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Abstract

Experiments have been performed to determine the lifetimes and the hyperfine structures of

excited states in atoms. Hyperfine structures have also been studied theoretically.

Decay curves were recorded with the aid of time-resolved laser spectroscopy. From these

curves, it was possible to evaluate the lifetimes with high accuracy. In certain cases, the

hyperfine structures were also determined with high accuracy from quantum beat signals.

The elements studied were lithium, sodium, copper, iron and silver. In favourable cases, the

method of delayed coincidence gave uncertainties in lifetime measurements of about 0.5 %.

The detection of quantum beat signals with frequencies higher than 1 GHz was demonstrated.

The effects of non-white excitation and delayed detection on level-crossing signals were

also investigated. The method of delayed detection causes a narrowing of the detected signal,

though most of the intensity of the signal is lost and it exhibits an oscillatory behaviour due to

the gating procedure.

The effect of high-intensity beams in combination with optically dense media applied to

saturation absorption spectroscopy has been investigated both theoretically and

experimentally. In this regime the signals exhibited sharp profiles, with widths narrower than

the natural linewidth, due to the non-linearity of the medium. Also, a strong rejection of the

background was achieved. These features make this regime interesting for frequency

stabilization purposes.

Using wavefunctions calculated with the multi-configuration Hartree-Fock method, the

hyperfine structure interaction constants of the 3s 2S and the 3p 2P states in ^Na and the

3s3p • 3P and the 3s3d U D states in ^Mg, the only stable isotope of magnesium with a

hyperfine structure, were determined. A program for the generation lists of configurations

suitable as input tor the MCHF atomic structure package of Froese Fischer has also been

written.
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Why laser spectroscopy?

I have often wondered this myself, especially when I get home to find that the morning paper
has already been delivered.

When you do basic laser spectroscopy experiments, you spend most of your time in the dark,
often tens hours in a row; while carrying out theoretical calculations you will sometimes not
come out much better. The thing that often keeps you going is the challenges: the desire to
gain knowledge about the unknown and the wish to perform well (i.e. in experiments).
Another source of motivation is the fellowship between colleagues, the feeling of being part of
a, perhaps sometimes too closed, society in search of the Holy Grail.

During my period at the Department of Atomic Physics I have come to know a lot of people,
that I would like to thank. In an attempt to avoid forgetting someone, I will not mention
everyone by name, except the four people below. Those not mentioned are fellow researchers,
members of the teaching staff, the administrative staff as well as the electrical and the
mechanical workshop staff. I would like to thank all of them for valuable discussion in the
cc ndors and around the lunch table, help in certain matters and, sometimes, just for
iniorming me about their projects and helping to satisfy my curiosity.

First of all I would like to express my gratitude to my supervisor, Professor Sune Svanberg,
for his round-the-clock enthusiasm and for giving me the opportunity of working at the
Department.

Then, in alphabetical order, I would like to thank:

Dr Jörgen Carlsson for being an indulgent co-worker and office-mate at the Department,
always, whatever the subject, keen on discussion,

Per Jonsson, for being a considering friend and a good co-worker,

Dr Anders Persson, a wizard at running lasers and PCs, for his never-ending patience in
informing about these subjects and giving hints about properties not documented, as well as
those I never bothered to look up.

Finally; the scientific world has its own version of "To eat or to be eaten": "Publish or perish".
From the theory of evolution we know the "Red Queen" hypothesis, named after one of the
characters (a red chessman) in Through the Looking Glaus. This character tells Alice: "You
have to run faster than that to stay in the same place."* Sometimes I imagine that I, mostly
due to my co-workers, have been running "faster than that".

Lund 1992

' This is a quotation from "Biology" by Curtis and Barnes, Worth Publishers, Inc. I have leamt
that the authors have made a rather drastic abbreviation extracting just the essential part of
the original phrase from "Through the Looking Glass" by Lewis Carroll.



Introduction

Laser spectroscopy is the art of shining light on atoms.

In visiting a laser lab you might get an inkling of how Plato (427-347 BO came to

realise there was an interaction between the world of ideas and the world of senses in his

Theory of Forms. He used the picture of a cave in which humans observing the shadows on the

wall draw conclusions about the objects responsible for the shadows'. The shadows on the

laboratory walls are the result of fluorescence from excited dye molecules and scattered light

from the laser beams. Like the people in the cave, the atomic physicist studies the emitted

light from the species of interest. From the properties of the detected light, the image of the

world is created. Though performing experiments was not Plato's idea of science2, actually he

was anything but an atomist. Leucippus (about 475 BC) from Miletus and his student

Democritus (about 470-400 BC) had some years earlier laid the foundation of atomic theory by

inventing the indivisible particle, the atom. Plato was an extreme theorist and thought

mathematics, i.e. the presentation of definitions using geometry, and astronomy, with the

planets moving in ideal orbits, to be the only true sciences. As atomic physics of today has

strong connections with astronomy and astrophysics, he would have been disappointed had he

lived today. But, on the other hand, the atomic physics of today consists, to a large extent, of

mathematical models.

In our culture we often compare ourselves with the ancient Greeks, particularly the

people who lived in Athens in the 5th century BC. I often have a feeling that we are more like

the Romans; they went to the amphitheatres to watch gladiators chopping each other into

little pieces and wild animals consuming Christians, while the cinemas of today are showing

pictures like Terminator II, Die Hard etc. During the years of the Roman Empire, science

turned into engineering2 and even if the Romans inherited many ideas and much knowledge

from the Greeks, they did not make significant contributions to science themselves.

The years passed, and for a long time Europe did not develop from the scientific point of

view. Leif Eriksson (? - about 1021) discovered America in about the year 1000 AD3, but

decided he would be better off back home.

Antonio Stradivarius (1644, 1648 or 1649 - 1737) built, during a period of 70 years,

about 1100 violins of different kinds. About half of them are still with us, defining the state oi

the art, although many forgeries have been revealed4.

Later on, Maxwell (1831 -1879) derived his famous equations (1865), which describe the

dynamic propagation of the electro-magnetic field. One important result of these equations

was that light could be explained as electro-magnetic waves2.

Another piece of famous mathematics was derived by Janne Rydberg (1854 - 1919) at

Lund University. From experimental observations, and using a high degree of mathematical



intuition, he derived the famous formula and has been honoured by having his name given to

the Rydberg constant.

During the first decades of this century, both the theories of relativity and quantum

mechanics were developed. Albert Einstein (1879 - 1955)5 took part in both of these. He was

awarded the Nobel Prize in physics of the year 1921, which he received 1922, for the

explanation he gave in 19056 of the photo-electric effect - a building block in the foundation of

the quantum theory as it showed that light is quantified - though he is most remembered for

his theory of relativity. Being a paradox, he never really accepted some of the fundamental

principles of quantum mechanics. The dialogue he kept up with Bohr throughout the years is

well known.

Niels Bohr (1885-1962)5 presented an atomic model in 19137, which mainly consisted of

two postulates: the electrons of the atom have discrete energy levels and the electrons are

transferred from one level to another by the emission or absorption of quanta of light, i.e.

what we today call photons.

If light waves could be regarded as particles, then it should be possible to regard

particles as waves, thought Louis de Broglie (1892-1987)5, a member of a family which is

known as far back as the 13th century in Piemonte, Italy. In 1923s he published his

theoretical work, which was verified in 1927 in an experiment involving the diffraction of

electrons by a crystal, performed by Clinton Davisson and Lester Germer9.

Erwin Schrödinger (1887-1961)10 has given his name to the well-known Schrc linger

equation. This equation was introduced in 1926". As a matter of fact, this equation can be

solved analytically for most atoms in the universe. During the years from the Big Bang until

today, far less than 10 percent of the hydrogen atoms have been converted into other

elements12. The abundance of hydrogen is about 90 % in the interstellar medium13, while the

abundances in the sun are about 70 % hydrogen, 30 % helium and 1 % "metalr"14 (as

astronomers call those elements being neither hydrogen nor helium). To apply the

Schrödinger equation to any other element than hydrogen some approximations have to be

made.

Max Born (1882-1970)5 interpreted the wavefunctions of Schrodinger's equations as

probabilities in 192615. He was awarded the Nobel Prize 1954 for this work. His student

Werner Heisenberg (1901-19'/6)lQ introduced the principle of uncertainty in 192716.

Not until today, with the rapid development of powerful computers, has it been possible

to test, with high accuracy, the various atomic theories developed before the middle of this

century. In this thesis the multi-configuration Hartree-Fock method, in the shape of the

atomic structure package developed by professor Charlotte Froese Fischer, has been used. The

first step towards this method dates back to 1928 when Hartree published a paper about a

new method for the numerical calculation of atomic structures. This approach is the most

general of all the methods developed. In the atom, the Coulomb force, i.e. electrostatic force,



dominates the interaction between the nucleus and the electrons. The way in which one of the

electrons is moving is, at every moment, dependent on the position of the other electrons and

the nucleus. The basic idea of the method is to iteratively calculate the distribution in space of

the electrons, assuming they are moving independently of each other, in the same way as the

single electron of hydrogen is moving. The other electrons are treated as a centrally symmetric

distribution of charge around the nucleus. This concept is referred to as the central field

model. In the model, the orbitals will have the same type of angular dependence as the

orbitals of hydrogen, while the radial dependence is varied iteratively for each orbital to

achieve minimum energy with self-consistency of the state under consideration. With just one

set of orbita-'s only the coarser structures of the atoms may be derived. By using the principle

of superposition and allowing computers to calculate a wavefunction as a linear combination

of a large number 01' orbitals the model becomes better and the atomic properties can be

calculated with increasing accuracy. To make an analogy: the brilliance in the sound of the

violins of Stradivari us are due to the spectra of overtones. By adding more and more overtones

to the wavefunctions describing the atom, finer and finer details can be distinguished.

On the experimental side of atomic physics, the laser has become the general tool in

most applications. The laser is a child of the 60s and the development of new kinds of lasers

as well as of spectroscopic methods has been very rapid. Not only the spectroscopic properties

of lasers have been exploited during these years. With the introduction of the compact disc

during the last decade, lasers have become part of the vast field of home electronics. Laser

light has also literally brought another dimension to photography. With the use of the

coherent light of lasers, three-dimensional pictures, or holograms, can be registered.

Deformations of mechanical constructions on the micrometre scale can be measured with

holographic techniques. Incidentally the properties of the violin has been investigated using

this method17.

To bring this introduction to an end, we may conclude that the ancestors of science back

in Athens were not completely wrong in talking about the harmony of the cosmos; if this

expression had been applied to the microcosmos instead of the macrocosmos they would have

been in the very front line of atomic physics today.

10



Atomic theory

During the course of this century, it has been shown that the methods of quantum mechanics

predict the mechanics of atoms with high accuracy. By solving the time-independent

Schrödinger equation, Eq. (1), the probability distributions and the energies of the electrons

can be calculated.

HV = EV (i)

H is the Hamiltonian, E is the energy of the state and 4* is the wavefunction. The various

parts of the Hamiltonian describe different kinds of interactions in the atoms. The major

contributions, for an unperturbed atom, are the kinetic energy of the electrons and the

electrostatic forces. In the latter, there are attractive forces between the nucleus and the

electrons and inter-electronic repulsive forces. These dynamics are described, by equations

such as

H.=I(4A.-£)+I1.

Where i indicates the summation over the electrons in the atom, A, is the Laplace operator

applied to the i:th electron, Z is the charge of the nucleus and r, is the distance between the

t:th electron and the nucleus. In Uie second summation, ry denotes the distance between the

(:th and the j:th electron. The first part of the Hamiltonian gives a Schrödinger equation

which may be solved analytically for any number of electrons, while the second part, i.e. the

interaction between the electrons, may not be treated analytically, as it does not describe a

central-field potential. Various methods have been applied to make approximations, enabling

the equation to be solved. Early central-field models, e.g. the Hartree model18, were shown to

give fairly good results even though the method of Hartree did not necessarily give anti-

symmetrical wavefunctions. Two years later, Fock19 made an improvement to the method of

Hartree, including antisymmetrization in the scheme. The principle of the central-field model

is that the average symmetrical distribution of the electrons is used to calculate the potential

of the electrons. In the Hartree-Fock method the wavefunctions of the electrons are then

calculated, giving a new potential. This is performed iteratively until the wavefunctions do not

change considerably from one iteration to the next and the energy of the calculated state has

reached a minimum. This scheme is called the principle of self consistent fields. Later, the

principle of superposition of wavefunctions was included giving the multi-configuration

Hartree-Fock (MCHF) method. In this thesis, the MCHF atomic structure package of Froese

Fischer20 has been used to calculate wavefunctions.

In the early years of spectroscopy it was found that ,-ome of the absorption lines in the

spectrum of the sun consisted of two lines instead of one single line. Examples of this are the

D, and D2 lines of sodium. This splitting is due to the fine structure of the atom. The fine

11



structure originates from the fact that the electrons exhibit a magnetic property, the spin,

which interacts with the magnetic field which is associated with the orbit of the electron. This

effect is described by the operator

)!.•».. (3)

1, and s, are the first rank tensors (i.e. vectors) associated with the angular momentum and

the spin, respectively, of electron i. The protons and the neutrons of the atomic nucleus also

exhibit magnetic properties resulting in a nuclear spin. The spin is dependent on both the

number of protons and neutrons, so different isotopes of an element may have different

nuclear spins. The interaction between the magnetic dipole moment, H|, of the nucleus and the

magnetic field, BJt generated by the electrons of the atom is described by

H ^ =-?,-«,. (4)

The distribution of the protons in the nucleus is not necessarily spherically symmetric.

In the case of a nuclear spin, I, equal to or larger than 1 a.u. the nucleus exhibits the

behaviour of an expansion of electric multipoles (quadrupole and higher). The meaning of the

term electric quadrupole is that the shape of the distribution of the charge is rotationally

symmetric with respect to the z-aris and is either prolate (extended along one diameter) or

oblate (flattened at the poles). In the former case, Q is positive and in the latter case negative.

The effect of this on the electrostatic potential experienced by the electrons is described by the

following expression:

H,v.=-X7 + l f (5)
In these summations i is the i:th electron of me atom and n is the n:th charged particle (i.e.

proton) of the nucleus.

The hyperfine structure may be regarded as an expansion of multipoles, with the

magnetic dipole and the electric quadrupole as the dominant parts of the expression

HW = X T " ' - M " \ (6)

Odd multipoles, i.e. M(1), M(n), M(5) etc., describe magnetic properties of the nucleus, while even

multipoles, i.e. M<2), M(4), M(6)etc., describe the distribution of electric charge in the nucleus.

The contributions from higher multipoles are of the order of 105 or less compared with these

(K=\ and 2) first contributions21. The tensors of the dipole and the quadrupole are defined as:

and

12



Here C(2)(i) is a second rank tensor related to spherical harmonics. The tensor T*n consists of

three parts. The first part is the magnetic field originating from the motion of the i:th electron.

The second and the third part is the interaction between the spins of the i:th electron and the

nucleus. The first and second parts give contributions for non-s electrons while the third part,

which is called the Fermi contact term, contributes only in the case of s electrons, as the Dirac

delta function, cVr,), is zero except for r,=0. The tensor T*2) is dependent only on the

distribution of the electrons. The contributions to the energy due to the hyperfine structure

are

'-(YJJMYJJ) O)

and

(10)
with

C = F ( F + l W ( J + l ) - / ( / + l). (11)
EM1 is the contribution to the energy due to the magnetic dipole interaction and EE2 is the

contribution of the electric quadrupole interaction.

Numerical approach to the Schrödinger equation
The Schrödinger equation, with the Hamiltonian described by Eq. (2), can only be solved

analytically for the case of hydrogen-like ions or the hydrogen atom itself, as the electrostatic

potential in these cases is a central field. In order to solve the Schrödinger equation, the

wavefunction is separated into the product of two functions, one with a radial dependence and

the other with an angular dependence:
V(r,d,<p) = R(r)Y(6,<p). (12)

The wavefunction is assumed to be normalised, i.e. to fulfil the relation:

it 2 *

JJJ|4'(r,0,<p)|2-dv= J |R(r ) | 2 r 2 dr- J J|Y(0,<p)|2 s in(0)d0d<p = 1. (13)

Here, dv indicates integration over a volume element. Each of the two parts must be
normalised. R(r) is the product of a polynomial multiplied by an exponential, while Y(6,q» is a

13



spherical harmonic function. In order to simplify the calculation of the radial dependence it is

normal practice to make the substitution

P(r) = - R ( r ) . (14)
r

Then the conditions for normalization become

J|P(r)|2-dr = l (15)

it in

J J|Y(0,4»)|:-sin(0)-d0-dp = l. (16)

and

In multi-electron systems, some approximations must be made. As mentioned earlier, the

MCHF method has been used in this thesis to calculate wavefunctions. This method i3 an

extension of the Hartree-Fock method, which uses the central-field model. From the basic

principles of quantum mechanics we are familiar with the variation principle, i.e. some

parameters of the model are varied until the minimum energy is achieved. The wavefunctions

are calculated iteratively until the difference between two consecutive iterations is small

enough and the minimum energy is obtained. The parts of the wavefuncticms describing the

angular dependence are spherical harmonics, i.e. the eigenfunctions of the Hamiltonian

describing a one-electron system, and the numerical optimization procedures are only

performed on the radial part. Intuitively, it is evident that the eigenfunctions of a multi-

electron system may differ substantially from those of a one-electron system. However the

angular dependence of a wavefunction, as mentioned above, is still the same as the angular

dependence of one of the eigenfunctions of the one-electron system. In the multi-configuration

Hartree-Fock method the fundamental configuration is expanded into a set of configuration

state functions, a kind of base, with different weights. All the configurations must have the

same parity and couple to the same term. For example, the Is3d 'D state in helium could be

described as consisting of the parts 2p2 1D, 3d2 'D, 2s3d 'D etc. A specific orbital, e.g. the 3d

orbital, will be the same for all configuration state functions in a calculation, i.e. in this case

Is3d, 3d2 and 2s3d. Due to limitations in computers regarding the size of the system of

equations that may be solved, the components of the base must be selected, as the base must

be finite in size. The components of such a base is produced by expanding the fundamental

configuration with different numbers of particle excitations with the same parity, as in the

example above.

In the calculation of the wavefunctions with the MCHF atomic structure program for

some of the states in sodium and magnesium (Papers VIII and DC), rather large expansions,

applying one- and two-particle expansions of the fundamental configurations, were performed.

14



To produce such a list of expansions manually is rather time consuming and, besides, the

chances of accidentally leaving some configurations out are obvious. In the MCHF package of

Froese Fischer, a program called GENCL22 is provided to generate such lists of configurations.

This program does not however seem to be designed to handle expansions of the dimensions of

the calculations presented in Papers VIII and K. A new program, LSGEN (Paper VII),

without the fundamental limitations of GENCL, was written to generate all possible

excitations and all possible couplings of each possible excitation according to input data.

When performing this kind of expansion, some effects are described, which may be

divided into different groups23. Let us take magnesium as an example.

Radial correlation. Here the orbital wavefunctions are described as a linear combination of

higher orbitals. The term 3s3d 3D is described, e.g., to some extent also

as 4s3d and 3s4d.

Orbital polarization. Here the electrons are excited to an orbital with another angular

momentum. In the case of the 3D term the 3s3d orbital may be described

to part as some 3d4d.

Pair correlation. In most states the fundamental configuration is dominant, but in some

states, such as the 'D state in magnesium, the picture is different. This

state is a combination of 3s3d and 3p2 configurations, the weights being

about 77 % and 23 %, respectively. The configuration interaction will

severely influence the results derived when calculating the properties of

the state.

Core polarization. The couplings between orbitals may be performed in different ways. The

polarization of the 2p subshell in the core may be described as an

excitation of one electron from this subshell into a higher orbital, 3p in

this case. Including all different couplings we then obtain, again still

considering the 3D term:

2p6('S)3s(2S)3d(3D)

2p5(2P)3sOP)3p(2S)3d(3D)

2p5(2P)3s0P)3p(2P)3d(3D)

2p5 (2P) 3s OP) 3p (2D) 3d (3D)

2p5(2P)3s(3P)3p(2S)3d(3D)

2ps(2P)3s(3P)3p(2P)3d(3D)

2ps(2P)3s(3P)3p(2D)3d(3D)

2p5 (2P) 3s (3P) 3p (4S) 3d (3D)

2p5 (2P) 3s (3P) 3p («P) 3d (3D)

2p5 (2P) 3s (3P) 3p (4D) 3d (3D)

15



These different couplings of the same configuration may each give substantial contributions to

the studied property, but with different signs so the net contribution becomes less significant.

When producing such couplings of a specific configuration, generation-programs such as

LSGEN (Paper VII) proves their importance.

16



Theory of quantum beats

Quantum beats are perhaps the most exciting part of laser spectroscopy, and can only be

understood by applying quantum theory. Otherwise, most of the behaviour of single atoms

may be described by various kinds of classical models, although may not give correct

predictions and in most case, even violate fundamental principles. This is not, to my

knowledge, the case with quantum beats. If the atom is excited with a very short pulse of light

the atom may be excited into not one state but a linear combination of several states. The

interference between these states pives rise to the oscillations, quantum beats, in the detected

fluorescence signal.

counts
10000

5000

20 40 6C 80 100 time/ns

Fig. 1. Quantum beats revealing the fine structure of the Is2 3d 2D state of lithium.
The numbers of photons is shown on a logarithmic scale.

In Kindergarten you may have learnt that an atom looks like the solar system; the nucleus is

the sun with the electrons circling around it like planets. Later on you may have become

familiar with the basic principles of Bohr's atom, the electrons now kept in shells, i.e. discrete

energy levels, making their energies well defined. Laterly, during the era of lasers, it has been

shown that coherent excitation of energy states may give spatially localised wavefunctions
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reproducing the solar-system picture of the atom, at least for some electron revolutions24. This

effect has some resemblance to the physics of quantum beats.

The quantum beat phenomenon arises from interference effects in excited states and is a

single-atom effect. Fig. 1. shows the quantum beats originating from the fine structure of the

3d 2D term in lithium25. Some theoretical studies have predicted quantum beats in the ground

state26, but these would be a collective effect which may be observed in very dense vapours.

The atomic density would have to be about 1021 m~3, which is about 104 times higher than in

the cell experiments described in this thesis. Quantum beats between identical atoms

experiencing driving fields of different strengths, and thus experiencing different Rabi

frequencies, may also be recorded27. The general idea of quantum beats is that the atom

experience an abrupt excitation, e.g. it is excited with a short pulse of light. If the uncertainty

in the energy of the photons, predicted by the Heisenberg theory, is larger than the structure

of the energy levels, the atom may be excited coherently into a linear superposition of

sublevels. During the following deexcitation the kind of polarization of the emitted light will

be dependent on time.

The following theoretical formula was derived by Dodd and Series28 and has been

slightly modified by the author. It is valid in zero magnetic field and for an atom excited with

an infinitely short pulse of light, i.e. white excitation. The expression predicts the detected

intensity of light at time t after a coherent excitation of the hyperfine structure.

(17)
t
F,,F;

The part of the formula before the summation, i.e. the first line w.»l. the reduced matrix

elements of the electric dipole operator, may be regarded as being constant. Here the

subscripts g, e and f refer to ground, excited and final state, respectively. Fe and F'e are the

two sublevels in the excited state interfering with each other. Ek
0 and Uk

0 are the light tensors

describing the exciting and detected light, while the tensors A* and B* project the excited state

and the transition dipoles on the multipole bases, k and q. Finally, <sAFt,F'e) is the beat

frequency between the sublevels Fe and F\. The light tensors are defined as

(18)

and
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The matrices are 3-j symbols and may simply be regarded as numbers. Their values can be

found in tables. The polarization of the light is described by the components of e, i.e. e0, e.,

and e+1. The first component is merely ev while the two last components are linear

combinations of ex and ey:

en = e. (20)
and

Ak and Bk are defined as:

. 3I + 2J-J-F.

J' '\\ ' '\ (22)

# F; FJ\J, I ijand

... . ..31+27,-7-F.'
, + 1X27, +1)x

t J. 7 .1f t 7, 7.
1/ F. F:)\J, I i ; ( 2 3 )

The matrices with curly brackets are 6-j symbols. As the absolute change in F of an allowed

transition is either zero or one the only contributions to the detected intensity, Eq. (17), are

those with &=0, 1 and 2. If Je has a value of 1/2 these tensors will only have non-zero values

for *=0 and 1. This is due to the fact that the elements in the first line (i.e. k, Je and J,) in the

6-j symbols of the equations, must satisfy a triangular condition to give non-zero values. The

beat frequency for an Fe, F't pair is defined as

* (24)

In the case of k=0 the two sublevels of the excited state are the same, Fe=F'e, and no beats are

detected. To make a correct determination of the lifetime of an excited state it is only the light

from these transitions that should be recorded.

Linearly polarized light
With linearly polarized light the summation in Eq. (17) only gives contributions for A=0 and 2,

due to the symmetry properties of the 3-j symbols in the light tensors. The product of these

becomes:
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) Pt(cos(0)). (25)

Pk is a Legendre polynomial; P0=l and P2=(3cos2(8)-l)/2. The angle 0 is the angle between the

polarization vectors of the exciting and detected light. For 8=54.7° we get P2=0. This value of 6

is often referred to as the magic angle and this convention will be adopted further on. Using a

90°-90°-90° experimental set-up, as was done in most of the investigations presented in this

thesis, the polarizer on the detection side should be mounted so that it transmits vertically

polarized light. (Mounted horizontally the relation 8=90° will be fulfilled for all planes of

polarization of the exciting light.) With vertically polarized light on the excitation side P2=l,

while for horizontally polarized light P2=-l/2. This means that rotating the plane of

polarization of the incident light from vertical to horizontal causes the amplitude of the

detected beats to be halved and have the opposite phase.

The contributions to the beat signal come from all \Ft-F't\=2 and some |F,.-F'e|=l

separations. In the latter case neither Fr nor F'e may be zero. Also, as mentioned previously,

excited states with J=l/2 do not exhibit hyperfine-structure quantum beats when excited with

linearly polarized light as they do not have any k-2 component.

Circularly polarized light
Turning to circularly polarized light, the expression describing the product of the light tensors

becomes

J *) Pt(cos(d)). (26)

In this case k will take all three values, i.e. 0, 1 and 2, and as a result, all of the 1F,-F',|=1

beats may be detected. The first-order Legendre polynomial is: P,=cos(6). As the polarization

axis of circularly polarized light is along the direction of propagation, it is evident that the

geometry of the experiment must be different from the one described in the previous section.

Actually, the largest amplitude of the beat signal is obtained if the atoms are observed in

either direction along the exciting light beam.

Combining circularly and linearly polarized light
When exciting the atoms with circularly polarized light and detecting linearly polarized light,

or vice versa, we get:
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This case is similar to the case of linearly polarized light; the observed frequencies and their

relative amplitudes are the same.
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Laser spectroscopy - the tools

In this Chapter, the instrumentation of laser spectroscopy; lasers and the detectors, will be

briefly described. In the experiments reported in this thesis, the energy levels of atoms have

been selectively excited using lasers in order to investigate atomic properties, such lifetimes

and hyperfine structures of the excited states. The light for such excitations have been

produced by tunable lasers, which provide very powerful means for effective excitation of

atoms.

