER

STABILIZATION
ELECTRONICS

CALIBRATION
INTERFEROMETER

WAVELENGTH
METER

ELECTRONICS
&

COUNTERS

calibration
signal

from
dye lüsar

.1

Fig. 3.11 The calibration equipment.

III.5.2 Data analysis

The signal of one of the detectors (photomultiplier

or electronmultiplier) as a function of the laser fre-

quency is after processing by a counter and multichan-

nel system sent to a PDP-8L minicomputer. Simultaneously



the cigraai of the calibration interferoraotGr is ctored

on thin computer. Consecutively these data are trans-

ferred to a HP3000 computer for plotting, storage on

magnetic tape and analysis.

Each Gcsctrura, consisting of the calibration spectrum

in the first set of 2048 channels and the atomic spec-

trum in a second set of 2048 channels, is transferred

separately. The calibration and atomic spectra map ac-

cording to in «--• 2048 +m.

The data are analyzed with a computer program FXTLAS.

The program modifies the channelnumbers into a frequen-

cy scale and linearizes the experimental spectrum. The

shape of a peak in the experimental spectrum can be ad-

justed with three parameters as the peakshape is approx-

imated by the form

f (x) =
+ax2 +cxG

This choice of lineshape enables complete fitting to

Lorentzian shapes (b=c=0) and a reasonably accurate

fit to a Gaussian line profile. Lineshapes intermediary

between Lorentzian and Gaussian can be approximated by

varying a, b and c. Since lineshape parameters are gen-

erally of no great interest to us the parameters are

only varied to test whether the peakposition is affected

by the approximation made. The output of the program is

an array of peakpositions and peakheights where the

former is in MHz. The frequency scale is related to the

first calibration peak in the computer stored spectrum.

Once the relative frequencies of the various peaks are

known, assignment to the various isotopes can be made.

Intensity ratios and groundstate hyperfine splittings

are indispensable aids to the assignment of ground- and

excited state quantum numbers. After specification of

the quantum numbers the parameters which determine the
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c::cited otatc splittings can bc extracted. The coraputer

oicrcinization and program related to the datataking and

cncilycic will bo described elsewhere 1 2 J.
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C H A P T E R IV

HIGH RESOLUTION OV SPECTROSCOPY

I V . 1 INTRODUCTION

In this chapter three experiments are presented,

which have been set up to demontrate the feasibility of

high-resolution UV spectroscopy. Section IV. 2 consists

of a reprint of an early letter reporting on our first

frequency-doubled laser system and an experiment on the

5p 2P 3/ 2 •*"
 7 s 2si/2 t r a n sitio n i n I n !*• I n section IV. 3

a letter is reproduced describing the development of

the frequency-doubling system which has been used for

the ejcperiments described in chapter V*. In that letter

it is applied to a study of several UV transitions in

Eu I. Finally in section IV.5 we report on a recent in-

vestigation on hyperfine structure and isotope shifts

related to the second p-states of the alkaline earths

Sr and Ba. This investigation proceeds in cooperation

with T. Olsson and Dr. L. Pendrill of Chalmers Univer-

sity of Technology, Göteborg, Sweden.

* Reprinted with the kind permission of North-Holland Publishing
Company,
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iv.2

A FnDQUENCV.DOUBl.ED FREQUENCY-STABILIZED CW RING DYE LASER FOR SFECTROSCOPV:
A S1UÖV OF THE Jl = 193.3 r.m TRANSITION IN In l

The CW dye bser lias, due to us versatility and nar-
row unewcillli. gained o prominent position among the
techiui|u:s fui Injli-tesululton studies of optical trana-
nuns in atoms and molecules Until recently high-reso-
lution spectroscupy with this type of laser was restrict-
ed lo (lie visible and neor-mfrared regions ( 4 0 0 - 8 0 0
mil). WDllun this wavelength region (he main part of the
work lias been performed in the 5 4 0 - 670 nm interval
using various Rhusianiiitc dyes. With the development
of the Slilbene dyes the blue spectral region ( 4 0 0 - 4 7 0
mil) became more accessible and quite recenlly some
research has been conducted in this spectral interval.
However, in many atoms the excited states can only
be reached from the grouni.' state or low-lying meta-
stable stales with ultraviolet radiation.

Tunable U.V. radiation can be produced by frequen-
cy doubling the output of a (unable laser in a non-linear
crystal. As the second harmonic power depends quadra-
tically on the fundamental power it is advantageous to
mount the crystal inside the laser cavity. For the same
reason a ring dye laser offers considerable gain over a
standingwave design with regard to U.V. output power.
Hitherto only moderate linewidth ( > 20 MHz) fre-
quency doubled CW dye lasers with a tuning range > I
GHz were available for spectroscopy. Wagstaff and
Dunn obtained 3 mW single-frequency U.V. power in
the range 2 9 2 - 3 0 2 nm with an effective bandwidth of
20 MHz by inserting a Brewster-angled ADA crystal in a
specially designed CW ring dye User [1 ] . In an analogous
set-up Marshall et al. obtained 10 mW single-frequency

output in the 285- 311 run wavelength range with an
effective bandwidth of 100 MHz ( 2 | .

In this letter we report on the production of tun-
able CW U.V. radiation by means of mtracavity fre-
quency-doubling in our actively stabilized ring dye
tasei (Spectra Physics 380 A) opetating on Rhodamine
6G: the effective linewidth i » < 2 MHz. The applicabil-
ity to the Held of atomic spectroscopy is demonstrated
by a measurement of the hyperfine structure in the
X = 293.3 nm 5p 2P3/2~* 7 s 2 s i / 2 'ransitionin indium.

For the production of the coherent U.V. radiation
we have inserted a 20 mm long 45° Z-cut crystal of
ADA in the auxiliary beam waist between the lasermir-
rors M 2 and M j (fig. 1). The crystal is right-angled, un-
coated and mounted in an oven for temperature tuning
(stabi l i ty-0 .01 K)a t a phase-matching angle of 90° .
To reduce (he cavity losses single-side antireflection
coated quartz windows have been mounted almost in
direct contact with the front and rear surfaces of the
crystal. Between the windows and the crystal a thin
layer of inde:: matching fluid is contained. Both win-
dows and crystal are slightly wedged to minimize inap-
propriate etalon effects. Concurrently M j has been re-
placed by a U.V. transmitting mirror and M 4 by a high
reflector (transmission < 0.5%). With this system we
obtained about 500 /iW (unable single frequency U.V.
radiation at 2.S watt S14.S nm pump power from an
Ar* laser (Spectra Physics 171-19). The fundamental
power coupled out through M 4 was 5 mW.

The ring laser is, in order to reduce the effective
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1
COUENC

DOUBLING OVEN
S T B Z T O N

1

I 11. D T h e c x p f r i m i m . i l Mjl-up l l i i ' rmj lj»t-r conta in* Ihc mirrors M , . \ l j . M j and M 4 , bir i lr i i igcnl filler U.I".. Ihln e la lon T t..

nvnnu:^' c r a t o n S . i * . ufiidwt'i'»i>n«Ideittv I I>.L> and a Ireijui-ncy doubl ing cr>^tal mouuu-tl m a n o v u i 1 .D .O. I ' l ioi iKlmdcsarc

imJtrat«3 b> P . R . . t l u ' pnotuniuliii<h>i !•> I'M.

lincwirjth, frequency lucked to a wing uf a tiamims-
Stan peak of a hiclil) stable cuiifbtal f"abr> Perot inter-
Icrometer; willi Una st't-U[i we obtam JII ellcctive line-
width of — 1 Mll^ in die visible, ciTii-spunuing to a
Ivvhni of - 2 MM/ foi the second haimomc I'ot the
frequency-locking a nujur fr;iclu>n o| the fundumcnlaf
e.Mracavity puuci is used. Details of the stabilisation
scheme are described elsewhere | 3 | .

Alternatively the fundaincmal beam is used for the
measurement of the wavelength wilh the help of a
Michclson interferometer-type wavelength meter. Due
to various, as yet poorly understood wavelength de-
pendent intracavily losses induced by the second-har-
monic crystal, the wavelength selection proved to be
more difficult than with a standard ring cavity.

To calibrate the spectrum » part of the fundamen-
tal b u m is directed into a ISO MHz f.s.r. confocal
FabryPerot interferometer, which is locked to the
output of a home-built / 2 stabilized HeNe laser (fig. I).
Simultaneous with the recording of (he atomic absorp-
tion spectrum the transmission of (his calibration in-
terferometer is monitored as a'fund ion of the User
frequency. The frequency separation in the U.V. cor-
responding to the peak distance in the calibration spec-
trum equals twice f.s.r. for the fundamental wave-

length. To check tiic mode structure ot the laser a
spectrum analyser anuinuously monitors the laser out-
put at the fundamental frequency. With this set-up uo
ru\c been able to scan mode-hop lice over 7 Gil/ in
the U.V.

The absorption spectra were obtained in a set-up
wheie the focussed second-harmonic beam perpendic-
ulaily intersects a wcll-coUiniaicd atomic beam of
indium [3 | . Details of the beam production and the
metastahlc z P , / 7 stale have been published elsewhere
[41 1 lie overall siiucturc of' the absorption spectrum
is expected to closely resemble the previously studied
X = 4S1.1 nm transition 5p2P3y2-* 6 s 2 S | / 2 14]. Asa
natural sample of indium contains the two stable iso-
topes I U In (abundancy 4.2%) and "5ln(abundancy
95.8%) which both have nuclear spin / = 9/2 the spec-
trum will display the hyperfine structure of both iso-
topes in the tower and upper states and the isotope
shift in the transition studied. A recording of the com-
plete hyperfine structure of the X = 293.3 nm transi-
tion together wilh the calibration spectrum is shown
in Tig. 2. The contributions of the two isotopes are
clearly discernible as the 6 small peaks obviously be-
long to the rare " 3 ln isotopa. The hyperfine transi-
tions are indicated by the total angular momentum F
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1

1684(31 255 4(5)
1685.2(6)»»
S».0!i4)M 260.18(25) W

•lV*!ac»*reftoniircf. J6).
^ tifDH coirejpondl lo maihtival cnor

of lower and uppei slate. From a number of sucli spec-
i n the hyptrfine interaciiun comlani A of die 7 s 2 S ( / 2
Hate hi» been extracted using the ground stale split-
tltifi, measured with high precision by fc'ck and Kusch
(S | . The final value results from an avenge over sev-
eral spectra. The transit ion isotope shift has been de-
termined simultaneously. The results ire shown in
table i together with the values for the hypeffine inter-
action constant of the 6s 2 S , / 2 state and the transition
isotope shift in Ihe \ •= 451.1 nni line. The increase In
accuracy compared to our study of the \ *> 451.1 nni
transition is mainly due to the use of an actively stabil-
ized dye User and calibration interferometer.

Finally we conclude that with our intracavity fre-

quency doubled f W ring dye las;r we liavc obtained
both liigl) resolution and tugc scaiuvidtli and tint dye
laser spectroscopy in the li.V. can be performed with
an accuracy comparable to recent results in ihe visible.
In ihc near future we will try lo optimize tltc U.V.
production by carefully eliminating inlracuvity losses
and extend Ihe range of our dye laser furiher by using
crystals other than ADA.

We would like lo thank J. Uounia for his technical
assistance, W. Genuit for many helpful comments and
his aaijtance in Ihe experiment! and we gratefully
acknowledge the Stichting voor Fundainenieeel Onder-
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ULTRAVIOLET TRANSITIONS IN EUROPIUM STUDIED
WOT!A FREQUENCY-DOUBLED CW RING DYE LASER

0. Introduction

The high circulating power of a cw ring dye laser
offers the possibility to produce coherent narrowband
UV radiation. Recently important progress has been
reported in I he wavelength regions around 250 and
300 r.ni, itninly concerning the technique of intracav-
ity frequency doubling using various lemperaiure-tuned
men-linear crystals (hydrogenated arsenates and phos-
phites).

The aim of obtaining high output power in the UV
combined with high spectral purity puts severe limits
on the crystal induced insertion losses which can be
tolerated. To minimize these losses crystals mounted
under Brewster's angle for the fund .mental beam are
moil widely applied, even though he second-harmonic
beam suffers Fresnel-lotsei at trv exit surface of the
crystal.

Employing a Coherent Radiation model 699-21 ring
dye later Couülaud et al. obtained more than 10 mW
tingle-frequency U V at 296.8 nm using an ADA crystal
at a doubter. RhöC as a dye and 19 W pump power
( A i * all Unes). ( I | Webster el al. obtained 0.06 mW
at 254 nm using ADP and Coumarin 515, wit h a line
width of ~ 5 t ) M H z using 3.6 W pump power (Kr* 413
nm) in «specially designed ring cavity [21.

Wagstaff and Dunn built a frequency-doubled ring
dye later capable of delivering 5 mW at 296.8 run using
ADA and Rh6G, with a linewidth of ~ 10 MHz at the
fundamental wavelength and a scan ring of 30 GHz [ 3 | .

Marshall el al. developed a computer controller ire
quency-doubling system capable of delivering up to
I O I I I W single-frequency UV in the tuning range of A i i . \
at a linewidlh of 100 MM/ and a scanwidth of 3200
G H / using 5 W pumping power (Ar* 514.5 nm) and
Rli6(; as a dye [4 ] .

In a standing wave laser operating on Coumarin 102
Bastow and Dunn obtained 70tiW UV at 244 nm with
a Unewidlh of ~0 .02 iim using a crystal of lithium-for-
mate-monohydrate (LFM) and 4 W pump power (Kr*
violet) |51

Alternatively right angled crystals have been used
both in linear and ring cavities. Ter Meulen el al. ob-
tained SOfiW UV at 305 nm with a linewidth o f - 2
MHz and a scan width of 0.5 GHz at 4W pump power
(SI4.S nm) by inserting an antireflection-coated ADA
crystal in a linear dye laser operating on Rhodamine B
| 6 | .

In a previous publication we reported on a right-
angled frequency-doubling system inserted in a Spectra-
Physics 380 A ring dye laser, operating on Rh6G.
Single-side anti-reflection coated Spectrosil windows
were fixed on the crystal ends with index matching
fluid in between. With this device we obtained 0.5 mW
single frequency UV at 293.3 nm using ADA as a dou-
bier at 1.8 W pump power • , < Ar* 514.5 nm) at a line-
width of 2 MHz and a scanwidth of 7GHz (7 | . In a

' Due to a callbialion error of one rtawermeter the previously
published value (2.SW) li not correct.
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[2!« ï i : ; ; i t : p:ifcirr::nc: of tli: cytlera has been im-
poi t J by t:_-jcr.!j-:eirtïci[on coited crystals. Anti-
neltrctton courd RD? crystals have been used in tht
I^T.Ï lït-up to entend tht wavelength regton up no
3I8r.m

Th: cho:te fci a rrjhl-injt-d jyjsem in out initial
wcjk was tTin ï̂y a conxquince of ihe avatCibl; ring
tisrt. Since lti:n V/Ï have developed a compact and
i n a l i ' system which can accomodate both Brewster-
cnjles zr.ti nrjii-cngted crystals and allows for both
0^3!: lunoig end temperature tuning at 90° phate-

In tEus [:tter we report on the performance of this
system unn3 a temperature tuned Brewster-angled
crystal of ADA inside the ring cavity. The produced
UV radiation Bias been used to examine hyperfine
structure and isoioptc shift in the transitions ai \ =
294.8.295.1 and 295.8 nm of Eu I.

2. The UV source

In the present experiments we use an actively stabil-
ized CM ring dye laser (Spectra Physics model 380 A)
operating on Rhodamine 6G as a tunable lightsource
in the visible, tn the auxiliary intracavity beam waist
between M2 and M3 (fig. I) we have inserted a 20 mm
long 45° Z<ut crystal of ADA.

To compensate for the beam displacement and for
some of the astigmatism a fused silica compensating
rhomb (20 mm long) is placed between the crystal and

M2. The doubling crystal is mounted ui en oven assem-
bly foi temperature tuning al 90° phas:-mDichuj£[. To
obtain goad temperature liability the oven assembly
consists of two concentric ovens. The overa are inde-
pendently temperature stabilized (stability ~0.005 K)
and the outer oven is kept 3 K below the inner oven.
For temperature readout and jtabnteaiion ptecuion
thermistors are used (YSI 44108); heater foils (Minco)
are wrapped around both ovens.

The oven assembly as well as the compensating
rhomb are mounted on x-y translation stages for opti-
mum setting in the ring User. They can be rotated in-
dependently around an axis perpendicular to the lasing
plane This permits setting at Brewsi ;r's angle. The
crystal oven can also be rotated around its length axis
to eliminate the deleterious effects of the crystal
birefringence.

Replacement of M3 by a minor tint has both high
reflectivity at the fundamental wavelength and high
transmission (~70%) at the second-hsrmonic frequency
ensures extraction of the major fraction of the proOuced
UV power.

As the second harmonic power depends quadriticait-
ly on the intracavity power at the fundamental wave-
length the standard outcoupler M4 is replaced by •
high reflector thus increasing the circulaties intracavity
power. With this design we obtained 10 mW single fre-
quency UV (bandwidth 2 MHz) at e.5. 292 nm with 1
scanwidlh of 30GHz using 4W pump power at 314.5
nm. Removing the standard animation compensating
rhomb we were able to couple 25 mW sLigb-frequency

pumptjtom ( A T * S1«.5nm)

r i j . I. The frequency-doubled ring Uier. i - dye jet, P - pump minor, U.D.D. - unidirectional device, S.E. -
T.E. - thin etalon, B.F. - three-plate birefrinied filter, M|, M t, Mj and M« - cavity minors.
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F«. 2. The UV power as a function of the e\ceu pump power
""pump ~ ''threshold'-

UV out of the cavity at the same pump power, meas-
uring the UV power with a Coherent Radiation model
210 power meter. The resulting UV beam is only slight-
ly astigmatic. Due to the limited transmission of M3

and the Fresnel losses at the crystal surface 25 mW UV
output corresponds to - 3 7 mW UV generated in the
crystal. Since the intracavity fundamental power equals
- 1 ! W, as calculated from the visible output of M4

and its residual transmission, the non-linear coefficient
is ~ 3 X 1O~4 W-', in good agreement with earlier re-
sults | 4 ] .

The threshold pump power was measured to be as
low as SSOmW only. The main advantage of the
Brewster-angled system over our earlier approach is the
absence of additional parallel surfaces perpendicular to
the User beam. These parallel surfaces, which were
abundant into the window enclosed right-angled set-up
[71 introduced unwanted etalon effects severely affect-
ing the intracavity power, the selection of the require
wavelength and the long-term ( > 10 s) amplitude stabil-
ity. The optically simplest system, using an anti-rerlec
tion coated rigrjt-angled crystal proves to be much
more complicated and gives less reproducible results
than the Brewster-angrd system.

In fig. 2 we have plotted the UV power versus the
square of the excels pump power W ^ p - /"threshold)-
As the fundamental output of the dye laser turns out
to be a linear function of the pump power the plot di-

rectly shows the quadratic dependence of the UV
power on the fundamental power. The pump power
was not raised above 5 W to prevent possible damage
to the crystal. The long-term amplitude stability has
been measured to be better than 10% over an interval
of 200 s.