Lasers
The principle of laser action was first experimentally demonstrated by Maiman29 in 1960. He

used ruby, i.e. sapphire doped with chromium, as an amplifying medium, and the chromium

ions were optically pumped by a flash lamp. The ruby laser is a three-level laser aad can

therefore only be operated as a pulsed laser. The process is self terminating; the lower state in

the active transition being the ground state. The length of the light pulses from such a laser is

determined by the properties of the resonator, particularly the Q value, and by the duration of

the flash from the flash lamp. A typical flash lamp is lit for about 1 ms, so the apparent length

of the pulses from a laser pumped with flash lamps will be about 1 ms. If such a laser pulse is

monitored with a time resolution of about 1 us it will be found that the pulse consists of some

tens of smaller pulses. These sub-pulses arises as the lasing starts as sorn as the amplification

in the medium combined with the properties of the resonator manages to amplify

spontaneously emitted photons. This process stops when the population of the lower level of

the active transition is equal to that of the upper one. The length of a sub-pulse is less than 1

us. The pumping process, established by the flash lamps, continues and frequently sub-pulses

are emitted until the flash lamps are turned off.

Some years later, Q switching was introduced allowing the production of "giant r ulses"30.

The idea is that the Q value of the resonator is spoilt, there is no feedback, during the

operation of the flash lamps, and when the maximum optical pumping has been achieved the

Q value is suddenly increased, to allow the lasing to start. The increase in the Q value may be

achieved either by a saturable absorber or a mechanical chopper, but the most common

method is to use an electro-optical modulator, i.e. either a Kerr cell or a Pockel cell to change

the polarization properties of the light. The peak power of such a giant pulse is orders of

magnitude larger than that achieved if the laser is run in the pulse train mode, while some of

the energy of the 1 ms pulse train is lost. To apply this scheme to a laser and obtain high peak

powers, the upper level of the active transition must be metastable. This method is commonly

employed in commercially available solid-state lasers. Nd:YAG lasers of today yield pulse



lengths typically of the order of 10 ns. Even these pulses exhibit a time-structure, in the

picosecond domain, due to beats between the different longitudinal modes.

Later in the same year as the first pulsed laser was demonstrated, the first continuous

wave (cw) laser was in operation at Bell Telephone Laboratories31. It was the now well-known

He-Ne laser, in its original version working at around 1.15 urn. The familiar 6328 A line was

found some years later. The typical output power from a He-Ne laser is 1 mW, making it

almost harmless to the human eye. The applications of He-Ne lasers are mostly technical,

such as making holograms, measuring movements in the micrometre region or as positioning

and pointing devices. During recent years, diode lasers have appeared as pointing devices,

giving about the same intensity, experienced by the eye, as the He-Ne laser. As the

wavelengths of red diode lasers are closer to the IR region than the He-Ne laser they are not

as harmless with regard to eye safety as the He-Ne laser.

Through the years many new types of lasers have been developed. On the continuous

wave side there are, eg., the noble gas ion lasers, being more powerful alternatives to the He-

Ne laser. These lasers provide output powers of the order of a few watts, or more, if they are

run "multi-line". Operating wavelengths are found through the visible region into the

ultraviolet. The efficiency is quite low, so the power consumption is of the order of tens of kW.

Most of the pumping power must be removed by cooling.

On the pulsed side, excimer lasers have become popular. This type of laser provide light

of rather short wavelengths. The basic idea is the creation of di-atomic molecules consisting of,

in most cases, noble gas and halogen atoms. These molecules only exist in excited states. The

ground state is not bound so population inversion is established as s e n as the molecule is

formed. The shortest wavelengths, 157 nm and 193 nm, are produced with F2 and ArF,

respectively.

Tunable lasers
By inserting wavelength-selective elements in the laser cavity, the wavelength of the emitted

light may be tuned, though the tuning ranges of most lasers are very restricted. In a gas, the

width of a Doppler-broadened transition is about 1 GHz and the tuning range of a gas laser

will be of the same magnitude. The highest output power from a gas laser running at a single

frequency is achieved if the laser is tuned about one natural linewidth off resonance. This

effect is called the Lamb dip and is due to the fact that at resonance only the velocity group

with zero velocity along the direction of propagation of light contributes32. The effect is in

some sense related to the mechanism of saturation absorption spectroscopy as the effect of

interest occurs at the Doppler-free resonance frequency. Solid-state lasers, such as the

Nd:YAG, exhibit a somewhat broader amplification profile, but they still have very narrow

tuning ranges.
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Laser action with organic dye molecules was demonstrated in the later part of the

6O's3334. Being complex molecules, they exhibit a complex distribution of energy levels and

this, in combination with the chemical environment of the molecules which smears out the

structures of the energy levels, makes the range over which laser radiation may be emitted

wide. In most cases some tens of nanometres in the visible region can be covered with a single

dye. The most familiar dye is Rhodamine 6G which was one of the first dyes discovered to be

applicable in laser generation. It is one of the most efficient dyes and its optimum frequency is

close to that of the D lines of sodium. This fact has made Rhodamine 6G and sodium the

general test combination for studying spectroscopic phenomena in atoms.

Dye lasers may either be pulsed or operated continuously. Operated as pulsed lasers

they may be pumped either by another laser, of a shorter wavelength, or by flash lamps.

Generally, the upper state in the amplifying transition is not metastable, so it is not useful to

apply the Q switching technique to a dye laser. To obtain short pulses with high peak powers

the dye laser must be pumped by another pulsed laser, e.g. a frequency-doubled Nd.YAG laser

or an excimer laser. The pulse length from a dye laser is normally of the same magnitude as

that of the pump source. By the use of quenching the length of the pulses may be reduced by

about one order of magnitude to the sub-nanosecond region, at the expense of the pulse

energy. In a distributed feedback d. _ laser, DFOL, such short pulses are produced. This kind

of laser does not have a cavity. Instead, the dye solution is optically pumped with two beams

generating an amplifying grating resulting from interference between the pumping beams

inside the solution. The period of the grating will determine the emitted wavelength. The laser

is tuned by changing the refractive index of the solution and by changing the angle between

the pump beams.

Continuous wave dye lasers must be pumped with another laser, generally a noble gas

ion laser, in order to achieve an inverted population. The limiting factors are the need for

pumping light resonant with the absorption band of the dye molecules and high intensity in

the volume of amplification. A continuous wave dye laser may be operated at a single

frequency giving linewidths of about 1 MHz. Applying external amplitude and frequency

stabilization, the linewidths may be further reduced by a few orders of magnitude35.

Generation of short pulses
By applying Q switching to a cw laser, mode locking may be achieved. For optimum

performance the frequency of the Q switching must be carefully matched with the length of

the cavity. If the length of the cavity is 2 m the time required for the light to make a round

trip will be about 13 ns. This means that the frequency of the Q switching must be 75 MHz. In

other words, the mode-separation frequency is used as the mode-locking frequency. In a mode-

locked argon-ion laser the Q switching is achieved u*ing a piezo-electric crystal generating an

ultrasonic standing wave in a prism, i.e. an acousto-optic modulator, which is mounted in
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front of the rear mirror. The refractive index becomes dependent on time and position iii the

prism due to these sound waves so the trajectory of a light beam passing through the prism

will therefore also be time dependent. The cavity is adjusted for maximum output power from

the laser, just as in optimizing any laser, with the acoustic driver turned off. Then the driver

is turned on and the cavity is closed (has a high Q value) only when the pressure of the sound

wave is zero. This happens twice per cycle, so the frequency of the driver must be half cf the Q

switching frequency. The optimal driver frequency is dependent on the resonance frequency of

the prism, so actually the Q switching frequency is determined by the prism, and the optical

length of the laser must be adjusted. This is made monitoring the output power of the laser.

The maximum output power of the laser is achieved, when the optical length of the cavity is

the correct. Due to the Heisenberg uncertainty principle the length of the pulses is dependent

on the width of the amplification in the medium, which in the argon-ion laser is determined by

the Doppler broadening. The pulse length from a mode-locked argon-ion laser is typically 0.1

ns. If such a laser is used to pump a dye laser with a cavity of the same optical length, pulses

of less than 10 ps are obtained. This scheme is referred to as synchronous pumping. To

measure lifetimes of excited states in atoms, a repetition rate of 75 MHz is inconvenient. With

a so-called cavity dumper the output pulse rate from the laser may be arbitrarily chosen. The

cavity dumper consists of an acousto-optic modulator, as described above. When there is no

sound wave applied the cavity is closed. By turning on the sound wave the light pulse is

"kicked out" sideways from the cavity. By applying schemes of compression, ultra-short pulses

may be produced. Pulses with a length of 6 femtoseconds have been reported36.

Ti-sapphire lasers have recently been developed. These lasers are similar to dye lasers,

although they are solid-state lasers with their optimum performance in the near IR region.

When operated as cw lasers they must be pumped by another cw laser. The amplification

profile of this medium is broader than those of dye molecules. Commercially available mode-

locked cw Ti-sapphire lasers deliver pulses with a length of about 0.2 ps. As the pulse energies

are of the same or a larger magnitude than those of the dye lasers, it is obvious that the peak

power of the pulses from Ti-sapphire lasers tends to be larger than those from dye lasers.

Diode lasers have also been developed. The wavelength of the emitted light is tuned by

changing the temperature and current in such a laser. Diode lasers may be pulsed giving

pulse lengths of about 50 ps, but should then merely be considered as chopped diode lasers.

The peak powers are of the same magnitude as cw diode lasers, so the pulse energies are very

low. During the first few years of this decade, mode-locked diode lasers giving higher peak

powers have been introduced onto the market.

Non-linear optics
The invention of lasers opens up the vast area of non-linear optics. In an isotropic medium,

such as a gas, it is possible to triple the frequency of the light. To produce macroscopic
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quantitiss of light the refractive index of the gas must be the same for both wavelengths. This

may be achieved by mixing different gases using the effect of dispersion close to resonances. In

general, such processes exhibit !ov,- efficiencies.

The wavelength of the light may be changed by using Raman shifting. Hydrogen (H2) is

the gas most commonly used for this. Raman scattering is an inelastic process giving photons

with both higher and lower energies than that of the incident photons. The intensity

distribution of the scattered light resembles that from a dipole. The change in energy of the

photon is dependent on the structure of the molecules used. The principle is that the molecu'es

are excited from an initial state to a virtual state and then transferred into a final state. The

energy of the emitted photons is the energy of the incident photons modified by the difference

in energy between the initial and final states. If the produced photons have a lower energy the

emission is called Stokes radiation. To produce photons with a higher energy, i.e. anti-Stokes

radiation, the initial state must be an excited state, as the final state can not be lower than

the ground state. As the population of the excited states is lower than that of the ground state,

it follows that anti-Stokes radiation has a lower probability than Stokes radiation. With the

high powers of pulsed lasers, Raman scattering becomes a stimulated process. In the

interaction with the molecule, two photons of the fundamental light field are transformed into

one Stokes and one anti-Stokes photon. This scheme is closely related to that of four-wave

mixing. The cross-sections for stimulated Stokes and anti-Stokes scattering are the same and

the intensities derived are dependent on phase matching37.

Using non-linear crystals such a* potassium dihydrogen phosphate (KDP) frequency

doubling of an incident beam of light may be attained. To achieve this, certain geometry

conditions must be fulfilled. The wavelength dependence of the refractive index will cause the

generated light to be cancelled out due to destructive interference between light generated at

different positions along the direction of propagation. To achieve the same refractive index for

both wavelengths, the type I phase matching scheme is applied. The incident light is polarized

perpendicularly to the optical axis of the crystal and therefore experiences the ordinary

refractive index. The generated light is then polarized perpendicularly to the incident light. By

changing the angle between the direction of propagation and the optical axis the refractive

index experienced by the generated light can take any value between the ordinary and the

extraordinary refractive index. When the condition of phase matcliing is fulfilled, the power

transferred from the fundamental frequency to the first overtone, may be considerable. With

pulsed lasers, the power of the doubled light may be of the same magnitude as the residual

light of the fundamental frequency. The conversion efficiency is dependent on the square of

the incident intensity, so frequency doubling of cw lasers is less favourable. To establish a

significant conversion to frequency doubled light the non-linear crystal has either to be

positioned at the focus inside the cavity itself or inside an external cavity. With mode-locked
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cw lasers it is possible to obtain efficient frequency doubling by merely focusing the light into

the crystal.

As well as doubling the frequency of the light, it is possible to mix two beams of light

with different frequencies. Here both the sum and difference frequencies can be obtained. The

conditions of phase-matching still has to be fulfilled. Efficient tripling of light is easily

achieved with pulsed lasers if the light is doubled, as described above, and then the

fundamental frequency and the overtone are mixed. Applying this scheme to a mode-locked cw

laser would open up an interesting region, though the rather low peak powers, compared with

pulsed lasers, are a severe limitation to dye lasers. The tripling scheme has been

demonstrated with a mode-locked cw Ti-sapphire laser38, yielding a peak power on the

fundamental wavelength of about two magnitudes larger than those of mode-locked cw dye

lasers.

Detection of light
After exciting the atoms, they are eventually deexcited emitting photons. To detect these

photons some instrumentation is needed. In most cases, the wavelength of the photons of

interest is well defined, so photons of other wavelengths are not of interest. The spatial

resolution is also of interest. In some kinds of experiments, such as the detection of coherent

light beams, as in saturation absorption laser spectroscopy, or especially in experiments on

fast ionic and atomic beams, where time is measured as a length, good spatial resolution is

essential. In the latter case the velocities involved are about 1 mm/ns. In time-resolved

measurements on samples with a thermal velocity distribution, the main concern is to monitor

all excited atoms for as long a period as possible to avoid flight-out-of-view effects.

To select the correct wavelength, either some kind of dispersive element, such as a

monochromator, or a filter may be used, e.g. an interference filter or coloured glass filters.

With interference filters a rather high efficiency is achieved as these transmit typically half of

the incident light of the selected wavelength. The filters themselves do not influence the

spatial resolution. One disadvantage is the rather high transmission of the blocked

wavelengths. Using stepwise excitation to high-lying states the fluorescence from other,

cascading, transitions may be detected. In order to avoid this, some kind of coloured glass

filter may be used together with the interference filter. A very high suppression of other

wavelengths is achieved with a monochromator at the expense of some loss in the intensity of

the transmitted light. The monochromators have entrance and exit slits giving a rather high

spatial resolution.

To convert the emitted light into an electrical signal, photodiodes and photomultiplier

tubes are most commonly used. Of great interest are the linearity and the time response of the

detectors. Photodiodes have, generally speaking, a rather small sensitive area. This may be an

advantage in experiments which demand high spatial resolution. With avalanche photodiodes
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photon counting is possible due to the mechanism of the avalanche effect. The quantum

efficiency is a few percent and the time response is in the picosecond region. To control and

terminate the electric avalanche in the diode some special electronics are required. The active

region of the avalanche diode is very small, some tens of microns in either direction. PIN

diodes are not very fast, but they may have rise time below 1 ns. The linearity of ordinary

photodiodes is rather good as long as they are used in the current mode.

To use photomultiplier tubes a high voltage supply is needed. The amplification of the

signal is performed inside the tube, without introducing much noise. The normal kind of

photomultiplier tube has dynodes arranged, for example, in a venetian blind type of

arrangement, which perform the amplification. Recently, microchannel plates, MCP, have

been introduced to amplify the signals. The advantage with these is shorter rise and fall times

and a smaller time spread in the signal compared with conventional photomultiplier tubes.

The linearity of photomultiplier tubes is not very good. When recording events with high

temporal resolution, saturation effects as well as differences in rise and fall times may

influence the results. Photomultipliers run in the photon counting mode show large pulse-to-

pulse variations, about ± 50%. This problem may be avoided if the signal for each detected

photon is normalised. The quantum efficiency of a photomultiplier tube in the blue region is

20 percent or less. The sensitivity of photomultiplier tubes in the red region is, in most cases,

rather low. Some photomultiplier tubes are designed to work down to 1 urn, but most

photomultiplier tubes show no response at all in the near IR region.
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The production of free, unperturbed atoms

In order to measure different atomic properties, such as lifetimes and hyperfine structure

parameters of excited states, unperturbed atoms are needed. In many cases this means that

solid matter has to be evaporated into the gaseous state. In this work three different methods

have been used to produce free atoms.

Spectroscopic cells
The most convenient method of producing an atomic vapour is to use a spectroscopic cell. A

spectroscopic cell is a container and once it is sealed, the need for a vacuum system

disappears. The pressure of the vapour in the cell is determined by the temperature of the cell,

if no buffer gas is used. Species well suited for cell experiments are those with rather high

vapour pressures, e.g. the heavier alkali atoms, tellurium, selenium and arsenic. Molecules

such as iodine are also well suited for cell experiments. When performing spectroscopy on

enriched samples of certain isotopes the best economy is obtained by keeping the atoms in a

cell. A disadvantage of spectroscopic cells is the size of the cell itself. Stray light from the walls

of the cell forms a background, which is somewhat difficult to suppress.

The materials most commonly used for spectroscopic cells are boron silicate glass, e.g.

Pyrex, and fused silica, due to their small thermal expansion coefficients. Alkali-resistant

glass are also available. Besides the wider wavelength transmission range, fused silica is also

more heat resistant. If the thermal expansion coefficient is small, the tensions induced by

rapid changes in temperature are reduced. The process of loading the cells includes heating

the vacuum system with a welding torch distilling the species into the spectroscopic cell. This

procedure, as well as melting of the cells themselves, leads to changes in temperature of the

components of the vacuum system. Before loading, the cell must be baked to remove

impurities from the inner walls. The cells used in the experiments were normally baked for at

least 8 hours. Typical temperatures for this are 400 °C in the case of Pyrex and 800 °C for

fused silica. In high-contrast experiments, cells of Pyrex were used. The lighter alkali atoms

are known to be aggressive. Sodium atoms react chemically with the walls of the cells making

them brown. This reaction continues until eventually the spectroscopic signal is lost due to the

absence of the atomic gas. The lifetime of a spectroscopic cell, made of Pyrex and containing

sodium, is of the order of one hundred hours at 150 °C. At a temperature of 200 CC the cell

lasts for about 10 hours.

The length of the mean free path of the atoms is of great interest. The cross-section is

defined as:
2 (28)
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where d is a measure of the diameter of the atom. In a Hartree-Fock calculation the value of

<r> for the 3p orbital of sodium is 3.2 Å, so the diameter may be regarded as twice this value.

At 150 °C the vapour pressure of sodium is 7.5-10"* Pa39 and by applying the perfect gas law

the number density, N, is calculated to be 1.3-1017 nv3. This is in line with results obtained

from measuring the number densities with laser-induced fluorescence40. The mean free path,

defined as:

/ = — , (29)
ON

then becomes 4 m. The conclusion is that the mean free path inside a properly prepared

spectroscopic cell is of the order of one metre. As the diameters of the cells used were typically

about 25 mm the atoms under investigation traveled from one wall to the other, and did not,

on the average, collide with any other atoms.

Atomic beams
The best approach to accurate time-resolved laser spectroscopy is to use an atomic beam as a

source of atoms. An oven, containing the element under investigation, is placed in a vacuum

chamber. The oven is electrically heated and atoms evaporate from the sample into the

detection volume. For example, to heat the oven, at most 4 W of power was needed, in the

measurements of the quantum beat signal of the 3p ^ ^ state of sodium (Paper VIII), to

produce an optimal atomic density in the beam. The oven consisted in this case of a test tube

made of fused silica, with a diameter of about 5 mm, placed inside a tube around which the

filament was wrapped. The mouth of the test tube defined the hole of the oven. The atomic

beam was then further collimated with an external diaphragm. Assuming the oven to be

black, thermal equilibrium of the system and black-body radiation to be the only heat

exchanging mechanism the temperature of the oven would have been of the order of 130 °C.

This is just a few tens of degrees above the melting point of sodium (98 °C). If a cell is heated

to 130 °C the number density in the oven becomes 31016 nr3 and the mean free path 17 m.

The major advantage of producing the free atoms by this method is the absence of

background radiation. Scattered light of the kind experienced with cells is avoided. Further

more, stimulated deexcitation due to black-body radiation of the excited state under

investigation can be reduced avoiding the influence of the heating producing the atoms when

measuring states with long lifetimes. Using an atomic beam the atoms can be produced some

distance from the detection volume and the walls surrounding the detection volume may be

cooled to the desired temperature.
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Hollow cathodes
The hollow cathode used in some experiments reported in this thesis was constructed at our

department41. Ions of a noble-gas impinge on a cathode, producing free atoms of the cathode

material. These free atoms diffuse into the vacuum chamber and are then investigated. Two

special advantages of this method are that free atoms of elements with very low vapour

pressures may be produced and that some of the atoms produced are not in the ground state:

they may be in high-lying metastable states or even be in an ionic state. The major

disadvantage, besides the somewhat tedious procedure of optimizing gas flow and electric

current, is a very high background. The produced atoms may be excited by colliding with noble

gas atoms. Some of the background light thus occurs at the frequency of the transition under

investigation. In lifetime measurements of iron (Paper III) using delayed coincidence

techniques, the peak-to-background ratio was less than 10, even in the most favourable case.

This means that the detected signal consists of about equal amounts of the desired signal and

background. Sometimes, the timing of the laser to the correct wavelength becomes a major

obstacle. Also, the presence of the accelerating field and the sputtering gas may influence the

results. These parameters are difficult to control.

Velocity of free atoms
The particles of an ideal gas at equilibrium arp uonnally assumed to follow the Maxwellian

distribution42:

n(\s)d\, =Ce 2 v ° (30)

with

Here vx is the velocity along the x-axis, kB is Boltzmann's constant and C a normalization

constant. An ideal gas is an isotropic medium, which means that Eq. (30) is also valid for vv

and vz. The mean velocity in either direction is zero. To calculate the distribution of the

speeds, v, of the atoms the variables must be substituted:

v, = vcos(<p)sin(0) (32)

vy = vsin(<p) sin(0) (33)

v z=vcos(0) (34)

and the angle dependence may be integrated immediately, as no direction is favoured:
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v2

*°J dv\sin(d)d<p\de, (35)
9*

which becomes

\1 v 2v2

rt(v)-dv = . | - — e y °Jdv. (36)
o

By making a small hole in the gas container, (small compared with the mean free path of the

atoms) and letting the atoms effuse through this hole, an atomic beam is established. If atoms

in the beam moving along the axis of the hole are observed at a point in space the following

distribution will be obtained42:

(37)

In measuring lifetimes of excited states, the effect of flight-out-of-view may influence the

result. The atoms are typically observed during a time period of less than 1 us. If the value of

v0 in the formulae is lower than 1 km/s and if we are monitoring a region larger than 5 mm in

radius around the location in space where the excitation occurs, the atoms must move much

faster than 5 km/s to leave the probe volume during the observation time. According to Eq.

(37) only about 4 atoms in 106 do this if the above figures are applied.

As discussed in the section on spectroscopic cells, the mean free path of the atoms in

such an experiment may be much larger than the dimensions of the cell. Thus, the

assumptions made in deriving these formulae are questionable. Can a collision with the walls

of the cells be treated in the same way as a collision with other gas particles? The velocity

distribution in an atomic beam is derived based on the effusion out of a container in a later

section. The restriction causing this process to be effusion and not a hydrodynamic flow is that

the hole should be smaller than the mean free path of the atoms inside the container. This

condition is indeed fulfilled in the case of producing the atomic beam of sodium. The mean free

path in sodium vapour at 130°C is about 17 m, while the size of the hole in the oven when

producing the atomic beam of sodium was 5 mm. The results derived above are given only as a

guidance concerning the general properties of the atoms. All of the methods employed in the

experiments described in this thesis are not sensitive to the Doppler effect. (Quantum beats

are Doppler shifted but, as they are in the radio frequency region, the shifts are not

observable.)
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Experimental methods - an overview

In order to derive knowledge about atoms, various methods and tools have been developed

through the years. These methods may be divided into different groups, such as laser-based

methods, time-resolved methods, etc. Often, the same atomic property can be determined

applying very different methods, e.g. the lifetimes of excited states may be measured either by

a direct measurement of the temporal behaviour or by analysing the shape of the frequency

response.

Determination of lifetimes

According to the Heisenberg uncertainty principle, the width of a spectral line is dependent on

the lifetime of the state involved. Investigating the width of the Hanle signal in a level-

crossing experiment or the width of the line in an ordinary saturation spectroscopy

experiment may thus give the lifetime of the excited state.

With the accelerator-based method of beam-foil spectroscopy, excited states of highly

ionised atoms may be investigated. As the velocity of the ions is known with high accuracy the

positions of the ions emitting light may be converted into a time scale. One major problem

with this method is the non-selective excitation, giving cascading effects prohibiting a direct

observation of the lifetime.

In the fast beam laser method, FBL, the atoms are excited by a laser, thus enabling

selective excitation. Until recently, this kind of measurement has been regarded as the only

way to achieve very high accuracy in the determination of the lifetimes of excited states in

atoms.

Two different approaches were employed in the time-resolved laser spectroscopic studies

described in this thesis. The first, in principle, employs a single-shot method, i.e. the atoms

under investigation are excited with a single pulse and then the decay is detected by recording

the fluorescence signal with a photomultiplier tube and a transient digitizer. When using

powerful pulsed lasers to excite the atoms, almost any state may be excited as the wavelength

region available today extends into the VUV region. A severe problem encountered in the

detection is the non-linear response of photomultiplier tubes, as has been discussed earlier.

A more elegant method with a very high accuracy is the delayed coincidence method; a

"photon counting" method. To avoid the effect called pile-up the probability of detecting even

one photon after each exciting pulse must be kept very low. This makes the use of pulsed

lasers rather inconveruent as the time required to record a curve with even modest statistics,

avoiding pile-up, would be many hours. Using mode-locked cw lasers, the method is quite fast,

but the wavelength region that may be employed is rather restricted. The experimental set-up
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will be discussed in a later section. The accuracy of measurements performed with this

method is, in many cases, as good as that obtained with FBL.

Determination of energy structures
In some technical applications, such as defining frequency standards, there is a need for sharp

structures. Applying high-contrast saturation absorption spectroscopy, which is described

later in this thesis, lines narrower than the width predicted by the Heisenberg uncertainty

principle may be recorded, even though the resolution of subnatural structures is not

achieved.

In high-resolution laser spectroscopy, the limitation in the results obtained may be due

to the stability of the lasers, the time of interaction between the atoms and the field or the

atoms themselves. Stabilizing the lasers is merely a technical problem, as the noise of the

lasers in most cases is far from the quantum limit. The transit time through the apparatus

may be a severe problem in performing experiments on long-lived states, but different

methods of cooling and trapping have been demonstrated during recent years. Many atomic

states have energy structures that are small compared with the resolution predicted by the

Heisenberg uncertainty principle. To resolve such structures, various methods may be applied

which reduce the influence of the Heisenberg principle. More than 40 years ago, Ramsey

developed his famous method of separated oscillating fields (the Ramsey fringe technique43).

This method was originally applied to molecules in the radio frequency region but has during

recent years been rediscovered in laser spectroscopy. The idea is that the atoms or molecules

experience the same field on two, or more, occasions and are left to evolve, in principle, on

their own during the intermediate period. In the original version, the molecules under

investigation were in the form of a molecular beam and the interacting regions were

physically separated in space. The state under investigation is metastable as the transit time

through the apparatus is rather long. The theoretical half-width from such an experiment is,

according to the work of Ramsey (for which he was awarded the Nobel Prize in 1989), 0.6 of

that recorded in an experiment with an infinite time of interaction. Apart from the increrse in

resolution, the experimental arrangement is simpler. When performing such an experiment in

the traditional way, there is a need for a homogeneous field over a rather extended region,

while when applying Ramsey's method, only two rather short interaction regions are needed.