3. Experiments

The complete experimental arrangement has been
described earlier (7,10]. The laser is actively stabilized
(fwhm ~ 1 MHz in the visible) and the collimated UV
beam orthogonally intersects an atomic beam. The
fluorescence light is monitored as a function of the
laser frequency simultaneous with the transmission of
part of the visible later output by an actively stabil-
ized confocal Fabry-Perot interferometer, used for
calibration of the absorption spectrum (free spectral
range 1 SO MHz). To minimize stray light the visible
fraction of the light transmitted by M3 is blocked by
a gUssfilter (Corning 7-54).

With this set-up we have performed a high-raolu-
tion study of the X = 294.823 nm, X = 2°5.980 nm and
X = 295.889 Dim transition in Europium (4f 76j 2

-» 4f76s7p and 4f75d6p) as an extension to our earlier
studies of some of the transitions leading to levels of
the 4f76s6p configuration [10,11 ] . To eliminate the
effects of stray magnetic fields (he laser was fint tun-
ed to the X = 576.520 nm transition in Europium
which has recently been shown to be very sensitive to
such fields [ 12 J. By careful inspection of the fluores-
cence spectra while applying compensating fields the
Zeeman broadening was minimized. Consecutively the
fundamental wavelength was tuned to about twice the
required UV wavelength and the temperature of the
crystal was tuned for maximum UV output. An initial
experiment on the X =" 294.8 nm transition was per-
iüimcó iniiaj iu mW UV power at 3 W pump po«<er.
The resultant spectra however showed power broaden-
ing.

A recording of the X • 29S.8 nm line using 1 mW
UV is shown in fig. 3. In the spectrum the two isotopes
are completely separated due to the targe isotope shift.
The spectra of the reamining two lines show quite a
different structure. Here the hyperfine cplitting in the
excited is so much larger than the isotopic shift that
the structures of the two isotopes are intertwined. All
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the specira show the typical grouping in mulliplets of
three or iwo peaks leading to a specific hyperfine level
in the excitnl state. This characteristic feature is caus-
ed by the large ratio between excited- and groud-sute
hyperfine interaction constants. In fig. 3 not all peaks
are well-resolved (e.g. the A" = 1 -»/•"' = 1 and F = 2
-»/ ' ' = I transitions in l 53Eu, which has to be ascribed
to the large natural linewidth (~20MH7).

A first result of our measurements is the definite
establishment of the ./-value of the 33879 cm"1 level,
which equalsf in accordance with the value given by
Smith and Tomkins with a question mark | 9 | . The ex-
tracted hyperfine interaction constants of the exdted
states are given in table I together with the kvel de-
signation according to Smith and Tomkins. The trtors
in the value given arc composed of statiitical errors re-
sulting from (he evaluation of the hyperfinc interac-
tion constants out of a large number of spectra and of
an error in the free spectral range of the calibration in-
terferometer which itself is of statistics! character. The

latter contribution dominates for the values of 'JIA for

The ratio "U/liiA and l s lB/ l 5 Jf l are shown in the
last Iwo columns. In a first-order perturbalivs treat-
ment the hyperfine interaction constants/) and B are
propertional to the nuclear magnetic dipole moment
Pi and the nuclear electric quadratic moment Q respec-
tively. The ratio of the A -factors of all three levels
agree within 0.8% with the value given by Evans et al.
1131 for the ratio of the nuclear magnetic dipole mo-
ments I S I ul i 5 i n = 2.26505(42). Lacking a value of
the real quadrupole moments the excited state ratioi
of the it-factors can be compared with the groundttate
fl-factor ratio 15 l8/153fl =0.3928(20) given by Sanders
and Woodgate [14|. Here the deviations are up to 36%.
We presume that the observed discrepancy is entirely
due to second-order hyperfine energy. Under the as-
sumption that the major part of the second-order hy-
perfinr. energy ii.as in the case of 4f76s6p configura-
tion 110), due to the dipole-dipole contribution the
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-166 17(81
433.6015)
575.58(5)
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naitstiral erica

Mrm) IS. (MHz)

296.8
295.1
294.8

-5619.0(6)
-875 3(3)

-2363.5(4)

correction to both the A -factors and the ^-factors
roughly scale as

1516=( 151^153^2.1535

where I S ' 5 stands for the correction in either of the
two parameters for the isotope ISI and M| are the re-
spective magnetic moments. The ratio of the A-factors
ufttte 10P-JI2 level can be brought into agreement with
Ihe ground-state ratio by applying a correction of
1S36fl = 1.63 MHz and I51SB = 8.36 MHz, related by
the abovement ioned expression. Such values for second-
order contributions to the£-factors are well within the
range of possibilities as corrections of this size have
been found before in the 4f76s6p configuration (I0J.
The level density of even-parity levels is quite large in
the spectral region studied in the present work. The
l 0 P 7 / 2 and l0P9/2 levels are only 29 cm* 1 apart,
which leads to the possibility of a Urge second-order
hyperfine energy. A calculation of 2nd order hyper-
fine energies requires electronic wavefunclions of the
states studied and of nearby perturbing levels and
more experimental dati on hyperfine structure. The
present lack of both precludes a further analysis.

Table 2 shows the value of the isotopiic shift of the
transition studied. The errors in these values reflect
three times Ihe statistical error in the free spectral
range of the calibration interferometer. It is to be ex-

pected that the values presented hive to be corrected
like the hyperfine interaction constants, at the hyper-
fine operator causes small isotope dependent sliifls of
the centre of gravity of the hyperfine multiplel al-
ready in second order.

The normal mass shift contribution amounts to
- 4 8 MHz for all Ihe lines studied. The residual isotope
shift consists of specific mast shift and field shift of
which the Utter is expected to dominate. As the field
shift is proportional to the change in electron probabil-
ity density at the nucleus caused by the optical transi-
tion, this shift is expected to be particularly big for the
X = 295.8 nm line which is assigned as 6s2 -» 5d6p, i.e.
a sharp decrease in electron probability density at the
nucleus due to the excitation of both 6s electrons. In
a very simple model the field shift for a 6s2 -» 5d6p
transition is expected to have roughly twice the value
of a 6s2 -» 6s6p transition (—3.6 GHz). This model is
obviously too simple as configuration mixing with
nearby levels can drastically affect the value of the
field shift. Additionally the shielding of the inner s-
electrons by the outer electrons changes during the
transition which effect increases the probability densi-
ty at the nucleus, thus effecting the field shift in a di-
rection opposite to the single-electron excitation picture.

4. Conclusion

Frequency doubled CVJ dye Users have become*
reliable tool for performing speclroscopy in the UV
with very high precision, as demonstrated with the
present study of three levels in the intermediate ener-
gy region of the level scheme of Europium. Commer-
cial ring lasers can be straightforwardly transformed
into light sources in the UV without far reaching mod-
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IV. -i. 1 Intrcditoticn

The procent interest in the opectra of the earth

aikalincc, of which this thesis is an example, has

produced already a wealth of information on the inter-

actions of the two valence electrons and on configura-

tion interactions. One of the areas, on which the in-

terest is centered, is the subject of level isotope

shifts. Isotope shifts in transitions connecting to

Rydberg states are a direct measure for the isotope

shift in the level energy of a neutral atom with re-

spect to the atom's first ionization limit. Level iso-

tope shifts have thus far been determined for Li 1) ,

K 2JI and some earth alkalines 3»1>J.

Combination of isotope shift measurements to low-

lying states and to Rydberg states with a common ground

state enables the extraction of level isotope shifts of

these low-lying states. The present experiment comple-

ments the measurements on isotope shifts in transitions

from the ground state to Rydberg states t»'5'F and from

metastable states to low-lying states 6}.

IV.4.2 Measurements

The transitions under study are collected in table

4.1. The experimental setup is equal to the one discus-

sed in detail in chapter III. Figure 4.1 displays a spec-

imen of the second resonance lines (ms2 •»• ms(m+l)p lT?\)

of Sr (m = 5) and Ba (m>=6) respectively. The Ba spec-

trum, quite similar to the spectrum of the first reso-

nance line (fig. 6.1), is highly compressed. Due to the

relatively large natural width many components overlap,

hampering the accuracy of the analysis. The Sr spectrum

does not offer similar difficulties. However, the rare-
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[^^Ertholess the extracted values for the hyper fine in-

terest ien parar.oters agree with the ir.ore accurate re-

nulLtG of EJliitjG and Sauter 7J using the leve 1-crooGing

itGchnicac. ïhe present values for the isotope shifts in

this transition offer a substantial improvement over

earlier results 0;.

Values for the hyperfine parameters A and B (see

cq. 2.-32) for the 5s6p 'P] , 3Pj states in Sr and

6s7p 'P, in Ba are collected in table 4.2. The results

Table 4.2a Hyperfine interaction constants for the

5a 6p J = 1 levels of Sri

State

So 6p 'p,

5s6p3p,

A (MHz) B (MHz)

1 5 2 . 8 ( 2 ) 1 3 . 8 ( 8 )

- 3 3 8 . 7 ( 5 ) - 1 5 . 2 ( 1 . 1 )

Table 4.2b Hyperfine interaction constants for the

6s 7p 'p, state of Bal

Isotope

»37Ba

A (MHz) B (MHz)

- 1 0 5 . 3 ( 6 ) - 1 6 . 5 ( 2 . 4 )

- 9 3 . 9 ( 8 ) - 8 . 8 ( 2 . 1 )

for the Sr 5s6p 1P1 state are in good agreement with

the values of Grundevik et al. 6J, measured in an exci-

tation from 5s4d ^ 2 . Transition isotope shifts relative

to the most abundant isotope (88Sr or 138Ba) are pre-

sented in table 4.3. Experimental errors correspond to

a 90% confidence interval.
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Table 4.3a Measured transition isotope shifts in Sri (in MHz)

5s2

5s2

5s2

transition

' s 0 •+ 5s 5p

'So-*

'S0H

<• 5s 6p

• 5s 6 p

'Pi

'•>.

84

270.

475.

423.

-88

8(1.4)

4(7)

5(1.5)

Isotope pair

86

124

226

199

-88

8(3)

3(7)

6(4)

87

46.

95.

80.

-88

3(2.0)

2(7)

5(6)

Table 4.3b Measured transition isotope shifts in Bal (in MHz)

transition

6s2 'Sc -*6s7p 'Pi

134 - 138

-83(6)

135

-189

Isotope

- 138

.5(5)

pair

136

-82.

- 138

7(2.0)

137

-186

- 138

.1(5)

IV.4.S Analysis of isotope shifts

In an experiment on isotope shifts one generally

measures the transition isotope shifts. A common step,

then, is to calculate the residual isotope shifts in

the transition by subtracting the normal mass shift (eq.

2.47). This residual shift contains interesting infor-

mation about the electronic wave function and the atom-

ic nucleus. Residual Level Isotope Shifts can be ex-

tracted if the RLIS of either the ground- or upper-

state of the transition is known.

In alkalis the Residual Level Isotope Shift (RLIS)

is straightforwardly defined as the residual isotope

shift (see section II.4) relative to the ground stato

mp6 XS O of the ion. This choice of reference offars a

good starting point for a sucessful theoretical caleu-



84

lation of the RLIS as the closed-shell ionic state can

be well described by a Hartree-Fock model 9 J. A calcu-

lation of thr RLIS due to the valence electron then

proceeds by Many-Body Perturbation Theory 9 J.

For a comparison of experimental and calculated values

it is desirable to measure the RLIS in the earth-alkalis

relative to the ground state of the second ion (Sr++ and

Ba ) , requiring measurements of Rydberg states of both

the neutral atom and the corresponding first ion.

It will be shown, however, that the isotope shifts in

Sr I are well described in a first-order perturbation

treatment, similar to a discussion by Hughes 1 0 J. With

this first-order treatment the RLIS relative to Sr+

(5s 2S,/2) can be expressed in terms of th RLIS rela-

tive to Sr + + ^ S Q ) .

The residual level shifts on a number of low-lying

states in Sr relative to the first ionization threshold

are shown in tabel 4.4. The new data have been combined

with the measurements of Lorenzen 3 J, Hughes 10J and

Grundsvik 6 J.

Table 4.4 Level isotope shifts in Sri relative to SrII 5s 2S, (in MHz)

Level

Ss* »S0

5s 5p *Pi

5s 5p 3P!

5s 6p JPi

5s 6p 3Pj

5s 4d 'D 2

5p 4d lD2

84 -88

48 (3)

- 32 (4)

-137(21)

-127 (4)

- 77 (5)

-713 {5)

-881(12)

Isotope pair

86-88

18 (2)

- 12 (2)

- 72(20)

- 60 (3)

- 34 (2)

-341 (4)

-412 (5)

87-88

- 9(3)

- 9(5)

-

- 31(4)

- 17(3)

-161(4)

-180(4)

Reference

a

b

c

b

b

d

d

f
£•

I

,i :

a ref. 3, b this work. c ref. 10, d ref. 6.



85

The residual level shifts can be separated in a specific

mass level shift n and a field level shift r\
Fa

The
former parameter is proportional to

'SMS
A -A'

AA'
(4.1)

where A and A' represent the mass numbers of the iso-

topes. The specific mass shift contribution to the RLIS

thus have the ratio 4 : 2 : 1 for the isotope pairs 88-84,

88-86 and 88-87. The field shift variations between iso-

tope pairs are much smaller. The fact that the extracted

RLIS are approximately in the ratio 4 : 2 : 1 indicates

that riouc dominates over
SMS
SMS Fo

The relative unimportance of n_,o implies also that
F S

a simple model for this term can be used, neglecting

possible screening effects.

The RLIS of the <nl,ml'> state of Sr I relative to

4p6 1S0 of Sr + + is written as

RLIS<nl,ml'>=
SMS FS

(4.2)

The level shifts measured relative to 4p6 5s 2S, . of

Sr+ (table 4.2) are given by (see fig. 4.2):

RLIS<nl,ml'> -RLIS<5s> . (4.3)
5.

The specific mass shift n u . can be written as
SMS

nCMe.<nl,ml'> = nCMC(nl,core) + nQUC(ml',core) + nOHC(nl,ml").
SMS SMS oM5 SMS

(4.4)

The notation (nl,ml') refers to the interaction between

the two electrons.

('I

i.i

I
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S1/2)

RUS- Sr (5s21S0)

Fig. 4.2 Energy level diagrams of two Isotopes of Sr. The inert-gaslike

Sr + (!S0) state has been taken as reference level.

So far no generality has been lost. We shall now assume

that nowc. is well described by a first-order model i.e.
SMS

SHb
unless 1' = 1 + 1 (4.5)

and that the field shift is additive i.e.

nFS<nl,ml'> = nps<nl> + nFS<ml'>. (4.6)

Focussing our attention on the 88-86 isotope pair we

write for the level shift of the Sr ground state rela-

tive to the Sr+ ground state, using eq. 4.3, 4.4, 4.5

and 4.6

RLIS<5s2 1Sn> - KLIS<5s> =

\f

I -
ST.

2 T 1 F S ( 5 8 ) " n F S ( 5 S ) =

= RLIS<5s> . (4.7)
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Thus the RLIS of the 5s electron with respect to Sr

np6 equals: RLIS (5s) = 18(3) MHz.

The next two states to consider are 5s5p 1P 1 and
3Pj. The difference in isotope shift between these

states is caused by the exchange specific mass shift 1

RLIS<5s5p 1P1>-RLIS<5s> = nSMS(5p,core) + nFg<5pfcore) -

exch,RLIS<5s5p 3P1>-RLIS<5s>= RLIS<5p> + r)JZ (5s,5p) .
SMS

(4.8a)

(4.8b)

With the values of table 4.2 we obtain RLIS<5p> =-42(22)

MHz and ruü!^h(5s,5p) =-30(22) MHz.
SMS

According to the model the isotope shift in the

transition 5s -»• 5p of Sr+ (assuming it to be independent

of the total angular momentum j) equals

RLIS<5s> - RLÏS<5p> = 60(22) MHz,

in good accord with a measurement by Lorenzen and Niemax
1 2 J. Consequently, the values of tba RLIS derived from

the spectrum of the neutral atom are in good accord

with measurements on the ion.

The two states with a d-electron offer a possibility to

extract n_„-, (5p,4d) . Using the same procedure as before
SNS

we obtain from the measurement on 5s4d: RLIS<4d> =

-341(4) MHz.

Using RLIS<5p4d JD2> - RLIS<5s> = RLIS<5p> + RLIS<4d> -

RLIS<5s> - n„..„(5p,4d) yields n„..., (5p,4d) = 11(28) MHz.'SMS
(5p,4d) yields nSMS(5p,4d)

I
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/ • ;

The results for the 5s6p statss are slightly more com-

plicated. Following the above mentioned procedure

yields KLIS<6p> = -47(3) MHz comparable to RLIS<5p>.

Using hydrogenic model states one would expect RLIS to

scale as n*~ yielding RLIS<6p> 17 MHz.

Configuration interaction with 4d5p is a probable cause

for the large experimental value of RLIS<6p>, as the

4d5p configuration, which uniquely perturbs the 5snp

series,exhibits itself a large level shift 11J. The con-

figuration admixture into 5s6p is estimated to be 8%

The last parameter to be extracted is the specific mass

contribution from the interaction of 5s and 6p:

nSMS(5s,6p) = 13(3) MHz.

IV. 4.4 Conelusion

The isotope shift of a number of low-lying states

in Sr can be consistently analyzed in a simple model in

which all contributions are treated in first-order only.

The results of such an analysis are consistent with a

measurement on the Sr ion. The resulting values for the

RLIS relative to the Sr + + ground state collected in

table 4.5 should be compared to ab initio calculations.

Table 4.5 Extracted values for Reduced Level Isotope Shifts

with respect to the SrIII groundstate (in MHz)

RLIS <Ss>

RLIS <5p>

RLIS <4d>

18 (3)

- 42(22)

-341 (4)

Remeasurement of isotope shifts in a transition con-

necting to 5s5p 3Pi seems relevant.
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C H A P T E R V

THE ODD-PARITY RYDBERG STATES

v . l INTRODUCTION

The odd-parity Rydberg series have been subject of

several, in majority classical, spectroscopie studies, but

have received relatively little attention over the last

years.

The 6snp levels have been studied by Garton and

Tomkins in a classical absorption experiment (6s2 lS0 •*•

6snp *P\) l>. In addition to the level energies of the

Rydberg p-states up to n = 75 valuable information re-

garding the autoionizing states with orbital angular mo-

mentum a=l was obtained.

Armstrong et al. expanded the study of bound i = 1

states to levels with 3?i and 3P2 character in a three-

step excitation scheme employing pulsed tunable dye

lasers 2) . The J = 0 members of the 6snp configurations

have not been found by these authors and have so far

escaped detection.

In the experiment of Armstrong et al. a number of

6snf states (9 sn s 25) and 6sng levels (12 jn s 68) were

excited as well, the latter due to single-photon ab-

sorption from the collisionally populated 5d6p ^ 3 state

at 26816.293 cm"1 3J . Together with the experimental

data on the 6snp states Armstrong et al. presented a

detailed MQDT analysis (see section II.2). Up to eight

interacting channels were required to fit all but the
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lowest-lying J = l odd-parity states: 6snp ÏV, 3P, 5dnp
3D, 3P, lP and 5dnf 3D, 3P and !p. In addition to pre-

dicting the bound state energies to within 0.0 3 cm"1 of

the observed value, the "Fano minimum" in the oscilla-

tor strength 6s2 ^-SQ -*• ösnp1?!, which had been observed

earlier by Garton and Tomkins, was reproduced by this

analysis.

The 6snf states have been observed in a classical ab-

sorption experiment by Carlsten, Mcllrath and Parkinson
k > . To observe single-photon allowed transitions, part

of the atoms were transferred to the metastable 5d 6s 3Dj

states by laser-induced optical pumping via 6s6p 3Pi-

In this way the authors were able to record the absorp-

tions 3Dj •+ 6snf 3F 2,
 3D 2 •*• 6snf

 3F 3 and 3D 3 •+• 6snf
 3F^

between n = 4 and n~30.

Both Armstrong et al. and Carlsten et al. have given

quantum-defect values for the measured 6snf-series. The

published values differ slightly due to the fact that

different values for the ionisation energy were used.

The quantum-defect is essentially constant over the to-

tal range of n and equals

uf ~ 0.17.

According to Armstrong et al. the 6s20f 3F 2 state is

slightly perturbed, possibly by a 5d 8p J = 2 state. The

n = 20 quantum-defect

y20 = 0.183

differs by only 0.014 from the quantum-defect of neigh-

bouring f-states.

An indication for a weak perturbation of the 6snf

J = 4 series at n = 18,19 has been put forward by Carlsten

et al. Camus et al. however state that the 6snf Rydberg
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series is unperturbed 5) . For the 6snp 1P 1 states both K

Armstrong et al. and Garton et al. have extracted level "

energies which are in good agreement. The calculated

effective quantum numbers n*, however, differ slightly,

again due to the use of different ionisation energies.

The presence of perturbations ~ 1100 cm"1 below the

ionisation limit causes a variation of the quantum-de-

fect from 3.75 to 4.20 in the interval n = 20 to n=75.

In contradistinction thereof the quantum-defect of

the 3P! series varies very little for n >20. The 3P 2

series is perturbed around n=24, probably by the same

perturber as the 3F 2 state. The perturbation causes a

strong localized variation in the quantum-defect around

n=24, which amounts to P3p =3.78 where the series is

unperturbed. The value of the ionisation potential has

been modified in subsequent publications. The NBS tables

'edited by C.E. Moore quote a value of 42032.4 cm"1 3J .

Garton and Tomkins have revised the value to

Is = 42035.14 ±0.05 cm"
1 based on measurements of the

autoionizing 5dnp states, and the Ba+ 6s 2S , -»-5d2D .

energy interval *•'. Armstrong et al. 2} extracted the

value I = 42034.90 ±0.05 cm"1 from measurements of the

essentially unperturbed 6snp 3P^ and 6sng 1Gli states.

The latter value agrees with Is = 42034.85 ±0.1 cm"
1

extracted by Rubbmark 6J from high members of the

6sns lS0 and 6snd 1D2 series. However, to optimize the

MQDT analysis of both the higher and lov/er members of

6sns 1S0 and 6snd l'3D2 Aymar et al. use the value

Is = 42035.04 ±0.05 cm"
1 7).

In section V.2 the experimental method is summarized.

In V.3 the results for the 6snf series are presented in

conjunction with a discussion of the method of analysis,

whereas section V.4 is devoted to the 6snp series. Fi-

nally in section V.5 examples are given of spectra of

very high Rydberg states (n 5 60) which appear perturbed -'.
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by external influences.

V.2 MEASUREMENTS

The experimental method and apparatus to record

the transitions to the odd-parity Rydberg states have

been treated extensively in Chapter III.

Single-photon absorption spectra were taken using

a frequency-doubled CW ring dye laser operating between

303 and 307 nm. The 5d6s 3Dj and 3D 2 states, which

served as initial states for the absorption were popu-

lated by a discharge in the atomic beam. In this way

states with principal quantum number n j19 have been ob-

served.

The lower limit on this number is imposed by the

frequency doubling crystal (ADA)• The 307 nm limit cor-

responds to 106 °C phase matching temperature, which

closely approaches the reordering transition temperature

of the crystal. As no other crystal obeys 90° phase

matching in the region between 307 and 316 nm no attempt

has been made to probe the structure of the odd-parity

states for lower n values.

For the same reason transitions originating from

both the 5d6s lD2 and 3D 3 metastable states were not

observed.

Strong signals are observed for the transitions

leading to the 6snf states in the region n = 30 to n=45.

On both sides of this interval the signal strength de-

creases gradually, due in great part to our detection

system (see chapter III). For low values of the princi-

pal quantum number n the Rydberg atom decays to a low-

lying state before entering the field-ionisation region

of the detector, thus escaping detection. For high
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values of n (n > 60) a complex of factors cause a de-

crease in the signal strength. This will be discussed

in more detail in section V.5.

The transitions to the 6snp states are 2-3 orders

of magnitude weaker than the aforementioned transitions

to the 6snf states. Consequently in general the full

odd-isotope structure is not observed and the study is

restricted to the most abundant isotopes. The abundan-

cies and nuclear spin values of the naturally occurring

Barium isotopes are shown in table 5.1.

Table 5.1 Abundancies and nuclear spin values of

the various Barium isotopes

Isotope

138

137

136

135

134

132

130

Abundancy (%)

71.7

11.1

7.9

6.6

2.4

0.!

0.11

Nuclear spin

0

5/2

0

5/2

0

0

0

V.3 THE 6snf SERIES

As a consequence of the high signal to noise ratio

the spectra are observed in their full complexity. The

Coulomb repulsion, spin-orbit interaction and hyperfine

interaction discussed in Chapter II split each configu-

ration into a great number of sublevels.
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As mentioned already in section II.3.5 the hyper-

fine interaction will overtake the electrostatic and

spin-orbit interactions with increasing n, destroying

the normal subdivision into fine structure states.

The even isotopes with nuclear spin 1 = 0 are in-

sensitive to the complicating hyperfine interaction and

thus are ideally suited as a starting point for the

analysis. The level structure for these isotopes is

simple and shown in fig. 5.1.

In an excitation from 3Dj no information regarding

the fine structure of 6snf is obtained as only 3F 2 is

populated. At most values for the transition isotope

shifts are gathered.

The relative positions of 3F 2,
 3F 3 and ^ 3 levels

can be measured in excitations from the metastable 3D 2

states. This in principle is sufficient to extract

5d6s

6sn(

Fig. S.I Level scheme of the 5d6s and 6snf configurations. The transitions

for the even isotopes, observed in this work are indicated. The full line

corresponds to excitation from 3Dj and the broken lines to excitation from
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values for the two relevant interaction parameters

G3(6s,nf) and £ (see chapter II) . However, in most

spectra studied the transition to *F3 does not show up.

As a result the even isotopes do not give a clue to the

unravelling of the odd-isotope spectrum. Only excita-

tions from 3D 3 would have provided the required set of

data, but this could not be accomplished with the

available experimental setup.

For this reason the odd-isotope spectra will be discus-

sed in the following sections whereas the presentation

of the even-isotope data is postponed to section V.3.2.

f

V.3.1 The odd-isotope spectrum

In fig. 5.2 a number of typical spectra 3D! ->• 6snf

are shown for n=21, n = 30, n=40 and n=50. The spec-

tra correspond to the raw data as taken with our detec-

tion system. The assignment to the various isotopes is

indicated but the relevant quantum numbers are left out

for reasons of clarity.

With increasing n a clear grouping appears at the

high frequency side of the 1 3 8Ba- 1 3 6Ba doublet. Each

group corresponds to a specific hyperfine level in

5d6s 3D!. For instance the group of 6 peaks at the ex-

treme right (n=40) are transitions of both odd isotopes

from the 5d6s 3Dj F =5/2 sublevel, obeying the selection

rule AF=0, ±1. Within such a group the excited state

splitting decreases notably with increasing n.

This grouping does not appear at the low-frequency side

of the spectrum.

For the interpretation of the data the known

lower state hyperfine intervals are of great importance.

The interaction constants and splittings are given in

table 5.2 B). In most cases the hyperfine quantum num-

bers F of the lower state can be assigned unambiguously
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Table 5.2 Hyperfine interaction constants and level splittings in the

'Oy 2 states according to ref. 8.

All values are in MHz.

State

3D,

2

Interaction constants

137 A

137B

135B

137A

137B

135A

135B

-520.536

17.890

-465.166

11.642

415.928

25.899

371.736

16.745

5/2 + 3/2

3/2 - 1/2

7/2 -<• 5/2

5/2 -* 3/2

3/2 •+ 1/2

Splitting

137

-1278.98

- 821.06

1478.41

1023.63

602.23

135

-1148.36

- 723.94

1315.72

918.88

542.95

by fitting the hyperfine intervals to the observed

spectra. Additional information can be inferred from

the presence of 2 odd-isotopes, as both are expected to

exhibit a similar spectrum. The intensity ratio between

corresponding components in the two subspectra is then

expected to be roughly constant and close to the abun-

dancy ratio.

Hyperfine quantum numbers for the excited state

are determined by the use of the selection rule

AF = 0,±l. An assignment based on these considerations

is shown in fig. 5.3

1r.

V.3.1.1 Full assignment of the odd isotope spectrum

The assignment in fig. 5.3 gives the relative posi-

tions of 5 excited state sublevels, sufficient to ex-

tract the relevant interaction parameters (see section

II.3)
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the Slater exchange parameter G3(6s,nf)

the spin-orbit parameter E,

the Fermi-contact hyperfine parameter a

(5.1)

The normal ordering of interaction strengths

(G3 >> £ >>a ) is not obeyed in the Rydberg regime.

Rather one expects a to dominate in the very high n

limit as both G3(6s,nf) and £ . tend to zero with in-
nr

creasing n. As all three terms in the expression for

the total perturbation hamiltonian, which acts within

the configuration 6snf

Coul HSO hyp
(5.2)
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have expectation values of the same order of magnitude

the total perturbation hamiltonian has to be diagonal-

ized.

The |SLIJFM> basis is chosen to write the full interac-

tion matrix for 6snf. This configuration has the follow-

ing fine structure states:

!F3,
 3F 2,

 3F 3,
 3F„. (5.3)

Including the nuclear spin (I =3/2 for both isotopes)

one obtains 16 hyperfine states, F ranging from 1/2 to

11/2. The full matrix can be reduced to 6 submatrices,

since F remains a good quantum number. However, we have

chosen to use the larger reducible matrix.

A computerprogram has been developed, which gener-

ates the matrix and calculates the eigenenergies for

some specified input values of the parameters. Con-

secutively the program generates a spectrum, with, for

each isotope, 23 components for excitation from 5d6s 3Dj

and 34 components for excitation from 5d6s 3D 2. The

experimental and calculated spectra are compared and

the calculated spectrum is fitted to the experimental

input.

The MINUIT routine from the CERN library is used

for the fitting. An attempt to do this fitting can only

be made when the sequence of transitions in the calcu-

lated and experimental spectra is identical. Therefore

the initial values of the parameters are quite impor-

tant. In the computerprogram the transitions probabili-

ties are calculated too. In the program they are not

compared to experimental values, but serve as an aid in

the a priori assignment of hyperfine quantum numbers

only.

The 3Dj •* 6s45f (see fig. 5.3) transition will further

P
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serve as an example f or the analysis. It is selected as

it shows the earlier mentioned grouping at the high-

frequency side of the even isotope doublet and does not

yet show line-broadening effects (see section V.5).

Initial values of the parameters for l 37Ba 45f are

chosen as follows:

For the Fermi contact parameter
+

stant of the ground state of Ba

a the hyperfine con-
c

is taken (see 11.3.5)

137a = 4018.87 MHz 9J

c

Both G3(6s,nf) and 5 are assumed to be positive in

agreement with low lying f-states. The number of free

parameters can be decreased to one by using an experi-

mental result: the even isotope splitting A = 3F 2 -
3 F 3 ,

measured in excitations from 3D 2. The energy of the
 3F 2

eigenstate is given by:

E(3F2) = - 2 5 - ^ G 3

whereas E(3F3) is one of the eigenvalues of the J = 3

2*2 matrix and is a solution of

Ï7 G3 - E

(5.4)

(5.5)

Expressing G3 s a function of A and £ yields

G3 = 7(4A2 -14 A K)

4(2A -3 5)

where A equals the 3F 2 -
 3F 3 splitting.

By varying only one parameter initial values for the

parameters are found which give the right sequence of

hyperfine transitions.
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Once these initial values have been found, a new fit is

performed with 4 free parameters: G3(6s,nf) £ f , a

and a shift parameter SHIFT. This fit proved to be un-

satisfactory and is shown in table 5.3.

Nevertheless the result of table 5.3 explains the diffi-

culty in observing the components leading to 1F 3: they

are very weak and separated by several GHz from the

high frequency side of the "3F" spectrum.

Table 5.3 The calculated and experimental spectrum 3Di -• 6s45f with

a 4-parameter fit. ? = 7 1 0 M H z

G3 = 19560 MHz

a = 4021.3 MHz

(. "
1

F F
gr ex

2.5 ->• 1.5

2.5 + 2 . 5

2.5 -• 3.5

1.5 -<• 1.5

1.5 •+ 2.5

.5 + 1.5

2.5 + 3.5

2.5 + 2.5

2.5 + 1.5

1.5 •* 2.5

1.5 •* 1.5

1.5 -• .5

.5 + 1.5

.5 + .5

2.5 + 3.5

2.5 + 2.5

1.5 + 2.5

2.5 •*• 1.5

2.5 •• 2.5

2.5 -• 3.5

1.5 + 1.5

1.5 •+ 2.5

.5 + 1.5

CALC.

+5434.58

+5237.55

+4928.60

+4146.48

+3949.45

+3319.56

- 246.85

- 646.24

- 901.81

-1934.34

-2189.91

-2333.01

-3016.83

-3159.93

-5739.01

-6130.85

-7418.95

-7636.83

-8207.00

-8669.28

-8924.93

-9495.10

-9751.85

EXP.

- 418.20

- 713.80

- 869.40

-1999.90

-2158.80

-2234.90

-2983.90

-3060.40

-5600.00

-6166.00

-7454.00

-7609.20

-8276.50

-8698.00

-8896.00

-9561.00

-9722.70

DIFF.

+171.35

+ 67.56

- 32.41

+ 65.56

- 31.11

- 98.11

- 32.93

- 99.53

-139.01

+ 35.15

+ 35.05

- 27.63

+ 69.50

+ 8.72

- 28.93

+ 65.90

- 29.15

INTENSITY

.0002

.0038

.0207

.0025

.0110

.0031

.2088

.1063

.0178

.3043

.2337

.0450

.2840

.3500

.0768

.0136

.0390

.0040

.0743

.5736

.0518

.2127

.0630
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V.3.1.2 Additional contributions to the energy

As the 4-parameter fit for 137Ba yields an unsatis-

factory fit to the observed data, as is the case for
1 3 5Ba, additional energy contributions have to be intro-

duced. A selection between possible candidates has to be

made a priori, as the introduction of additional param-

eters improves a fit in general. Thus order of magnitude

estimates are made to prevent the addition of a parame-

ter which, if included in the fit, would become unphysi-

cally large.

Two classes of energy contributions will be consid-

ered:

A additional interactions

B higher-order effects.

A

A number of additional interactions have been con-

sidered and subsequently discarded.

i) The hyperfine interaction of the f-electron

ii) The spin-spin interaction

iii) The spin-other-orbit interaction.

The hyperfine interaction of the f-electron depends on

<r"3> f (see 2.40) and thus is expected to scale like

n* (see 2.5). An estimate for <r~3> , obtained from

a Hartree-Fock calculation, and from rare earth data

gives

<r-3>?f ~ 2 *10-" aj
3

scaling down to n=45 with the relation

<r~3> ~ n*
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• 2y 0 p
yields with a = pn — <r~3> ™> (5.6)

4« B I

%y where u is the Bohr magneton, u the nuclear magnetic
B X

dipole moment and a the so-called one-electron hyper-

•; fine parameter: a.,., ~ 45 Hz.

The hyperfine energy splittings within 45f will be of

the same order of magnitude and consequently are not

sufficient to improve the fit.

The spin-spin interaction energy E_„ and the spin-other-
s s

orbit interaction energy are proportional to <r~3> 11»12-1.
As the soin-orbit interaction energy E has the same

- so

radial dependence it is expected that the ratio of the

interaction strengths of the spin-spin and spin-orbit

interactions will be independent of n*. An estimate of

i • the order of magnitude of E can be obtained from

Hartree-Fock calculation of the spin-orbit parameter £ f

and the Marvin integral M°(6s,nf), which characterizes

the spin-spin induced multiplet splitting 13./*. The cal-

culation is performed for 6s7f as serious convergence

problems arise in the standard Hartree-Fock calculation

for n >10. C(7f) = 2 * IQ"2 cm"1

M°(6s,7f) = 42*lO"6 cm"1
**

The spin-spin interactions and spin-other-orbit are important in the light

elements. In Helium they induce strong modifications of the 3P multiplet

intervals. For heavier elements these interactions become relatively un-

important compared to the spin-orbit interaction as the latter scales

with Z1* (z is the nuclear charge) while the former scale with Z3.

I am deeply indebted to dr. J. Hansen for the calculation of these

Hartree-Fock values.
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M° is the only relevant spin-spin parameter in a nsn'l

configuration 11J . As the ratio M°/S is of the order of !';i

0.2% the spin-spin interaction is not a suitable candi-

date to add to the energy parametrization of the previ-

ous section.

The spin-other-orbit interaction strength is, in general,

of the same order of magnitude as the spin-spin inter-

action. Therefore it is discarded too.

B Higher-order effects

So far the calculation of perturbation energy has

been done in first order only i.e. it is limited to a

single configuration 6snf. However, the 6snf configura-

tions can interact with configurations of identical

parity such as other 6snf configurations and with levels

of the 5dnp series. Interactions with members of the lat-

ter series are expected to be rather localized and no

indication of a localized perturbation is found around

n=45. We will consider the 6snf, 6sn'f configuration :

interaction in more detail. Reference is made to dia-

grammatic techniques.

The most common type of second-order energy, which

affects the SL term splitting in a configuration is the

second-order electrostatic energy. Inclusion of such a

second-order effect leads to the introduction of the

so-called Trees parameters 1 5 J.

The SL term splitting due to the second-order ef-

fects of the Coulomb repulsion can be treated in first

order using an effective operator 16^

IK)where the subindices refer to the electrons and U is
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a tensoroperator whose only nonvanishing matrix element

equals

, ( K ) (5.8)

In a nsn'1 configuration the second-order Coulomb re-

pulsion gives rise only to a modification of the first-

order Slater parameters G*(ns,n'l) and F°(ns,n'l) and

not to a new LS dependent term, which can be shown using

diagrammatic techniques 1&J .