The signals from such an experiment exhibit oscillations, hence the name of the method. To

apply this scheme on atoms, either the laser must be chopped or phase modulated44'4* or, as in

the original concept, the atoms must be moving from one interaction region to the other. The

demand on frequency stability of the laser in the last case is rather high; if the atoms are

moving at 1 km/s and the typical size of the regions of interaction and their separation is

larger than 1 mm, the linewidth of the laser must be far less than 1 MHz.
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A variation of the concept of monitoring excited atoms that have been evolving on their

own is to detect the signals from "old" atoms, i.e. some kind of delayed or gated detection. In

Paper II of this thesis gated level-crossing spectroscopy has been applied. The method of level

crossing spectroscopy is closely related to quantum beat spectroscopy. The difference is that

the latter is a purely time-resolved method, while in level-crossing spectroscopy the signal is

integrated in time. As the emitting "lobes" of the atoms are precessing in the magnetic field a

kind of time-resolution is achieved as this precession is slow, compared with the lifetime, close

to a crossing of the energy levels. The gating procedure gives a reduction in linewidth at the

expense of oscillations in the experimental curves, as with the Ramsey method.

Performing quantum beat spectroscopy with the delayed coincidence method, the beat

signal may easily be distinguished for seven lifetimes or more, as is shown in the paper on the

hyperfine structure of sodium (Paper VIII). This enables the observation of hyperfine

structures with a higher degree of resolution than that obtained with, e.g., saturation

absorption laser spectroscopy. This efifect is demonstrated in Paper IV in the determination of

the lifetime of the Is2 2p 2P states in lithium. The natural linewidth of this state is about 6

MHz. The beat frequency signal consists of the frequency components 6, 9 and 15 MHz while

the separations between close hyperfine structure levels (| E(F)-E(F- /) | /h) are 3,6 and 9 MHz.

(In the case of saturation absorption spectroscopy the cross-over signals obtained will interfere

significantly with the "true" signals.) This subnatural resolution will be discussed further in

connection with the evaluation of recorded decay curves.
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Delayed coincidence - some experimental considerations

The delayed coincidence method, which is applied in most of the studies described in this

thesis concerning time-resolved laser spectroscopy, is based on detecting and counting

individual photons. By actually counting the photons, problems associated with the non-linear

response of the detection system are avoided. The basic principle is to measure the time

between excitation and deexcitation of the atom. A timing device is started when the atoms

are excited and is then stopped as the first fluorescence photon is detected. (For technical

reasons the timing device has been connected the other way around as can be seen in Fig. 2.)

The probability of more than one photon reaching the detector has to be kept as small as

possible to avoid what is called the pile-up effect. In the experiments performed the

probability of detecting one photon following an excitation pulse has generally been kept

below one in a thousand. The probability of two photons reaching the detector is then one, or

less, in a million, making the effect of pile-up negligible under the conditions typically used

here. The lifetime obtained is then shortened by about 0.03 %, according to simulations46.

The principal set-up for delayed coincidence measurements is shown below.

Dye laser Argon-ion laser

Autocorrelator Vacuum chamber

Polarization

components

Exit window

J
Polarization component!

and
Interference filter

Amp

Fig. 2. Experimental set-up for measuring quantum beats ofJ=l/2 states applying the delayed
coincidence technique.

A mode-locked, continuous wave, dye laser is used as a source of light. This dye laser is

synchronously pumped by a mode-locked argon-ion laser with a pulse repetition rate of 75
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MHz. The dye laser is equipped with a cavity-dumper enabling the repetition rate to be any

fraction of 37.5 MHz. The length of the pulses from the dye laser is measured with an

autocorrelator. The pulse length is minimised by adjusting the optical length of the cavity of

the dye laser, to be the same as that of the argon-ion laser. Typicai performance is a pulse

length of 6 ps and a peak power of 1000 W, depending on wavelength and the selected pulse

repetition rate. In the experiments, this rate was selected to be typically 5 MHz or less. The

light from the dye laser is vertically polarized. To achieve the desired kind of excitation of the

atoms, the polarization of the light must be manipulated. If quantum beats originating from

the hyperfine structure are to be avoided, e.g. in the case of the lifetime measurements of the

2p 2P:W state in lithium, the magic angle must be used, while in order to produce quantum

beats in J=l/2 states, such as the 3p 2Py2 state in sodium, circularly polarized light must be

used. In the former case, a polarization rotator is inserted. In the latter case either a Fresnel

rhomb or a X/4 plate may be used. A fraction of the light is split off with a beam splitter, BS, to

a PIN diode with a rise time of 0.8 ns which detects the moment of excitation. The light is

then focused into the vacuum chamber with a lens, which is positioned with micrometre

screws, and the atoms under investigation are excited in or near the focus of the light. The

laser light passing out of the exit window of the vacuum system is eventually blocked by some

kind of beam dumper. Sometimes, scattered light from the beam dumper may influence the

detected signal, even if the surface of the dumper is black and non-reflective. If the light is

directed into a coloured glass filter, which absorbs the light being used, the problem of

backscattered light from the beam dumper may be avoided.

The atoms produced in the atomic beam are collected on a cold trap, filled with liquid

nitrogen. The earth's magnetic field is eliminated with external magnetic coils.

To detect the deexcitation of the atom, a cooled microchannel plate photomultiplier tube,

MCP-PMT, is used, working at a temperature below -30°C. The geometry shown in the figure

is the one applied to detect quantum beats in J=l/2 states, otherwise a 90°-90o-90° geometry

is used. The light from the excited atoms is focused onto the photomultiplier tube. In order to

suppress background light, the detected light must pass through an interference filter. To

detect the right kind of polarization a X/4 plate and a linear polarizer are mounted in front of

the photomultiplier tube.

The signals from the detectors, the PIN diode and the photomultiplier tube, are first

amplified with fast amplifiers and then passed through constant-fraction discriminators, CFD,

which normalize the signals to so-called NIM pulses. The CFD:s reduce the significance of the

finite rise time of the detectors and the pulse-to-pulse fluctuations in amplitude of the signals.

The signal from the PIN diode is then fed through a delay line enabling this signal to be used

as stop pulse instead of as start pulse. The time-to-amplitude converter (TAC) used can only

detect about 200,000 start pulses per second, so by using the pulses from the detected

photons, about one out of one thousand excitations, as start pulses the repetition rate of the
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excitations may be kept high. The output from the TAC is fed to an analogue-to-digital

converter i ADC' ajod the signal is then stored in a multichannel analyser (MCA). When a

curve has been recorded it is transferred to a personal computer (PC) for evaluation and

storage.

Bciow a decay curve is shown, recorded ..ith a magnetic field of 0.0400 T (400 G),

exhibiting Zeeman beats of the 5p 2 P M state in silver. The first part of the recording has less

than ten counts per channel. Then, about 0.8 ns after the beginning of the recording, the

atoms are excited with vertically polarized light, which is experienced as o-Iight by the silver

atoms. The detected light is emitted along the magnetic field and vertically polarized, i.e. the

geometry is the 90o-90°-90° geometry and not the one shown in the previous figure. Two

features are evident from Fig. 3. There is no scattered light from the exciting pulse of light

and the rise time of the system is well below 1 ns. Actually, the full width at half maximum,

FWHM, of the response function is 75 ps (Paper IV). The spread in transit time in the MCP-

PMT is quoted as being of this magnitude by the manufacturer.

counts

3719 -'

3000 -

2000 -

1000 -

^S**vwA^w~vw

10 20 30 40 time/ns

Fig. 3. Quantum beats observed in the decay of the 5p 2P3/2 state of silver in a magnetic
field of 0.0400 Tesla (400 Gauss).

From a mathematical point of view, it can be seen that the width of the response

function, under conditions such as those used here, does not influence the result in terms of

the evaluated lifetime. Consider the functions g«), h(t) and fft) with the relation:

(38)
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were g(f) is the signal from the atoms, W) is the response function and fU) is the derived

signal, i.e. the convolution between hit) and g(t). h(t) is assumed to be normalised and to have

non-zero values only inside a finite interval, from t=0 to T. If git) is zero before t=0, purely

exponential for positive values oft and we restrict the validity of the derived signal to t>T, the

convolution described in Eq. (38) becomes

f(r) = Jh(r-r)g(T)dT= (39)

Inserting gU) as an exponential function and assuming hit) to have a constant value inside its

non-zero interval, which could been regarded as a worst case, we get:

(40)

It is clear that, by not evaluating the recorded decay curve from the very beginning the

influence of the response function on the evaluated lifetime value is removed: the derived

signal is still a pure exponential with the correct time dependence. Typically, the evaluation of

the decay curves recorded with the experimental set-up described was performed from about 1

ns after the excitation.

In the case of the presence of quantum beats, the mathematics becomes slightly more

difficult:

g(t) = cos(wt)e~At (41)

which gives

eAT _
IT

with

= arctan

'+öT

Asin(oiT)-O)

•cos{ax-(p)e At (42)

-e AT)

0>sm((iff')+A\cos((iSr)-e AT)
(43)

By inserting some numbers for the case of fast quantum beats (1 GHz) the influence of the

response function becomes more clear:

A = 108 s-1, T = 10-'° s and (o = 2nlO9 s-' gives

(p = arctan(0.33) = 0.31, (44)

i.e. 18°, and

f(r) = 0.99 • cos(öJT - <p) • e~At . (45)
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As can be seen, both the amplitude and the phase of the beats are dependent on the response

function throughout the whole decay curve. These changes in phase and amplitude are

frequency dependent.

• 5 +
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16.45

Sources of error in the experimental set-up
The method of delayed coincidence does not require high atomic densities, so any effect of

radiation imprisonment will not be noticeable. The density of sodium atoms in the

measurements of the 3p ^P^ state of sodium was estimated to be of the order of 109 nr3 (i.e.

103 cm-3).

Due to the short duration (6 ps) of the laser pulses, the excitation can be regarded as

white. The bandwidth of such

a pulse is at least, according

to the Heisenberg uncertainty

principle, 70 GHz. (The

bandwidth was actually

measured with a i m spectro-

graph to be 0.17 nm, i.e.

about 140 GHz.) This will en-

sure the validity of the theo-

retical model of quantum

beats discussed earlier.

The time resolution of

the method is very high. The

principle of detecting single

photons and normalizing the

signals with constant frac-

tions discriminators avoids

the influence of saturation

effects in the photomultiplier

tube and pulse distortion in

signal cables. The major

source of systematic errors is

the uncertainty in the cali-

bration and the non-linearity

in the time scale of the TAC.

In the experiments, the time

scale was calibrated against

the mode-locking frequency to

9425 94.30 94.35 94.40 94.45 94.50 9455

Evaluated magnetic dipole interaction constant/
MHz

Fig. 4. Above, the results from the evaluation of the recordings
from the measurements on the 3p 2PU2 state of sodium are
shown. Each recording lasted about one hour and consists of
about five million counts. The measurements were performed
with two different time settings on the TAC. Filled columns
indicate the 500 ns region while the unfilled columns indicate
the 200 ns setting. The evaluated magnetic dipote interaction
constant shows a significant discrepancy due to the
uncertainty of the calibration of the equipment. The hyperfxne
structure splitting of the state is twice the magnetic dipole in-
teraction constant.
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an uncertainty of 0.1 %. Fast timing devices are now available, based on an internal

oscillating crystal as a frequency standard. This kind of device does not exhibit as large

uncertainties as the TAC technology.

The light entering as well as exiting the vacuum chamber passes a window. Due to the

strain in the optical material, birefringence may be induced, which may change the

polarization properties of the light. This is assumed not to be a significant problem. As can be

seen in the theoretical description of quantum beats, it is sufficient to use linearly polarized

light on either the excitation or the detection side to obtain only the frequencies of the linear

case. Furthermore, with a 90°-90°-90° geometry, circularly polarized light will not make any

contribution to the quantum beats. Dealing with circularly polarized light, i.e. detecting the

beats of the hyperfine structure in J= 1/2 states, linearly polarized light will only contribute to

the pure exponential part of the decay curve.

In the case of slow quantum beats, as in the 2p 2P3/2 state of lithium, it is difficult to

achieve the correct settings of the magic angle. This will be discussed in sections to follow.

Quantum beats from an experimental point of view
In measurements of the lifetimes of excited states, the hyperfine structure quantum beats

could, in most cases, be eliminated by using the magic angle of 54.7°. The restrictions being

that the exciting light and the detected light are linearly polarized, the geometry in use is the

familiar 90°-90°-900 and, finally, the magnetic field is zero. The method of deriving the correct

angle is most commonly to observe the quantum beats in the detected signal and rotate the

plane of polarization of the incident light until the angle at which the quantum beats

disappear is found. In the case of high-frequency quantum beats, i.e. when the time period is

much smaller than the lifetime, the beat signals are easily distinguished. Their influence on

the derived lifetime would, in any case, not be significant. In some of the earlier studies of this

thesis (Papers I & III) a program called LTQB47, performing a fast Fourier transform, FFT,

was used to identify beat frequencies and their amplitude. The program is based on lifetimes

estimated by a least-squares fit. The experimental curve is then divided by the estimated

curve, the resulting curve multiplied by an apodising function and finally the FFT procedure

is performed. The correct magic angle was obtained by rotating the plane of polarization until

the beat frequencies disappeared from the FFT spectra.

The picture is completely different with low-frequency beats, such as those of the Is2 2p
2P state of lithium. The simple procedure for finding the magic angle did not work, as the

frequencies of the quantum beats are so low, compared with the lifetime of the excited state,

that they did not show up in the FFT spectra. Even worse, in this case a 1° change in the

angle of the plane of polarization gave a change in the evaluated lifetime value of about 1 %.

Consider the following equation; it describes the simplest case of a beat signal:

f(t) = (\+acos(wt))e~At. (46)
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t is the time, A is the inverse of the lifetime, u is the beat frequency and, finally, a is the

relative amplitude of the beat signal. The maximum absolute value a may have is an atomic

property, but is in all cases restricted to be less than 1. The first time derivative is:

— = -A(l + acos(ox))e~At-aa>sin(.wt)e~At. (47)
dt

After rearranging and introducing a phase angle, the expression becomes:

dt {A + a > l ( o s ( < y r + <p))e (48)
dt

with

\®Y
( A\

fl? = arctan— . (49)

If the derivative becomes zero for certain values of t, the beat signal is easy to detect. The

purpose of rotating the plane of polarization is of course to change the relative amplitude, a,

until it eventually becomes zero. If

a< , ' (50)
2

is satisfied the recorded curve no longer exhibits any local maxima or minima. Here the

lifetime, t, is used _ *9"<i of the inverse lifetime, A. The larger the value of a satisfying this

condition, the more difficult it will be to determine the magic angle and measure the correct

lifetime. In all cases, whatever the frequencies of the quantum beats, there will be a region,

while rotating the plane of polarization (50) is fulfilled. Thus the magic angle must be

interpolated. In the case of Lithium, mentioned above, (50) was fulfilled at all angles of

polarization. A different method then had to be used to determine the magic angle.

Fitting to known hyperfine structure constants
In the theory of quantum beats described earlier the relation between the hyperfine structure

and the behaviour of the quantum beat signal is clear. The emitted signal may be described by

the following mathematical expression:

~At + b. (51)

Here (Di is a function of the magnetic dipole interaction constant and the electric quadrupole

interaction constant. The relative amplitudes of the different beat frequencies depend on the

angular momenta and the polarization of the light and may be calculated with the theoretical

formulas described earlier. M is introduced to account for the fact that the interval data used

for the evaluation of the experimental does not necessarily begin at the very moment of

excitation. Also, it will compensate to the first order for the phaseshift introduced by the
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response function. (This matter has been discussed in an earlier section.) Finally, b is the

background. In the case of slow quantum beats, as the 2p 2P state in lithium, or with

approximately the same beat frequencies, as in the case of the two isotopes of silver, the

residual phase shifts introduced by the response function will not invalidate Eq. (51) as a

description of the derived signal.

A program, LTP48, designed for the interactive evaluation of multi-exponential decay

curves, was already available at the Department. This program makes a least-squares fit to

experimental data. Starting values for the iteration procedure may be entered by the user and

the parameters to be varied in each run are selected. Newton's method is used to derive the

least-squares fit. After the iterative procedure has been performed the result, i.e. the

experimental data and the fitted curve, are shown graphically together with the weighted

residue. This program was rewritten, retaining the main framework, such as file handling,

plotting, matrix inversion routines etc., to make least-squares fits to quantum beat

frequencies.

Incidentally, the most abundant isotope of lithium, 7Li, has the same nuclear spin as the

only stable isotope of sodium, ^Na. It is well known that writing computer programs without

any bugs, i.e. logical errors, is difficult, so the program was tested on lifetime curves of the 3p
2P3/2 state of sodium recorded earlier49. Later programs were tested with simulated curves. As

soon as the routine of the program was running properly it became evident that this approach

was not only a powerful tool for the determination of the magic angle, but also improved

measurements of the magnetic dipole interaction constant (the A factor) as well as the electric

quadrupole interaction constant (the B factor). This method of evaluation has actually been

used earlier by others to determine the hyperfine structure parameters of sodium50.

General approach for least-squares fits to experimental curves
The method used for such evaluations will be discussed here. With just one beat frequency, as

in the case of 3p ^ ^ in sodium, Eq. (51) becomes

f(r) = (an+a,cos((U,(f+Af)))e" j4 /+ö. (52)

If the experimental data are denoted hit) the expression to be minimized becomes

where wit) is a weighting function. As the ratio between the signal and the background, in

most experiments with atomic beams, is large, it is tempting to use the sums of the squares of

the relative discrepancies between the model and the experimental data instead of the

squares of the values themselves. In doing this the "noise" in the tail of the curve has too large

an influence on the derived sum S. Since the number of detected photons in a delayed

coincident experiment is governed by Poisson statistics, the standard deviation of the recorded
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number of photons is the square root of the expectation value. Using an appropriate model,

the value predicted by the model is likely to be the expectation value. By weighting the values

for different values of t with the standard deviation, i.e. wU) = tit), the best compromise is

achieved.

The next step is to calculate the derivatives of S, or rather fit), taking into account all

the parameters involved, i.e. a0, at, co;, At, A and b. When all these derivatives of S are zero

simultaneously the least-squares fit may be obtained.

4 ^ =cos(<ol(t + At))e~At (55)
da,

—— = -a.(t + At)sin((i)1(t + At))e~At (56)
(70),

^ a1(Olsit\(a)l(t+At))e~At (57)
dot

^- =-t{a0+a1cos(o)l(t+At)))-e~At (58)

3i -
A fast, but unstable, method of numerically calculating the zero position of a function is

Newton's method. To use this method, the second-order derivatives must also be ODtained. The

ones tabulated below are those which are non-zero by definition.

daodA

<?2f

= -t-e~ni (60)

(61)

(62)

(63)

-4r =-o),sm(co,(t+åt))e At

da,dA

Hi -_ ^ -At
dco; ~ ' ' '
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dd)laAt =-a.

= fl, • t{t+Ar) • sin(tu, (r + Ar)) • e

o2 cos(a)t(t+At))e

-At
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dAt2
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dAtdA

The relations between the derivatives of fit) and S are the following:

dx1

dy

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

The parameters x and v indicate any of the parameters a0, ax, <•>,, At, A and b The following

equation is derived:

* » • •

/»•i /

"I MCN

dxdy

ill UJ
(73)

Here the subscripts "n" and "n+1" indicate the number of the iteration. The iteration

procedure is carried out until the differences in the values of the parameters involved are

sufficiently small and the derivatives are close to zero. This method, as mentioned above, is

unstable. In most cases there is no need for good starting values for the amplitudes, the

lifetime and the background. However, the starting values for the beat frequencies and the

time delay however must be very good. The method described is actually not used to find the
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minimum value of S, instead it is used to find the zero value of the gradient of S. This may

well turn out to be a saddle point or a maximum instead of the desired minimum. By varying

the beat frequencies or the time delay one may end up with a worst-squares fit instead. By

monitoring the value of S the convergence towards a minimum is ensured. Even with good

starting values varying many parameters at the same time may be difficult. As some

parameters have a large cross-talk, such as co7 and A/, it is impossible for certain curves to

vary these two at the same time.

The change, from one iteration to the next, in values of the varied parameters may be

too large, preventing convergence. This calls for the implementation of some kind of limitation

on the change in values. A function to save and, if the iteration diverges, restore earlier values

of the parameter is also useful.

The observant reader may have seen that wU) is identical to St) but is still treated in

Eqs (70), (71) and (72), as a constant. Substituting Mt) with Rt) in equation Eq. (53) we get

m )

, HO
and the first derivatives then become:

& r<& f(0 f(0

As can be clearly seen, the last part of the expression is close to the value 2, if tit) and hit) are

almost equal. By optimizing equations such as (70) instead of equations such as (75), the

running time on the computer is reduced without any serious change in the expectation values

of the expressions (75).

Subnatural resolution
It is evident from the lifetime measurements of the Is2 2p ZP states of lithium (Paper IV) that,

due to the Heisenberg uncertainty principle, unresolved structures may severely influence the

results. By applying the method of least-squares fitting described in the previous sections such

structures may actually be resolved. The principal decay curve with superimposed quantum

beats may be described as

f(t) = cos((o0t)e~At, (76)

with t>0, Calculating the Fourier transform we get:

F(e» = jcos(w,,t)e~At e~lca dt, (77)
1*0

which after integration becomes
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F ( f i , ) = i 1 + ! Ll^Q-^, (78)
2{A-i(a)0-(o) A+i(w0+o))l 2 Az+((o0-(o)'

The absolute value of the transform is:

|F«a)|= , , 1 '= i ,* -• (79)
2 J A 2 ( ) 1 2 J l 2 ( ) 1

In order to define a halfwidth of the transform we might chose the following conditions:

r\co0-a)\ = l (80)

or

2n 2m

This is a measure of the accuracy in determining the correct frequency.

The same result is obtained by applying the described method of least-squares fitting as

when using a biasing function, bU), to calculate the Fourier transform.

= jb(,t){{t)e~toxdt. (82)

In the biasing function the inverse of the estimated lifetime, A', is used:

W) = eA>t.

Calculating the Fourier transform with the biasing function we get:

ff.a>)= jeA>tcos((o0t)e
 At e~iox-4t. (84)

The derived transform then becomes, with t ' as the estimated lifetime:

T T '

|F(«)|.__» _«_. t^l _. (85)

The linewidth thus derived is only dependent on the accuracy in the determination of the

lifetime. If the error in the estimated lifetime, AT=|T-T'|, is of the order of 1 % a reduction in

linewidth of two orders of magnitudes is, in principle, achieved:

AT AT 1 1 1
r = = . (86)

27r r r ' 2m1 x 2m 100 2m
In the case of the 3p 2Pm state of sodium Au becomes less than 0.1 MHz with these values.

So far we have been dealing with tlie ideal case; there is no background and the signal is

detected for an infinite time and without any noise. In the case of an experiment, the signal is
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digital and is governed by Poisson statistics, i.e. it contains noise in the tail. It also includes a

constant part, the background. The resolution then becomes dependent on the number of

periods resolvable and the accuracy in determining the number of periods during a certain

time interval. With N as the number of periods, v as the beat frequency and Av and AN as the

uncertainties in these parameters we get:

* U ^ (87)
V N

Here we may describe the number of distinguishable periods in terms of lifetimes, with m as
the number of lifetimes:

N = — = mw. (88)

With this definition of N substituted into Eq. (87) we get:

Av=—. (89)
mt

In the experimental curve on a logarithmic scale presented in Paper VIII, the quantum beat
signal is distinguishable for about 7.5 lifetimes, so m should then be about 7.5.

The resolution of the detected frequency should be a combination of Eqs (86) and (89). In
Fig. 4 the results of the evaluation of 40 recordings of the quantum beats in the decay from
the 3p 2Py2 state in sodium are shown. This is a favourable case: the beat frequency is
reasonably high and there is only one beat frequency so the response function of the detection
system will not influence on the result at all. The detected frequency of the beat signal is the
same as the splitting of the hyperfine structure, which is twice the magnetic hyperfine
structure interaction constant (i.e. the A factor). As can be seen in the figure, the spread in the
values of the estimated magnetic hyperfine structure interaction constant is less than 0.1
MHz for a given time setting of the TAC. This means that Av in this case was about 0.2 MHz,
so AN was about 0.025.
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Saturation absorption spectroscopy in the high-contrast
regime

Earlier in this thesis, the relation between the temporal behaviour of the quantum beat signal

and the hyperfine structure has been described. The more traditional way of obtaining

spectroscopic information about the hyperfine structure is to perform saturation absorption

spectroscopy51 instead of applying t< ne-rcsolved laser spectroscopy. Saturation absorption

spectroscopy is by tradition carried out with low-intensity laser beams and moderate optical

densities. In the regime of high beam intensities and optically thick samples, subnatural

linewidths are achieved52'53, even though the resolution is not subnatural, i.e. the limit stated

by the Heisenberg uncertainty principle is not violated. With the higher intensities of the

beams, different optical effects give contributions to the signals. Fig. 5 shows the temporal

behaviour of the probe beam when the pump beam is modulated54. The signal under

investigation is the crossover transition Fg = 1 <=> Fe = 1,2 in the Dt line of sodium (589.592

nm). This recording was not performed with an optically thick sample giving subnatural line

widths.

Intensity/ art), units

10 Time/ MS

Fig. 5. The temporal behaviour of the probe beam with a high-intensity pump beam. The
pump beam is switched on at t=0 and switched off at t=10 |is.

The pump beam is switched on at t=0 and then, 10 us later, switched off. The probe beam is

initially slightly diminished, but thereafter the transmission increases. As the pump beam is
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tursed off a remarkable increase in transmission is observed for a short moment, and then the

absorption increases again. This may be the effect of changes in the refractive index of the

vapour. The cell acts both as an absorber and as a negative lens at the moment the pump

beam is turned on. When the pump beam is turned off the atoms present in the probe beam

have been bleached by optical pumping, so the absorption is reduced until unpumped atoms

enter the region of interaction. The time of flight through this region is of the order of 1 us.

Modelling saturation spectroscopy
The correct way to treat the interaction between light and atoms is to use the density matrix

formalism solving the Bloch equations. Such theoretical calculations are, in most cases,

performed on two-level atoms65. The Bloch equations are defined as56:

^^iW^-^.p^fe-e-^-^.p^Zyp». (90)

and

The last element of the matrix is

Pn = Pn- (93)

p22 is the excited state while p n is the ground state, 27 is the inverse of the lifetime in the

excited state, too is the frequency associated with the difference in energy between the excited

state and the ground state, o) is the frequency of the light field and I is the product of the

amplitude of the electric field describing the beam of light and the dipole moment of the atom.

The trace of the matrix is constant and equal to one. In the equation above, the rotating wave

approximation has been applied, i.e. terms with the frequency dependence of (<ao+<a) have been

excluded. This approximation enables the substitution of pI2:

which eventually turns the set of equations into:

dt ~~2 Pn~2 p21+ y P n

and

y b,, +i(wn-o))pn. (97)

50



This set of equations is a third-order differential equation - n, in principle, be solved

analytically. In the case of steady-state, i.e. the time den d.wes are equal to zero, it is

possible to define a saturation intensity. The saturation intensity is the intensity at which the

difference in population between the lower and upper state has been reduced to half of the

amount if the radiation is resonant. This means that p / ;-p^=l/2. The amplitude of the product

of the electric field and the electric dipole moment of the atom is then

Cs=yf2y. (98)

If the atoms experience a sudden change in amplitude of the electric field, the difference

in population between the ground state and the excited state will show an oscillatory

behaviour. Such oscillations are called Rabi oscillations and will eventually be attenuated

with a finite lifetime. The existence of such oscillations makes it difficult to perform

calculations on multi-level systems, since optical pumping is a dominant effect in such

systems. The frequency of the Rabi oscillations becomes higher the larger the detuning the

atoms experience, while the existence of the optical pumping makes the contribution from

detuned atoms to the derived signal in an experiment rather substantial due to the effect of

power broadening. If the effect of optically pumping is included, the Bloch equations become:

dt 2

-(ft) -wo-))t + kz
c

V

0 c °

° +£; . ; ( K

e

V
-((O+0)0-))t-k

c

-((O+wg-))t-k
c

- o )

•2o)

• pn +

P : i -

lY • P22

(99)

dt 2

, itt(i)0-((o-(O0-))t + k

C. e +E e

- ) ) ? - * z0)
c

P 1 2 -

(100)
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- 2 v o
- 2 y 2 3 P 2 2

(101)

and

-70)

(102)
The relations between the elements of the density matrix are the following:

and

The z position of the atom is related to z0 by:

o

u
B

s

-0.2-1-

8

Time/ lifetimes

Time/ lifetimes

(103)

(104)

(105)

This set of equations in-

corporates two counter-

propagating beams,

with the amplitudes E+

and E., and describe,

the density matrix for

atoms that enter the

beams at the position z0

with the velocity com-

ponent v along the di-

rection of propagation of

the "positive" beam. If

the amplitudes of the

Fig. 6. Two sets of cal-
culations of the differ-
ence in population be-
tween pn and P22- The
upper diagram shows
resonance and non-Dop-
pier shifted atoms, while
the lower diagram
shows the case of slight
detuning and Doppler
shifted atoms.
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beams are of the same magnitude, the atoms will experience interference effects between the

pump and probe beams. In Fig. 6, the results of four calculations are shown, for chosen

velocity groups. In the diagrams the difference between p,, and pn is plotted as a function of

the time the atom has spent inside the region of interaction. In all calculations the amplitudes

of the probe beam and the pump beam are 0.5 S, and 1.0 St, respectively. The transition

probability to the third state is equal to the transition probability to the ground state. The

time scale in both diagrams is in lifetimes of the excited state. In an experiment, the transit

time is of the order of 100 lifetimes. The upper diagram shows calculations of the velocity

group which is moving perpendicularly to the light beams and the light is resonant with the

transition under investigation. The lower curve describes the atoms experiencing constructive

interference between the pump and the probe beams, while the upper curve describes the case

of destructive interference. In the lower diagram the case of slight detuning and atoms moving

with a non-zero velocity component along the direction of the light is described. Also in this

case, calculations have been carried out for atoms entering the interaction region at positions

with both constructive and destructive interference. In these latter cases the bleaching effect

b not as prominent as on resonance. Still, as is clearly seen, the difference in population

exhibits a rapidly oscillating behaviour which is superimposed on the decay in relative

population.

The calculations that have been performed by others using the density matrix formalism

deal with steady-state conditions and, in most cases, are the effect of optical pumping

combined with finite transit time not incorporated into the picture.

The Maxwell-Bloch formalism has been applied by Corbalån et a/.57 to calculate the

transmission with a two-level atom. They report a line-narrowing effect of the medium. They

have also applied the same formalism to calculate the behaviour of A systems with diffeient

splittings58. The splittings are about one magnitude larger than the natural width of the

transition. It is notable that the crossover signals in all cases are calculated to be positive.

From experiments such signals are known to be negative, see e.g. Fig. 2 in Paper VI. The

splitting in the hyperfine structure of the ground state in sodium, 3s 2S1/2, is 1772 MHz, i.e.

almost 200 times the linewidth, 10 MHz, at FWHM of the transition, so there might be some

doubt as to whether the comparison between the experiment on the state in sodium and the

calculations of Corbalån et al. is valid.

Experiments as well as calculations have been performed by Di Lorenzo-Filho et a/.59 on

a molecular transition of SF6 in the IR region with a tunable CO., laser. No line-narrowing

effect is reported in this paper. The molecular transition in these experiment is long-lived,

compared with the transit time through the region of interaction. The pressure in the

absorbing vapour is rather high giving quenching effects and pressure broadening, so the

experimental conditions are not the same as in an experiment performed on sodium. This

means that the linewidth and the saturation intensity, like the absorption, are dependent on
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the pressure. Also "new" molecules are introduced inside the region of interaction. In a sodium

experiment the production of unpumped atoms, due to collisions, is negligible inside the region

of interaction.

The hole-burning model
One simple attempt to describe saturation spectroscopy is to use the "hole-burning" model.

The term "hole" originates from an early paper on the He-Ne laser by Bennet60. In this model

the intensities, instead of the electric fields as in the Bloch equations, of the light beams are

used to calculate the interaction between light and atoms. The model consists of rate

equations, which can describe optical pumping between sublevels, and includes saturation

effects such as power broadening, but multiple scattering, the coherence between the

interacting beams and AC Stark shifts are not included.

The absorption is proportional to the difference in population between the two active

levels, which in this case are denoted ng (ground state) and ne (excited state). In most atoms,

such as sodium, the case is less simple because of the hyperfine structure, which will make the

vapour in the spectroscopic cell bleach at a much lower intensity than one would be led to

believe from the lifetime, t. In this model, which is originally adopted from Papas et al.6i, we

are looking at a single, illuminated volume. The atoms require a certain transit time, T, to

pass through this volume and as they enter the light field they may be excited. Due to the

transition probabilities to the different hyperfine levels in the ground state, effective optical

pumping occurs. In a high-contrast experiment with sodium a typical temperature is 150 °C or

less. The mean free path is of the order of 1 m. The transit time through a laser beam with a

diameter of 1 mm is typically of the order of 1 us. The following equation describes the

interaction between two counter-propagating beams with identical wavelengths. The model is

1-dimensional. The final expressions derived are only valid close to (Doppler-free) resonance.

h/ = (n—n#)cT+ —*~ + o, —~ — - + (n t — n , ) -^ (106)

and

\ )
with

n, = number of atoms in the excited state

nf = number of atoms in the ground state

n̂  = original number of atoms in the excited state, assumed to be zero

n" = original number of atoms in the ground state
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tico

T

= velocity in positive z direction

= speed of light

= intensity of beam propagating in positive z direction

= intensity of beam propagating in negative z direction

= cross-section for /„

= cross-section for /_

= cross-section at resonance

= photon energy

= lifetime of the excited state

= transition probability between the excited state and the ground state

= mean transit time through the interaction region

= natural linewidth (FWHM)

= resonance frequency

= laser frequency

AvN/2

(108)

cr_= —

i+

(109)

where we have introduced the substitutions

(110)

and
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g=_^£_. (HI)
At̂ /2

In the steady-state case the time derivatives of ng and ne are equal to zero. As saturation

spectroscopy is carried out in the optical region we can assume that the population of the

excited state is negligible according to the Boltzmann distribution.

To calculate the absorption we have to evaluate the generalised integral-

e n J (n g -n , )<7 + D(v : )dv . . (112)
v.

D(\z) in the integral is the velocity distribution. At room temperature and at even higher

temperatures the Doppler widths of emission lines from optical transitions are much (at least

100 times) broader than the natural linewidths. As long as we are observing just one single

transition, there will be no major influence on the result if we neglect this term and replace it

with a constant. Prom the solution of the differential equation at steady-state we get:

TJT

Here we have introduced a generalised saturation intensity /,:

= hjo_ 1 + T/T
( 2 T ( \ l A ) )

The transition probability between the ground state and the excited state, Age, is assumed to

be a number between the inverse of the lifetime of the excited state and zero. If it is equal to

the inverse of the lifetime we get the original definition of saturation intensity:

2(T0T
(115)

For sodium, using the figures above, the generalised saturation intensity, /,, is found to be

reduced by a factor of 15 compared with the original definition. The absorption for one of the

laser beams (/,) is described by the following expression:

( ) 2

(116)

and with the multiplication carried out:
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(117)

To make the integral finite it is adequate to substitute (5+2;) with tan(<p):

j 7 — ; r D«p)—^—, (118)J cos'(^
which eventually becomes:

"f. H l f j — : ^ r r. (119)

Here the product of the density of the atoms in the sample, the cross-section at resonance and

the (constant) velocity distribution has been substituted with tx^n. otg is the absorption

coefficient at zero intensity.

In the case of resonance 5 is equal to 0, and the integral can easily be solved analytically:

^ T d(P gg (120)
i U I*

This expression is familiar from the literature67. In the nontrivial case the integral is

calculated applying Gauss' method. The intensities of the light beams are calculated as

K(n) = K{n-\)-e-a^n-X)J-(n))*Z (121)
and

IAn) = Un + »-e-a(I-(n + l)'Un))Az (122)

Here the cell is divided into slices of thickness Az and the calculation is carried out as an

iterative procedure.

Above, the time of flight through the beam is treated as a fixed value enabling the

application of the steady-state solution. Instead of doing this the transit time may be excluded

from the equations and the equations solved as a function of time, thus we get

rt -N(t)-dt-D(v,)-dv,. (123)
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Fig. 7. The circle
illustrates the
region of in-
teraction and "I"
the trajectory of
the atom.

l = dcos((p)

/ = 7"cos(<p)

<p = arccos(—)

Here a function Nit) is introduced describing the relative number of atoms

still present in the active region after time t. Entering the illuminated

region the atoms move in a direction described by the angle (p, with a value

in the interval from -n/2 to TI/2. A gas is an isotropic medium and therefore

there is no favoured angle, so the distribution function A(q>) has a constant

value. We wish to derive a distribution function, hit), describing the

number of atoms spending time t in the active region. The diameter of the

region is d and the velocity of the atoms v. The meaning of T is slightly

different compared with the earlier definition. Here T is the maximum

transit time.
(124)

(125)

(126)

(127)

— dt (128)
dt

(129)

h{t)-dt = — (130)

The relation between hit) and Nit) is the following:

N(t)-dt<*\l- jh(r)-dr Ydt
\ »=0 )

Which eventually becomes:

(131)

- (132)

The function Nit) is plotted in Fig. 8. As can be clearly seen, the contribution from atoms

spending a long time in the beam is rather high. Using the modified integral does not change

the results of significantly.
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Fig. 8. The normal-
ised distribution func-
tion describing the
time the atoms spend
inside the region of
interaction.

Multi-level systems
With the hole-burning model it is possible to describe three-level systems, such as V and A

systems. The formulas below describe a four-level system. Excluding one of the ground states,

Frequency

Fig. 9. Simulation of a A system using the hole-burning model.

ngl or n^, a V system is realised, while exclusion of one of the excited states, nc] or ne2,
produces a A system.
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(133)

(134)

Here the subscripts, e.g. "21", indicate which levels are affected by each constant. The

absorption coefficient is then calculated as:

V

(137)

Solving this set of equations for a A system under steady-state conditions, gives curves such as

the one in Fig. 9. The negative crossover, the special feature of a A system, is seen in the

figure. This negative crossover originates from the fact that at a specific frequency both the

pump and probe beam interact with the same velocity group, but are not exciting them from

the same level. This results in an increase in the population of the ground state experienced

by either of the two beams. At any other frequency the medium is bleached due to optical

pumping.
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Comments on the papers

Paper I

The lifetimes of the 2Sy2 and the 2DVZS^ sequences of copper have been determined using

pulsed excitation in two steps. These sequences have not been investigated before, applying

laser spectroscopic techniques. The decay curves were recorded with a transient digitizer. The

uncertainties are estimated to be between 5 and 10 %.

Paper II

This paper presents a level-crossing experiment on the 9d 2 D ^ state of caesium (133Cs). The

excitation was performed in two steps, the intermediate state was populated with a radio-

frequency lamp, while the second step was populated with a cw dye laser operated in different

modes. The influence of gated detection as well as of non-white excitation were investigated.

The atoms were contained in a spectroscopic cell.

Paper III

Accurate measurements of excited states are in most cases performed on resonance lines. In

this paper is described the determination of lifetimes of excited states applying the delayed

coincidence technique. This is done on the 3d10 4p 2Pi/2,a/2 states of copper and on the 3d7 4p

y3F2>3,4 states of iron. A hollow-cathode discharge was used to produce atoms in meta-stable

states. This source enables the investigations of states not accessible from the groaid state. It

is shown that in spite of the many complications of using such a source, accurate lifetime

measurements are possible. The estimated uncertainties are 0.8 % in the case of copper and

1.8 % or less in the case of iron. This study includes the most accurate lifetime measurement

on the iron atom.

Paper IV

The lifetimes of the excited states of lithium are of major interest as a test of atomic theory.

An earlier often quoted measurement on the Is2 2p 2PW state of lithium applying the FBL

technique gives a discrepancy between the experimental and calculated values. In this paper,

the lifetime of the Is2 2p 2P states of lithium was determined with the delayed coincidence

technique. The fine structure could not be resolved as it is only 10 GHz, which is more than

one order of magnitude smaller than the bandwidth of the short (6 ps) exciting laser pulses.

The hyperfine structure in the 2 P M state of the most abundant isotope of lithium, 7Ii, is of the

order of some MHz, complicating the evaluation of the recorded decay curves. To reduce the

influence of the quantum beats originating from the hyperfine structure a routine to perform

least-squares fits of a theoretical model to the experimental data was developed. This method
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also enables the determination of the hyperfine structure itself and was applied to determine

the hyperfine structure interaction constants of the 2p ^ - ^ state of 7Li as well as of the 3p
2Py2 state of sodium. The estimated uncertainty of the lifetime value is 0.7 %.

Paper V
The lifetimes and the hyperfine structures of the 5p 2Py2i3^ states in silver have been

measured, the hyperfine structure of the 5p 2Vy2 for the first time. The two stable isotopes of

silver (107Ag and 109Ag) are almost equally abundant and both have the nuclear spin 1/2. The

estimated uncertainty of the lifetime values of 0.5 % makes this the most accurate lifetime

measurement on the silver atom.

Paper VI
Applying saturation absorption laser spectroscopy on optically dense samples gives well-

defined, sharp lines. The linewidths may be smaller than the linewidths predicted by the

Heisenberg uncert wty principle due to the intensity dependence of the absorption in the

medium. These sharp lines are interesting from the point of defining frequency standards. In

this paper, the presence of shifts, induced by the high intensities in the beams, was

investigated. Also, theoretical calculations were performed using the hole-burning model to

investigate the possibility of achieving subnatural resolution.

Paper VII
A program, LSGEN, to generate large lists of configurations for the MCHF atomic structure

package of Froese Fischer has been written. The concept of this program is different from that

of the generation program, GENCL, already in the package. The major differences between

the programs are that LSGEN assumes very large active sets and that there is, in principle,

no limitation on the number of electrons. Also, the program is much faster and written with a

more general approach to the problem of producing large lists of configurations. The user

interface is somewhat different, e.g. the active set and the reference configuration are entered

simultaneously.

Paper VIII
The sodium atom, being the second lightest of the alkaline elements, is of great theoretical

interest. In this paper, both experimental and theoretical work on hyperfine structure is

presented. The 3p 2P\n state of sodium has been investigated both experimentally and

theoretically, while the 3s zSIy2 state and the 3p 2P:i/2 state have been investigated

theoretically. The experiment was performed with the delayed coincidence technique

determining the beat frequency caused by the hyperfine structure. This measurement is one of
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the most accurate performed on this state. The theoretical calculations were performed with

the MCHF atomic structure package of Froese Fischer.

Paper IX
Magnesium is the second lightest alkaline-earth element. Being a two-valence-electron system

the magnesium atom is a more complicated case than the alkaline elements, demonstrating

the versatility of the MCHF method in calculating hyperfine structures. The hyperfine

structure of the 3s3p 'P^ 3s3p 3P[ 2, 3s3d 'D2 and 3s3d 3Dj 2t3 states of the only isotope of

magnesium C^Mg) exhibiting a hyperfine structure has been calculated theoretically. The

MCHF structure package of Froese Fischer was used to calculate the wavefunctions.
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Connections to the papers:

p. 284, Eq. (1), line 4, reads: (t+p3)))
should read: (t+p3))))

Paper VI:
p. 319, right column, the line just above eq. (5), reads: positive

should read: negative

p. 319, Eq. (5), line 2, reads:
should read:

p. 320, right column, line 4, reads: (8-!;)
should read:

66



Paper I



Z Phys D -Atoms. Molecules and Clusters 6. 125-12911987 Atoms, Motecules
ass» and Clusters

C Spnngcr-Vcrlag 1987

Natural Radiative Lifetimes in the 2 5 1 / 2 and
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Natural radiative lifetimes have been measured of the 3 d 1 0 n s 2 S , 2 In = 6-10) and of
the id1"nd "Dj j . j i In = 5-9) sequences by using two step excitation of copper atoms
in an atomic beam. The states investigated were populated by the light from two pulsed
dye lasers pumped by the same Nd:YAG laser. The lifetimes of the 2D sequence increase
regularly with increasing principal quantum number. This is not the case for the 2S
series, because of configuration interaction in the 2P series. In addition the lifetime of
the idlo5p 2P} 2 state has been measured together with its branching ratio.

PACS: 32/7O; 31.50

Introduction

The energy level structure of the neutral copper atom
is similar to that of an alkali-atom and has the well
known doublet structure. The ground state is
id10 As 2S, j . Besides the 3 dlan I Es ta tes there exist
in copper a large number of states formed from the
configurations id" 4s1 and 3</l#4s4p. as is indicated
in Fig. 1. The id" 4s2 configuration gives rise only
to a 2D term, which is situated far below any of the
id'°nd1D states. The 3J*4s4p states, which have
odd parity, interact with the id'°np Estates . There-
fore the 2S and possibly also the 2D series can be
expected to be unperturbed. The 2S and 2D series
are not accessible with a one-photon transition from
the ground state. Two-step excitation was used in our
investigation of these states. As intermediate states
AP : P | J. J 2 w e r e chosen. The wavelengths for the two
steps are mainly in the near UV. Different techniques
such as frequency doubling and Raman shifting of
a fundamental wavelength were used. The lifetimes
were determined by detecting the fluorescence light
from the second step.

The information in literature on the lifetimes in
the Rydberg senes of copper is scarce iTable 1). With

• Permanent address /.eeman-l.ahoratonum. Universiu of Am-
sterdam, NL-IOIft TV Amsterdam. The Netherlands

the lifetime measurements reported in the present
work the information on the 2S and 2D series is ex-
tended considerably. The lifetimes of the different fine-
structure (fs) components have the same value within
the error bars of our experiments. Some of the transi-
tions investigated are mentioned in the atlas of the
solar spectrum [1. 2]. We also measured the lifetime
and branching ratio of the Sp 1Pi, level in a beam
of atoms ip the metastable id* 4s2 2D state.

A theoretical study [3] of the lifetimes of the 2S,
2P and 2D series and the influence of 3d*4s2and
id"4s4p states is now being performed using the
multi-configuration Hartree-Fock method [4] with
relativistic effects included in the Breit-Pauli approxi-
mation. Some preliminary lifetimes from this work
are included in Table 1. Hfs measurements of some
2P levels will be published separately [5].

Experimental Arrangement

The experimental arrangement was similar to the one
described in [6] Two dye lasers were pumped by
frequency doubled or tripled light from the same
Nd:YAG laser (Quanta Ray DCR-1A). The light for
the second step excitation was obtained in different
ways depending on the excitation wavelength The
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curve is the average of 1000 transients
The

output of the dye laser (Quanta Ray PDL-I) was used
directly (6s with coumanne 440), frequency doubled
(8s and 6d with oxazine 720) or dcubled and Raman
shifted (Quanta Ray RS-I) with various mixtures of
rhodamme 640 and kiton red, peaked to maximum
intensity. The first or second Stokes shifted wave-
length was used. For the transition to 4p 2P the re-
maining 1.06 urn radiation from the Nd:YAG laser
was frequency doubled and used as the pump source
for a home-built dye laser and amplifier. The cavity
of the dye laser was of the Littman type with a grating
at grazing incidence. The dye used in this laser was
DCM The radiation was frequency doubled in a
KDP crystal. Either one of the two fs components

of the resonance line at 325 and 327 nm could be
excited by this laser. The pulses from the two lasers
were delayed about 4 ns in time with respect to each
other.

The two colinear beams intersected perpendicu-
larly an atomic beam of copper atoms in vacuum.
The fluorescence light of the second step passed
through an interference filter and was detected by
a photomultiplier tube perpendicular to the laser
beams and to the atomic beam. Optical transients
were captured by a transient digitizer (Biomation
8100). In each measurement one thousand transients
were added in a computer in order to get a good
signal to noise ratio.
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Tible 1. Lifetime values Tor the :S, 2P and 2D sequences. For the states investigated in this work the
wavelengths for excitation of the secoiid step are given

State

5s
65

75

»s
9.1

105

*p

5p

*/>

~p

id

id

t,d

Id

*d

Id

's,
'S,
'S,
' S ,

?'
Jp>
'Pi 2
: P| 2
!P) 2
'P,
'Pj i
"P. 1
;Pj2

'D,

2DS
:D,
JD,
JD.
>D,

?'
'D]
'D,

Lifetime ns

This exp

i 53 (31
2 103 (81
2 204 (14)
, 283 (19)
2 369 (241

23 (2)

2 37 (21-

! 67 (3|-

2 99 (6|-

2 150 (9)'

j 220(13)-

MCHF

17
46
96

169
240

* BP [3]Other works

22'
85 '
86'

7.4"
7.1"
27'
34'
23"
19'
5.8'
17"

66'
45'
55'
47'
50"
72'

i 4 9 I I

7.1". 7.0"
7.2". 7.0", 7.0"

- . 2 7 "
. 2 8 " . 2 8 "

. 6 . 2 "

. 1 4 " . 1 1 "

. 1 4 " , 12"

. 3 1 " . 2 5 "

. 3 0 " , 2 6 "

. 5 6 " . 5 6 "

Wavelength nm

448.0. 453 1
386.2
356.6. 3598
3434. 346.4
3385

261.8

402.3. 4063

3654. 368.7

351.2

341.4

335.3

1 For both fine-structure components

Normal precautions were taken to prevent influ-
ence of multiple scattering, collisions, flight out of
view and saturation of the photomultiplier tube. The
values given are not corrected for the influence of
black-body radiation.

In addition to these investigations the lifetime of
the 5p 2P} 2 state was measured using a beam of meta-
stable atoms. The experimental set-up has seen de-
scribed elsewhere [7]. A similar measurement, in
which excitation was made directly from the ground
state, has previously been performed for the 4p 2P
states [8], Excitation was achieved with light from
the laser previously used for the second step, fre-
quency doubled to 261.8 nm. In the detection beam
a monochromator was used. The branching ratio was
obtained by exciting with the 261.8 nm light and scan-
ning the monochromator.

Results and Discussion

The excitation wavelengths were obtained or extrapo-
lated frorr. the data given in [9]. Table I shows the
wavelengths for the second step transitions which
were used. Some of the states. 6s. 85 and 9s, were

observed using different transitions in order to detect
systematic errors. In the 'D series this method was
used for detecting differences in lifetime of the two
fs components. The same values were obtained within
the error limits. An example of a typical experimental
curve is shown in Fig. 2.

The error bars of our results include statistical
scattering and possible systematic errors. The error
is in all cases less than 10%. No corrections were
made for the influence on the lifetime values of black-
body radiation. This effect is however expected to
be small, since the lifetimes are not very long. The
values may be corrected to the case of zero Kelvin
using an approach described in [10]. It should be
noticed that the copper spectrum is not as simple
as an alkali spectrum. Some of the higher levels, e.g.
85 2S, 2, are very close to levels of the 3</M4s4p con-
figuration and lor these the influence may be larger.

Figure 3 shows a log-log plot of the lifetimes as
a function of the effective principal quantum number.
n*. In an unperturbed series the lifetime should scale
as (w*)V Clearly this is not the case. A least-squares
fit of our measured lifetimes gives that the 2S series
scales as 2.4O(n*)""1 and the 2D series as 1.14|n*)2-'2.
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Cul
/ ' O

T«We 2. The different decay channels of the ip'Pn state with their
relative intensities and the oscillator strengths for absorption to

3d ns 'S , ; 7 •

L O G , : *

Fig. 3. Plot of radiative lifetimes of the us 2Sr ; and nä 1D, : , t
states versus n* on a log-log scale

The Ad levels could have been measured too.
However, the lifetimes are expected to be about 14 ns
[II] , which is comparable with the lifetimes of the
4p levels and the length of the excitation pulses. Ob-
serving the lifetimes of the Ad levels cannot be made
accurately in this way or even by deconvolution with
the shape of the laserpulse, since the population of
the intermediate level changes during the excitation
of the second step. Data taken from far in '.he tail
of the fluorescent decay curve were too small to evalu-
ate. The same features are valid for the 5.s level, al-
though the situation here is less severe due to the
expected longer lifetime, 17 ns [3]. Moreover the tran-
sitions to the S s level are in the infrared (% 800 nm).

Another experimental limitation is the fact that
for increasing n the wavelengths of the first and sec-
ond step approach each other. The interference filters
used have a bandwidth of 5 nm anc this becomes
in the end loo large to separate the two wavelengths.
The fluorescent signal of the second step is perturbed
by a strong spurious signal from the first step, in par-
ticular for the higher stales. We therefore subtracted
a background signal formed in the same way as the
signal, but with the second step blocked. We used
the same interference filter for 9s, 10s, 8J and 9d.
This filter attenuated the first step more then the sec-
ond step. The lifetime of the intermediate level Ap
is about 7 ns, short compared with the measured life-
times; the signals are well separated in time. We could
with this method observe the levels up to 9d and
10s. Beyond these, either the photomultiplier tube is
saturated by the signal from the resonance line, or

Detection
wave-
length nm

202.4

261.8

2766

3247
327.4

5105
578.2
5700

Relative
intensity

6

24

10

2.3

0.0
0.0

Oscillator
strength

0.010

0021

00015

0.23

Decay path

5p-4s

5p-3d*4s 2 'D,t

ip-MUs"!},,

5p-5s-4p-4s

5p-5s-4p-3d*4sJ-*0,2

5p-5s-4p-3i/'4si !D,i

the background is too large to evaluate the signals
properly.

The 5p 2/j 2 state was observed by using a beam
of metastable copper atoms. The excitation starts
from the Id*As2 2Dfl2 state using the wavelength
261.8 nm. There are several ways through which the
excited atoms can recombine. We observed these de-
cays by scanning the monochromator in the detection
beam. Table 2 gives the wavelengths detected with
their intensities, corrected for the sensitivity at differ-
ent wavelengths of the detection equipment used. This
correction is rather uncertain, especially at the short
wavelength of the transition to the ground state
(202.4 nm). The recombination way is given too. The
transitions in the infrared from 5p to 5 s and from
5s to Ap could not be observed. The transition from
5p to 5.v was detected by observing the decay from
Ap. From the branching ratio and the measured life-
time oscillator strengths for absorption to 5/7 2P)/2

have been calculated. These are also given in Table 2.
The lifetime value given in Table 1 was obtained by
detecting the 261.8 nm line. The lifetime of the
5p 2Pil2 state was evaluated from the experimental
data and the shape of the laserpulse adjusted to the
same peak intensity. A computer program then gener-
ated curves fitted to our experimental fluorescence
curve.