Diagrammatically the energy contribution can be

written as

Diagram 1

where o =6s and e =nf or vice versa (direct or exchange

term). The dotted lines denote the Coulomb interactions

where the orbital angular momenta kj and k2 are trans-

ferred from one electron to the other.

Analytically this diagram represents the interac-

tion

! - l ) k l + k 2 < 6 s | | c k > | | r > < n f | | c k ' | | p > < r | | C k 2 | | a > < p | | c k 2 | | 6 >

I

* R k ' ( 6 s n f , r p ) R k 2 < r p , a B ) • ANG

s ,nf

(5.9)

The denominator contains the energy separation between
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the configurations 6snf and rp. The C operators and

Rk(ab,cd) have been introduced in eqs. 2.35 and 2.37

respectively. The SI» dependence is contained in the an-

gular diagram ANG (see diagram 2)

ANG = Diagram 2

-0 ic a
(-D

j-0 ic a -I j-

*-k2 r kjJ *-

3 K

k2 p
Diagram 3

For the 'direct term' (a =Ss, 6 =nf) we have as a con-

sequence of conservation of angular momentum < =0. For

the 'exchange diagram' (a =nf, &=6s) we obtain K = 3

(see eq. 5.7).

The LS dependence is contained in diagram 3 which

is exactly equal to the angular momentum diagram for

the electrostatic interaction in first order. (The spin

dependent diagram in diagram 2 equals 1.) Consequently

for a 6snf configuration, as for all 2-electron confi-

gurations with inequivalent electrons, the 2 n order

Coulomb repulsion" energy can be included in the first-

order energy by modifying the Slater parameters

F°(6s,nf) and G3(6s,nf). This is valid for all orders

of perturbation. For a configuration with two equivalent
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electrons the 2 order electrostatic repulsion energy

yields odd K-values which are forbidden in first order.

Before we proceed further with the treatment of

other second-order energies we will give the spin-orbit

interaction and hyperfine interaction in a 6snf confi-

guration in their diagrammatic representation.

Both are single-particle interactions. The spin-orbit

interaction acts on a non-s-electron only.

H SO
< Diagram 4

The hyperfine interaction acts on an s-electron only.

Hhyp a (I.I)
c s

Diagram 5

Both interactions do not change the single-electron or-

bital angular momentum 1..

The second order energy contribution spin-orbit/spin

orbit 5E' and hyperfine/hyperfine 6E^ again can be

taken into account by a modification of the first order

parameters. To clarify this statement we will consider

the relevant part of the complete spin-angular diagram.

For 6 E(2)
so

this part looks like
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&

Diagram 6

which, using spin-angular diagram techniques, can be

reduced to

& J Diagram 7

which is exactly the first-order result. Consequently
r ( 2 )
JS0the SL dependence of

,(D
is equivalent to the SL de-

so
pendence of 6E

An analogous reduction can be made for the more compli-

cated hyperfine diagram. There are only three second-

order energies left to consider: the mixed terms.

The electrostatic spin-

orbit terms. Here r is

an f-state. The energy

has a spin angular de-

pendence different from

the first order result.

Thus the energy term

can not be taken into

account by modifying

the first-order parameters.

Diagram 8

6*

6%;

nl

>- St

DIRECT EXCHANGE
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II The electrostatic- Diagram 9

hyperfine terms. The

nature of the hyper-

fine interaction im-

poses the condition

that the excited state

r is an s-state.

This second-order

energy can not be ab-

sorbed in an effec-

tive first-order energy and thus introduces an

additional parameter in the energy expression.

6l 6«

O O •

61

DIRECT

III The mixed hyperfine-spin-orbit terms are zero. In

2 order no diagram can be constructed with both

a hyperfine and a spin-orbit interaction.

In summary: there are two candidates; the mixed electro-

static spin-orbit interaction and the mixed electrostat-

ic-hyperfine interaction: both in 2 n order.

To estimate their relative importance the denominator

appearing in the 2 order energy is considered:

AEhyp

SO

'6s

nf n'f'

As the Rydberg states are very close in energy compared

to the low-lying valence states AE. >> AE _ and the

mixed electrostatic-spin-orbit energy is the most pro-

bable candidate to add to the fitting procedure.

However, one has to be careful not only to consider the

energy denominator. One has to consider the

behaviour as a function of n. The term involving the

spin-orbit energy is expected to scale as n* , as is
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the case for the hyperfine term. So over the whole

range of n the spin-orbit term is expected to dominate.

The general expression for the matrix element of the

second-order electrostatic spin-orbit energy is

<6snf S1 Lj| l/r12|6sn'f S' LJx6sn'f S' Lj|s.l|6snf S LJ>
Z ( 5 . 1 0 )

n ' e - c
nf n ' f

For the fitting procedure the SL dependence is relevant

only. It can be obtained by matrix multiplication of

the electrostatic and spin-orbit matrices

H S O C = h Z {HC
V H^° + H

S° *? } . (5.11)mn k mk kn mk kn

As the direct Coulomb matrix is proportional to the unit

matrix the direct part of H is proportional to H
c inn r r mn

Thus the relevant part of H s o c is contained in the ex-
in

change electrostatic spin-orbit energy matrix.

V.3.1.3 The 5-parameter fit

Introduction of the parameter a, which character-

the second-order electrostatic spin-orbit energy

improves the fit for n=45 drastically, as can be

izes the second-order electrostatic spin-orbit energy

E* '

seen by comparing tables-5.3 and 5.4. The interaction

constants derived from the fit are shown in table 5.4

a's well. The remaining frequency differences between

the experimental and calculated spectra are difficult

to assess. They are in general too small (̂ 5 MHz) to

warrant the introduction of another energy contribution.

For some hyperfine levels the calculated energies dif-

fer more (20 -30 MHz) from the experimental energies

than for the other measured hyperfine levels. This de-

viation appears systematically in the observed spectra.

In order to see whether this systematic effect can be
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Table 5.4 The calculated and experimental spectrum 3Dj •*• 6s45f with

a 5-parameter fit. ? = 8 5 8 - 7 M H z

G3 = 31984.5 MHz

a = 4014.1 MHz
c
a = 1932.2 MHz

F

2

2

2

1

1

2

2

2

1

1

1

2

2

1

2

2

2

1

1

F
gr ex

.5 •* 1.5

.5 •* 2.5

.5 ->- 3.5

.5 H- 1.5

.5 * 2.5

.5 •+ 1.5

.5 •* 3.5

.5 •+ 2.5

.5 -• 1.5

.5 -+ 2.5

.5 -»• 1.5

.5 •+ .5

.5 -• 1.5

.5 + .5

.5 •* 3.5

.5 -» 2.5

.5 ->• 2.5

.5 ->• l.S

5 + 2.5

.5 •+ 3.5

5 -• 1.5

5 -• 2.5

5 -• 1.5

CALC.

+8796.46

+8490.73

+8024.11

+7608.36

+7202.63

+6681.44

- 413.75

- 708.28

- 870.52

-1996.38

-2158.62

-2239.82

-2985.54

-3066.74

-5583.50

-6176.08

-7464.18

-7609.21

-8273.31

-8693.81

-8897.31

-9561.41

9724.23

EXP.

- 418.20

- 713.80

- 869.40

-1999.90

-2158.80

-2234.90

-2983.90

-3060.40

-5600.00

-6166.00

-7454.00

-7609.20

-8276.50

-8698.00

-8896.00

-9561.00

-9722.70

DIFF.

+ 4.45

+ 5.52

- 1.12

+ 3.52

+ .18

- 4.92

- 1.64

- 6.34

+16.50

-10.08

-10.18

- .01

+ 3.19

+ 4.19

- 1.31

- .41

- 1.53

INTENSITY

.0001

.0027

.0148

.0018

.0078

.0022

.2130

.1093

.0181

.3131

.2370

.0450

.2880

.3500

.1137

.0206

.0590

.0038

.0653

.5383

.0492

.1871

.0598

ascribed to the use of an oversimplified model we have

added the second-order hyperfine-electrostatic interac-

tion to the energy expression. The fit between the ex-

perimental and theoretical frequencies improves signi-

ficantly, but the parameters become so highly correlated

that their values are meaningless. For this reason we

have rejected a 6-parameter fit in favour of the 5-pa-
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rameter fit.

Some of the earlier mentioned and rejected alternative

additional energy contributions have been tried in the

analysis, as a substitution for the crossed Coulomb

spin-orbit term. The two terms which were tested, the

hyperfine interaction of the f electron and the crossed

Coulomb hyperfine term, do not yield as satisfying fits

as the crossed electrostatic spin-orbit term. This re-

sult substantiates our selection.

The effect of E* ' can be imitated by introducing in

the spin-orbit matrix parameters different for the dia-

gonal and the off-diagonal elements. Such a differenti-

ation can be attributed to the different radial wave-

functions for the lF and 3F states. However, the 2 n -

order interpretation is preferred. In that model the

modification in fine-structure level energy is caused

by a compression of the multiplet due to the neigh-

bouring 6snf configurations.

V.3.1.4 Results

The level structure for the odd-isotope for all

values of n has been analysed with 5 parameters

1 G3 Slater exchange parameter

2 5 spin-orbit parameter

3 a 2 n -order exchange-spin-orbit parameter

4 a Fermi contact parameter

5 SHIFT shift from configuration average

The fifth parameter does not give rise to any splitting.

More attention to this parameter is paid in section

V.3.3 in relation to the isotope shift. The values of

the remaining 4 parameters are given in table 5.5. The

majority of these data have been extracted from
3Di •+ 6snf excitations for the 137Ba isotope. An excep-
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a and ' a . All values are
c c

Table 5.5 The parameters G3(6s,nf), $ , a, 137a and 1 3 5

in GHz. The quoted errors correspond to a 67% confidence interval. The values

shown for G3, g and a are the average values obtained from an analysis of the
137Ba and 135Ba spectrum.

n

19

21

22

25*

30

31

32

33

34

35

36

38

40

42

45

50

55

G3 (6s nf)

1269

943

782

392 (1)

159.2(2.0)

140.6(2.0)

123.1(2.0)

105.2(2.8)

93.0(3.0)

80.7(3.0)

72.8(2.0)

59.6(1.0)

46.1(1.8)

41.1(7)

32.0(4)

22.8(5)

16.9(5)

«nf

36.0

30.2

24.3

11.3

4.39

3.82

3.33

2.89

2.54

2.20

2.01

(1)

(2)

(2)

(3)

(4)

(3)

(4)

(2)

1.623(10)

1.311(20)

1.105

0.849

0.601

0.427

(8)

(7)

(6)

(8)

a

97.1

95.3

76.0

24.1

12.1 (2)

10.5 (2)

8.93UB)

7.55(20)

6.55(20)

5.42(25)

4.98(15)

3.97(10)

3.05(18)

2.61 (8)

1.92 (3)

1.36 (3)

0.98(10)

13?ac

3.999

3.994

4.008

4.018(4)

4.015(4)

4.013(4)

4.013(3)

4.014(3)

4.01d(4)

4.023(3)

4.011(3)

4.014(3)

4.009(8)

4.015(3)

4.014(3)

4.013(3)

4.011(8)

3.575

3.567

3.583

3.593

3.589

3.589

3.585

3.586(3)

-

-

3.586(3)

3.588(5)

3.588(6)

3.588(3)

3.586(3)

3.586(7)

3.585(B)

tion is the n=25 result (3D2 -+ 6s25f) , marked by an

asterisk. The results for n =20 are not shown, although

the level structure has been measured carefully. This

level turns out to be perturbed appreciably.

The n*~3 law is also expected to be applicable to the a parameter

<6snf | l/r^lösn'fxesn'fl^r) |6snf>
a - z

n'j*n £nf"cn'f

Both terms in the numerator vary like n*~3. The same is valid for the

denominator. Thus o ~ n*~3.
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In the region studied (n = l9-55) the interaction

parameters G3, ? and a change by a factor ~80. This is

appreciably larger than the hydrogenic result (~25),

which is obtained using the n*~3 relation (see eq. 2.5).

To gain more insight in the n* dependence a log-log

plot of the interaction strengths as a function of n*

is shown in fig. 5.4. In the same figure two lines are

shown representing a n*~3 and on n*"1* law respectively.

For increasing n the experimental data tend to approach

the n*~3 law.

The curvature of the smooth line changes rather abrupt-

ly around n=20. The datapoints for n = 19 lie apprecia-

20 25 45 50 55

t

3.0 40
Inn'

Fig. 5.4 Log-log plot of the interaction constants for the 6snf Hydberg

states as a function of n*. A n*"3 and an*"1* dependence are indicated.
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bly below the values obtained by extrapolating the

trend for higher n. This is another indication of a per-

turbation in this region.

Another interesting way of looking at the results

is shown in fig. 5.5 Here part of the hyperfine level

structure is given as a function of n (vertical axis).

The individual points are obtained from a calculation

with the parameters of table 5.5. The figure is con-

structed in such a way that all the F = ̂  levels fall on

a vertical line. This hyperfine state occurs

Fig. 5.5 Hyperfine level structure of the 3F multiplet as a function of n.

The F=h level serves as a reference. Hyperfine quantum numbers are indicated.

The dotted lines serve to guide the eye.
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only once (in 3F2) and consequently is not subject to |j

non-crossing effects. According to the non-crossing P)

rule interacting states with identical transformation ",

properties (good quantum numbers) repel each other. ;

This rule is also referred to as Landau-Zener anticros-

sing rule.

A region of about 10 GHz width is shewn around the F =h »

level. This region is selected as most of the transi-

tion strength in 3Dj -»• 6snf or 3D2 •* 6snf excitations

lies in this energy region.

At the bottom of the figure (high n side) the trend to

a two-level system (the Ba 6s 2S.,_ level structure)

starts to appear. The F =5/2, 7/2 and 9/2 levels which

start in the lower left section of fig. 5.5 cross each

other repeatedly in the region between n = 22 and n = 35

due to repulsion by the nearby F =5/2, 7/2 and 9/2

levels. The level crossings in the region around n =30

are quite sensitive to the parameters G, E, and a and

thus allow precise measurements of the parameters.

Thus far the hyperfine quantum number F is the only one

which has been assigned. However, although the total

spin S and the total electronic angular momentum J are

not conserved and thus S and J are not good quantum

numbers, it is possible to assign to each hyperfine

level asymptotic values for S and J. At n =22 a clear

grouping has developed, which enables such an assign-

ment. A quartet of levels not shown in fig. 5.5 have
!F 3 character. The group of levels F =5/2 -11/2 which

bend off at the r.h.s. are 3F4 . At the top of the figure

the 4 levels at the right of F =1/2 are predominantly
3F3 while the remaining 4 levels are to be assigned

 3F 2.

This assignment is corroborated by the calculated pro-

jections of the energy eigenstates on the basis states

|SLJF>. The composition of the 4 eigenstates F =5/2 are V,

displayed as an example in fig. 5.6. The squared pro- >
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Fig. 5.6 Composition of the F=5/2 energy eigenstates as a function of n.

The LS coupled basis states are indicated in the figures. The squared pro-

jections are shown. The points at the extreme right of each plot indicate

the n + «• limit. The dotted lines serve as connections only.

jections on the basis states |SLJ> are shown. From

these graphs it becomes clear that at low n the mixing

between fine structure states decreases and normal fine

structure states reappear. In addition the anticrossing

around n = 32 is brought out particularly clearly in the

exchange of J = 4 character between the eigenstates dis-

played in figs. 5.6b and 5.6c. The purification of the

levels at lower n results in changes in the intensity
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ï' •

distribution over the spectrum. While at high n a large in-

fraction of the transition strength relates to the

eigenstate displayed in fig. 5.6c almost all the

strength is contained in the 3Dj •* " 3F 2" transition

(see fig. 5.6a) around n=21. These relative transition

strengths are calculated by the computerprogram as well.

In general they agree quite well with the observed in-

tensities. However, it is far more complicated to accu-

rately measure line intensities than line positions, as

the former are much more dependent on the experimental

situation and can be influenced by e.q. optical pumping

processes, saturation and Zeeman broadening. Neverth' Less

the calculated intensities are helpful in the assignment

in complicated cases.

V.3.1.5 The nlP3" states

The n lF 3" states escaped detection during the majo-

rity of the experiments. Once the observed spectra had

been analyzed and interpreted according to the afore-

mentioned, it became possible to search for the *F3

hyperfine levels.

The transitions to 1F 3 become stronger with increasing

n due to hyperfine induced singlet-triplet mixing. Thus

it is advantageous to study *F3 for large values of n.

In addition the separation between the "triplet" and ^

"singlet" spectra decreases sharply with n. For instance

the strongest component of the 3Dj -+45f *F3 transition is '

calculated to lie at 8 GHz distance from the highest

frequency component of 3Dj ->-45f 3F and to be a factor 25

weaker (see table 5.4).

For n=40, 45, 50 and 55 the transitions to 1F 3 have

been observed. It has not been tried to observe these

transitions for lower n values. A specimen for n=40 is ;

shown in fig. 5.7. The transitions appear at the calcu- ;
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Fig. 5.7 Spectrum of the 3Dj -* 6s40f !F3 excitation.

lated positions and thus serve as a good test for our

analysis.

V.3.1.6 Consistency of the results

The consistency of the results can further be

checked in a variety of ways: For all excitations data

on the two odd isotopes are available, which should give

identical results for the parameters G, g and a. The

parameters 1 3 7a and 1 3 5a are expected to obey the re-

lation

where AE h f g equals the hyperfine splitting of the ground

state of the ion (see section II.3.5). For a number of n-

values spectra have been taken starting from both 3Dj

and 3D 2. Results for identical n-values can be compared

which is shown in table 5.6 for the parameter G3(6s,nf).

The errors in the parameters are calculated by the
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Table 5.6 Comparison of extracted values for G3(6s,nf). All values

are in GHz. The quoted errors correspond to a confidence interval of 671,.

n

19

21

22

25

30

31

32

33

34

35

36

38

40

42

45

50

55

1268

955

783

-

159

141.

120.

101.

93.

80.

72.

59.

47.

40.

31.

23.

16.

137

504

5

3

5

3

3

4

0

8

35

25

44

54

98

15

89

(1

(2

(2

(2

(2

(1

(1

(0

(0

(0

(0

from ̂

.8)

.0)

.6)

.9)

.10)

.05)

.83)

.55)

.44)

.30)

.55)

934

781

-

159

140

125.

110.

-

-

73.

60.

48.

41.

31.

22.

16.

135

0

5

7 (2

0 (1

2 (3

9 (3

31(2

05(1

28(1

69(0

98(0

59(0

76(0

G3(6s,nf)

.1)

.8)

.0)

.6)

.09)

.05)

.86)

.70)

.43)

.42)

.6(1)

392.

160.

1 HO.

102.

69.

59.

31.

137

5(1.

1(1.

0(4.

9(4.

8(2.

6(1.

59(0

from

0)

•»

0)

0)

1)

1)

.40)

392

159

127.

100.

71.

31.

135

3(1

Kil .

5M.

1 14.

4(1.

60(0

0)

»)

0)

0)

9)

.52)

MINUIT routine and represent 67% confidence intervals.

The procedure takes the correlation between the various

parameters fully into account.

The availability of a number of values for G3 for a

specific value of n yields more information about the

confidence interval than the individual errors do,
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as these values for G3 are totally independent. The

level of consistency i.e. the ratio of averaged differ-

ences and parameter value, is seen to be of the order

of 1%.

The value of the hyperfine parameters a is seen to be

n-independent up to rather low values of n (see table

5.5). The average values over the interval n =25 -55

are given in table 5.7 together with the hyperfine in-

teraction constants of B a + 6 s 2 S 1 / 2
 9-17-1. The agreement

Table 5.7 The Fermi contact parameters extracted from the Rydberg

spectra. In addition the hyperfine interaction constants of Ba 6s ZS,

are given,

a) from ref.

137-
ac

4014.5(3.0)

9

1

4018

b) from

37A(Ba+)

a)
.8708338(2)

ref. 17

1 3

3587.

%

7(2.2)

135A(Ba+)

b)
3593.4(3.0)

is good. The values at n < 25 are excluded as the spec-

tral information becomes increasingly scarce, and the

presence of the perturber at n = 20 might influence the

results. In addition, for decreasing n the neglected

hyperfine interaction of the f-electron should be added.

Neglect of this interaction can cause changes in the

value of the Fermi contact parameter.

V.3.1.7 The perturber

In fig. 5.5 a marked irregularity appears at n=20

The intervals between the observed hyperfine components

are perturbed to such an extent that no attempt has

been made to extract a set of parameters G3, £, a and

ac. The perturbation affects the n=19 and 21 configu-

rations as well as can be seen from figs. 5.4 and 5.5.
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The presence of a perturbation with J = 2 character, in

this energy region, has been observed earlier by

Armstrong et al. 2> . Using a three step excitation pro-

cedure

f
' • /

6s2 1S0 + 6s6p
 3P° •+ 6s7s 6snp 3P°

they observed a number of 6snf states 3F 2 (n=17 -n=25).

The appearance of transitions to 6snf 3F 2 in an absorp-

tion spectrum from 6s7s 3Si indicates series interaction

between 6snp and 6snf. The intensity distribution of

the 3S! ->• 3F 2 excitation shows a strong variation sug-

gesting that the series interaction is restricted to the

abovementioned n-interval (see fig. 5.8). The energy

level measurements of Armstrong et al. and Carlsten et

al. 't} indicate that the 6s20f 3F 2 state is shifted

slightly to lower energy. According to Armstrong et al.

O
O 41650 41700 41750 41800

— • ENERGY (CM"1)
41650

Fig. 5.8 Three-photon ionization signal 6s2 's0 •* 6s6p
 3Pj •+ 6s7s 3Sj +

Rydberg state.

Both 6snp (n»21 to n »28) and 6snf (n » 18 to n-24) states are resonantly

excited. The state P perturbs both 6snp and 6snf series.

From ref. 2.
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I
the state P in fig. 5.8 is possibly the common perturber y

of 6snp 3P^ and 6snf 3F 2, which affects the former 'j

series much stronger than the latter. They tentatively

labelled the perturber 5d8p 3P2•

The perturbation of the 6snf 3F 2 levels is indeed

weak as it affects only a very limited range of n. Both

the n=21 and n = 19 states can be fitted with our 5 par-

ameter fit, yielding parameter values reasonably in ac-

cord with values extrapolated from higher n (see fig.

5.4). More specifically the hyperfine parameter a for

n =19 and 21 deviates less than 1% from the hyperfine

interaction constant of the Ba 6s 2S . state, in ac-

cordance with the higher Rydberg states.

It is unfortunate that the spectral information

becomes scarce around n =20 and that, in addition, the

experiment cannot be pursued to lower n due to experi-

mental limits. It would have been interesting to study

lower n-states,exciting from both 3Dj and 3D 2. This

would enable a study of both the 3F 2 and
 3F 3 hyperfine

multiplets to establish whether the J = 2 perturbation

affects J =3 as well.

V.S.2 The J = 2, J = 3 splitting in the even isotopes

For the even isotopes J is a good quantum number.

As the singlet triplet mixing for the even isotopes is

small (a few percent) the excited states are almost ^

pure ^ 3 , 3F 2,
 3F 3 and ^F^. In excitations from

 3D 2 the
3F 2 -

 3F 3 separation has been measured. This separation

has also been calculated from the G3, £ and a values of

table 5.5. A comparison between the calculated and

measured values is shown in table. 5.8. A single expe-

rimental value has been measured for the n=45, 1F 3-
3F 3 ,;

distance. In addition Gallagher et al. have given a va-

lue of the *F3 -
 3F 2 separation for n =24. Both the
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Table 5.8 Experimental and calculated values for some multiplet splittings.

All values in MHz.

a) from ref. 18.

n

21

25

30

32

34

36

38

40

45

45

24

3 F 3 -

experimental

5384(2)

3283(2)

172?(2)

1390(2)

1137(3)

>)42(2)

790(2)

668(2)

455(2)

1F3 . 3

9486 (5)

7980a)(300)

calculated

5383

3273

1717

1344

1148

9C 2

797

681

483

»3

10289

144700

values are also included in the table. The agreement is

very satisfactory for the 3F 2 -
 3P 3 splitting. The single

measurement JF 3 -
3 F 3 however does not agree so well.

The result of Gallagher et al. is orders of magnitude

off, possibly due to an erroneous assignment. The value

quoted by Gallagher for the 1F3 - 3F 2 separation at n=24

is of the same order of magnitude as the separation at

n=45 according to the present data. The experimental

and calculated values for the 3F 2 -
 3F 3 separation are

gathered in a log-log plot in fig. 5.9. A straight line

yields a good fit with the individual calculated points

in the interval n=2l - n=45 where experimental values

have been obtained. The individual points scatter
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t
3.0

45 55

's t
• ; ;

Fig. 5.9 Log-log plot of the experimental (0) and calculated (•) values

for the 3F3 - 3F£ splitting as a function of n. The solid line is the

result of a least-squares fit of a straight line through the calculated

values.

slightly around the straight line. The slope has been

determined with a least-squares fitting procedure. For

the interval

3A2 = E(3F3) - E(
3F2)

we can thus write

n*6

0 = -3.14(5).

The fact that a power law fits the experimental results

is seemingly unexpected. A multiplet interval, parame-

trized by three parameters which do not obey a simple

power law as a function of n*, itself follows a power

law. However, the calculated 3Fk -
 3F 3 interval does not

show similar behaviour. A log-log plot of this interval

versus n* is slightly curved in the same manner as the
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interaction parameters in fig. 5.4.

V. 3.3 Isotope shifts

The measurement of isotope shifts from a ground

state (in the present case a metastable state) to a

Rydberg state enables the determination of the ground

state level shift, following the discussion in II.3.5.

By measuring transition isotope shifts from this ground

state to other excited states the level shifts in these

states can be determined in turn. Consequently isotope

shift measurements in transitions to Rydberg states are

the initial steps to the unravelling of the isotope

shift in all levels. Presently an increased theoretical

effort is spent on the ab initio calculation of just

these level shifts in alkalis and earth-alkaline ele-

ments 19J .

The level isotope shift has been defined in II.3.5:

Kevel = AA' O

where 6vAA refers to the measured isotope shift between

the isotopes with mass numbers A, A' (inatomic units) and

6vAA refers to the normal mass shift (2.57) between the
NMS

same isotopes in that transition.

The isotope shift between the two most abundant even

isotopes 138Ba and 136Ba is easily extracted from the

experimental spectrum. The next abundant even isotope
13'•Ba is hidden under 136Ba 20J which makes the isotope

shift extraction unreliable. The rare Ba isotopes J32Ba
and 1 3 0Ba have not been observed.
The normal mass shift is calculated with eg. 2.48. In

the n =22 to n=55 interval óvAii|'138 r a n 9 e s f r o m

57.04 MHz to 57.37 MHz and the sv13^'138 from 115.78 to

116.46 MHz. As the experimental error in an isotope
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shift determination is of the order of a MHz the cal-

culated normal mass shift values can be replaced by the

high n limit value shown in table 5.9, together with

Table 5.9 Averaged normal mass shift and transition isotope

shift for the transitions ^Dj •* 6snf for the isotope pair

138 B a-136 B a_ Thg i a s t column contains the residual level

isotope shift in 3Dj 2*

All values in MHz.

6v136-138
NMS

57.2

6v136-138

41.1(5)

6v136-138
res

-16.1(5)

the averaged experimental result. The final values for

the residual level shifts in 5d6s 3Dj and 3D 2 relative

to Ba 6s 2 S . / 2 are contained also in this table
 2l1.

The isjotope shift between the odd isotopes is much

harder to extract. The average energy of the configura-

tion of the two odd isotopes has to be determined from

the 5-parameter fit. This average energy is given by

the parameter SHIFT (see 5.3.1.4). The 135Ba _l37 B a

isotope shift is determined in this way rather directly.

These values are not included in the table as the errors

in the SHIFT parameters of 13 7Ba and 135Ba are of the

same order of magnitude as their difference.

The determination of the even-odd isotope shift

requires another calculation. It is necessary to elimi-

nate the hyperfine interaction and thus to obtain the

fine structure energies. This is done with the G3, £, a

and SHIFT parameters. The result then can be compared

with the experimental data on the even isotopes. Again

the rather large error in the shift parameter prevents

the extraction of' these isotope shifts.
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V.3.4 QUANTUM DEFECTS AND IONISATION LIMIT

During the experiments we have measured the wave-

length of the transitions with a double

Michelson wavemeter (see III. 5). For this purpose the

laser frequency is fixed to the 138Ba peak and a series

of wavelength measurements is performed. In table 5.10

the measured wavelengths which have a statistical error

S 10"*• nm are shown. For the reduction to vacuum wave-

Table 5.10 Wavelengths, excited state energy and effective quantum number

v obtained from excitations 3D] •* 6snf 3F2. The effective quantum numbers

are calculated with an ionisation energy of 42034.85 cm"1. The statistical

errors in X are 10"1* nm.

n

19

20

21

22

25

30

31

32

33

34

35

36

37

38

40

42

45

50

55

fund
nm.

611.6119

611.0504

610.5543

610.1349

609.1617

608.1498

608.0046

607.8725

607.7525

607.6430

607.5429

607.4511

607.3665

607.2887

607.1502

607.0311

606.8815

606.6898

606.5484

(cm~

41725.

41755.

41782.

41804.

41856.

41911.

41919.

41926.

41933.

41938.

41944.

41949.

41953.

41958.

41965.

41972.

41980.

41990.

41998.

>>

433

473

060

571

925

539

390

537

031

960

381

355

939

157

667

128

248

658

341

term energy

ref. 2

41725.39

41755.48

41782.02

41804.59

41856.85

ref.

41125

41754

41781

41804

41856

41911

41919

41926

4

.28

.58

.6

.6

.9

.0

.0

.4

18

19

20

21

24

29

30

31

32

33

34

35

36

37

39

41.

44

49.

54.

V

s

.832

.819

.835

.830

.834

.831

.829

.830

.829

.829

828

827

828

827

827

828

830

831

825
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lengths the formula of Edlén has been used, assuming a

relative humidity of ~50% 22). The excited state ener-

gies thus obtained are shown in table 5.10 as well, to-

gether with earlier measurements 2>l*t , with which the

present values are in good accord. The effective quantum

numbers are calculated from the Rydberg formula 2.15

E = I — = 1 (5.13)
v 2v2 2(n-y)2

where I is the ionisation limit, v (v=n-u) is the ef-

fective quantum number, v is the quantum defect and E

is the energy, expressed in Hartrees. The value of the

effective quantum number is sensitive to the ionisation

energy. However, no consistent value for the ionisation

energy is quoted in litterature. The most recent values,

reported by Aymar and Armstrong differ by 0.16 cm"1.

The value quoted by Aymar 7> has been obtained from

MQDT analyses of heavily perturbed series (6sns J = 0

and 6snd 3 = 2). Armstrong's value has been obtained

from the level energy analysis of the essentially unper-

turbed series 6sng 1Gh and 6snp 3P 2
 2).

The 6sng series have been measured at low resolu-

tion. The error in the effective quantum number 6v is

related to the error in the level energy 6T by

6v = v3 6T in atomic units

(I-T)3

(5.14)

6T in cm"1

where R equals the Rydberg constant. For example, the

quoted values of Ig= 42034.90 cm"
1, T(40g) =41966.12 cm"1

and 6T=0.34 cm"1 results in f öv | = |6y| =0.099.
s

From eq. 5.14 it is clear that 6v and thus the error

in the quantum defect increases rapidly with v and
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thus with n (e.g. 6y(60g) =.75 for óT=0.34 cm"l). The

error in v due to an error in the ionisation energy 61

has the same form as eq. 5.14 but opposite sign

i-

- v3 61 (5.15)

If it is assumed that the 6snf series is unperturbed

(except around n=20) the ionisation energy Is is ob-

tained from a fit of the term energies with a constant

quantum defect yf. This procedure results in

I = 42034.847 (2) cm"1
5

with uf = 0.170.

The effective quantum numbers v evaluated with this

ionisation potential are tabulated in table 5.10 and a

plot of v (mod. 1) versus the term energy T is shown

in fig. 5.10. The error bars correspond to the statis-

tical error in the wavelength measurement of 10"1* ran.

O

E

t

0.86

0.82

50 40
1 1

-

• • • • , . . —

3 0 2 5
1

2 0
1

\

V

Jt

1 1

100 200 300

• T (cm" 1)

400

Pig. 5.10 The effective quantum number modulo 1 of the 6snf levels as a

function of the term energy T. The quantum defect is given by u •

1 - (v modulo 1). The ionization energy is taken at 42034.85 cm'1,
s

X' correspond to data of Armstrong et al. 2).
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The open circles for n £ 25 are from Armstrong et al.,

calculated with the revised value of lr . The data are
6s

in very good accord. The weak perturbation at n =20

which affects the hyperfine structure rather drastical-

ly (see fig. 5.5), is discernible in the quantum defects

as a relatively shallow dip of depth ~0.01.

V.4 THE 6snp SERIES

The 6snp states have not been studied in great de-

tail as the signal strength in the transitions

5d6s 3D T ->• 6snp is low. Particular attention has been

paid to regions close to a perturber i.e. around n =24

and around n=35. In general we were able to distinguish

only the abundant even isotopes 138Ba and 136Ba. Conse-

quently the discussion in this thesis will focus on the

quantum-defect analysis for these states. As we study

the even isotopes only and the singlet and triplet

states are well separated in energy 2) we can refer to

LS coupled states and we can study the LS states sepa-

rately.

V.4.1 The 6anp lPi states

The term energies of the JPi states have been meas-

ured by Armstrong et al. up to n =55 with an accuracy

of ~ 0.02 cm"1 and by Garton and Tomkins up to n =75

with an accuracy of 0.006 cm"1. Our measurements are

; neither much more accurate nor extend to much higher n-

value. However, a comparison of the various results is

useful in order to gain some insight in systematic er-

rors. In table 5.11 the measured fundamental wavelength

and the calculated term energy are shown. In addition

the difference between the present term energies and

the results of Garton and Tomkins AT are listed.



133

Table 5.11 The 6snp 'Pj states. The wavelengths of the transitions

5d6s 3D] •+ 6snp ]Pj In nm. are listed together with the term energies

in co'1. The fourth column contains the difference A between the present

results and the results of Garton and Tomkins 1J A=T-T_ . . For
Garton

n = 23, 24 and n > 75 Garton and Tomkins have not given term energies.

n

21

23

24

25

26

30

32

33 f

34

35

36

37

38

40

45

50

56

60

65

70

75

80

fund (nm.)

612.7450

611.3997

610.8614

610.4056

610.0076

608.8461

608.4413

608.2698

608.1143

607.9741

607.8463

607.7299

607.6236

607.4361

607.0818

606.8355

606.6271

606.5237

606.4217

606.3419

606.2785

606.2272

T (cm"1)

41664.967

41736.779

41765.597

41790.038

41811.410

41873.939

41895.787

41905.053

41913.458

41921.040

41927.954

41934.255

41940.010

41950.135

41969.378

41982.745

41994.064

41999.683

42005.228

42009.567

42013.016

42015.806

AT

.320

.044

.052

.059

.072

.056

.074

.066

.052

.075

.074

.064

.060

.041

.054

.077

.055

.062

.056

The average value of AT equals

AT = 0.0607(25) cm-l

and is more than an order of magnitude larger than the

statistical error in the wavelength measurement

(~0.003 cm" 1). Consequently it must be systematic.
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To gain insight in the origin of this systematic error

a Lu-Fano plot (see II.2.3) of the *Pi states is shown

in fig. 5.11 using the present term energies and the

values of the ionisation potential derived from the 6snf

series. On the vertical axis the effective quantum num-

ber v modulo 1 (ionisation limit 42034.85 cm"1) is

plotted while the abscissa shows v
5/2

(the effective

quantum number with respect to the d5 ,2 ionisation limit

at 47709.96 cm" 1).

For high values of n the slope is negative, which is in

contradiction with theory 23-1. To bring the Lu-Fano plot

of 6snp *!>! in accord with theory, i.e. monotonically

increasing with increasing slope, the ionisation limit

has to be positioned at

I = 42034.95 - 0.02 cm"1

440

Fig. 5.11 Lu-Fano plot of the 6snp *Pj states between n-21 and n-75.

Curve a results from a calculation with I -42034.85 cm"1 for the ionization

potential. Curve b represents a calculation with I -42034.95 cm"1.
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in good accord with Armstrong's results. However, this

value of the ionisation limit confounds the analysis of

the 6snf term energies of the previous section. With the

abovementioned value for Is a Lu-Fano plot of the 6snf

states is slightly curved upwards. This implicates that

the earlier conclusion that 6snf is unperturbed is re-

tracted. The curvature in the quantum defects can be

due to a perturber above the ionisation limit.

In summary it can be said that the measured tran-

sition wavelengths to 6snf and 6snp do not enable an

accurate determination of the ionisation limit. The

requirement of only one ionisation potential leads to

the conclusion that the 6snf series is perturbed at

high n. The new Lu-Fano plot of 1Pj is shown in fig.

5.11 as well whilst the behaviour of u(nf) as a func-

tion of the term energy T is displayed in fig. 5.12.

The abovementioned adjustment of I does not explain

the systematic difference between the present values of

the 1P1 term energies and Garton and Tomkins values.

E

T

0 8 5

0.80

0.75

50

•

40

y

30 25

•

i

20

•

i i

100 200 300

• T(cm- 1)

Fig. 5.12 The effective quantum number v mod. 1 of the 6snf series as a

function of the term energy T for I =42034.95 cm"1.
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This systematic difference can be traced back to either

an error in the calculated excitation energies (due to

either an erroneous measurement or an erroneous reduc-

tion to vacuum wavenumbers) or to an error in the quoted

term value of 5d6s 3Dj (T3[)i = 9033.985 cm"
1), which is

used in the present work. If the systematic difference

AT is caused by an inaccuracy in the term values pre-

sented here all the term values and the value of the

ionisation energies have to be decreased by just AT.