Theoretical Interpretation

As can be seen from Fig. 3 the lifetimes of the 2S
and the 2D series do not scale as In*)1. The lifetimes
of the higher states, in particular the 9s and 10s states,
appear lo be loo short. Calculations made with com-
puter programs in the MCHF software package [12]
show that the 2S and 2D scries indeed are unperturbed
but that the 2P scries interacts with slates formed
from the 3Jl|3.s4n configuration. This configuration
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gives rise to terms traditionally labeled
W-4s(30l4r>4/? *f. 4Z>. 2F. 2P and 2D, situated be-
tween 4p 2P and 5p2P and those labeled
3<i"4sl'DI4p : F . -P and :D situated between 6 p : P
and 8p 2P. In a relativistic approach, states which
have the same parity and ./-value can interact, even
if they have different values of L and S The calcula-
tions show that all np 2P states to which the states
investigated in this work can decay, are in various
degrees mixed with different 3J"4s4p states. This
means that the wavefunctions for the np 2P states
are linear combinations of }Jwnp and }J"4s4p wa-
vefunctions. The same is true for those 3</v4s4p
states, which have J = 1 2 or J = 3 2. This mixing has
two effects on the lifetimes of the ns 2S and nä 2D
slates. First, it changes the transition probabilities to
the np 2P states. Secondly, it makes transitions possi-
ble to some of the 3d"4.s4p states. Since some of
these transitions have probabilities of the same mag-
nitude as the transitions to the np 2P states, this
causes a considerable lowering of the lifetimes of those
states situated above the 3J'*4.v4p states in question.
Therefore, going up these Rydberg scries, the lifetimes
do not increase as fast as would be expected in unper-
turbed series.

The branching ratio of the 5p : P, , state is. as
can be seen in Table 2, not quite as one would expect.
The transition to the ground state is surprisingly weak
and the transition to the metastable 3 d ' 4 s 2 2D, 2
state, which appears to involve two electrons, is sur-
prisingly strong. This too can be understood from
the mixing between }J'"np and 3<T4.v4p states. In
the evaluation of the transition matrix element be-
tween the Sp2Pi: and 4s2Sl: states both the
3J" '5pand the 3J"4.«4p part of the :P wavefunction
give large contributions, since in both cases an al-
lowed one-electron transition can be made. These
contributions have opposite signs and cancel each
other, leaving an unusually small transition probabili-
ty In the transition to 3J"'5.s- 2S, ; only the 3(i '°5p
part has an allowed transition and to 3<i"4s ~D only
the 3J ' l4s4p part. This means that no cancellation
can occur and that these transitions, in consequence,
are more probable.

This work »as supported by the Swedish Natural Science Research
Council
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Abstract

Level-crossing experiment! yielding Dopplcr-frce signals are normally per-
formed using a CW Ugtu source with a broad spectral distribution ("white"
natation), and Ihe signals obtained are described by a well-known formula
due to Breit By using a single-mode dye laser or a pulsed laser for the
excitation, strong modifications of level-crossing signals can be obtained
Profound changes in hyperttne structure crossing signals arc demonstrated in
experiments, performed in a cell, on the 9 : D , . state of ">Cs Practical
utilisation of unconventional natation in level-crossing and optical double
resonance spectroscopy is discussed

1. Introduction

The level-crossing (LC) [I] and optical double resonance
(ODR) [2, 3] methods provide powerful means for high-
resolution spectroscopy of excited atomic states [4]. A resolu-
tion limited only the uncertainty relation is obtained although
broad-band sources are utilised for the excitation. This fact
has. for a long lime, made these techniques very attractive,
even after the advent of tunable dye lasers. In fact, intense
laser light sources have greatly extended the applicability of
the techniques, e.g., by allowing stepwise excitation [5]. With
the development of narrow-band CW tunable lasers and a
large number of Doppler-frer laser-spectroscopic techniques
[6], many alternatives to LC and ODR exist. However, the
optical resonance techniques provide unique possibilities
even today, and in this paper we revisit the domain of
classical resonance spectroscopy, demonstrating some useful
features brought about through non-conventional excitation.
A general description is given of situations where resonance
techniques offer advantages compared with other methods.

Normally, LC experiments are performed using a broad-
band. CW excitation source ("white" excitation) and the
resonance scattering of photons from atoms is then described
by a well known formula due to Breit (7, 8]. Using u single-
mode laser or a pulsed laser combined with conditional signal
sampling (e.g., delayed detection), situations strongly deviat-
ing from those described by the Breit formula are obtained.
In the present study the manipulation of LC signals due to a
hyperfine structure (hfs) manifold, in an external magnetic
field, is illustrated for the case of the 9 :DV1 state of "'Cs. The
results are compared with those obtained using conventional
excitation as utilised in the first determination of the hfs
interaction constants of this state [9, 10]

In the next section a brief theoretical background to the
present experiments is given. The experimental set-up is then
described in Section 3 and the measurements are reported in
Section 4. In the final section trie results are discussed and
general conclusions for LC and ODR measurements under
narrow-band or pulsed excitation are drawn

2. Theoretical background

Level-crossing signals originate from coherently excited
degenerate states in zero or intermediate magnetic fields. The
Breit formula from 1933 describes resonance scattering of
photons from atoms. Hence this formula is used as a theoreti-
cal model for LC experiments. The scattered intensity ik given
by

j f i , 1 + 2nxi{E, - E> )/A
(I)

where m. m denote ground states and n- » excited states./
is the polarization vector for the incident light and g that for
the detected light./,, is the matrix element (m\f- r\fi). g,,u
is the corresponding element <m \g • r\ >i>. £„ and £„ are the
energies of the excited state sublevels. (It should be noted that
this formula in the paper by Franken was given with the
wrong sign in the denominator. This was noticed by Khadjavi
el al. and Stroke et al. in 1968 [II. 12].)

The Breit formula is derived assuming white" excitation.
Calculations of signals from a level crossing experiment
following narrow-band excitation, have been performed b>
e.g.. Series [13] and Avan ei al. [14]. Cohen-Tannoudji has
computed the Hanle crossing structure under various illu-
mination conditions [15]. An easier way to take into account
"non-white" excitation is by introducing a weighting factor
in the Breit formula. In [16]. Series ei al. multiplied the
contributions originating from a certain hyperfine level by a
factor proportional to the spectral intensity of their light
source. A similar concept was earlier us:d by Svanberg [17],
but the applicability extended only to the Zeeman region.
Experiments and theoretical considerations concerning
monochromatic light excitation on Ba atoms in an atomic
beam have been carried out by Rasmussen ei al. [18] and
Cresser ei al. [19],

When using pulsed excitation it is possible to apply
delayed detection [20-23]. By detecting a sub-group of atoms,
which have survived longer than on average, it is possible to
obtain sub-natural signal widths. However, oscillatory ringing
occurs in the signal wings, which may cause complications
This ringing is an effect introduced by Ihe abrupt delayed
tuming-on of the detector. As shown in previous papers this
ringing can be suppressed using apodisation [16. 22]. The
signal shape can be understood by regarding the LC signal as
the time integral of quantum beats. As the excitation is
coherent, the intensity of the fluorescent light for a certain
geometry can be written

/(/) = A -e" -0 + (2)

When this expression is integrated in time from d to x . the
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following expression is arrived at

(w • s'n u>d - ( I ,T) • cos uid) • e J '
5 = Const • \B •

- T • e (3)

If d = 0, the usual Lorenzian is found If a delay is '- .re-
duced, the narrowed, oscillatory structure arises The effects
of "non-white" excitation and delayed detection were demon-
strated on the 9 : D , . state of "'Cs. For comparison to the
experimental curves in Section 4, a calculated Breit formula
structure for this state is shown in Fig I. which also includes
the energy level diagram of the studied state In this calcula-
tion, a excitation with "while" light and a light detection
were assumed. The known values for the dipole interaction
constant a (2.37MHz [10]) and the lifetime t (208ns [24])
were used [25]

Fig 2 Experimental set-up

3. Experimental set-up

The experimental set-up is shown in Fig. 2. The Cs sample
was contained in a cell. The population of the excited state
was achieved in two steps. An r.f. lamp was used to populate
the 6 :Pi, state using the 8521 Å resonance line, and a
Coherent model 699 ring dye laser operating in a single mode
at 5848 Å was employed for the second step. The bandwidth
of this laser was approximately 1 MHz. To achieve pulsed
conditions, the laser light was acousto-oplically modulated
by a square wave at 200 kHz. The rise- and fall time for this
modulation was 10 ns. The laser light was sent through a fibre
for reasons of safety and convenience Since the polarization
was lost in the multi-mode fibre, a Glan-Thomson polarizer
was introduced. Two pairs of Helmholz coils provided the
magnetic field. For detection, the transition to the 6 :P,: state
was used. As this was a cell experiment, there was a great deal
of scattered laser light. To block out this stray light from the
signal channel at 5664 Å. an interference filler and a coloured
glass filter were placed in front of the EMI 9558 BQ photo-
multiplier tube. Lock-in techniques and signal averaging were
applied to improve the signal-to-noise ratio. The rotating
polarizer technique was used to modulate the signal for the
lock-in detection As the polarizer on the detection side is
turned 90 degrees, the signal is inverted Hence, as the polar-
izer is rotated at 19 Hz. a 38 Hz modulation of the signal is
achieved. A detailed description of the set-up is given in [27],

4. Measurements and results

The Doppler-broadened excitation profile for the second step
is shown in Fig. 3, as detected in fluorescence. The width is
approximately I GHz. The hfs in the excited 9 : D , : state is
very small and does not affect the excitation profile. In the
intermediate 6 2P,, state, however, the hfs is about twenty
times larger (a = 50.31 MHz. b = -0 .30 MHz [28]) Hence
the profile consists of four unresolved contributions. As the
laser is tuned through the profile, the excited state contribu-
tions, originating from different hyperfine components in the
intermediate slate, change continuously This has a profound
effect on the experimental curve as illustrated here for, we
believe, the first time. Since the width of a Hanle signal is
proportional to \!gt and different components give different
amplitudes, strong modifications in the zero-field signal can

Phvstca Script a 40



Manipulation oj Level-crossing Signals using Narrow-oana or fulsea Laser txatanon 10/

Fig 3 Excitation and detection scheme, together with an excitation spec-
trum, obtained b> sweeping the single-mode laser through resonance
The tetters indicate different frequencies at which LC measurements were
performed

be seen (Fig. 4). The values of gflgj and Hanle amplitudes for
while excitation are given in Table I. as calculated with the
computer program described in [17).

The F= 5 and F = 3 components give the largest
amplitude contributions to the Hanle signal. The g, factor of
the F = 3 state is zero. Hence, the width of the F = 3 signal
is determined by decoupling and a striking contrast between
the low-field regions of the curves can be seen. No effort was
made to explain in detail the size of the high-field crossings,
since such an evaluation would include determination of
transition probabilities in the intermediate region. It is. how-
ever, obvious that as the overlapping (5. —4; 4, - 2 ) and
(S. - 5; 4, - 3) crossings are well "illuminated", these level
crossings dominate the first crossing, which is a (4, - 4; 3. - 2)
signal. (The meaning of the (f, n, F, n) symbol is explained
in Fig. I.) As the frequency is tuned towards the lower F
numbers the opposite relation occurs. It can be seen that the

Table J. Values 0/grlgj and Hanle amplitudes for different hfs
components in the studied state

F g,!g, Normalized Hanle amplitude

0 3
02
0

- 0 5

0545
0081
0333
0041

r

\ / J
/V"

/-*

Fig 4 6 LC plots for single-mode excitation at the different frequencies
indicated in Fig 3.

relative sizes of a single crossing and the Hanle signal can be
manipulated. In Fig. 4A essentially only the F = S level is
illuminated, resulting in a narrow Hanle signal and absent
crossings. A crossing can also be enhanced, yielding a better
crossing-to-Hanle effect contrast. In Fig. 4f, the ratio
between the isolated high-field crossing and the Hanle signal
has been increased by a factor 3, compared with the cal-
culated "white" excitation structure in Fig. I.

In the pulsed excitation experiments with delayed detec-
tion the effects discussed in Section 2 are evident. As the delay
time increases, both the Hanle and the high-field signals
become narrower and oscillatory ringing occurs, as illus-
trated in Fig. S. When a delay of 3T is introduced, the width
of the resolved high-field crossing is decreased by a factor of
approximately 2. This technique can be used to separate
unresolved structures and thereby increase the accuracy of
LC determinations.

5. Discussion and conclusions

The potential and advantages of these techniques, illustrated
for the case of the 9 :Dt 3 slate in Cs, are applicable in general.
The best possible resolution is achieved using LC or ODR
independent of laser imperfections concerning bandwidth
and mode-structure and independent of residual Doppler
broadening in the interaction. In ODR it is possible to study
lower intermediate states, populated in cascade decays. Since
a population anisotropy, induced by using polarized light, is
transferred in the decay, the polarization of the light further
down in the cascade is influenced by r.f. resonance induced in
any of the earlier levels in the chain. Information on stales
populated in cascade decay cannot be obtained in either LC.
QBS or in scanning laser spectroscopy. When using narrow-
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pulsed lasers is (he fluctuation in energy between laser pulses
This could be overcome by monitoring a dimensionless
quantity. It would be advantageous to detect both it and o
fluorescence light, and for each laser pulse form the quotient

Q
Ho) - /(Tt)
I{a) + l(n)

s /

Ha) and l(n) are the integrated intensities of n and a light
respectively, as captured with gated integrators At r.l
resonance Q is changed. Normal signal averaging schemes,
such as that used in the present study, can then be used.

In conclusion, we draw attention to the largely unexploited
possibilities for high-resolution spectroscopy provided h\
the resonance techniques, combined with unconventional
modes of excitation In particular, the combination of short-
wavelength pulsed lasers and ODR and LC spectroscopv is
quite powerful As an example, the hfs of the 5 "'Z3,; stale of
Cu is now being measured using the LC technique, following
202 nm excitation from a Raman-shifted pulsed dye laser
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band excitation it is possible to illuminate a selected LC to
achieve better contrast. A similar idea was used by Krainska-
Miszczak [29] who used optical pumping in LC experiments
Narrow-band excitation can also be used to select isotopes
that give the desired information. In ODR the same concept
could be used to further enhance the amsotropy between n
and a in the fluorescent light by selective hfs pumping.

When using a narrow-band laser at high intensity the AC
Stark effect could influence the measurements In our experi-
ments we found no evidence of this. When introducing pulsed
excitation and using detection after the excitation source has
been switched off. this problem would, under all circumstan-
ces, disappear. As an additional option one can achieve a
better resolution by detecting "old" atoms.

The use of pulsed lasers in LC and ODR investigations is
a way of carrying out high-resolution spectroscopy at short
UV wavelengths, where narrow-band CW lasers work poorly,
or in VUV where they do not work at all A disadvantage of
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The delayed coincidence photon counting technique, employing a picosecond tunable
dye laser as an excitation source, has been used for accurate determinations of radiative
lifetimes of excited states. Excitation from meta-stable states of sputtered atoms was
employed. We obtained for Cu: T |3J l 0 4p 2 P, 2 = 7.27(0.06) ns, T(3</104p2P3 2)
= 7.17(0.06)ns and for Fe: r(3<T4p .v3F2) = 9.06(0.16)ns, t(3<f 4p >• 3f,) = 9.06(0.13) ns
and t(3</74p >3F4} = 9.1 H0.16)ns. Als>. ihe ability of thJ- technique to record quantum
beats at frequencies up to I GHz is demonstrated.

PACS:32.7O.Fw;42.5O.Md

Introduction

It has recently been demonstrated how time-resolveu
laser spectroscopy can produce atomic lifetime data
with less than 0.5% uncertainty [1], This has been
done by using the delayed coincidence technique with
a mode-locked dye later as the source of the excitation
light. The advantages ol using this type of laser are
that ihe pulses are extremely short, in this case 6 ps,
which is much shorter than atomic lifetimes, and that
the pulse repetition rate can be very high (several
MHz) which may in a short time, say a few minutes,
give a decay curve with good sta'istics based on sin-
gle-photon counting. These features together with the
selective excitation of the state under study, account
for tne high accuracy. So far. this technique has only
been used on resonance lines of atoms produced by
evaporation in an oven. In this paper we will show
that the same technique can be used on a!oms sput-
tered in a rare-gas discharge and when ihe atoms
are excited from meta-stable stairs, populated in the
discharge. Discharge conditions inevitably lead to a
much high.T background photon count rate.

In time-resolved studies like these, not only life-
times but also hyperfine structure splittings can be
studied, by observing qu< Hum beats. The picosecond
pulses have a bandwidth of more than 100 GHz
which can be used to induce a coherent excitation
of a large structure. The time resolution in these de-

layed coincidence experiments should be good
enough to record beat frequencies of several GHz.
Quantum beats were recorded in the study of sodium
[1], but at relatively modest frequencies, below
100 MHz. In the present study, quantum beats are
recorded from the much larger hyperfine structure
splittings in the }d">4p2P,l2 state of copper.

Previous precision measurements of atomic life-
times, with the technique described above or with the
fast-beam laser technique [2], have often been per-
formed on systems with a simple electronic structure.
In such cases, the high accuracy is needed, for in-
stance, as a test of atomic theory. For the Na 3p ZP
lifetimes, an often studied case, the three different ac-
curate measurements [I , 3, 4] agree to within 0.15%
whereas the best available ab initio calculations [5,
6] give lifeiime values which arc more than 1% short-
er than the experimental ones.

In metals like copper and iron, where the electron-
ic structures are more complicated, theoretical calcu-
lations can still not produce very accurate data, al-
though some progress has recently been made in the
case of copper, where the configuration interaction
between states with an open or closed 3 J-shell and
the resulting effects on energy levels and lifetimes have
been described in an MCHF calculation [7], In the
case of iron, the electronic structure is much more
complicated than in copper and here the main interest
in accurate lifciime values may be based on their use-
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fulness in astrophysics. This is partly due to that the
abundance of iron in stellar atmospheres is dependent
on when and where the stars were created. Most stars
show a large number of absorption lines from iron I
and iron II. Finally, atoms like copper and iron pres-
ent great challenges since measurements, particularly
accurate measurements, on these atoms are not quite
as straightforward as in a case like Na 3p 'P.

The production of atoms by sputtering in a rare-
gas discharge constitutes a technique which has often
been used, particularly for transition metals [h-10].
Measurements have been made both on atoms in the
discharge [8. 9] and on atoms allowed to diffuse into
a vacuum chamber in the shape of an atomic beam
[10]. The latter technique has the advantage of a
lower pressure in the actual experimental volume.
With sputtering techniques both neutral atoms and
ions, in ground or meta-stable states, can be pro-
duced.

The lifetimes of the Cu 3 J'°4p 2P states have pre-
viously been measured by laser excitation and tran-
sient recording [8]. The lifetimes obtained had unccr
tainties of 3 V The hyperfine structure and the life-
time of the }J'"4p2Pf , state have been measured
in level crossing experiments [11]. Copper has two
naturally abundant isotopes. 63Cu and "5Cu. with
69° o and 31% abundances, respectively. Both iso-
topes have nuclear spin / = 3 2 and they have very
similar hyperfine structures in the 3d'" 4p 2Pt 2 state.

Previous laser-based measurements of lifetimes in
neutral iron [8, 12 15] have been performed with

pulsed lasers operating at low pulse repetition rates.
The signal has been recorded either by transient re-
cording or in delayed coincidence.

Experimental sel-up

The experimental set-up used in the time-resolved ex-
periments on sputtered atoms is shown in Fig. 1. Since
the laser system and the electronics were described
in connection with the previous study of sodium and
bismuth [1]. only a brief account is given here. The
synchronously pumped mode-locked dye laser gives
pulses of 6 ps duration at a pulse repetition rate
which, with an acousto-optic cavity dumper, can be
chosen at frequencies up to 75 MHz. The arrival of
the fluorescence photon is detected by a microchannel
plate photomultiplier tube, the laser pulse by a fast
photodiode and the time between these two signals
is measured with a time-to-amplitude converter. Fast
pulse amplifiers and constant fraction discriminators
are also used.

Free copper or iron atoms were produced by sput-
tering in a rare gas discharge. The discharge tube
has been described elsewhere [16]. It is now used
with a continuous discharge, operated typically at
700 V, 100 mA. As buffer gas in the discharge, argon
was used since it has an atomic mass similar to those
of copper and iron. Atoms in the oischarge were al-
lowed to diffuse into a vacuum chamber through a

TO VACUUM
PUMP

MCNOCHROMATOR

COMPUTER

fig. I. F.xprnmental sel-up used in the delayed coincidence measurements on spullercd alums
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Upper state Excited from Decav observed to

Designation

t u 3J 1 " 4r> 'Hi ,
C u 3J'"4f» : / j ,

Fe 3ii 4p v ' f i
Fe 3J '4 / j i J f ,
(-c 3 J 4f> v -7,

Energ>
level cm '

30535302
3O7H3.6K6

37521 IH6
37162 770
366X6.21)4

Designation

}JU,"D,,
3 J " 4 j 2 i D ) 2

}d'4s: b'F,
idUs'b'f.

Energy
level c m ' '

13245423
13245.423

21039.021
20874.521
20641.144

Wave-
length nm

578.21
570.02

60655
61377
623 07

Designation

3</1»4»IS, ,
3J ' O 45 ! S, ;

id'4sa'fi
id*4sa'rs

id'4^'^

Energy
level cm ~'

0
0

12968.573
1256O.M53
11 976.260

Wavelength nm

32740
324.75

407 17
406.36
404.58

hole in the cathode. Holes with different diameters
were used, ranging from 0.2 to 1 mm. In the vacuum
chamber, pressures around 10~4torr were main-
tained, the pressure somewhat depending on the di-
ameter of the hole and the rare-gas pressure in the
discharge.

Measurements and results

The states which were investigated, the lower states
involved and the excitation and detection wave-
lengths are given in Table 1. The dve laser was operat-
ed wish Rhodamine 6G, except for some of the mea-
surements on copper when Rhodamine 110 was used.
Most of the measurements were made with a 3 MHz
pulse repetition rate and average powers between 20
and 50 mW. The number of counted photons was
usually between 1000 and 3000 per second, low
enough to make the effect of pile-up negligible. The
bandwidth of the light from the dye laser was mea-
sured with a spectrometer and found to be 0.17 nm
FWHM.

In most measurements the earth's magnetic field
was compensated by fields from coils. In the test mea-
surements which were made without compensation
or with fields several times stronger than th>- earth's,
no effect on the lifetimes was found. All measurements
were performed with linearly polarized light for the
excitation and with a linear polarizer in the detection
path. The lifetime miasurements were performed with
the polarization of the excitation and the detection
light separated by 54.7 degrees. In this way. any quan-
tum beats are suppressed [17] and the effect on the
lifetimes of collisional depolarization is also removed
[18] The quantum beat measurements were earned
out with either 0 or 90 degrees between the two direc-
tions of polarization. Measurements were mads with
the laser beam passing at between 2 and 5 mm from
the opening from the discharge into the vacuum
chamber and with different beam diameters. The dis-

charge was also operated at different rare-gas pres-
sures and diflerent voltages and currents. As has been
mentioned above, holes with different diameters were
used for the opening into the vacuum chamber. These
tests of systematic errors will be further commented
on in the discussion.

The time used to acquire each curve was between
five and ten minutes, in Fig. 2 A an example of a
recording of the quantum beats from the
Cu 3d ' °4p 2Py 2 state is shown, and in Fig. 2 B the
corresponding Fourier transform is shown. In Fig. 3
a recording of the decay of the Fe id'4pv3F3 state
is shown, recorded with 54.7 degrees polarization.
The decay curves were evaluated by fitting an expo-
nential plus background to the recorded beat-free sig-
nals. From a large number of such curves, recorded
on different occasions and, as has been described
above, under different conditions, the lifetime values
given in Table 2 were obtained. The uncertainties are
detailed in Table 3. The contribution called 'statistics'
is the standard deviation of the lifetime values from
the different recordings. It is not really a statistical
variation, since - at least in copper curves recorded
under the same conditions almost unfailingly gave
the same value, but rather a Measure of processes
affecting the atoms during the decay. In iron there
also seems to be a statistical variation due to the
weaker signal.

For the states in copper our lifetime values agree
very well with those of the previous laser-based mea-
surements [8], and our accuracy is three times better.
For the states in iron, the only previous lifetime mea-
surements were made with the beam-foil technique
[19]. The lifetime values from these measurements
were estimated to have uncertainties of 10 or 15 per-
cent.

Quantum beats were recorded for the
Cu 3d ' °4p 1Pi 2 state. For the J = 1/2 state quantum
beats cannot be observed in the 90-dcgrce geometry
which was used. Neither can they be observed with
linearly polarized light. No quantum beats were ob-
served for the states in iron. The quantum beat curves
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.re analysed by Fourier transformation, as is illus-
trated in Fig. 2. Since the two naturally abundant
isotopes of copper both have nuclear spin / = 3 2 the
frequencies 3A + B, 2A-B, 5A and 3A-2Bcan be
observed, for both isotopes. The F=0 to F = 1 separa-
tion, A - B, can not be observed with the polarization
or geometry used The intensities of the different beat
frequencies can be calculated from the expression for
the quantum beat signal given in [17], This gives the
relative intensities 0.7, 0.3, 0.21 and 0.25, for the fre-
quencies in the order given above. The small differ-
ence between frequencies from the two different
isotopes is not resolved in our experiments. The aver-
age and standard deviation of the frequencies of our
different recordings are given in Table 4. For compar-

ison, we also give the results of a previous level cross-
ing experiment [II] , which was performed with
isotopically enriched copper.

Discussion

In previous experiments [I] it has been shown that
very accurate lifetime values can be obtained with
the delayed coincidence single-photon counting tech-
nique using a picosecond dye laser. We have now
applied this technique to a considerably more difficult
experimental situation and shown that a similar accu-
racy can still be obtained.
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Table 2. Natural radiative lifetimes of the investigated stales

Slate

Fe3</"4/r.v'f,

Lifetime ns

This study

7.27 (0.06)
7.17 (0.06)

9.06 (0.161
9.06 10.13)
9.11 10 16)

Rcf. 8
Pulsed laser

7.4 (0.2)
7.1 (0.2)

Ref 11
Level crossing

7.0 (0.2)

Ref, 7
MCHF

6.87
6.68

Ref. 19
Beam-
foil

10.2
10.7
11.5

Table 3. Sources of uncertainly in the lifetimes measured in this
study, in percent

Table 4. The quantum beat frequencies observed for the
Cu 3J ' °4p 'P,, slate, in MHz. The table also includes the energy

Slate

Cuid'Up'P,.,
CuiJ'Up'P,,

Fe3</74pv'f;
Fe Id14p v'F,
FeidUpy'F,

Calibration

010
0.10

0 10
010
0.10

Non-
linearity

005
0.05

005
0.05
0.05

Sutistics

0 74
0.68

1.64
129
1.65

Total

0.89
0.83

1.79
1.44
1.80

given in [ I I ]

2A-B
JA + B
3A-2B
SA

This study

420 (5)
562 (5)
665(2)
996 18)

Ref 11
Level crossing

" C u

418
555
642
974

"Cu

443
600
678

1043

The main difference between the present and the
previous experiment is that discharge sputtering was
used instead of evaporation from an oven. The dis-
charge emits light which gives a higher background
than that which is usually experienced in experiments
using an oven. Still, as can be seen in Figs. 2 and
3. the peak-to-background ratios which have been
obtained are reasonably good. What is particularly

troublesome with the light from the discharge is that
much of it is resonant with the investigated atoms.
(Since it is emi'ted by such atoms.) This may cause
stimulated emission and too short a lifetime value.
The intensity of the light from the discharge depends
on the area of the hole from the discharge volume



to ihe vacuum chamber. No effect on the lifetime was
found when using holes of different diameters.