V.4.2 The 6snp 3P states

The signal strength in the excitations to 3P were

an order of magnitude weaker than the excitations to lP.

Due to broadening effects starting at n = 35 the 3P

states were not any more observable above n =45. The 3P 0

states were not observed. In table 5.12 the wavelengths

of the transitions 5d6s 3DX •* 6snp
 3Pj 2, the corrected

term energies T and the values of v are given. Lu Fano

plot of both the J = l and J = 2 series is shown in fig.

5.13.

4.35 4.4 4.3 433

'5/2

Fig. 5.13 Lu-Fano plots of the 6snp 3Pj and 3P2 series using I

42034.95 cm"1.
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Table 5.12 Wave lengths, term energies and effective quantum numbers of

6<sinp 3P. Excitation 3D[ •+ 6snf SP. The ionisation limit value 42034.95 cm"1

is used for the calculation of v .

n

26

30

32

33

34

35

36

37

38

40

26

32

33

34

35

36

37

38

40

45

fund

609.9970

608.8282

608.4205

608.2487

608.0934

607.9530

607.8254

607.7093

607.6034

607.4173

609.9865

608.4220

608.2502

608.0947

607.9543

607.8256

607.7103

607.6043

607.4181

607.0660

T (cm"1)

'PI

41811.970

41874.904

41896.911

41906.193

41914.588

41922.181

41929.085

41935.370

41941.104

41951.186

41812.543

41896.830

41906.112

41914.518

41922.111

41929.026

41935.316

41941.055

41951.143

41970.235

22.184

26.185

28.195

29.194

30.195

31.195

32.196

33.196

34.195

36.195

22.213

28.187

29.185

30.186

31.185

32.187

33.187

34.187

36.186

41.179

A rather unexpected feature of the excitations

5d6s 3D ->• 6snp is the fact that the transitions to ]P

are stronger than to 3P. The excitations to lPl have

narrow linewidth (a few MHz FWHM) up to very high n

(n~80), whilst the 3P states broaden already at n = 35

and become undetectable at slightly higher n. No expla

nation for those results has been found.
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V.5 LINE BROADENING AND STARK EFFECTS

During the study of the 6snf states, and at a later

stage, of the 6snp states, line broadening effects have

been observed at relatively high n values (n~50). Not

all states are affected in a similar way, as has been

stated in the previous paragraph. We will focus our at-

tention on the observations in the 6snf states, as they

have been studied in greatest detail.

V.5.1 Line broadening

From n =50 onwards the lines broaden asymmetrical-

ly. The signal strength increases rather gradually with

increasing frequency and drops off abruptly at the high

frequency side.

Fig. 5.14 Excitation 6s70f.

In addition the lines split up in three non-equidistant

components as is shown in fig. 5.14 for 6s70f. Due to

both broadening and splitting e.g. the 6s80f 138Ba

transition has a width of ~700 MHz FWHM compared to a
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few MHz at n =45 and the signal to noise of the broad ,

feature is relatively low. Consequently no structure

due to isotope shift effects can be observed.

We have tried to discover the cause of these broadening

effects. It is well known that high-Rydberg states are

a very sensitive probe of electromagnetic and static

electric fields. These fields include collision induced

polarization fields. Electromagnetic fields are present

in the form of the laser field and the blackbody field.

It has been verified that reducing the intensity of the

laser-field or a change in the polarization does not

affect the observed lineshape.

Blackbody radiation is a well known cause of Rydberg

state depopulation and redistribution over the Rydberg

state manifold and it is omnipresent in the experimental

setup. However, it is not a probable cause of the ob-

served effects as a depopulation process causes symme-

tric broadening only. Due to the fact that we observe

absorption spectra the perturbation has to occur simul-

taneously with the absorption.

V.S.2 Stark effects

In order to see whether the line broadening effects

can be ascribed to static electric fields we have stud-

ied the behaviour of the n =45 and n =65 states as a

function of the electric field strength. Although the

answer to the posed question is negative the obtained

results are interesting in themselves.

We will focus our attention on the even isotope 138 as

the signal to noise ratio does not allow for the study

of the other abundant isotopes. The effect of an elec-

tric field E is to lift the degeneracy of the m^ states

for low values of E (see fig. 5.15 for 2 V/cm). The

three strong components correspond to the 3Dj -+• 3F 2 ex- ,"

citation. The remaining peaks do not belong to the even
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3O,-* 6s45f 3K

Fig. 5.15 Stark effect tn the transition 3Dj •* 6s45f 3F 2. The quantum

numbers sh

is negligible.

numbers shown represent the values of |m |. The splitting of the lower state

isotope.

At higher fields (e.g. 6 V/cm) the quantum number s.

breaks down i.e. states with orbital angular momentum

i ̂ 3 can be excited (see fig. 5.16).

Clearly the observed structure due to a static electric

field does not resemble the effects seen at very high n

(see fig. 5.14). An interesting feature has been ob-

served at n=65. Due to different Stark shifts the 69p
1P 1 and 65f

 3F 2 states can be superposed. When the

levels are exactly coincident the absorption cross sec-

tion exhibits a dispersive like behaviour superposed on

a broad peak, which is not understood in detail (see

fig. 5.17).

It can be concluded that so far no viable mechanism for

the line broadening has been found. The observed effects
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Fig. 5.17 Excitation 3D, + 6s65f 3F2 + 6s69p 'Pj in an electric field of

0.6V/cm.

of electric fields on Rydberg states warrant a separate

study. Such a study is presently being pursued.
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C H A P T E R V I

THE EVEN-PARITY RYDBERG STATES

VI. 1 INTRODUCTION

The even-parity Rydberg states of Barium have re-

ceived considerable attention since the introduction of

tunable dye lasers. In early studies absorption spec-

troscopy was applied to atoms selectively excited by a

tunable dye laser to the 6s6p ^ j , 5d6p 3Dj or 5d6p 3Pi

levels 1'2J . Level energies of the 6sns lSQ (n s 31) ,

6snd 'D2(ns52) and 6snd
 3D 2 (n s 28} states were

obtained . A number of perturbers of the 6sns lS0

and 6snd ^ 2 and 3D 2 were identified. Camus and Morillon

extended the study of the J = 0 and J = 2 even parity

states, applying two-photon spectroscopy 3J. Further ex-

tension of this study to even higher n was made by the

same group shortly afterwards h> . In the same paper a

Multi Channel Quantum Defect analysis of the J = 0 states

(6sns lS0) was given. Aymar and Robaux analysed the J = 2

states with MQDT at about the same time 5}.

In all two-photon work only levels with J = 0 and J = 2

were excited. Recently Camus et al., using two-step op-

togalvanic spectroscopy, extended this study to all

levels with J s 5 6J using discharge-populated meta-

stable states as initial states for the two-step excita-

tion. They observed a large number of perturbers, in

majority members of the 5d6d and 5d7d configurations,

which affect the 6sns 3S;i, 6snd
 3Da 3 and 6sng

 lGh
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series over a wide range of n. These observations com-

pleted the picture of the 5d6d and 5d7d configurations

including 3 states of 5d7d above the ionization limit.

Recently several groups have initiated research to

study the heavily perturbed Rydberg states by looking

at other atomic properties. Due to the difference in

"optical lifetime" (decay by fluorescence) between

Rydberg states and valence (perturber) states, the life-

time is a sensitive probe for the perturbation, although

care has to be taken to minimize the blackbody-induced

lifetime-shortening. For instance, the lifetime of the

6s27d *D2 state is shortened by a factor ~6 due to the

admixture of 5d7d 1DZ into the Rydberg state according

to the observations of Gallagher et al l0J , Bhatia et

al. 7-/ and Aymar et al. 8) . The last authors have in-

cluded measurements of the 6snd 3D 2 states too.

In a more recent publication the lifetimes of the 6sns

^o states in the proximity of the 5d7d 3P 0 perturber

near n = 18 have been reported 9'). The observations in

both the 6sns and 6snd series have been successfully

interpreted using the earlier MQDT wave functions 5r6,9\

In addition hyperfine structure- and isotope shift

measurements have been employed for the study of these

states by groups in Berlin H"13-1 and Lund lk), using

two-step excitation spectroscopy and CW dye lasers.

We have studied at about the same time a number of

6sns (in the interval n =17-40) and 6snd (in the inter-

val n =20-45) levels, partly duplicating, partly extend-

ing the abovementioned measurements. A slightly differ-

ent experimental method is used which results in the

observation of particularly simple spectra.

In section VI.2 the experimental method will be

reviewed insofar as it differs from the method discussed

in chapter III. In section VI.3 the 6sns states are

I
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treated, while section VI.4 contains a presentation of

the 6snd states.

< VI.2 EXPERIMENTAL METHOD
\
1

The experimental method has been discussed in de-

tail in chapter III and thus we will discuss only those

aspects of the method which differ from the earlier

treatment. In the first subsection the lasersystem for

two-step excitations is treated, while in the second

subsection the implication of the method on the observed

spectra is discussed.

VI.2.1 The laser system

' The even-parity Rydberg states are studied by two-

step excitation. Two actively-stabilized CW dye lasers

are used to excite the atoms from the spectroscopie

ground state. The first laser, operating on Rhodamine

110 is tuned to the 6s2 1S0 •*• 6s6p JPj resonance tran-

sition at 553.548 nm. The laser frequency is adjusted

to individual hyperfine- or isotopic-components by ob-

serving the fluorescence from the atomic beam. To mini-

mize variations in the intensity- and frequency-distri-

bution in the two-step excitation spectrum the frequency

of the laser is locked to an individual spectral compo-

nent. For this purpose the laser frequency is modulated

with ~ 130 Hz and the fluorescent signal is analyzed at

the same frequency by means of a lock-in amplifier. The

components of the resonance line (see fig. 6.1) are

sufficiently separated or effectively coincident to war-

rant locking on a fluorescence maximum.

The second laser, a CW ring dye laser operating on

Stilbene-3 (419-470 nm) or Stilbene-1 (410-425 nm) ,

excites the atoms from the intermediate state to the
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Fig. 6.1 The resonance line 6s2 's0 -• 6s6p
 lP( of Barium. The assignment

of the components is indicated.

Rydberg state under study.

Absorption spectra are obtained by scanning the

second laser, keeping the first laser locked to the de-

sired spectral component. The spectra are calibrated by

recording the transmission of a 75 MHz free spectral

range confocal Fabry Perot interferometer, in coinci-

dence with the atomic absorption spectrum.

VI.2.2 The observed spectra

The spectra we observe have a particularly simple

structure. This is exemplified in figs. 6.2 and 6.3

where the excitations to 6sns ^ Q and 6s20d !D 2 are

shown, the assignment of the final state quantum numbers

included. In the 1 S 0 spectrum each isotope gives rise

to only one component due to the lack of hyperfine in-

teraction (J=0). In the 1D2 spectrum the even isotopes

give rise to only one component, while the odd isotope
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Fig. 6.2 The transitions to 17s lS 0 and 25s 'SQ respectively. The first

laser is locked to the n 7 B a 3/2 •* 5/2 transition. Only 1 3 7Ba is resonantly

excited.

gives rise to four components each.

The hyperfine structure of the odd isotopes in

fig. 6.3 reflects the splittings in the Rydberg state

only as the hyperfine structure of the intermediate

state is not observed. The only effect of choosing a

different frequency in the first step is a general

shift in frequency for the observed spectrum and a

drastic modification of the relative intensities (see

fig. 6.3). The frequency intervals between the various

components are not affected.

This behaviour can be well understood in terms of

two-quantum processes, discussed in extenso by Bjorkholm

and Liao 16-).

Let us assume that the level diagram can be simplified

to a three-level system (fig. 6.4) where the first laser

with frequency vj is (almost) resonant with the first

transition g-*-i and the second laser with frequency vz
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u,

w,

Fig. 6.4 The three-level system,

laser beams u>| t u>2-

and ui? are the frequencies of the two

is (almost) resonant with the second transition to the

final state f. In that case the two-quantum transition

rate r is proportional to

-l
jj ) (6.1)

" V ' ufg=i r. and r are thewhere to. = =

damping rates of the intermediate and final states re-

spectively.

r is seen to have two resonant denominators. The first

one represents the one-photon resonance g ->• i and the

second one represents the 2-quantum resonance g + f.

The relative splittings in the observed spectrum are

due only to the second term in the product in eq. 6.1.

Components appear where u)2
f

The relative

strength depends on both terms shown in eq. 6.1 and on

the matrix elements <g|y|i> and <i|v|f> where y is the

electric dipole operator. For example if the first laser

is locked to the transition 137Ba 3/2+5/2 all hyperfine

states of 1 3 7Ba, 135Ba are excited in a scan of the sec-

ond laser and the even isotopes as well. However, only

the 137Ba F =3/2, 5/2 and 7/2 states are resonantly ex-

cited, all other states non-resonantly.
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Locking to a different component of the resonance line

i.e. changing 002/ results in an equal but opposite

change in ID2>

Consequently all information regarding the excited state

splittings is obtained, regardless of the choice of uj.

The signal strength of a specific component drastically

depends on oilr as is reflected in the F = 1/2 components

in fig. 6.3a and 6.3b.

The strong dependence of signal strengths in a specific

spectral component on uj is the main reason that we lock

the frequency of the first laser to the atomic transi-

tion. Relatively little walk-off of uj from ID. can re-

sult in arbitrary fluctuations in the peak-shape and

thus position.

The present experimental method offers some advan-

tages over the techniques used by the Berlin- 13J and

Lund-groups 11>J . The former use a heat-pipe cell con-

taining Ba vapour in conjunction with two counterpropa-

gating laser beams from two single mode CW dye lasers.

Sub-Doppler resolution in this experiment is the result

of laser-induced line-narrowing 17J i.e. the first laser

selectively excites some velocity groups in the atomic

velocity distribution, one for each spectral component,

with a width corresponding to, in this case, the natural

width of the resonance line. The velocity distribution

for atoms in the intermediate state consists of a set of

narrow distributions. As the second laser is resonant

only with the atoms within these narrow distributions,

the resulting experimental linewidth is, for excitations

of Rydberg states, predominantly determined by the natu-

ral width of the first transition.

As the hyperfine splittings and isotope shifts in the

resonance line are smaller than the Doppler width in

the line, all isotopes and hyperfine levels are excited

simultaneously by the narrow-bandwidth laser. However,

I.
i
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they correspond to different peaks in the intermediate- i

state velocity distribution. Consequently, the compo- ; '

nents in the absorption spectrum of the second laser

are Doppler-shifted by various, in principle, known

amounts.

The final results for the excited state splittings re-

quire some calculation and depend directly on the accu-

racy of the published results regarding the first exci-

tation step 15i .

In addition, frequency drift of the first laser affects

the spectrum heavily.

The Lund-group uses a multi-mode CW dye laser in the

first step. The frequency spectrum of this laser is made
o

effectively white by a fast modulation over 0.5 A. In

conjunction with an atomic beam this results in excita-

tion of all isotopes and all hyperfine components. Be-

cause of the short lifetime of the 6s6p 1Pl state (8.25

nsec) l8J the population of the intermediate state is

not constant but fluctuates appreciably. The shape of

the absorption spectrum of the second laser thus depends

heavily on the scanspeed of this laser. Frequency drift

of the first laser does not affect the final results.

VI.3 THE 6sns lS0 STATES

In this section the 6sns series will be discussed.

In the first paragraph VI.3.1 earlier results will be

reviewed. In paragraph VI.3.2 singlet-triplet mixing is

introduced. In sections VI.3.3 and VI.3.4 the presence

of perturbers and their influence on the singlet-triplet

mixing are discussed. Finally section VI.3.5 contains a

presentation and discussion of the results.
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VI.3.1 Review of earlier work

Members of the 6sns 1S0 and
 3Sx series are tabu-

lated in Moore's tables up to n = 9 and r. =11 respective-

ly 19-'. Experiments by Bradley ll, Rubbmark 2), Camus 3)

and Ayraar Ui have extended the information regarding

6sns ÏSQ to n=61. Recently the 6sns 3Sj series has been

measured up to n=47 by Camus et al. 6J .

As a result of these investigations some level assign-

ments of the lower-lying states have been modified. In

Moore's tables the perturbing state 6p2 •Sg is position-

ed at 34370.78 cm"1 whereas levels at 37041.00 cm"1 and

38267.59 cm"1 are assigned 6s8s 1S0 and 6s9s
 lS0 respec-

tively.

Rubbmark et al. 2J identify the 34 370.78 cm"1 level as

6s8s ^o and the level at 38267.59 cm"1 as 5d6d 3P 2,

the level at 37041.00 cm"1 was not excited in their ex-

periment. Two perturbers of the Rydberg series were

identified: 6p2 lS0 at 38663.746 cm"1 and 5d7d ^g at

41467.835 cm"1.

An MQDT analysis led Aymar et al. '*) to a reassign-

ment of the perturbing levels. The levels at 38663.746

cm"1 and 41467.835 cm"1 were attributed to the 6sns *Sg

series as 6sl0s and 6sl8s respectively. The perturbers

were assigned 5d6d ÏSO at 38923.9 cm"1 and 5d7d 3P 0 at

41441.221 cm"1.

The changes in assignment of the levels between 6s8s

and 6s11s are depicted in fig. 6.5. Contrary to the

5d6d ''SQ level the 6p2 3P 0 and 5d6d
 3P 0 levels do not

interact strongly with 6sns 1S0. Aymar's assignment of

the perturber as 5d6d lS0 is supported by Camus' analy-

sis of the 5d6d configuration 6i . According to the lat-

ler authors the 6p2 *Sg state is expected to lie above

the ionization limit. The higher members of the Rydberg

series, which are studied in the present work, are per-
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"1

turbed by 5d7d 3P 0
 2'h) near n = 18. The identification

of the strongly perturbed 6sl8s 1S0 state has been sub-

ject to discussion. The 41451 cm"1 level, attributed by

Rubbmark to 6sl8s ^ Q is now identified as 6sl8s 3Sj
2»6). Aymar places the 6sl8s 'So level at 41468 cm"1.

The 6sns 3S! series have not yet been subject of a MQDT

analysis. Nevertheless perturbers for the even parity

J = l series (6sns 3Sj and 6snd 3Dj) have been found and

assigned above 39100 cm"1. Above 41100 cm"1 two pertur-

bers have been identified: 5d7d 1P1 at 41570.34 cm"
1

near the 6sl8d 3DX and 6s20s
 3Si levels and 5d7d 3Pj at

41930.88 cm"1 close to the 6s35d *D1 and 6s37s
 3Si lev-

els. Particularly the latter perturber affects the quan-

tum defects of the 6sns 3Sj channel quite drastically.

VI.3.2 Singlet-Triplet mixing

The 6sns series are relatively simple to interpret

as the spin-orbit interaction is absent. Following the

discussion in section II.4, the structure of the 6sns
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states for the even isotopes is then determined by one

parameter G°(6s,ns) a"nd consequently the spectrum con-

sists of 2 components only: ^ Q and 3Sj. The odd iso-

topes are affected by the hyperfine interaction as well

and the excited state comprises 4 hyperfine states

F = 1/2, F =3/2 twice and F =5/2. The F = 1/2 and F = 5/2

states are pure 3Sj states. The two F =3/2 states are

mixed by the hyperfine interaction.

For the 6sns series one cannot neglect the hyper-

fine interaction of the Rydberg electron a priori for

all values of n as was done for the 6snf states (see

section V.3.1.1). Writing

H. = a s.I + a n s s.I (6.2)
hyp c c

the general matrix element equals

<6sns S'L'IJ'FM H. 6sns SLIJFM> =1 hyp1

( - l ) I + J 1 + F j F J ' I l < I I I I I I I >
1 I

.1+J•+F

a"S<6sns S'LJ'|| s||6sns SLJ>

f p j ' I
11 I J

(-1) J P J ' l l < I I I> /(2S+1) (2S- + 1)

/372"((-l)SaJS
+(-l)S'a"S)

(6.3)

It follows that the diagonal matrix elements are a meas-

ure of a s +an s , while the off-diagonal elements measure

a 6 s - a n s !
c c

The F = 3/2 eigenvalue are the solutions of the equation
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3/2 G ( 0 ) -E

1/4 /Ï5

1/4 /T5

•l/2G(0) - l/2(a6s
+a

ns) -E

= O

(6.4)

We will neglect the hyperfine interaction of the ns

electron at first. In that approximation the eigenvalues

of F = 3/2 are the solution of

E2- BB1'1 -1/2 af) -3/4G(I"' -V4C<°'af-if„f, = O

(6.5)

The singlet-triplet mixing induces isotope shifts for

the odd isotopes in the lS0 states and cause a deviation

from the Lande interval rule in the 3Si states.

The mixing induced isotopes shift in the 1S0 states

equals

6s

(G(o) 1/4 1 - 1 + 16 (0)
+ 1 / 4 a

6s

(6.6)

The energy shift of the F =3/2 level within 3S! is

given by the same expression, however with opposite

sign.

IT. 3.3 Energy levels cmd Perturbers

The energies of both the ^ o and 3Sj levels are

known, with accuracies of ~0.1cm~1. The term energy

difference is a direct measure of the Slater parameter

G(o> (6s,ns) as
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A = - E(3Si) = 2G(0)(6s,ns) (6.7)

for unperturbed members of the 6sns serios.

Both the 6sns JSo series and the 6sns 3S\ are per-

turbed by levels of the 5d7d configuration. More spe-

cifically, the 6sns 'SQ series near n =18 by 5d7d 3P 0

and the 6sns 3S] series near n =37 by 5d7d 3P] , near

n=20 by 5d7d xPj and near n = 15 by 5d7d 3Sj 4'6J.

For lower n more perturbing levels have been identified

but our attention is directed at levels with n >15.

The situation can further be clarified with Lu-Fano

plots of both the J = 0 and J = l levels, which are shown

in fig- 6.6. Although the J = l levels have not yet been

analysed, a tentative smooth curve is drawn through the

points in the plot. The lack of a MQDT analysis further-

more implies that no values for the strength of the

channel interactions are available.

Both plots have been composed using the revised

0.2

- 0.4
•o
o

e.
~* 0.6
(0

t OB

1.0

6sns'S,

Sd7d3P„

5d7d
- 3 D ,

-

-

t

>

5d7d

i ,

5d7d

\

6sns

5d7d

»

J7

3.0 40 4.5 3.9 4.1 4.3 4.5

Fig. 6.6 Lu-Fano plots of the 6sns 'Sg and 6sns 3Sj series. The smooth

curves in the J =1 plot are tentative. The perturbers are indicated.
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value for the ionization potential I = 42034.95 cm"1
S

(see section V.4.1). The plots clearly show the posi-

tions of the perturbers and their effect on the Rydberg

series. The interval n=2l to n = 30 is relatively unper-

turbed. This can be viewed more clearly in a log-log

plot of the 1SQ -
3 S ! interval versus the effective

quantum number n* (see fig. 6.7).

E
u

t
35

Inn'

t

i-

Fig. 6.7 Log-log plot of the 'Sg - 3Si interval versus n*.

A straight line has been drawn through the points

in the n =21-30 interval (except n=26 ) . The slope of

this line equals -2.81 ±0.02, as determined with a

least-squares fit.

Assuming that the erratic behaviour for n < 21 and n > 30

is entirely due to perturbations one can write

A = 9720 * (n* )
unpert unpert

-2.81 (6.8)

where A equals the 1 S 0 -
 3Si interval in the ab-unpert u i
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sence of perturbations and

n* _ = n - 4.28unpert (6.9)

The number 4.28 is the average difference between n and

n* in unperturbed regions.

VI.3.4 Singlet-Triplet mixing and Perturbera

The isotope shifts of the odd isotopes in lS0, in-

duced by the singlet-triplet mixing, are sensitive to

both perturbations of the J = 0 and J = l series. The

effect on the 3Sx F =3/2 level is identical but of

opposite sign.

Perturbations in the J = 0 series and J =1 series

will be discussed in the following:

A The 3P n perturber

The perturbation is restricted almost exclusively

to 6sl8s ^ o 2 0 J. The level composition of some levels

close to the perturber is shown in table 6.1.

Table 6.1 Level composition of some ns states near the 5d7d 3P0 perturber.

All values are given In %.

n

16

17

16

19

20

5(J7d 3 P 0

6sns 'Sg

99.4

97.5

71.5

98.4

99.5

34.7

zl
a

5dnd 3P0

0.3

1.8

26.6

1.6

0.5

56.3

Sdnd 'So

0.3

0.7

1.9

0.0

0.0

7.0
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Now three F =3/2 states have to be considered

= o | 1S0>
3P(

<i>2 = *' 1 - a 2 I 1 S 0 > -a | 3 P 0 > ( 6 . 1 0 )

V

C 3 = F =3/2>

With such a basis the energy matrix for the J = 0 states

i0\ and <i>2) is diagonal. The energy matrix, correspond-

ing to the set of states 6.10 equals:

E ( l ) 0

0 E ( 2 )

Ma

M / l - o 2

Ma M / 1 - a 2 E ( 3 S j ) - %a'6 s

where M = / - £ a6 s

16 c
and E(l>, E(2), E^Sj

are the experimental

level energies.

(6.11)

The columns represent the <in, ̂ 2
 a n d 3si state vectors.

The eigenvalue equation is given by

-M2(l-a2)] - (E(2)-E) M2a2 = 0

(6.12a)

As we are mainly interested in the effects of the per-

turber on the induced isotope shift the energy scale is

redefined such that E(2) =0. Then the eigenvalue equa-

tion reads

(A -e) { -
PS

- M2(l- a2) } O

(6.12b)

where A__ and A__ are the perturber-singlet and triplet-
ro Is

singlet energy difference respectively. Eq. 6.12b shows

that the isotope shift in 6sns lS0 depends sensitively
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on a and thus can serve as a probe for channel interac

tions.

B The 3Pi perturber

This perturbation presumably affects a relatively

large n-interval (see fig. 6.6). Writing in analogy,

for the F =3/2 states

= • 1-62 |3Si> -6 (6.13)

then, neglecting hyperfine interaction in the 3PX state,

the matrix for the F = 3/2 hyperfine states becomes:

M/l-6 2

M /1-B2

E(k)

(6.14)

where, again, the columns are enumerated i, j, k.

Redefining the energy scale such that E(k) =0, the

eigenvalue equation reads:

+ M262(e+'j(l-02)a^s-ATS) = 0 . (6.15)

When A p s and ATg are accurately known, it is thus pos-

sible to evaluate B2 from singlet-triplet mixing Induced

shifts.
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a2 can, in generally, not be extracted with eq. 6.12b

frcm experimental values for the induced isotope shift,

as the experimental isotope shift also includes field-

and specific mass shifts, which are affected by the

perturbation as well. Rather a2 should be determined

from the induced deviation from the Lande interval rule

for the hyperfine intervals in 3Si. Contrarily 62 is to

be determined from the induced isotope shift, as the

J =1 perturbation does not affect the even-isotopes in

J =0.

In summary one can say that due to the singlet-triplet

mixing in 6sns Rydberg states it is possible to obtain

some information about the level composition of per-

turbed series members by studying the unaffected sin-

glet-triplet partner.

VI.3.5 Results

The measured isotope shifts for the 6sns 1S0 states

are collected in table 6.2. The results from a number

Table 6.2 Isotope shifts of the most abundant isotopes. ?.il values in MHz.

n

17

19

20

23

25

26

28

29

30

32

34

36

40

138-136

-27.9(2)

-26.8(3)

-25.0(1.5)

-24.6(1.0)

-23.4(6)

-23.6(6)

-24.5(8)

-24.0(6)

-26.3(1.2)

-25.5(1.5)

-25.0(1.5)

-

-

138-137

- 176.8(1.6)

- 149.9(1.8)

- 236.1(1.6)

- 277.2(1.5)

- 342.1(2.4)

- 379.3(1.0)

- 458.3(2.0)

- 500^5(1.4)

- 541.9(3.0)

- 619.5(2.5)

- 655.0(2.0)

- 476.5(2.0)

-1685.5(1.4)

138

- 140.

- 118.

- 185.

- 220.

- 271.

- 301.

- 367.

- 400.

- 432.

- 497.

- 527.

- 380.

-1410.

-135

2(1.7)

2(1.6)

2(1.3)

0(2.0)

8(1.6)

6(1.0)

2(1.5)

1(1.4)

0(3.0)

4(2.1)

0(2.4)

0(2.0)

4(2.0)
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of recorded spectra have been averaged. The 138Ba iso-

tope is used as a reference.

In order to extract values for e.g. the level iso-

tope shift of the 6s2 lS0 state relative to Ba 6s 2S,

it is necessary to eliminate the singlet-triplet induced

shifts (STIS) and the normal mass shifts in the transi-

tion (see chapter IV).

The relatively unperturbed interval n=21 to n = 30 is

ideally suited for this purpose. The effect of pertur-

bations is easily seen in fig. 6.8 where the experimen-

tal 1 3 7Ba- 1 3 8Ba shifts are plotted together with the

STIS calculated for unperturbed levels using eq. 6.6,

6.7, 6.8 and 6.9. The difference between the experimen-

tal values and the STIS curve is magnified in fig. 6.9.

Between n = 20 and n = 30 this difference

6 v 1 3 7 , 1 3 8 = 6 v 1 3 7 , 1 3 8 _ S T I S
(pure) exp

(6.15)

indeed remains almost constant. Thus we can extract an

T

19
20 IS 10 Q5

l»otop« shift (OHz) 4 —

Fig. 6.8 The isotope shift 137Ba - 138Ba in 6ans lS(, as a function of n.

The smooth curve represents the expected trend in the absence of perturbations

in either 's0 or
 3Sj. The experimental points are indicated.
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£-200

F- U

O
JU

-1C0&

I
ui
CL
Os 20 25 30 35

Fig. 6.9 Corrected isotope shif t 137Ba - l 39Ba as a function of n.

• indicates a correction with the snooth STIS curve of f ig. 6.8.

o indicateo a correction using actual level energies.

average value of 6 v13 7» 1 3 8

± 3 MHZ

Including the normal mass shift one obtains for the

residual isotope shift:

± 3

An equivalent calculation can be made for the 13 5Ba
13 8Ba interval.

= " 7 0 -+ 3 MHz •

The residual isotope shifts between the 4 most abundant

Barium isotopes are given in table 6.3.
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Tatolo 6.3 Residual icotopc shifts between the noot abundant DariuD isotopes.

AH values in KHz.

138-136 136-134 138-137 136-135

-97.0(3! -39(3) -J3K3» -180(3»

if.

The deviations in fig. 6.9 in the interval n =17-20 are

largely due to the erratic behaviour of the singlet-

triplet interval A (see fig. 6.7) and to a lesser ex-
ST

tent to the admixture of 5d7d 3P 0 in the wavefunction

(except for n=l 8 ) . Consequently we have also calculated

the STIS using the real a values. The result thereof
o A

is indicated in fig. 6.9 as well (open circles). The ir-

regularities around n =18 are smoothened quite appreci-

ably.

The same procedure, applied to the levels with

n z 30 does not diminish the irregularities in that re-

gion.

It is obvious that further detailed study is requisite.

The available level energies are not sufficiently ac-

curate to warrant further analysis. However, for n > 30

the singlet-triplet interval is smaller than 1 cm"1 and

thus can be covered by available CW ring dye lasers.

Such an experiment, in combination with accurate wave-

length measurements, will enable a full study of the

effect of the 5d7d 3Pa perturber on the 6sns configura-

tions.

Information about the 5d7d 3P 0 perturber is contained

also in 6sl8s 3Sj. The F =3/2 hyperfine state is shift-

ed from its regular position due to the same effect as

STIS. The shift can be measured by considering the in-

terval ratio (5/2 -3/2)/(3/2 -1/2) which theoretically

equals 5/3. The shift unexpectedly equals 0(1) MHz.
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Choosing tine energy ccale in 6.12a such that E(3S]|) -

= 0, resul ts in combination with the zero shift in a

cinolG exoresslon

60
c

.2 =

ST (6.16)

= 0.37

Ayr.ar gives a value of 0.27 20J .

In section VI.3.2 it was mentioned that the hyperfine

interaction of the Rydberg electron should be taken in-

to account, at least for n <,20. In addition it was shown

that the diagonal matrix elements of the correct hyper-

fine operator (eq. 6.2) measure

6 s
ac .. = a
ceff c

(6.17)

We have measured the hyperfine splittings in 6sl8s 3S]

and consequently are able to determine aceff« To elimi-

nate the influence of singlet-triplet mixing only the

F =5/2 - F = 1/2 interval is considered

5/2 - 1/2 2aceff '

The r e s u l t i n g value i s shown in t a b l e 6 . 4 , t o g e t h e r with

the value of a s (see chap te r V, t a b l e 5 . 7 ) . I t i s seen

that aC e f f < «f».

Table 6 . 4 The e f f e c t i v e hyperfine i n t e r a c t i o n constant for 6a18s 3Sj and

the hyperf ine i n t e r a c t i o n constant o f I 3 7 B a + 6 s 2S...

137-
"ceff

4003.8

137a6«
c

4018.87
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r
"hio can be understood qualitatively if screening of- !

fects are included: The assumption that the Rydberg f

electron penetrates through the core and exhibits hyper-

fine interaction, implies that the 6s electron is

screened.

These possible screening effects are an additional ar-

gument to continue the high-accuracy high resolution

studies in the 6sns series.

VI.4 THE 6snd SERIES

This section contains a presentation of the results

on the 6snd series. In the first paragraph earlier re-

sults are reviewed and in section VI.4.2 the presence of

perturbsrs is discussed. Finally section VI.4.3 contains

a presentation and discussion of the results and some

suggestions for further research.

VI.4.1. Review of earlier work

The 6snd series have received considerable atten-

tion ever since the discovery of strong series interac-

tion among the J = 2 Rydberg states 1J . The J = 2 states

(iD2 and 3Dz) have received particular attention, main-

ly due to being relatively easily accessible. Two-pho-

ton spectroscopy or a two-step excitation process have

been used in essentially all experimental work on these

states, thereby combining measurements on ns and nd

states. The information on level energies of J = 2 states

gathered by Bradley et al. l), Rubbmark et al. 2> ,

Camus and Morrillon 3J and Ayraar et al. t>} has been em-

ployed by Aymar and Robaux in a nine-channel MQDT

analysis s). The nine-channel analysis, requisite due

to the spin-orbit induced singlet-triplet interaction,
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includes the channels 6snd (lD2, 3D2) 5dns (
1D2, 3 D 2 ) ,

5dnd 11D2,
 3D 2,

 3F 2,
 3P2) and 6pnp *D2. The Lu-Fano plot

for thece states, shown in fig. 6.10, reflects the level

of cor.pllcatlon In the J = 2 states.

The J =1 and J =3 fine structure states have recently

been measured by Camus et al. No MQDT analysis is avail-

able , however a large number of perturbers have been

identified. Camus et al. were unable to resolve the 3D 2

and 3D 3 states, using a pulsed dye laser with 0.3 cm"
1

linewidth. Their excitation method, two-step laser ex-

citation from discharge populated metastable levels

5d6s 1D2,
 3Dlj2,3» enables the determination of level

energies of states separated by a fraction of the laser

line width. This has been accomplished by recording

spectra via various intermediate states.

The J =2 states also have been subject of a number

of lifetime studies, with particular attention to levels

close to a perturber (5d7d 3F 2 and
 1D2)

 7>ö'l0}. The

I 050

Fig. 6.10 Lu-Fano plot of the J - 2 bound states above the 6s6d 'D 2 level.

From ref. S.
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observed lifetime shortening in perturbed Rydberg states f

hao oucceGcfuliy been explained with wave functions ob- P.-

tair.ed frcn tho KQST analysis Bi .

•ently high resolutie.- c -hniquoo havo been applied

to a st'idy of the £snJi states, with particular emphasis

on the 'D 2 states, t'ron nteaoureinents on the isotope

shiftb between the even isotopes, it was found that the

electronic probability density on the nucleus saturates

for n >11 *3J. Measurements of the hyperfine structure

in these states has resulted in a tabulation of hyper-

fine interaction constants for some levels between

n=13 and n=24 and an indication for hyperfine-induced

isotope shifts lu> .

VI.4. 2 Energy levels and perturbers

High resolution spectroscopy offers the possibili-

ty to observe the excitation spectrum in all its de-

tails and thus to resolve all hyperfine states of the

odd isotopes in the configuration under study. As has

been discussed in chapter II and V the hyperfine and

spin-orbit interactions can cause large mixing effects

between the fine-structure states. However, as has been

shown in chapter V, the complicated structure can be

analysed with a suitable set of parameters, when the

Rydberg states are unperturbed.

High resolution studies also offer the possibility to

gain insight in the doubly excited configurations,

either by exciting them directly or by a study of their

effect on Rydberg series. The latter possibility will

be fruitful only when the structure of the unperturbed

states is known. However, for practically all values of

n one of the fine structure states is perturbed. This

is demonstrated in fig. 6.11 where the fine structure

level energies with respect to 3D 2 are plotted. The

perturbers are Indicated by arrows. It is concluded
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15 20 25 30

10

Fig. 6.11 Fine structure energies of 6snd as a function of n. The 3D2 state

i s taken as zero of the energy scale. In the inset the 3D] state i s taken as

energy reference displaying the mutual repulsion of '02 and 3D2.

t h a t n o u n p e r t u r b e d 6 s n d c o n f i g u r a t i o n e x i s t s f o r n < 3 0 ,

VI. 4.3 ReeultB

In the excitation scheme 6s2 1S0 •+ 6s6p 1P 1 •* 6snd

the strongest signals pertain to the *D2 states; the

signal to noise for excitations of 3D 2 and
 3Dj is gener-

ally appreciably less, where the transitions to the 3Dj

states are an order of magnitude weaker than the tran-

sitions to 3D 2. Consequently it seems attractive to

study the 1D2 states in detail. Furthermore the ^ 2

states are affected by only one perturber, 5d7d 1D 2,

and this perturbation has been stud Led most extensively

7,8,10;. The hyperfine interaction in the *D2 states is

due onlj singlet-triplet mixing, either caused by
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off-diagonal spin-orbit interaction or by off-diagonal

hyperfine interaction. As a result the hyperfine split-

tings in 1D2 are sensitive to all perturbations affect-

ing the d-series.