The pressure in the discharge was of the order
of I torr and in the vacuum chamber 10 4 torr Close
to the opening from the discharge, where the atoms
are studied, the pressure would be higher than in the
rest of the vacuum chamber. The effect of collisional
depolarization is avoided because of the polarization
used. For iron, a change in the lifetime value of a
few percent could be observed when using parallel
polarization. Collisional deexcitation is a much less
probable process in collisions with rare-gas atoms
[18]. No systematic effect on the lifetimes was found
in the measurements which were made at different
distances from the hole or with different bufftr gas
pressure. Also, no effect on the lifetime was found
when increasing the pressure in the vacuum chamber
from 10 * to 10"J torr. In collisions with other cop-
per atoms the effect would be much larger. This is
tested by the measurements at different distances from
the hole and by running the discharge under different
voltage-current-pressure combinations, which gives
different copper densities.

Using the discharge gives a different velocity dis-
tribution to that obtained using an oven. A higher
velocity might cause problems with flight-out-of-view.
Since the free atoms are produced by sputtering by
ions which are accelerated over typically 700 V, one
might suspect that the atomic velocities are really
much higher than if they had been produced by evap-
oration, but this is not the case. The energy distribu-
tion of metal atoms sputtered by rare-gas ions has
been studied experimentally [20]. It was found that
when using Xe' at 1200 eV the average ejection ener-
gy was 10 eV for copper and 14 eV for iron. Using
argon instead of xenon gave somewhat lower energies.
These energies are obviously higher than, for instance,
the thermal energy at 1000 °C. 0.16 eV. Still, they cor-
respond to velocities of only about 0.05 mm per life-
time in our c?ses. However, the ejection energies are
not the ones to be considered in our measurements.
The sputtered metal atoms are thermalized by col-
lisions with the buffer gas and the velocity of the
atoms diffusing into the vacuum chamber is conse-
quently much lower. High-resolution experiments on
copper which have been carried out v/ith the same
discharge tube [21] show that the width of the
Doppler-broadened lines, and hence the velocity of
Ihe atoms, is similar to that which would have been
expected if the atoms had been produced by evapora-
tion.

Although scarcely any systematic effects on the
lifetimes were found, there is a somewhat larger scat-
ter in these data, than in the earlier measurements
with this technique in which an oven was used [1].

For the measurements on copper, this has to be at-
tributed to the effects of the light emitted by the dis-
charge and the high pressure. In the case of iron,
there is a further increase in the uncertainty due to
the weaker signal.

Because of the complexity of the iron spectrum
special care has to be taken that light from the desired
transition only is recorded. From the states investigat-
ed here, there are no secondary transitions at wave-
lengths which are detected with the I nm resolution
of the monochromator.

With the large bandwidth of the excitation light
(0.17 nm FWHM) it is possible to excite atoms on
more than one transition. With the laser tuned to
the excitation wavelengths used in this study there
are three other known iron lines [22] which start
from meta-stable states and which are within the
bandwidth. None of these can affect the observed de-
cay. Two of the transitions are between states below
those studied 161166 nm and 613.70 nm). and one to
a state just above the investigated ones which has
the same parity (622.92 nm). None of these excitations
can give fluorescence close enough to the detection
wavelength.

Conclusions

The delayed coincidence single-photon counting tech-
nique employing a mode-locked dye laser provides
the best accuracy of time-resolved laser-based meth-
ods. Even for discharge conditions which are intrinsi-
cally detrimental for this low-intensity method, life-
time data with an accuracy of typically I % can be
obtained, illustrating the versatility of the technique
in the wavelength region accessible to synchronously
pumped mode-locked dye lasers. Lifetime data for
copper resonance lines have been determined with
unprecedented precision and three new and accurate
iron state lifetimes have been measured. The high time
resolution of this technique has also been used to
study quantum beats at frequencies up to I GHz.

The authors are grateful to Hakan Bergström for assistance with
the hollow cathode source This work was supported hy Ihe Swedish
Natural Science Research Council.
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The lifetime of the lithium 2p 2P states has been measured with high accuracy using
the delayed coincidence technique with a continuous mode-locked dye laser as the source
of the excitation light. The value 27.22 (0.20) ns was obtained, in addition, the hyperfine
structure of the 7Li 2p 2P3 2 state, which can normally scarcely be resolved, has been
studied by recording the slow quantum beats at zero field and the very fast beats in
the Paschen-Back regime. New accurate values for the 23Na 3p 2Pi2 state hyperfine
structure constants are also presented.

PACS: 32.7O.Fw; 35.1O.Fk;42.5O.Md

Introduction

The lithium atom, with its three electrons, is one of
the fundamental test objects of atomic theory. The
solution to a four-body problem is of course far from
trivial but one can still expect accurate results from
theory. More precisely, the results of calculations on
more complex atoms cannot be expected to be more
accurate than the corresponding results for lithium,
since for these atoms there will be additional compli-
cations due to, for instance, correlation between the
valence electrons or polarization of the inner, closed
shells.

The properties of the lithium atom with which
we will be dealing here are the lifetime of the 2p 2P
states, or, expressing the same information in a differ-
ent way, the oscillator strength of the 2s2Sl2

-2p *P, 2.3 2 transitions, and the hyperfine structure
of the 7Li 2p 2PS 2 state. The lifetime of the 7=1/2
state was measured in a famous fast-beam laser exper-
iment [1] yielding the value 27.29 (0.04) ns. This re-
sult, together with two similar measurements of the
sodium 3p : P, , lifetime [1, 2] is regarded as the most
accurate measurement ever made of an atomic life-
time.

This lifetime has also been the subject of a large
number of theoretical studies which, with only few
exceptions, have given shorter lifetime values, by typi-
cally 1 to 3%. A survey of such calculations is given
in [1]. A more recent example is the MBPT calcula-

tion in [3], giving the lifetime value 27.03 ns. A similar
discrepancy between theory and experiment is found
for the sodium 3p 2P states. In that case a recent accu-
rate measurement with a laser-based delayed coinci-
dence technique [4] has given lifetime values in excel-
lent agreement with the fast-beam laser results.

There are, of course, some calculations which do
agree with the experiments. For the 2p 2P states of
lithium the Coulomb approximation [5. 6] gives the
lifetime value 27.2 ns. (Though it fails in sodium, giv-
ing the values 17.0 and 16.9 ns for the 7 = 1 2 and
J = 3/2 states of the 3p 2P term, to be compared with
the experimental values which are between 16.34 and
16.40 ns.) For the sodium states a recent, more elabo-
rate semi-empirical calculation [7] has given lifetime
values in agreement with experiment.

In lithium the difference between theory and ex-
periment is more difficult to accept than in sodium,
since it should be possible to handle three electrons
accurately in calculations. To get a second opinion,
or a third, rather, we therefore decided to measure
this lifetime with the above-mentioned laser-based
technique.

Natural lithium has two isotopes, 7Li with 93%
abundance and nuclear spin / = 3/2 and "Li 7% and
/ = 1. In the 2p 1Pi 2 state the magnetic dipole con-
stant, a. of 'Li is - 3.055 (0.014) MHz and the electric
quadrupole constant, b. is -0.221 (0.029) MHz [8].
Since the natural linewidth is 6 MHz such a small
hyperfine structure is not very easily measured. The
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values above were obtained in an optical double reso-
nance experiment performed in the Paschen-Back re-
gime. The a- and fc-constants for "Li have been deter-
mined in a similar experiment [9], For Li the hyper-
fine structure has also been studied without a magnet-
ic field by performing a delayed detection of the laser-
induced fluorescence from a collimated atomic beam,
thus obtaining a sub-natural linewidth [10].

This hyperfine structure deviates significantly
from that predicted by an independent particle model.
The Hartree-Fock value for the magnetic dipole con-
stant of 7Li. for example, is 6.4 MHz. More sophisti-
cated ab imtio calculations reproduce the measured
hyperfine structure reasonably well, giving values like
-3.32 MHz [ I I ] and -3.71 MHz [3]. Fig. 2. Response function of the set-up used

Experimental set-up

The experimental set-up, which is illustrated in Fig. I.
and the advantages of using a continuous mode-
locked dye laser together with the delayed coincidence
technique have been described in detail in connection
with our previous studies on sodium and bismuth
[4] and on copper and iron [12].

A beam of lithium atoms was formed by heating
a piece of lithium in an oven in a vacuum chamber.
The atomic beam was collimated to a diameter of
approximately 2 mm at a distance of 10 cm from
the oven. The pressure in the vacuum chamber was
below 10"' torr. The earth's magnetic field was com-
pensated for by fields from coils. The atoms were ex-
cited to the 2p 2P states by the pulses from a mode-
locked dye laser, synchronously pumped by a mode-
locked argon-ion laser. The dye laser was operated
at 671 nm with the dye DCM, giving 10 mW average
power at a pulse repetition rate of about 2 MHz.
The pulse repetition rate can be chosen to any frac-
tion of 75 MHz with a cavity dumper in the dye
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laser. The length of the pulses from the dye laser was
6 ps. The light from the laser is linearly polarized.

The laser beam was focused and crossed the atom
ic beam at right angles inside the vacuum chamber.
The pulses were detected by a fast photo-diode. The
fluorescence was detected perpendicular to both the
atomic and laser beams where single fluorescence
photons were detected through a linear polarizer and
an interference filter by a microchannel plate photo-
multiplier tube. The time between these two signals
was measured with a time-to-amplitude converter
after they had been amplified by fast pulse amplifiers
and fed through constant fraction discriminators. The
response function of the system has a FWHM of 75
ps, as can be seen in Fig. 2, which is a recording of
the laser pulses scattered towards the photomulliplier
tube.

In some of the measurements of the hyperfine
structure a strong magnetic field from a pair of Helm-
holtz coils was applied parallel to the direction of
detection.

Measurements and results

/. Lifetime

Since the bandwidth of the picosecond pulses is 100
GHz and the fine structure splitting between the in-
vestigated states is only 10 GHz. we populate both
the J = 1 2 and J = 3/2 states according to their statis-
tical weights. The lifetime we measure is therefore a
weighted average for the two states. With this small
fine structure splitting the difference in transition en-
ergy will have an extremely small effect on the transi-
tion probability and the two lifetimes can be expected
to have very similar values.
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The number of counted photons was between 800
and 2000 per second and curves such as those in
Figs, 3 and 4 were each acquired in 5 min.

In order to make even a reasonably accurate mea-
surement of the lithium lp 2P lifetimes there is one
particular difficulty which has to be overcome: the
quantum beats of the J = 3 2 state. The three decay
curves in Fig. 3 have been recorded with different po-
larizations of the excitation light, giving the beats dif-
ferent phases and amplitudes. The effect on the appar-
ent decay rate is obviously drastic. The reason for
this is that the hyperfine structure of the J = 3 2 state
is very small, resulting in very slow beats. The four
beat frequencies which can be obtained for Li in
an experiment like ours 2ti-h, 3u-2r>. la + b and
5<i - are 5.9. 8.7. y.4 and 15.3 MHz With the natural
linewidth of 6 MHz the individual frequencies arc
not reallv resolved but result in a slow variation su-

perimposed on the exponential decay. For the J = 1 2
state quantum beats are. as usual, automatically
avoided because of geometry and polarization. For
states other than J = 1 2 the normal way to avoid
quantum beats is to have an angle. 0. between the
polarization of the excitation and detection light such
that 3cos :(' = I. i.e. (' = 54.7° [13]. With the very slow
beats in this case, however, a mismatch of 1° can
change the evaluated lifetime value by almost I"o
if an exponential plus background is fitted to the de-
cay curve One way to avoid this problem would,
of course, be to measure the lifetime of the J= I 2
state only This is. however, not possible with the
bandwidth of the picosecond pulses and it may also
not be altogether desirable.

To be able to evaluate accurate lifetime values
in spite of the quantum beats, we recorded series of
decay curves with different polarizations but ".<cv
otherwise identical conditions. A cons , jble
number of such series were recorded diffc- . .s re-
gards atomic density, laser power ant1 • re and
after geometrical realignments. The. .,i ,i>ges were
made to ensure that there were r>.» >• somatic effects
due to. for instance, multiple v a" nng or collisions.
Flight-out-of-view effects. <• wi might have been a
problem with this comr* • .iy long lifetime in so
light an atom, are to' •' avoided since we collect
fluorescence from a • :••««,>•. extending I cm in all di-
rections from ttK i .uon volume formed by the
collimatcd a to" .'.am and the laser beam. With
a velocity of 2 . s the atoms would move only 0.5
mm during • i lifetimes. In all evaluations the first
few nanosf.^onds of the curve have been excluded to
avoid any influence from stray light from the laser
pulse

Twelve series of decay curves were finally used
and they were evaluated in two different ways. In
the first, a curve of the form /), e x p | - p , n + p3 was
fitted to the recorded decay curves, where ps, p2 and
Pi were varied in a least-squares fit. This way. if the
quantum beats are not totally suppressed, the fit will
give too long or too short a lifetime value, depending
on if the angle of polarization is larger or smaller
than 54.7° and also depending on if we start the evalu-
ation at the beginning of the curve or if we start after
approximately one half period of the beats. When
we, for each series, then plot the evaluated lifetime
values as a function of the angle of polarization, for
decay curves that have been evaluated starting at the
beginning and starting 40 ns later, we obtain two
curves which intersect at the correct angle and the
correct lifetime. The results for one scries arc shown
in Fig. 5. The 12 series gave the average ,ind standard
deviation 27.23 K),I5| ns Here, and in ihe following
evaluations, the numerical uncertainty of each fit is
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Fig. 5. Evaluated lifetime value as a function of the angle of polariza-
tion, starling at two different points in the decay curves

much smaller than the scattering between the different
curves.

In the second method of evaluation, the quantum
beats of "Li were included using an expression of the
form

(p,
+ O.3cos((2a-f>)(f + pj))

+ O.25cos((3a-2ft)(r + p3))

(1)

p, to p, were varied in the least-squares fits, though
p3 only for the 0° and 90" curves, in the rest of a
series the (average) value from these two was used.
The values of the hyperfine structure constants, a =
-3.055 MHz, fc= -0.221 MHz, were taken from the
literature [8], The relative intensities of the beat fre-
quencies were calculated from the theoretical descrip-
tion in [13]. The results for one series is shown in
Fig. 6. With this fit no change in lifetime value with
modulation amplitude is expected, apart from the
small influence of 6Li. With one lifetime value evalu-
ated from each series the average and standard devia-
tion for our 12 series was 27.21 (0.16) ns.

Combining these two results, we obtain a lifetime
value of 27.22 (0.20) ns, where we have added 0.15%
to the uncertainty for the calibration of the time scale
and possible nonlinearity of the time-to-amplitude
converter. In contrast to what seems to be modern
practice we have chosen not to add our uncertainties
quadratically, even though this would give smaller

modularion/%

5

evaluated
lifefime/ns

26

27

50 55 60
Fig. 6. Evaluated lifetime value as a function of the angle of polariza-
tion when the quantum beats from the Li J - 3/2 state are included
in the evaluation

Tiblt I. Natural radiative lifetime of the lithium 2p'H states, in
ns Measurements were made on (he multiplet. with the exception
of the fast-beam laser experiment, in which the J = 1/2 state only
was studied

This study

27.2210.201

Fast-beam
laser

[1]
27 29 (0.04)

Other
laser-based
experiments

[18]
27.9(1.0)

[19]
27.0(1.0)

Level
crossing

[14]
27.2(0.4)

[20]
26.410.8)

Beam-gas.
Beam-foil

[21]
31.9(1.6)

[22]
25.0(1.0)

[23]
26.21101

error bars. By this we hope that our error bars can
be trusted as essentially absolute limits for the correct
value.

A comparison with previous experimentally ob-
tained lifetime values has been made, see Table I.
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The three most accurate measurements - ours, the
fast-beam laser measurement [1] and the level cross-
ing measurement in [14] - agree rather well, even
if neither our value nor that of [14] is within the
error bars of the fast-beam laser result.

//. Hyperfine structure

If the smallncss of the Li Ip 2Pi2 state hyperfine
structure was a hindrance in measuring the lifetime,
it may be even more so when one wishes to study
the hyperfine structure itself, since it normally does
not resolve under the natural linewidth.

A quantum beat experiment is a form of delayed
detection, particularly so when the decay is observed
over a large number of lifetimes - as the eight lifetimes
in our case. Still, the Fourier transform of our quan-
tum beat curves reveals no precise information on
the frequencies involved. A more efficient form of
evaluation is to fit a theoretical curve directly to each
experimental decay curve, similar to the method em-
ployed in the evaluation of the lifetime. To obtain
a high accuracy both "Li and 7Li were now included
in the evaluation, even though *Li contributes only
7°'o of the signal. The curve which was fitted to the
experimental curves was of the form

(p, + p2(0.7cos((3a, +

+ 0.3cos((2a7-b7)

+ O.25cos|(3a7-2fc7)

+ 0.21cos((5a7)« + p3)))

+ p,,<0.56cos((5a6/2 + 566/4) [t + p3))

+ 0.4cos((3ae/2 - 9fe6/4l <( + p3))

. (2)

The 0° and 90° curves of the above mentioned series
were used. px, p2, p3, p ; , a- and h- were varied in
the least-squares fits. p6 was locket' to p2 by the
known ratio of the abundances of the two isotopes.
The hyperfine structure constants of "Li were locked
to the values obtained in [9]. p4 was lockeri to the
value we had previously obtained for the series. As-
suming negative values of the hyperfine structure con-
stants we obtained the values -3.084 (0.074) MHz
and -0.20 10.27) MHz for the average and standard
deviation of the 7Li magnetic dipole constant and
electric quadrupole constant, respectively. To these
uncertainties we added 0.15% to obtain the results
given in Table 2. That the uncertainty of the h-con-
stant is larger than that of the a-constant is easily
understood from the coefficients for a and b in the
expressions for the beat frequencies where those of

Table 2. Hyperfine structure parameters of the 2plPJ2 state of
7Li. in MHz

This study Paschen-Back optical Delayed
double resonance [8] detection [10]

a -3.0810.08) - 3 055(0014)
b -0.2010.27) -022110.029)

- 3 08 (0.04)
-0.161010)

3300-,

' ', ' I \ .

', , 1.00 Glim

. '' ' ,' '
t ' " ' ' '• S ** ^

Fig. 7. 15 GHz quamum beats from the lithium 2p 'py, state in
a magnetic Held of 400 Gauss

a are larger. It was not possible to determine the hy-
perfine structure constants of 'Li.

Another way of studying the hyperfine structure
is to record quantum beats from the atoms in a strong
magnetic field. This will give frequencies which are
more easily observed compared with the natural line-
width. This is in one way similar to what was done
in the above mentioned optical double resonance ex-
periment [8]. In a strong magnetic field the energy
of the hyperfine structure levels is given by the
Paschen-Back approximation:

bh lm)-J{J +
4 JiU-l) iai-1)

Since the selection rules are Anij=l, Am, = 0 or
A nxj = 0, A m, = 1 we will observe the A m, = 2, A m, = 0
separations of the 7 = 3/2 state. This gives 2(2/+ 1)
beat frequencies near 3.73 MHz/Gauss. The difference
between these frequencies comes from the last two
terms, containing the magnetic and electric hyperfine
structure constants, a and b. The Am, = 1, Aittj = 0
transitions will give beat frequencies of a few MHz,
too low to be observed.

Fast quantum beats were recorded with fields
ranging from 100 to 400 Gauss. The first part of a
recording of 400 Gauss, with 1.5 GHz beats, is shown
in Fig. 7. A recording with a somewhat weaker field.
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: )Na. in MHz

This studv

18.69 10.061

Fast-beam laser Delayed
quantum beats level crossing

[151
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FIR. ft. Quantum beats from the lithium 2p *'P3 j stale in a magnetic
field of 100 Gauss The dephasing and rephasing is caused by the
hyperfine structure

Fig. 9. Quantum beats from the sodium lp 1Pi 2 stale. Both the
experimental curve ipoints) and the fined theoretical curve [solid
linei are shown The overlap is almost perfect

100 Gauss, is shown in Fig. 8. Since we have several
neighbouring frequencies, after a certain time, they
will go out of phase and interfere destructively, as
can be seen around 40 ns in Fig. 8. and later still
rephase as at around 50 ns in the same figure.

A complication arises because of the small fine
structure splitting of the investigated term: the energy
separations caused by the magnetic field are up to
one tenth of the me structure splitting, making higher
order effects on the hyperfine structure non-negligible.
For the weakest field used. 100 Gauss, a least-squares
fit. based on the above expression for the Paschen-
Back approximation and including both isotopes,
gave the values -3.09 MHz and -0.91 MHz for a
and b for 7Li. The hyperfine structure parameters of
T i were kept fixed at the values given in [9]. There
is a considerable uncertainty in the numerical fit of
the value for b since b has only a small influence
on the energy structure.

In our previous study of sodium [4], quantum
beats from the 3p 2 P , 2 state were recorded. To mea-

sure the hyperfine structure of this state involves not
quite so many experimental complications as have
now been encountered in lithium: the fine structure
is resolved in the excitation, there is only one isotope,
and the hyperfine structure splittings are larger than
the natural linewidth. At the time, these quantum
beats were evaluated by Fourier transformation. By
instead fitting a curve of the form {1) to these decay
curves, the accuracy of the a- md b-constanls has
been considerably improved. One if these curves is
shown in Fig. 9. In these least-squaies fits p, to f3,
a and b were varied. Eight curves recorded under
different experimental conditions and with either 0°
or 90° polarization gave averages and standard devia-
tions of 18.69 (0.031) MHz and 2.83 (0.087) MHz for
a and b, respectively. To this uncertainty we added
0.15% to obtain the results presented in Table 3. Here
are also included the results of some previous accurate
measurements of this hyperfine structure. In these the
hyperfine structure was studied by quantum beats in
a fast-beam laser experiment [15] and by level cross-
ing with delayed detection [16. 17]. The agreement
between the results is very good. References to a large
number of earlier measurements can be found in [ 17],

Conclusions

The single-photon counting delayed coincidence tech-
nique with a continuous mode-locked dye laser as
the light source has been used (o produce a new accu-
rate lifetime value for the lithium 2p 2P states. The
value obtained shows reasonable agreement with the
very accirate value which has previously been ob-
tained for the J=l,2 state with the fast-beam laser
technique [1]. For the J = 3 2 state, where quantum
beats from the hyperfine structure make an accurate
lifetime measurement difficult, the accuracy has been
improved in this study.

The hyperfinc structure of the J = 3'2 state has
been studied by recording quantum beats at low fre-
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quencies and, when strong magnetic fields were ap-
plied, at very high frequencies.

In particular, it is shown that with the good time
resolution of this technique and with the short time
needed to record a curve with good statistics, accurate
data for lifetimes as well as hyperfine structures can
be obtained even when the lifetime, linewidth and hy-
perfine structure show a relationship as unfavourable
as in the case studied here.

For the hyperfine structure of the sodium 3p 1Pi:

state values for the a- and /»-constants at least as accu-
rate as those of any previous investigation, have been
obtained

The support and encouragement of Professor S Svanberg is grate-
fully acknowledged This work was supported by the Swedish Natu-
ral Science Research Council.
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The lifetimes of »he silver Sp 2P states have been mea-
sured with high accuracy by time-resolved laser spectros-
copy using the delayed coincidence technique. Also, the
hyperfine structure of 107Ag and l o 'Ag in these two
states has been studied by observing quantum beats.

PACS: 32.7O.Fw; 35.1O.Fk; 42.50.Md

Introduction

The lifetime of an excited state in a free atom can be
determined accurately by exciting atoms to that state
with a short laser pulse and detecting single fluorescence
photons with the delayed coincidence technique. Particu-
larly, if a continuous mode-locked dye laser - which
gives short pulses at a high pulse-repetition rate - is
used, the time resolution and statistics can be favourable
enough to allow uncertainties well below 1%. This has
previously been demonstrated for a number of different
atoms [1-3]. Also, when quantum beats are observed,
the hyperfine structure parameters of the excited states
can be determined. It has been demonstrated that the
time resolution of this technique easily allows beat fre-
quencies of more than 1 GHz to be recorded [3].

In the study presented in this paper this technique
has been applied to the silver atom. The ground stale
of silver is 5 s 2S,,2 and the states which have been stud-
ied are the lowest states of opposite parity, Sp2Pxl and
5p2Pyl. Silver has two naturally occurring isotopes,
107Ag with 51.8% abundance and 109Ag with 48.2%.
They both have the nuclear spin / = l / 2 . The lifetimes
of these states have previously been measured with var-
ious techniques, typically giving uncertainties of 3 to
10% [4-9 and references therein].

The hyperfine structure splittings of the 5p 2P} 2 state
have been measured with good accuracy using level
crossing spectroscopy [5, 9]. In one of these studies [5]
not only the absolute values of the magnetic d/pole con-
stants for l07Ag and l 09Ag were determined, but also

the signs. This was done by observing the shifts of the
level crossing signals in an electric field, assuming that
the Stark shift parameter, which was calculated theoreti-
cally, has a positive sign. Negative signs were obtained;
the magnetic dipole moments of both nuclei are also
negative [10,11]. For the J = 1/2 state no previous exper-
imental determination of the hyperfine structure has
been made.

The silver atom, with its easily polarized Ad shell
is not as uncomplicated a system as the regular doublet
structure of most of its excited states may suggest. The
experimental results of this study will be compared with
those of a theoretical study [12] in which the multi-
configuration Hartree-Fock method [13] is used, with
relativistic effects included in the Breit-Pauli approxima-
tion.

Experimental set-up

The experimental set-up was used in two c nfigurations,
one of which is shown in Fig. 1. It is. to a great extent,
the same set-up that has been used in our previous stud-
ies with this technique [1-3], A beam of silver atoms
was formed inside a vacuum chamber by heating a piece

t'if. I. kxpcnmenlal set-up



of silver in an oven. The pressure in the vacuum chamber
was 10"' torr or below The light which was used to
excite the atoms was obtained from a mode-locked dye
laser, pumped by a mode-locked argon-ion laser. The
pulses from the dye laser are less than 6 ps long and
the pulse repetition rate can be chosen to be any fraction
of 75 MHz with a cavity dumper For these experiments
the dye laser was operated with the dye DCM at the
wavelengths 656.1 nm and 676.6 nm. Pulse repetition
rates of about 3 MHz were used, giving average powers
of 30mW and 20mW at these two wavelengths. The
wavelengths which were required for the excitation,
32S. I nm and 338.3 nm. were obtained by second har-
monic generation in a KDP crystal, at an efficiency of
roughly 1%. The ultraviolet light was focused, and
crossed the atomic beam at right angles. The original
red light pulses were detected by a fast photo-diode. The
ultraviolet light generated in the crystal is linearly polar-
ized. Before entering the vacuum chamber the polariza-
tion of the ultraviolet light could either be rotated or
changed to circular. The fluorescence light from the
atoms was detected by a microchannei plate photomulti-
plier tube through an interference filter. This was either
done at right angles to both the atomic beam and the
laser beam or in a direction in the same plane as the
atomic and laser beams. In the former case linearly or
unpolarized light was detected, in the latter - which is
the one illustrated in Fig. I circularly polarized light
was observed The time between the signals from the
photomultiplier tube detecting a single photon and the
photo-diode detecting the pulse was measured by a time-
to-amplitude converter iftcr the two signals had been
amplified and had bee abilized by constant fraction
discriminators. The sigu.u from the diode was delayed
by sending it through a suitably long cable so that it
arrived at the timc-to-amplitudc converter after the cor-
responding signal from the fluorescence photon. The re-
sponse function of the detection system has a full width
at half maximum of 75 ps The measurements were made
in zero magnetic field with the earth's magnetic field
compensated for by fields from eoiU

tection light: 0° gives maximum modulation. 5^.7° gives
no modulation [14]. At 54.7° any effect of collisional
depolarization is also removed.