In fig. 6.12 the positions of the hyperfine levels of
137Ba with respect to 138Ba are displayed for the values

of n under study. Very conspicuous is the inversion of

the hyperfine multiplet for n = 26 to n = 30. Less pro-

nounced, but still visible is a perturbation at n=22.

For high n-values the hyperfine multiplet is appreciably

displaced from the 138Ba isotope, again an indication

of hyperfine induced isotope shift.

n

t
45-

4 0 .

35 .

30 .

25.

20-

7/2 5/J

/ / /

/ / / /

/ / /

•K
5/2

/ / /

3/2 1/2

/ /

/

3/2 1/2 Fig. 6.12 Hyperfine

state energies of
137Ba 6snd ]D2 rela-

tive to 138Ba as a

function of n.
-1 1 2 3

— » V (GHz )

There are various possibilities to interpret the ob-

served hyperfine structure: The hyperfine structure in
1D2 can be considered as a part of the structure of the

6snd configuration and an analysis can be applied analo-

gous to the method applied to the 6snf states in the



previous chapter. Such a procedure, however, is too am-

bitious as relatively little experimental information

is presented for each n value. Secondly one can, follow-

ing Grafström et al. try to parametrize the hyperfine

structure with the hyperfine-interactionconstants A

and B (using eq. 2.42). However, the interpretation of

the extracted values for A and B is dubious. Certainly

they cannot be interpreted straightforwardly as parame-

ters representing magnetic-dipole and electric-quadru-

pole interaction between open-shell electrons and the

nucleus.

Nevertheless we have performed such an analysis and

for the majority of n-values the hyperfine splittings

are described by eq. 2.42 very well. The results are in

good agreement with GrafStrom's for the overlapping n-

values.

Some understanding can be gained by attributing the hy-

perfine structure to the 2nd-order energies of the

Hamiltonian (see eq. 5.2)

H' =rfl

The hyperfine energy of 1D 2 consists then of a sum of

second-order hyperfine energy and a crossed second-

order spin-orbit hyperfine contribution

,-*•-*•• * , -v -v- ,
< lD2 F | S . I | D F>< 'D F | s . l | J D 2 P >

I +
C J = 1 E ( j D 2 ) - E ( 3 D j )

( 6 . 1 9 )

<1D2 F | s . I | 3 D 2 F x 3 D 2 F | S . I | ! D 2 F>

3
F) = a2 I

- E ( 3 D 2 )

The sum in the first term extends over the whole 3D mul-

tiple t. The energies are given by
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(6.20)

F = 1/2 ^| a2( a +9B)

F = 3/2 ^ a2(4a +56 +7/2Y) +

F = 5/2 — a2(189a +5g +256Y)

F = 7/2 ^ a2(2B+3Y) - |

where a"1 =E(1D2) -E(
3Dj), B"1 =E(1D?) -E(

3D2) and

•y-i = E( ̂ 2) - E( 3D 3). For n > 27, a, 6 and y are positive

(see inset fig. 6.11). If £ is assumed to be also posi-

tive and we set a = B = Y the hyperfine splittings are

entirely due to the term proportional to E,a . Then the

interval ratio's are given by

_ 7/2 - 5/2 _ 2
^ 5/2 - 3/2 5

(6.21)
„ - 5/2 - 3/2 _ £
n ~ 172 - 1/2 " 3 *

These values are identical to the interval ratios for a

hyperfine multiplet where the splitting is due to mag-

netic dipole interaction only. The A-factor then equals

a e B
A = — .

4

In table 6.5 the extracted values for c, and n are list-

ed. The values of ? and n for n =20, 32 and 34 are in

good agreement with the rough estimate (eq. 6.21).

These are just the states which obey the aforementioned

assumptions best. For higher n the use of a calculation

to second-order is certainly not warranted as the off-

diagonal hyperfine interaction gains in importance with

increasing n.
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Table 6.5 Hyperflne interval ratios c and n for some 6snd states.

n

20

22

24

28

32

34

40

45

eq. 6.21

;

1.44

1.56

1.59

1.20
1.40

1.36

1.67

1.73

1.40

n

1.68

1.78

1.78

1.71
1.61

1.S6

1.83

1.83

1.56

The approximative calculation furthermore predicts the

right sequence of hyperfine levels i.e. the F =1/2

state is highest in energy in those regions where the

fine structure is regular.

This simple calculation offers no ansatz to regions

where perturbations are prevalent. The variations in

the fine structure level ordering cannot be taken into

account with the Hamiltonian 6.18 and any calculation

excluding configuration interaction will be inadequate.

Off-diagonal hyperfine interaction in addition of-

fers an explanation for the observed irregularity at

n=22 (see fig. 6.12). The 22d 3D 3 state and possibly

its neighbours are perturbed by 5d7d 3F 3 (see fig.

6.11). The off-diagonal hyperfine interaction then

shifts the F =3/2, 5/2 and 7/2 components of 1D2 from

their position while not affecting XD 2 F =1/2. This

asymmetry can be observed in the figure.

The measurements on the 3D states are much less

complete. Partly this is due to the lower signal to

noise in the excitation spectra of these states and
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partially it can be attributed to the increased compli-

cation of the assignment. For a large number of configu-

rations either the 3D 2 and
 3Dj or the 3D 3 and

 3D 2 states

are energetically very close, leading to level repul-

sions (anticrossings). Contrary to the 6snf states no

lower-state hyperfine intervals are present in the spec-

tra to give a clue to the assignment. The lack of sig-

nal to noise furthermore precludes the observation of

components covering a trans.ition-strength-range as large

as in the 6snf states. Consequently too little informa-

tion is in general obtained to analyse those 3D

states.

However, the measurements enable us to support Aymar's

and Robaux' suggestion for the assignment of the 26d

^ 2 and 3D 2 labels to the levels at 41831.9 cm"
1 and

41819.49 cm"1 respectively. They inverted the assignment

of Rubbmark et al. The hyperfine structure of the

41831.9 cm"1 state is inverted contrary to all other

measured 3D 2 states. An inverted hyperfine structure

however, complies well with a JD 2 label as can be seen

in fig. 6.12.

The vehement perturbation of the 'D2 and
 3D 2 states

is responsible for much of the variations in the hyper-

fine structure as a function of n. The present results

offer no quantitative information about the effect of

the perturber other than isotope shifts. Only the even

isotopes shift can be determined i.e. the shifts
1 3 SBa- 1 3 6Ba. The results for chese shifts are collected

in table 6.6.

The perturbed states are characterized by a marked in-

crease in isotope shifts.

It can be concluded that the experimental information

presented here is not sufficient for a profound analysis

of the 6snd states. In particular more experimental
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Table 6.6 Isotope shift 136Ba-'38Ba for the transitions

6s2 ' s 0 -• 6snd 1D2. ftll values In MHz.

Lf

n

20

22

23

24

25

26

27

26

29

30

32

34

40

45

Isotope shift

-26.0(6)

-26.7(3)

-24.4(2.0)

-26.7(7)

-26.6(9)

-27.0(7)

-51.1(1.0)

-30.2(1.0)

-26.5(4)

-25.8(5)

-25.3(5)

-25.4(5)

-25.3(6)

-25.5(8)

information has to be gathered in the unperturbed re-

gions (n > 30) to gain understanding on the unperturbed

series first. For instance, it is very well possible

that the parametrization of the energy by diagonalizing

the Hamiltonian 6.18 is as insufficient as it is for

the 6snf states.

Furthermore, particular attention has to be paid to the
3D states. An excitation scheme as used by Camus et al.

seems particularly suited for such a study. The possi-

bility to choose an intermediate state from the 5d6p

manifold is attractive as it simplifies the assignment.

On the theoretical side a formalism has to be developed

in which the hyperfine structure in interacting con-

figurations can be described.
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SUMMARY

The earth-alkalines have two electrons outside a

closed shell. The level structure of these elements re-

flects the interactions between the two valence elec-

trons. In addition to one-electron excitations, states

with two excited electrons exist below the first ioni-

sation threshold. Configuration interaction causes a

partial mixing between the two excitation types.

The bound-state Rydberg series of these elements

all belong to the one-electron excitations and are of

the type msn«. where m = 2, 3, 4, 5, 6, 7 for Beryllium

Magnesium, Calcium, Strontium, Barium and Radium; n am.

Part of the Rydberg level structure of Calcium, Stron-

tium and Barium has earlier been studied in detail,

with relatively low spectral resolution. The results of

these studies have been used to determine configuration

mixing using the Multi Channel Quantum Defect Theory.

A high resolution experiment offers the possibili-

ty to study excitation spectra to Rydberg states in all

details. The additional spectral structure is caused by

hyperfine interaction and isotope shifts.

In this thesis the subtle structure of Rydberg

states of Barium with orbital angular momentum 9. = 0, 1,

2 and 3 is investigated. In chapter II some aspects of

atomic theory for a configuration with two valence

electrons are reviewed. The Multi Channel Quantum Defect

Theory (MQDT) is concisely introduced as a convenient

way to describe interactions between Rydberg series.

Some aspects of MQDT are used at various places in this

thesis.
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f'
In chapter III the experimental setup is discussed with |

particular emphasis on the laser systems. In the frame- |F'

work of this study a reliable intracavity frequency-

doubling unit for a tunable CW dye laser has been de-

veloped producing narrowband UV radiation. The aspects

of crystal optics required for an understanding of this

non-linear process of frequency doubling are discussed

in chapter III as well. Furthermore some properties of

CW dye lasers are reviewed which are affected by intra-

cavity frequency doubling.

Chapter IV contains three high-resolution UV studies.

The first two, presenting results on a transition in

Indium and Europium serve as an illustration of the

frequency doubling technique. In the last part of chap-

ter IV a study of hyperfine structure and isotope

shifts in low-lying p states in Sr and Ba is presented.

Particular attention is paid to the concept of residual

level isotope shift. The combination of the new experi-

ments with earlier results and the results of chapters

V and VI enables the determination of residual level

isotope shifts in a large number of levels using a par-

ticularly simple model, of interest for theoretical

calculations.

Chapter V is devoted to an extensive study of the 6snp

and 6snf Rydberg states of Barium with particular em-

phasis on the 6snf states. It is shown that the level

structure cannot be fully explained with the model in-

troduced in chapter II. Rather an effective two-body

spin-orbit interaction has to be introduced to account

for the observed splittings, illustrating that high

resolution studies on Rydberg states offer an unique

opportunity to determine the importance of such effects.

The study of a large number of members of the 6snf

states enables the determination of the relevant atomic

parameters as a function of n. The interaction constants
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for the electronic repulsion and the spin-orbit coupling

are observed to decrease faster than expected on the

basis of a hydrogenic model. The chapter contains a dis-

cussion on the value for the ionization energy as well.

Finally chapter VI is devoted to the 6sns and 6snd se-

ries. The hyperfine induced isotope shift in the simple

excitation spectra to 6sns 1S0 is discussed and atten-

tion is paid to series perturbers. It is shown that level

mixing parameters can easily be extracted from the expe-

rimental data.

The last part of chapter VI contains a discussion of the

observations on the 6snd series. Particular emphasis has

been directed at the JD2 states. The exact level struc-

ture is not yet understood as a consequence of the large

number of perturbers but some aspects are explained with

a simple model.
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SAMENVATTING

De aard-alkali's behoren tot de groep elementen

met twee electronen buiten een volledig gesloten schil.

1' De wisselwerking tussen deze twee electronen bepaalt

mede de energietoestanden waarin deze atomen zich kunnen

bevinden. Naast toestanden, waarin slechts één electron

aangeslagen is treden soms toestanden beneden de eerste

ionisatielimiet op met twee aangeslagen electronen. Deze

twee soorten excitaties zijn niet altijd strikt te schei-

den tengevolge van configuratiewisselwerking.

; De Rydberg toestanden (hoog aangeslagen toestanden)

ï van deze atomen worden aangeduid met de notatie msnl

' ] waarbij m = 2, 3, 4, 5, 6, 7 voor Beryllium, Magnesium,

1 Calcium, Strontium, Barium en respectievelijk Radium

i (n 2m). De ligging van de Rydberg nivo's in Calcium,

! Strontium en Barium is grotendeels al goed bekend. Uit

deze gegevens is de mate van configuratie menging bepaald

'. met behulp van de Multi Channel Quantum Defect Theory.

j Hoge resolutie experimenten met continue afstembare

lasers bieden de mogelijkheid de spectra van excitaties

naar Rydbergtoestanden tot in de fijnste details te be-

studeren. Deze fijne details worden veroorzaakt door de

hyperfijnwisselwerking van de buiten electronen met de

kern en van de aanwezigheid van verschillende isotopen

in natuurlijk materiaal.

De bestudering van deze details van Rydberg spec-

tra van Barium voor toestanden met baanimpulsmoment

l = 0', 1, 2 en 3 vormt het onderwerp van dit proefschrift.

In hoofdstuk II worden enkele ingrediënten van de theo-

rie der atoomstructuur behandeld voorzover deze relevant

zijn voor een atoom met twee valentie electronen.
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(de electrostatische, spin-baan en hyperfijn wissel-

werkingen) . De "Multi Channel Quantum Defect Theory" ^

(MQOT) wordt op beknopte wijze geïntroduceerd om de

wisselwerking tussen verschillende Rydberg series te

beschrijven. In dit proefschrift wordt de MQDT op ver-

scheidene plaatsen gebruikt.

In hoofdstuk III wordt de experimentele opstelling

behandeld. De nadruk valt op de gebruikte lasers. In

het kader van het onderzoek, dat in dit proefschrift

beschreven wordt, is een betrouwbaar frequentieverdub-

belings systeem voor een continue kleurstoflaser ontwik-

keld. Met dit systeem, dat in de lasertrilholte gemon-

teerd wordt, kan smalbandig UV licht geproduceerd wor-

den. Frequentieverdubbeling is een niet-linear proces.

Een aantal aspecten van de theorie der kristaloptica,

die nodig zijn om dit niet-lineaire proces te begrijpen,

worden ook in hoofdstuk III besproken. Bovendien worden

enkele eigenschappen van continue kleurstoflasers be-

handeld, die beinvloed kunnen worden door het verdubbe-

lingsproces .

In hoofdstuk IV worden drie hoge-resolutie metingen

gepresenteerd. De eerste twee met als onderwerp overgan-

gen in Indium respectievelijk Europium, dienen ter il-

lustratie van het ontwikkelde frequentieverdubbelings-

systeem. Het laatste deel van hoofdstuk IV bevat een

studie van hyperfijnstructuur en isotopieverschuivingen

in laaggelegen p-toestanden in Strontium en Barium. Met j.

name wordt aandacht besteed aan nivo-isotopieverschui-

vingen. Door de nieuwe experimentele gegevens te combi-

neren met oudere resultaten kan met behulp van een een-

voudig model de nivo-isotopieverschuiving in een groot

aantal nivo's bepaald worden. Hiervoor bestaat vanuit '

de theoretische hoek belangstelling.

In hoofdstuk V worden dé 6snp en met name de 6snf ,.

Rydberg toestanden van Barium bestudeerd. De substruc- ,\;
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tuur blijkt niet volledig beschreven te kunnen worden

met het in hoofdstuk II geintroduceerde model. Een ef-

fectieve twee-deeltjes spin-baan term moet ingevoerd

worden om de substructuur te verklaren. Hier komt duide-

lijk tot uiting dat de bestudering van Rydberg toestanden

met hoge resolutie een buitengewoon goede manier is om

het belang van een dergelijke term te bepalen. Door een

groot aantal Rydberg toestanden te bestuderen kunnen de

relevante parameters bestudeerd worden als functie van

het hoofdquantumgetal n. Het blijkt dat de interactie

constanten voor de electron-electron afstoting en de

spin-baan wisselwerking sneller afnemen als functie van

n dan verwacht. Het hoofdstuk wordt afgesloten met een

discussie over de waarde van de ionisatieenergie.

In hoofdstuk VI tenslotte worden de 6sns en 6snd

serie's behandeld. De isotopieverschuiving tengevolge

van hyperfijninteractie in de 6sns ^o toestanden wordt

besproken en er wordt naar de invloed van storende nivo's

gekeken. MQDT mengparameters worden op eenvoudige wijze

uit de experimentele gegevens verkregen.

In het laatste deel van dit hoofdstuk worden de 6snd

spectra besproken; met name 6snd *D2. De substructuur

kon niet volledig geanalyseerd worden tengevolge van het

grote aantal storende toestanden. Enkele details worden

met behulp van een eenvoudig model verklaard.
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STELLINGEN

1. De door Grafström et al. gegeven hyperfïjnstruktuurkonstanten A en
B voor de ósnd 'D2 Rydberg toestanden in Barium zijn niet direkt
gerelateerd aan de statische kernmomenten.

P. Grafström et al. Z, Phys. A; to be published.

2. Höhle et al. hebben de verklaring voor de waargenomen AF = ± 2
overgangen in het hyperfijnspektrum van La II met behulp van
driefotonprocessen niet geverifieerd.

C. Höhle, H. Hühnermann and M. Elbel; Z. Phys. A295-1 (1980)
E.R. Eliel and W. Hogervorst; J. Phys. 5/4-3037 (1981)

3. Bij de diskussie over de waargenomen anomalie in de isotopiever-
schuiving tussen de even Samarium isotopen in een aantal optische
overgangen wordt nagelaten aan te geven waarom deze anomalie
uitsluitend betrekking heeft op l54Sm.

J.A.R. Griffith et al.; J. Phys. B12-U (1979)
J.A.R. Griffith et al.; J. Phys. B14-2769 (1981)
C.W.P. Palmer and D.N. Stacey; J. Phys. B15-997 (1982)

4. De bepaling van de eerste ïonisatielimiet van atomen op grond van
metingen van excitatie-energieën als funktie van het hoofdquantum-
getal dient te geschieden voor tenminste twee waarden van het
baanimpulsmoment. De alkalis vormen hierop een uitzondering.

5. De frequentie waarmee strijkkwintetten op de Nederlandse concert-
podia worden uitgevoerd doet onrecht aan de kwaliteit van deze
composities.

6. Een periodiek onderzoek gericht op eventuele retinabeschadigingen
bij gebruikers van laserapparatuur dient verplicht gesteld te worden.

7. Ter bevordering van een effektieve behandeling van door laserlicht
veroorzaakt oogletsel dient de sporadische kennis van dergelijk letsel
uitgewisseld te worden door oogheelkundige klinieken.

8. In de opleiding tot fysisch doctorandus dient het oefenen van
vaardigheden om fysisch onderzoek uit te leggen aan niet-fysici
opgenomen te worden.

•

(Stellingen behorend bij het proefschrift van E.R. Eliel)