More than 200 decay curves, two of which are shown
in Figs. 2 and 3. were recorded on different occasions
and under different experimental conditions ;n order to
make sure that no systematic effects influenced the re-
sults. Decay curves were recorded with different atomic
densities, different laser powers, eollimated and uncolli-
mated atomic beams, after total realignments of the set-
up and with different angles of polarization. Between
300 and 2000 photons were detected per second and
the time used to acquire each curve was usually five
or ten minutes. The peak-to-background ratio of the
curves was often around I(XX).

To obtain a lifetime value for the J = 1 2 state, curves
were recorded under differenl conditions as described
above, nearly all with 54.7° polarization. One of the
curves is shown in Fig. 2. By performing a least-squares
fit of an expression of the form p, expl — p, f) + Pi to
each curve, and varying pt,Pz and ps. values for the

3 ZO - 0 60 timp'n-;

Fig. 2. kxpenmcnlal decay curve for Itu 5p:P, , stale of silver,
recorded using linearly polari/cd lighi and a 90° gc-~ielry

Measurements and results

The two naturally abundant silver isotopes both have
nuclear spin / = 1 2. Consequently, for both isotopes, the
7 = 1 2 and J=} 2 states will each be split into two hy-
perfinc structure levels with a total angular momentum.
F. of 0 or 1 for J= I 2. 1 or 2 for ./ = 3 2. In a time-
resolved recording of the fluorescence following a coher-
ent excitation of the two hyperfine structure levels of
either one of these states, the separation between the
levels can be observed as quantum beats Most of the
measurements in this study were made with linearly po-
larized light for both (he excitation and (he detection,
the fluorescence being detected at right angles to the
atomic and laser beams Under such conditions quantum
beats can not be observed for a ./ = I 2 state. For the
./ = 3 2 state the amplitude of the beats depends on the
angle between the polarization of the excitation and dc-

Fig. J. I xpcrimcnt.il decay curve for ihc V / ' ; s l a I i ; " ' silver,
recorded using circularly polan/cd hghl and a 4V' geometry. Ihus
exhibiting quantum heats from the hypcrfin. structure



lifetime were obtained, giving an average and standard
deviation of 7 408 10.032.1 ns.

The same could have been done for the J = 3 2 state,
using 54.7° polarization to suppress the quantum beats.
However, to ensure that the quantum beats really were
suppressed a somewhat more elaborate procedure was
followed, which has been described in detail in connec-
tion with a study of the lithium 2p 2P states [3]. Series
of typically 10 curves each were recorded with different
polarization but otherwise under the same conditions.
Such series were recorded under different conditions and
nine series were finally used. The quantum beats were
included in the evaluation by performing a least-squares
fit of an expression of the form

(/), -t-f>,|O.5I84•co

+ 0.4816 cos|2ii, , ))) lexp|-p4 I I )

to the decay curves, p, to p». u,0- and ii,oo were varied
for the curves recorded with 0° and 90° polarization.
For the other curves J , , , - . dUw ar|d Pi w e r e dxed to
the average of the values obtained for the 0° and 90°
curves of that series, p,. p:. p4 and p< were varied. The
lifetime value and degree of modulation ip: p,) were
plotted for each series as a function of the angle and
the lifetime value for zero modulation taken from each
series, giving an average and standard deviation of
6.791 10.019) ns.

The hypcrfine structure splittings were obtained from
the curves recorded with 0° or 90° polarization. The
value 31.67(0.45) MHz was obtained for the absolute
value of the magnetic dipole constant. |u|, for 10'Ag,
and 36.72 (0.59) MHz for 10"Ag.

The polarization and geometry used so far do not
allow quantum beats from the J=l 2 state to be ob-
served. To do this one has to use light with circular
polarization both for excitation and detection. Also, the
angle between the excitation and detection light must
not be 90°. Ideallv it should be 0° or 180°. here it was

45'. Again curves were recorded on different occasions,
under different conditions and now also with different
combinations of left- and light-handed polarization. One
recording is shown in Fig. 3. The curves were evaluated
in the same way as were the 0° and 90° curves of the
7 = 3 2 state, but now with 'a' instead of "2u" in Eq.(l).
The absolute values obtained for the magnetic dipole
constants were 175.4 (1.4) MHz for l0~Ag and
201.6 (2.3) MHz for'""Ag.

The results for the lifetimes are given in Table 1. for
the hyperfine structure constants in Table 2. The uncer-
tainties given in the tables are the standard deviations
as given above plus 0.15% of the value to allow for
the uncertainty in the calibration of the time scale and
possible nonlineanty of the time-to-amplitude converter.
In these tables the results of previous measurements in
which level crossing or laser-based techniques were used
are also included.

With a single 5p electron the magnetic dipole con-
stants would have the same sign as the nuclear magnetic
dipole moment. This can be changed by correlation with
the electrons in the closed shells, as is the case in. for
example, the lithium 2p*P, ; state, where the polariza-
tion of the 15 shell causes a large and dominating contact
interaction [15. 16]. Lithium is. of course, unusual in
that it has an s-shell closest to the valence electron and
such a change of sign is not observed in the 2P states
of the heavier alkali-atoms [17]. Also, in the 3d'°4p2P
and 3 d'° 5p 2P states of copper, the magnetic dipole con-
stants have the same sign as the nuclear magnetic dipole
moments [18]. So. with the negative nuclear magnetic
dipole moments of l0*Ag and l0"Ag and also consider-
ing the negative hyperfine structure constants obtained
in [5] and [12] it is very likely that the magnetic dipole
constants of the 5p 2P states are negative. Negative signs
are therefore given in Table 2.

From the accurate lifetime values obtained in this
study, accurate values for the oscillator strengths of the
5s2S to 5p2P transitions may be calculated. From the

Table I. Natural radiative hfclimcs cf the silver 5 p : P slates, in ns

State This studv Other laser-based
experiments

Level crossing spectroscopy MCHI+BP

[6 ] m
7.41 II) IV»)
679 (0.01) 7 3 |O.4|

6S
6.3

7.56 10.221
7.4 (0.7) 6.3 10.6) 6.35 (0.17»

6.29
s .79

Tiblr 2. Magnetic dipole hyperfinc structure constants for the 5p:P states of ' " Ag and ' " "Ag . in MM? The values arc assumed to
be negative, based on the results of [5 ] ind [ I2J

Stale Isotope

' " "Ag
| " ' A g

This study

- 175 4 (1.7)
-201 6 (2 61
- 31.7 (051
- >'. 7 (0 7)

Level crossing spectroscopy

m m

- 32 4 (0.5) - 3 1 . 0 I

-.17.3 |O8|
13)

HI

- 7 6 1
- K7 5
• 15 2

M C H I - + B I 1

fi:i

- IIS 5
- 136 2

25.0
- 2S8
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5pzP, > state the atoms can decay to the ground state
only. From the >/>*/*,; state they can decay to the
ground slate and to the 4iT 5 r -£>, , state. According
to the theoretical study in [12] the latter transition is
more than 10" times less probable than that to the
ground state and we therefore feel confident in neglecting
it when calculating the oscillator strength. From the life-
time values given in the text above and including the
extra O.I5°o uncertainty one then obtains the absorption
oscillator strength 0 2317 100014) for the J = 1 2 to J = I
2 transition, and 0.475:̂  {0.00211 for the 7= I 2ioJ = i 2.

It may be interesting to look at certain ratios between
the values obtained in this study. The ratio of the oscilla-
tor strengths divided by 2J + 1 is 0.975. This scarcely
shows any significant discrepancy from the ratio of the
energies from the ground state. 0.970. thereby indicating
that the difference in the transition matrix element for
the two 5p:P stales, for transitions to the ground state.
is quite small.

The ratio of the values obtained for the magnetic
dipoie constants of the two isotopes are 0.870 for 5p2P, ,
and 0.862 for 5p :P, ,. The ratio of the nuclear magnetic
dipoie moments of the two isotopes is also 0.870, as
is known from very accurate NMR experiments [10. 11].
This indicates that the hyperfme anomaly is smaller than
the uncertainty of our measurements.

The ratio of the absolute values of the magnetic di-
poie constants of the two states is 5.54 for 10~Ag and
5.49 for ""Ag: somewhat different from the ratio of 5
predicted by a nonrelativistic independent particle mod-
el. This difference has several reasons. Correlation with
the electrons in the 4d shell increases the magnitude of
the magnetic dipoie constants, as can be seen in Table 2.
in the difference between the Hartree-Fock values and
the values of the more elaborate MCHF calculation. The
agreement between I he MCHF values and experiment
is still not very good, particularly not for the J = \ 2
state. This may be due to the use of nonrelativistic basis
functions. According to fl9] relativistic effects would,
for a single 5p cieclron. also increase the magnitude of
the dipoie constants and increase the ratio of <i, 2 to
<jj ; by a factor of 1.20.

Conclusions

The silver 5p : / > states are well suited for laser spectro*
copie studies and the lifetimes of these states must no>
be considered to be among the most accurately knowi
of all atomic lifetimes. Also, in the study presented hen
the hypcrfine structures of the two SpzP states hav
been measured, that of the J = 1 2 slate for the first time

This work was supported by the Swedish Natural Science Researcl
Council.
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Abstract. In ihe recently introduced high-contrast trans-
mission version of saturated absorption laser spectros-
copy. narrow signals are obtained from dense atomic
samples subject to strong pumping. A study of possible
systematic shifts of the signals in this domain of rather
extreme experimental conditions was performed in order
to assess the validity of spectroscopic data obtained with
this technique. Certain signal components were found to
be slightly shifted while others were not. Further, a the-
oretical study of the behaviour of overlapping signals in
the high-contrast regime is presented. In particular, the
question of whether structures buried under the natural
linewidth could be resolved is addressed.

PACS: 42.65.Ft; 32.7O.Jz

I. Introduction

Recently the high-contrast transmission version of satu-
rated absorption laser spectroscopy was introduced [1.2].
In normal saturated absorption spectroscopy [3.4] a gas-
eous sample of moderate absorption is used and a weak
pumping beam is used to avoid power broadening of the
Doppler-free signals. Correspondingly, only relatively
small changes in the transmission of the probe beam are
observed. Since dye laser beams normally carry a lot of
noise [5]. the resulting signal-to-noise ratio is limited. A
remedy can be to modulate the pump beam, for example
using an electro-optical modulator, at a high frequency,
where the laser noise has a low intensity [6.7]. A different
and elegant approach is to block (he noisy probe-beam
background intensity by using crossed polarizers in (he
polarization spectroscopy method [8]. A similar situation
can be obtained using the high-contrast transmission
speclroscopy method, where the probe beam is normally

' Permanent address Department of Physics. Jihn University.
Changchun. Peoples Republic of China

totally blocked by a very dense sample, only to be trans-
mitted at the line centre, where a strong, saturating beam
bleaches a path through the otherwise opaque sample.
Since the wings of the Doppler-free signal is more strongly
attenuated than the central part, narrow and even sub-
natural linewidths can be obtained at the same time as
extreme contrast (background rejection) is attainable.
Various experimental aspects of the technique were de-
monstrated in [1,2] and a theoretical model was used in
[2] to explain the observations. Although the applications
are more limited than for polarization spectroscopy the
extreme simplicity of the set-up offers advantages. Al-
though not evidenced in the early measurements [1.2],
shifts in the recorded Doppler-free signals cannot be ex-
cluded under the rather extreme experimental conditions
of high-contrast transmission spectroscopy. One of the
purposes of the present work was to closer examine this
point in a comparative study between the new approach
and the established ones. The sodium D, line (2s2SU7

-}p2Pll2, 589.6nm) was chosen for the investigation.
Signal positions for a high-contrast transmission spec-
troscopy set-up were related to those for a reference set-
up utilizing a collimated atomic beam.

A further aspect of the present work was to theoret-
ically investigate the interaction between partially over-
lapping signal contributions in the high-contrast regime.
In particular, the question is posed, whether signals non-
resolved within their natural width can be made to resolve
under the influence of the line-narrowing mechanisms
active in the high-contrast regime. The results from our
spectral hole-burning model are related to calculations
by Corbalan et al. [9.10] based on the Maxwell-Bloch
equations.

In the next section our experimental studies of (he
signal shifts are presented, describing the experimental
set-up and the measurements. In Sect, 3 a theoretical de-
scription of overlapping signal components is made with
a presentation of the formalism used and examples of
calculated curve shapes. Finally, the results are discussed
and put in relation to :he calculations performed by
Corbalän et at.
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2. Study of signal shifts

An experimental study of possible shifts of line compo-
nents in high-contrast transmission spectroscopy was un-
dertaken using the sodium D, line (3 v :S, . - 3/>:/>, ,) as
a model system. This line was preferred over the D2 line
since well-resolved hyperfine components arc obtained,
facilitating the study of non-trivial line shifts.

2. / Experimental set-up

A schematic diagram of the experimental set-up for the
study of possible signal component shifts is shown in
Fig. 1. A Spectra Physics model 171 argon ion laser was
used to pump a Coherent Model 699 ring dye laser, op-
erating at power levels up to about 600 mW. A small part
o* the output was used for measuring of the wavelength
employing a digital wavemeier and for monitoring the
mode structure of the dye laser with a scanning Fabry-
Pcrot interferometer Part of the laser light was used to
excite a collimated atomic sodium beam for providing
reference signals, unperturbed by shifts. Since a system-
atic Doppler shift occurs if the laser beam does not im-
pinge on the atomic beam at right angles, the laser beam
was reflected back onto itself. An angle offset was delib-
erately chosen and thus two separated signals were ob-
tained. The unperturbed signal position corresponds to
the mean value of the two signal positions The residual
linewidths were about 20 MHz. The fluorescence light
was detected by a photomultiplier tube

The main part of the radiation was used in the satu-
ration spectroscopy set-up, that was operated in the high-
contrast mode. The primary pump beam had a diameter
of 2.0 mm. After passing a sodium cell the beam was
reflected back onto itself as a probe beam. After passing
the beam-splitter, which was used to direct the pump
beam through the cell, the probe beam was directed onto
a diode detector. The signals from both experimental set-
ups were processed with a PC computer equipped with a
A/D-D/A conversion card. A software package [11] *as
used for recording and storing the signals and for curve
evaluation.
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Sodium cells with a diameter of 25 mm and a length
of 30 cm were prepared for the experiments. The cells
were used in a simple oven consisting of brass tubing
surrounded by a bifiliar heating tape and equipped with
glass windows to reduce beam steenng due to heat con-
vection. The temperature of a cold finger was monitored
with a resolution of 0.1 °C. using thermocouples.

2.2. Measurements

In order to identify the individual signal components of
the £1, line in sodium an experimental recording using a
conventional saturation spectroscopy set-up is shown in
Fig. 2. Here a low pump beam intensity was used and the
integrated cell absorption was kept low. The pump beam
is modulated at about I GO kHz with an acousto-optical
modulator. (Since this modulator introduces a frequency
shift of about 220 MHz. this set up was avoided for ref-
erence purposes.) There are nine peaks in the spectrum,
four resonance signals and five cross-over signals [12].
configurated in three groups. The group to the left is the
low frequency group, i.e. the transitions with f|l,».r = 2.
and the group to the right consist of transitions with
lowtt= ' • The hyperfine structure levels in the ground
stale. 3 J : S , / ; . are separated by 1772 MHz and those in
the excited 3/>2/>l -, state by 189 MHz. Levels and hyper-
fine quantum numbers F are indicated in the figure. In
the low-frequency signal group two hyperfine signal com-
ponents of equal intensity are found with a cross-over
signal half-way in between. The high-frequency group
consists of one signal of stronger and one of weaker in-
tensity. Again, a cross-over signal occurs in between. Fi-
nally, between these two groups there is a third group of
negative cross-over signals.

For investigating signal shifts, series of recordings were
taken with the set-up shown in Fig. I for selected laser

Fig. I. Experimental sei-up for studies of possible shifts in high-
contrast transmission spectroscopy

Fig. 2. Signal components of ihc sodium /), line recorded with A
convennonal saturation spectroscopy setup (low pump intensity,
low alomic density I Response Iransilions arc indicated by Ihe
proper F quantum numbers (?„„, - Fam,) For cross-over signals
interacting F levels are also indicated
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Fq[. X Signal recordings lor the low frequency signal group ob-
tained from the high-contrast transmission spcctroxopy set-up op-
erated a! different mtensiiy-temperalure combinations. A reference
recording (a) from the collimaled atomic beam reference set-up is
included for shift assessments The recordings from the high-con-
trasl set-up have been normalized

power levels entering the saturation spectrometer. The
cell temperature was slowly changed from a region with
moderate sample absorption into the true high-contrast
region. Simultaneously to each such curve reference sig-
nals from the atomic beam set-up were recorded. Ex-
amples of recordings used for shift evaluation are given
in Fig. 3, showing the Doppler-free Aiower = 2 - Fappcl = I
and 2 signals with the corresponding cross-over signal
The curve denoted "a" is a typical reference recording
from the atomic beam and the curve "b" is the corre-
sponding signal from the high-contrast set-up. The curves
"r" and "d" ate recorded for higher cell absorptions and
laser powers, respectively. The frequency scales in these
two later curves are adjusted to match the former two
curves. The "d" curve exhibits a degenerated case with
very broad signals and satellite peaks occurring due to
the strong laser power. It is evident from the recordings
that the 2 - 2 signal is substantially shifted, while the 2 - I
signal is largely unaffected.

For the other group of signals. Flomr-- I - F t = I
and 2 with the related cross-over signal, we note that the
I - I signal disappears in the high contrast regime. An
example of experimental recordings for the high fre-
quency group is shown in Fig. 4. Although not evident
on the frequency scale used in this figure the I - 2 signal
can acquire a shift while the I - 1.2 component is largely
unaffected.

Fig. 4. Examples of recordings for the high-frequency signal group
The laser power has been kept fix while the cell temperature has
been raised about 10 *C. The curves have not been scaled

?3. Evaluation

For an accurate evaluation of signal component shifts it
is very important to determine the unshifted signal po-
sitions from the atomic beam reference signal. For a per-
fect 90° geometry between atomic and laser beams the
correct signal positions are obtained. However, for a mis-
alignment of 1° a Doppler shift of about 20 MHz is ob-
tained. In order to eliminate systematic errors of this kind
the laser beam was back-reflected onto itself after passing
the atomic beam. We then deliberately chose a small off-
set angle making every hyperfinc structure component
resolve in two peaks in the recorded spectra. The position
of the Doppler free line is then obtained as the mean of
the two signal peaks. These two peaks have different in-
tensities due to reflection losses. In order to obtain the
unperturbed positions we make a Tit of the experimental
curve using the function:

+ _ '_ \

I +• H' • ( p 2 •*• S — V)"
( I )

where

, A, =the intensities of the hyperfine structure com-
ponents

= the relative intensity due to the losses the laser
beam experiences passing through the windows
of the vacuum chamber twice and in the re-
flection from the mirror

= the width factor



/>,./>; =the positions of the unshifted hyperfine struc-
ture components

s = the half of the separation between the two re-
corded hyperfine peaks

B = the background
v = the channel number

As the laser beam was rather weak the widths of the four
recorded signal components are assumed 10 be identical
(no power broadening). The experimental curves show
some residual Doppler broadening, making the signals
deviate slightly from a Lorentzian shape, but still the ex-
pression seems to be a good approximation, minimizing
the number of variables By making a least-squares fit to
the experimental data varying the eight variables listed
above, the positions of the resonances have been deter-
mined with good accuracy (a few MHz). The calculations
were performed on a personal computer, and provide the
unperturbed signal positions indicated by the vertical lines
in Fig. 3.

The signal from the high-contrast saturation spcc-
troscopy set-up is somewhat more complex to evaluate.
Firstly, in this domain, the sample shows a high degree
of intensity dependent absorption, so the noise from the
dye laser is enhanced. Secondly, the transition probabil-
ities between the different hyperfine structure states are
not equal. As vill be discussei in the modelling section
below the optical pumping effect is very dominant and
the "generalized" saturation intensity will not be the same
for the different components of the signal. Because of the
non-linear nature 01 ihe problem the linewidths will not
be the same. We have used the expression given in (2) to
make a least squares fit to the experimental data, deter-
mining the positions of the Doppler free resonances.

/„,<•*>=;
•4,

•f.

V V

(2)

A,. A,. A, = the intensities of the three peaks
«,. it,, iv, = the width factors
Pi'P~,P\ = 'he positions of the three peaks
B = the background
v = the channel number

2.4. Results

Our data for signal component shifts are summarized ir.
Figs. 5. 6. F.ach data poini in the diagrams is based on
between five and ten scans with constant laser power and
different cell temperature By extrapolating into the ex-
treme high-contrast domain the shift results in the limit
of disappearing signal have been derived. As can be seen
in Fig 5 shifts larger than a linewidth are observed for
the 2 - 2 transition while the 2 - I transition is less in-
fluenced.
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Fig. 5. Results for the low-frequency signal group The powers,
given in the diagrams, are measured before the light enters the oven,
containing the cell wilh sodium vapour. The beam diameter is about
2 mm. As the oven is equipped with windows the primary light
entering the sodium vapour is attenuated about 15% due to re-
flections in surfaces. An indicated power of 10 mW gives an inten-
sity of 2 1 kW/nv entering the sodium vapour The broken curves
are drawn for the guidance for the eye
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Fig. 6. Results for the high-frequency signal group

3. Theoretical calculation*

In [2) narrowing of isolated signal components below the
natural radiation width was demonstrated theoretically
as well as experimentally With these results in mind the
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question arises whether z resolution beyond the Heisen-
berg limit could be obtained with separation in the high-
contrast regime of otherwise non-resolved signals. Two
evolution scenarios for two overlapping signals of equal
intensity taken into the high-contrast regime are depicted
in Fig. 7. Will the signals narrow down individually and
allow a physical separation into two peaks (scenario A )
or will the resulting peak of the two overlapping
signals remain the peak of a non-resolvable structure
(scenario B)?

3.I. Theoretical model for a two-level system

One simple attempt to describe saturation spectroscopy
is to use the "hole-burning" model. This model includes
saturation effects such as power broadening but neither
multiple scattering, the coherence between the interacting
beams nor A C Stark shifts.

The absorption on the line centre is (in a two-level
system) proportional to the difference in populations,
n, - « , . between the two active levels denoted by g and
e. In sodium the case is less simple because of the hy-
perfine structure, which will make the vapour in the spec-
troscopic cell bleach at a much lower intensity than one
would expect from the lifetime value (r). Our model,
which is based on the one of Pappas et al. [ 13] and further
explored in [2]. deals with two strong counter-propagat-
ing beams and describes the resulting absorption coeffi-
cient.

The atoms need a certain transit time (T) to pass the
illuminated volume of the cell. As the atom enters the
light Held it can be excited and. due to the transition
probabilities to the different hyperf.ne levels in the ground
state, a strong optical pumping occjrs. In a high-contrast
experiment with sodium a typical temperature is 150°C
or slightly more, wnich results in a mean free path of
about I m. The transit time through a laser beam with
a diameter of 1 mm is roughly I us. The following equa-

Fig. 7. Two evolution scenarios for two overlapping signal com-
ponents. In scenario "A" each line narrows on its own and the
structure is resolved In scenario "8" the overlapping structure
narrows and remains unresolved

Fig. 8. Illustration of the slicing of the gas column and laser inten-
sities as defined for the theoretical calculation

tions describe the interaction between two counter
propagating beams with identical wavelengths (see Fig. 8).
The resulting expressions are only valid close to the Dop-
pler-free resonances.

iv,,v.l* , / _ ) = {nl!-nr)

• I f f . — ~ < 7 _ — ) - -
\ hio hut I T

(3)

.(..
hw hu> I

(4)

hw= photon energy
I + = the intensity in the beam travelling in positive :•

direction
/_ =the intensity in the beam travelling in negative :-

direction
a . - t h e absorption cross section experienced by / .
<7_ = the absorption cross section experienced by /_
T = the transition probability between nr and nM

r = the lifetime in the excited state
n'l, = the number of atoms in the ground state in an un-

perturbed system
n" = the number of atoms in the excited slate in an un-

perturbed system
T = the mean transit time
i; = the velocity-component in positive r-direction

O . = • - r

(5)
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ished by a factor of about 1S, compared with the standard
definition of the saturation intensity /, = Äc«/2ra0.)

To make the integral finite it is adequate to substitute
(S-() with tan ((/>), where 0 is a new integration vari-
able. We then get

(ö-if~\

ff0 = the absorption cross section at resonance
u0 = the resonance frequency
o, = the laser frequency
éox = the natural linewidth
c = the speed of light

where we have introduced the substitutions

and

<5 = -

(7)

(8)

In the steady-state case we have nr and hf equal to zero.
As saturation spectroscopy is carried out in the optical
region we can assume that n° is negligible according to
the Boltzmann distribution.

To calculate the absorption for one of the laser beams
</. ) we have to evaluate the generalized integral:

- / ! , ( ! > , , I ) , / * , / _ ) ) - < T * ( ! * , , « ; )

(9)

D(v) in the integral is the velocity distribution. A', room
temperature and at even higher temperatures the Doppler
widths of emission lines from optical transitions are much
(at least 100 times) broader than the natural linewidths.
As long as we are observing just a narrow part of the
spectrum, i.e. a few natural linewidths, no major in-
fluence on the result will occur if we neglect this term
and just replace it with a constant. From the solution of
the differential equation in steady state we get:

I + 1JI,
(10)

Here we have introduced a generalized saturation inten-
sity /,:

(11)
' a0 r(2+r((l/r)-D)

(Selecting the sodium atom ( T = 16.4ns, F-r*0.5) and
using the figures above it can be found that / is dimin-

dip

with

a0 = s(<5.0,0)

i.e.

(12)

(13)

a°=<v,°
• - - » / :

Dd<p

1+

which finally becomes

(14)

(15)

We specially note that in the case of resonance 6 is equal
toO:

a(0 , / . , /_ ) = -» J

« 0 (16)

To be able to calculate the transmitted intensity we have
divided the cell, with a length L. into a grid of 100 ele-
ments (see Fig. 8). In each element we have used the
Gauss method for the numerical solution of the integral
and the transmitted intensity is then calculated as:

/ . ( n - !) = /_ • ' - " " • '•"•-'»•>'

(17)

(|8)

Losses, due to reflection in cell windows and due to non-
ideal mirror, are not incorporated in the model. In the
case of a weak probe beam we reproduce the results of
earlier calculations [2],
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3.2. Interaction of two overlapping signals
in the high-contrast regime

The case of two very close, uncoupled transitions will
now be specially studied. This is not a sodium-like case,
but the computer calculations become far less time-con-
suming than if one deals with a three-level system. The
model can illustrate the case of two equally abundant
zero-spin isotopes. With a ..ansition separation
the expressions (17) and (18) then transform to:

) = / „ ( » )

/ in- 1) = / . in)

. , ( J i < 6 ~ ; . / i n ) . / , i n - I H ' t j I i - f . / - l » i j . / . l i t - I I J l d i

(19)

(20)

where we have introduced a separation factor £ defined
as

C=—^y- . (21)

We have carried out calculations with combinations of
different separations, intensities and absorptions. The
calculated curves, that are shown in Fig. 9, are all nor-
malized. In each box calculations are carried out for 4
different optical depths. anL, and the results are shown
translated with respect to each other. We have selected
three different splittings and three different intensities. In
the upper part of the figure the different splittings are
illustrated with two Lorentzian profiles and the sum of

101,

301,1 3

I 3

1001,1 5
I 7

to, -- 0.6 to.to, - 0.8 to.to, = 2.0 to.

Fig. 9. Theoretically calculated lineshapes Tor partly overlapping
signal components '.trough! into the high-contrast domain In the
first column the input intensity is given lor each case The optical
depth Tor each transition is given in the second column The total
single-pass optical depth in the cell is twice this number, since there
arc two close-lying transitions

them. From left to right the cases of separations 0.6. 0.8
and 2.0 times the natural linewidth are illustrated. The
intensities chosen are. from top to bottom: 10. 30 and
100 times the saturation intensity (/,). As can be seen
strong absorption and high intensity will make the lines
shift towards each other.

In assessing the possibility of resolving structures
within the natural linewidth it is appropriate to analyze
the calculated curves with a separation of 0.6 natural line-
widths. We note that the resulting curve when summing
two Lorentzians. shown in the upper left part of Fig. 9.
does not exhibit any two-peak structure. At all three se-
lected intensities the curves show a certain degree of "sce-
nario A" behaviour, even if the peaks are displaced. As
the optical density of the cell increases a transition into
"scenario B" becomes clearly visible in the cases of in-
tensities of 30 and 100 times the saturation intensities.
The conclusion is that the line-narrowing mechanism ac-
tive in the high-contrast regime does not enable resolution
within the broadening of lines due to the Heisenberg un-
certainty. Calculations, based on the Maxwell-Bloch
equations, performed by Corbalän and co-workers [9.10]
also yield the same result. Studying a transition with a
hyperfine structure, like the D, line in this work, cross-
over signals will always be interacting v/ith the true sig-
nals and further decrease the resolution capacity.

With a separation of two times the natural linewidth
the sum of the Lorentzians shows two clearly separated
peaks, which are slightly shifted towards each other. In
this case the calculated curves show the narrowing effect
separately as the optical depth increases. At an intensity
of 100 times the saturation intensity the two peaks are
clearly shifted towards each other. They are also re-
markably unsymmetric and the region of the curve be-
tween the peaks has a far higher intensity than the part
one natural linewidth outwards from either peak.

4. Discussion

In the present paper we have addressed two questions
related to the high-contrast transmission spectroscopy
technique. The first aspect deals with the occurrence of
shifts for the Doppler-free signal components. Our study
on the sodium D, line shows that such shifts occur for
certain components when very high pumping intensities
are employed. Other components remain unshifted. For
moderate pumping intensities high-contrast spectra can
be recorded without significant shifts.

The second aspect discussed in the present paper con-
cerns the possibility of resolving components that overlap
within their natural radiative widths. Individual signals
have theoretically and experimentally been shown to nar-
row down well below the natural radiation width in the
high-contrast regime, a fact that may suggest novel be-
haviour of overlapping signals. However, our theoretical
study based on a generalized hole-burning model shows
that such sub-natural resolution does not occur. Partly
resolved signals will improve their resolution but at the
same time acquire complex lineshapes that are hard to
deconvolve. Normal saturation spectroscopy carried out
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at low optical depths and at low pumping intensities gives
signals consisting of almost pure Lorentzians. Such sig-
nals can more easily be deconvolved to yield unperturbed
signal positions. The strong and sharp signals obtainable
with high-contrast technique are attractive for frequency
stabilizing diode lasers operating at the resonance lines
of the heavier alkali atoms (766.5 and 769.9 nm for K.
780.0 and 794.8 nm for Rb and 852.1 and 894.3 nm for
Cs). The present study suggests that certain hyperfine
transitions are less vulnerable to intensity dependent shifts
than others.

The assistance of J Larsson. C -G Wahlström and Peng Weixian
at the beginning of the project is greatly appreciated This work
was supported by the Swedish Natural Science Research Council.
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Abstract: The M C H F - L S G E N program systematically generates coupled configuration states. All

possible couplings and configuration states are made of multi-replacements from several reference

sets.



PROGRAM SUMMARY

Title of program: MCHF_LSGEN

Catalogue Number:

Computer VAXstation 3100, DECiUtion 3100,

SUN 3/160

Operation system under which the program is

executed: VMS, Ultrix, Sun UNIX

Programming languages used: FORTRAN77

No. of bita in a word : 32

Peripherals used: Terminal, Disk

No. of lines in program and script file: 2350

CPC Library subroutines used: none

Keywords: atomic itructure, configuration

Restrictions on the complexity of the problem:

The number of subshells in a

configuration may be selected to be any

number between 1 and 5 (five) but there

is no further restriction on the number of

electrons. Due to the limitations in the

MCHF package /-subshells may be

populated with 0,1, 2 or 14 electrons,

while 9-subshells and others with higher

orbital angular momenta may only be

populated with 0,1 or 2 electrons. Fully

populated /-subshells are automatically

transferred to the list of dosed subshells,

common to all configuration states.

interaction, connguration states, complex
atoms, correlation, wave functions, bound

states, LS coupling.

Nature of physical problem: Atomic properties

are calculated with high accuracy using

large, systematic expansions of basis

functions in variational MCHF

calculations.

Method of Solution: By a systematic

multi-replacement of electrons in

subshells, up to principal quantum

number 15 and orbital angular

momentum "n", all possible

configurations and couplings are

generated. The program generates a

connguration state list in the "clist"

format required by the MCHF atomic

structure package [1]. The reference

configurations and active set are entered

simultaneously.

Typical running time: The CPU time required

for the test runs is 0.6 s and 3.0 s for Test

Run 1 and 2, respectively, on a

DECstation 3100.
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LONG WRITE-UP

1 Introduction

The powerful computers of today enable atomic structure calculations in which the wave function

for a particular state is expanded in terms of a large number of configuration state functions. To

produce a set of configuration state functions (CSF) manually is not only inefficient but also error

prone even for a few-electron system. Being a problem, systematical in nature, it is obvious that

computers are best suited for this task. In a multi-configuration Hartree-Fock calculation using

the atomic structure package of Froese Fischer [1] the number of possible configuration states with

a maximum of five subshells in addition to a set of closed subshells common to all configuration,

could be quite large. Such a program, GENCL [2], is already a part of the MCHF package, though,

being a multipurpose program it is somewhat complicated to use for making lists consisting of mauy

active sets. The program presented here, LSGEN, is a complement to the GENCL program and

is especially designed to make configuration lists from large active sets of electrons that include all

possible configurations and their couplings. The program has, in principle, no technical limitation

on the number of electrons, so it would have been possible to generate configuration lists describing

any atom in the periodic table if the limitations of NONH [3] had not been incorporated, a program

that computes expressions for the configuration interaction matrix elements needed by MCHF [1].

It is possible either to generate configuration lists originating from two reference configurations in

one single run, or to merge expansions of different reference configurations or different active sets

to an existing configuration list.

Recently, a program to calculate hyperfine structure constants from MCHF wavefunctionn has

been developed [4]. This program have been used to calculate the hyperfine structure constants

of lithium [5] and studies for sodium [6], magnesium [7] and copper [8] are in progress. For these

calculations LSGEN has been used to generate the appropriate configuration lists. These atoms are

interesting from different point of views. Lithium, being the third lightest element in the periodic

table, has three electrons. This is a small number of electrons making it possible to perform all

one-, two- and three-particle excitations. The magnesium atom is somewhat more complex having

twelve electrons. This is a two-valence-electron system with a core of the filled 1J, 2S and 2p

subshells. This system exhibits polarization effects of the core and other correlation effects. In

some cases strong configuration interaction causes states to be highly mixed combinations of two,

or more, configurations with weights of similar magnitude. An example is the 3s3d 1 D state in Mg

which has a large admixture of the Zp2 iD configuration state. If the configuration list in this case

would not contain both configuration states the derived hyperfine structure data would not even

be of the same magnitude as the values derived from experiments.



In both cases, lithium and magnesium, it has been found that configuration lists consisting of

1500, or even more, configuration state functions are essential in order to achieve agreement with

experimental data.



2 The program

2.1 The interface and input data

The "ditt" format hat been described in detail [1] but let us review tome essential features here.

A list of configuration states (i.e. configurations and their couplings) is described in terms of a list

of doted subthells, common to all configuration states, and a set of "open" subshells, specific to a

given configuration state. The latter may contain some dosed subshells in particular cues, but if

the subshell is open in some configuration state, the subshell is considered a member of the set of

open subshells Should some tubthellt be filled in all configurations then the MCHF calculations

will be more efficient if these subshells are transferred to the list of "dosed" subshells. For brevity,

we refer to these two sett limply at open or dosed subshells.

From the users point of view the interactive part of the program is of most interest. To generate

a configuration state list some parameters need to be specified. The program asks for the values of

these parameters and at the tame time indicates appropriate answers intide parentheses. An "•"

indicates the default answer; this response can be given by a single stroke of the return key.

The first question asked by the program determines the mode to be followed, i.e. it a new list to

be generated or are new configuration ttates to be added to an existing list. In the MCHF atomic

structure package the number of open shells in a given configuration state is limited to maximum

of five. In some cases five open shells might give too long a list, so the maximum number of open

shells in the configuration list may be specified to be any number between one and five.

The procett of generating configuration ttatet in one where, given a configuration with a set of

occupied subshells, 1-, 2-, 3 - , . . . , n-electron replacements are made to an active set of electrons or

subahells. The set of configurations from which such replacements are made constitute a reference

set, whereas the set of subshells to which replacementi may be made conttitute the active set. The

latter it often a "virtual" tet, i.e. unoccupied in the reference configuration, but for generation

purposes it is convenient to classify the active set at the set of subshells in the reference set whose

occupation number may vary as well at the virtual set. In thit program, tubttitutiont are made

from each member of the reference set, in turn, and the new configuration states appended to those

already determined. The subthellt defining a member of the reference set and the active tet are

entered simultaneously and the program assumes that the reference tet it to appear, if possible, in

the list of configurations. It it, e.g., possible to use Is2 as a reference «et to generate a 3D term.

In this cate the reference configuration doet not couple to the detired term, to it will not appear

in the configuration list.

The upper limit for the principal quantum number, n, for tubthellt in the generated list of

configurations may be selected in retponte to a prompt, with an upper limit of 15, while the

highest orbital angular momentum, I, may be specified in the tame manner, with an upper limit of



"n" (i.e. a, p, d, f, g, h, i, k, I, m and n-orbiUl» can be used). The maximum angular momentum

specified should be at least the same, or higher, than the orbital with the highest angular moment

in the reference configuration.

The numbers of electrons in the subshells of the reference configuration are entered one subshell

at a time. In the case of orbitals with angular momentum, I, higher than "d", the number of

electrons that may be entered is limited to being lets than or equal to 2, due to limitation! in

NONH. The exception to this are the /-subshell. These may be filled, i.e. populated with 14

electrons, and then treated as closed tubshell*. In this case they are automatically transfered to

the list of closed subshells. In order to minimize the number of entries from the keyboard, the

user hat to specify the highest principal quantum number of the occupied subthellt of the reference

configuration and whether or not all the selected subshells should be part of the active set.

If the user decides not to use all tubiheU as a part of the active set the program will ask if

it is to be active or inactive for every subthell. Here it it alto potsible to restrict the minimum

number of electrons to appear in a tpecifk subthell in the reference configuration. Thit option

will not appear if a subthell is only populated with one electron. In the case of filled subshelli a

fourth alternative appears. The orbital may be chosen to be a closed subshell. As mentioned above,

filled /-subthells will automatically become closed tubshells. Finally, the term and the maximum

number of excitations are to be entered.

In making a secondary list of configurations and merging them to the primary list, some of the

questions above are omitted. This will be described further in a later section.

The configurations in the list are in a strict logical order. In some cases the reference configu

ration will not appear as the first configuration in the list.

2.2 T h e concept

If there are any doted subshells these are entered by the program on the tecond line in the config-

uration list. Then the "shuffling"-routine systematically distributes all the other electrons among

the tubthellt according to the input data. Thit routine consittt of more than one hundred netted

do loops. Due to this the code hat to be compiled with the -Nc option on a SUN /»orkttation.

All possible configurations are generated with retpect to the number of excited particles, parity

but adhering to the limitation in NONH. Thus, the routine will not populate subshells with high

angular momentum (/ or higher) with more than two electrons. Comments in the code are included

an a way so that thit limitation may easily be removed.

When a possible candidate it found, the next routine trie» all pottible couplings, for thit partic-

ular configuration, to generate the detired term. Each time an attempt it successful the program

writes the configuration and all of the couplings of thit configuration to a temporary file. Due

to another limitation in NONH orbitals with high angular momentum and populated with two



electrons will not be coupled to resultant angular momentum of L higher than "/". This limitation

also may easily be removed. The code to couple three or more electrons in high angular momentum

orbital* is not implemented, so some extensions in the program have to be made if the changes

described above are done. After generating all possible configurations the user has to decide if

another reference configuration is to be entered. If not, the temporary file is written to CFG.OUT.

The nested do loops establish a strict logical order of appearance of the configurations in the

list. In some cases the first reference configuration will not be the first configuration in the list. In

these cases CPG.OUT has to be edited manually, since MCUF expects the first configuration state

to be the major contributor to the wave function expansion.

2.3 Merging two , or more, configuration lists

After generating the configuration list, as described in the pievious subsection, the program gives

the user an opportunity to complement this original list with another list, using a different reference

configuration and an arbitrary active set. This second case is entered in about the same way as

the the primary one, though no change can be made in what subshells are to be closed, nor can

the term be changed. As a result, the /-orbitals may only be populated with 0, 1 or 2 electrons.

The program checks the number of entered electrons and the parity to be equal with those of the

primary reference configuration. Like in the case of the primary list all possible configurations and

couplings obeying the input data are written to a temporary file. Finally, the two configuration

lists are merged together.

Another possibility is to add new configurations to a previous list of configurations. The name

of the old list is expected to be CPG.INP, so the output-file from the earlier run (CPG.OUT) may

have to be renamed. The program determines the closed subshells, the number of electrons, the

parity and the LS term from this list. In the same way as above a configuration list is created. The

two files are then merged together. This routine makes it possible to use any desired number of

reference configurations.

The routine that performs the merging only compare the configurations and not the couplings.

If some couplings, but not all, of a configuration have been excluded from the CPG.INP file they will

not appear in the resulting configuration list, even if they are present in the complementary list.

The configurations have to be in the strict logical order established by the nested do-loops.

If the CPG.INP file has been rearranged, e.g. to put the reference set in the first position, the

program may produce a list of configurations that will not pass NONH, due to the fact that the

same configuration and coupling could appear twice.



3 Examples

We will now show three examples of how to generate configuration lists. The first two examples

are authentic generations from [5] and [7]. In both cases the program is run in the "new lisf-mode

and then, after the first list has been generated, a second list is merged in. An alternative would

have been to stop after the first list had been produced, copy the outputfile (CFC.OUT) to CFG.INP

and then rerun the program selecting the "add"-option.

The first example is the lj'2«32p*3*W XD state in Mg, which was mentioned earlier in this

paper. The example takes 0.5 seconds CPU-time to run on a DEC 3100 workstation.

The second example is the Ij32p 2P state in Li. This example is larger than the first one.

Here we have combined one-, two- and three-particle excitations. This example takes 3.0 seconds

CPU-time to run on a DEC 3100 workstation.

The third example is a demonstration of the minimum option and the generated list is displayed.

The case again is the Is32s 3S state in Li. In order to describe only core-polarization, the mini-

mum option is applied to inhibit multi-particle excitation from the the core even if a multipartide

excitation is chosen. As is seen in the example both a 1J electrons and the 2» electron are excited

simultaneously.
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TEST RUN OUTPUT

caaa fl.
»lagan
law liat, add to aziating liat or quit? (*/a/q)
>
Maxiaua numbar of opan aubahalla? (1..5)
>5
Highaat principal quanta* numbar, n? (1..15)
>3
Higbaat orbital angular aoaantua, 1? (a..d)
>d
Ara all thaaa nl-avbahalla activa? (n/«)
>n
Highaat n-numbar in rafaranca configuration? (1..3)
>3
luabar of alactrona in la? (0..2)
>2
Cloaad, inactiva, activa or ainiaua? (c/i/*/O..l)
>c
lumbar of alactrona in 2a? (0..2)
>2
Cloaad, inactiva, activa or ainiaua? (c/i/*/O..l)
>
luabar of alactrona in 2p? (0..6)
>6
Cloaad, inactiva, activa or Minima? (c/i/*/0..5)

>
luabar of alactrona in oe? (0..2)
>1
Inactiva or activa? (i/«)
>
luabar of alactrona in 3p? (0..6)
>0
Inactiva 01 activa? (i/«)
>
lumbar of alactrona ia 3d? (0..10)
>1
Inactiva or activa? (i/«)
>
Raaulting tara? (IS, 3P, ate.)
>1D
luabar of azcitationa » ? (0..10)
>2
102 configuration atataa hava baan ganaratad.
Ganarata a aacond liat? (y/O
>y
HaziauB nuabar of opan aubshalls? (1..S)
>5
Highaat n-nuabar? (1..15)
>3
Highaat 1-numbar? (s..dl
>d



Ara all thaaa nl-aubahalla activa? (n/*)
>
Highaat n-numbar in rafaranca configuration? (1..3)
>3
lumbar of alactrona in 2a? (0..2)
>2
lumbar of alactrona in 2p? (0..6)
>6
lumbar of alactrona in 3a? (0..2)
>0
lumbar of alactrona in 3p? (0..6)

>2
lumbar of alactro&a in 3d? (0..10)
>0
lumbar of axcitationa * ? (0..10)
>2
124 configuration atataa hava baan ganaratad.
178 configuration atataa in tha final liat.
Tha margad fila ia callad cfg.out.

•••••a» caaa f2.
»lagan
lav liat, add to aziating liat or quit? (*/a/q)
>
Maximum numbar of opan aubahalla? (1..6)
>5
Higheet principal quantum numbar, n? (t..15)
>10
Highaat orbital angular momantum, 1? (a..m)
>g
Ara all thaaa nl-aubahalla activa? (n/*)
>n
Bigbaat n-numbar in rafaranca a«t? (1..10)
>2
lumbar of alactrona in la? (0..2)
>2
Cloaad, inactiva, activa or minimum? (c/i/«/C .1)
>
lumbar of alactrona is 2a? (0..2)
>0
Inactiva or activa? (i/*)

>
lumbar of alactrona in 2p? (0..6)
>1
Inactiva or activa? (i/*)
>
3a inactiva or activa? (i/*)
>
3p inactiva or activa? (!/•)
>
3d inactiva or activa? (i/«)
>

.. aditad for bravity



9g inactiva or activa? (i/*)
>i
10a inactiva or activa? (i/*)

>
lOp inactiva or activa? (i/*)

>
lOd inactiva or activa? (i/*)

>
lOf inactiva or activa? (i/*)

>i
10g inactiva or activa? (i/*)

>i
Raaulting tarm? (IS, 3P, atc.)
>2P
Humbar of axcitations • ? (0..3)
>2
1366 configuration atataa hava baan ganaratad.
Canarata a aacond list? (y/*)
>y
Maximum numbar of opan aubahalla? (1..5)
>5
Highaat n-numbar? (1..15)
>B
Highaat 1-numbar? (a..g)
>g
ira all tbaaa nl-aubahalla activa? (n/«)
>
Highaat n-numbar in rafaranca configuration ? (1..5)
>2
Numbar of alactrona in la? (0..2)
>2
lumbar of alactrona in 2a? (0..2)
>0
Numbar of alactrona in 2p? (0..6)
>1
Numbar of axcitationa - ? (0..3)
>3
690 configuration atataa hava baan ganaratad.
1841 configuration atataa in tha final liat.
Tha margad fila ia callad efg.out.

•••••••> Caaa #3.
»lagan
Nav liat, add to axiating list or quit? (*/a/q)
>
Maximum numbar of opan aubahalla? (1..5)
>5
Highaat principal quantum numbar, n? (1..15)
>3
Highaat orbital angular moaantum, 1? (s..d)
>d
ira all thasa nl-subshalls activa? (n/*)
>n
Highaat n-numbar in rafaranca configuration? (1..3)

10



>2
luabar of alactrona in la? (0..2)
>2
Cloaad, inactiva, activa or minimus? (c/i/»/O..l)
>1
lumbar of alactrona in 2a? (0..2)
>1
Inactiva or activa? (i/«)
>
Mumbar of alactrona in 2p? (0..6)
>0
Inactiva or activa? (i/«)
>
3a inactiva or activa? (i/*)
>
3p inactiva or activa? (i/«)
>
3d inactiva or activa? (i/*)
>
Raaulting tarn? (IS, 3P, ate.)
>2S
Numbar of axcitationa * ? (0..2)
>2
11 configuration atataa hava baan ganaratad.
Ganarata a aacond liat? (y/O
>
11 configuration atatas in tha final list.
Tha ganaratad fila ia callad cfg.out.

»cat cfg

ls( 2)
ISO

ls( 2)
ISO

la( 1)
2S1

H( 1)
2S1

la( 1)
2S1

lf( 1)
2S1

la( 1)
2S1

la( 1)
2S1

la( 1)
2S1

la( 1)
2S1

H( 1)
2S1

.out

2a( 1)
2S1

3s( 1)
2S1

2a ( 2)
ISO

2s ( 1)
2S1

2s( 1)
2S1

2p( 2)
ISO

2p( 1)
2P1

2p( 1)
2P1

3a ( 2)
ISO

3p( 2)
ISO

3d( 2)
ISO

2S

2S

2S
3a( 1)

2S1
3a ( 1)

2S1

2S
3p( 1)

2P1
3p( 1)

2P1

2S

2S

2S

IS

3S

IP

3P

2S

2S

2S

2S

11
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Abstract: Hyperfine structure constants for the ground and first excited states of sodium are

calculated using a newly written hyperfine structure program, which is part of the MCHF

Atomic Structure Package. The calculated hyperfine structure constants are compared with

the most reliable values obtained in other theoretical studies and in experiments. Also, a new

accurate experimental determination of the 3p 7P\/7 state hyperfine structure is presented.



1 Introduction

The hyperfine structure of the atomic energy levels is caused by the interaction between the electron*

and the electromagnetic multipole moment* of the nucleus. This interaction is known to be very

sensitive to electronic correlation and relativistic effects, and its study has led to a significant

improvement of the understanding of atomic structure. Even the hyperfine structure of simple

systems, such as the alkali atoms, exhibit* large deviations from the structures obtained from

Hartree-Fock calculations.

The leading terms of the hyperfine interaction - the magnetic dipole and electric quadrupole -

are in a non-relativistic description represented by the operators [1]

= T (J ) • M<J> (1)

W (2)

For an N-electron atom the electronic tensor operators are, in atomic units,

^ W(i)]Mrr» + ,Jrf(r,><»(0] (3)

and

W £ « r » (4)

where gi - (l-m^lm^^^,) is the orbital g-factor, 0.999 98 for MNa, y,=2.002 319 3 is the electron

spin g-factor and S(T) the three-dimensional delta function. The magnetic dipole operator represent*

the magnetic field due to the electrons at the site of the nucleus and the electric quadrupole operator

the electric field gradient.

The nuclear tensor operator* M^1' and M'1' are related to the scalar nuclear magnetic dipole

moment m and electric quadrupole moment Q according to

i ) W (5)

f (6)
The hyperfine interaction couples the electronic, J, and nuclear, / , angular momenta to a total

momentum F = I + J. The eigenfunction of the coupled state is | IUFMF) and the energy

correction of a fine structure level J due to hyperfine interactions are

± (7)

2/(2/-1)7(2.7-1)

1



where C = F(F + 1) - J(J + 1) - / ( / + 1) and

Variational methods, such as MCHF and CI, have been used to calculate oscillator strengths to

an accuracy of a few percent for many transitions in atoms and ions. However, very few hyperfine

structure calculations have so far been published. This situation is slowly changing, and recently

a series of accurate hyperfine structure calculations have been presented [2,3]. Oscillator strength

and hyperfine structure calculations are in a way very different in that the former is sensitive to the

outer region whereas the latter is sensitive to the region near the nucleus. In an accurate hyperfine

calculation all sub-shells muat be opened, leading to large configuration state expansions.

The purpose of the present investigation is threefold; to study the behaviour of the multicon-

figurational self-consistent field (MC SCF) procedure for large configuration expansions where all

sub-shells have been opened and a large number of radial orbitals are optimized simultaneously, to

see what accuracy on the hyperfine structure constants can be reached with different expansions

and to study the convergence of the hyperfine structure constants towards the non-relativistic limit

as the active set of orbitals is increased.

2 Method of calculation

The wavefunctions were generated with the MCHF code of Froese Fischer [4], where the wave-

function of a state ia expanded in terms of configuration state functions (CSFs) with the same 15

term. In the numerical MCHF approach, the configuration state functions are sums of products

of »pin-orbital», where the radial part of a spin-orbital is represented by its numerical value in a

number of grid points. In the MC SCF procedure [5,6], both the orbital and the expansion co-

efficients are optimized to self-consistency. To calculate the parameters (9)-(10) from the MCHF

wavefunctions a newly written hyperfine structure program [7] being a part of the MCHF atomic

structure package was used.

It is known that the polarization of the electron core due to the Coulomb interaction with

the open sub-shell has an appreciable effect on the hyperfine interaction. Core polarization can

be described by means of single excitations from the core. Of particular importance is the spin

polarization of the closed $ sub-shells, where a core ^-electron is excited to virtual ^-orbital. This

leads to an induced contact interaction also for systems with no open a sub-shell. Excitation of

non «-elect rons in the core, the so-called orbital polarization, also gives important contributions to

the hyperfine structure, as well as the core-valence correlation, which can be described by means

of two-particle excitations.



In this study, the configuration expansions are systematically enlarged to study the convergence

of the hyperfine structure constants. For the 3* 3 5 state the expansions are generated from a set

of active orbitals and contain all CSFs which can be formed by single or double excitations from

Ij32«j2p83* 7S and which have the same parity and couple to the same LS term. The active

set was increased stepwise by adding further orbitals. In each step the highest principal quantum

number was increased by one. The size of the configuration space grows rapidly with the active

set, therefore only orbitals with I < 4 were included in the expansions.

All calculations were carried out on a SUN Sparc station 2 with 32 Mb internal memory. For the

3p 7P states it was not possible to include all CSFs obtained from single and double excitations in

the expansions, since this would have been too large a problem for the computer to handle. Thus,

in the expansion only configurations of the types lj2i12pBnin'/', lsi2t2ptnin'l' and l*22i22pinln'l'

were allowed. This greatly reduced the number of CSFs and allowed g orbitals to be part of the

active set of orbitals.

Tables I and II give the results obtained from calculations of the hyperfine structure constants of

the 3s 7S and 3p*P states, respectively. The magnetic dipole interaction constants were calculated

using the nuclear magnetic dipole moment 2.21752 n.m. [8]. A relativistic correction must be

added to the final non-relativistic values. This correction was obtained by multiplying the final

non-relativistic value by the ratio between the Dirac-Fock and Hartree-Fock values. It would be

desirable to perform a fully relativistic multi-configuration Dirac-Fock calculation of the hyperfine

structure, and work along these lines is in progress [9].

3 Numerical considerations

The stability of the MCHF code has continuously been improved, and it is now possible to handle

very large configuration state expansions where all sub-shells are opened and all the radial orbitals

are optimized simultaneously. In many cases a better convergence rate of the total energy is

obtained when a stationary requirement with respect to orbital rotations is imposed in the MC

SCF procedure [6]. In the improvement of an approximate orbital basis, pairs of radial functions

with the same /-quantum number are then allowed to rotate

changing the energy
J A J £ (12)

The solution for which the energy is stationary with respect to small variations in rj is then selected.

Differentiation of equation (12) gives TJ « - A £ / 2 A J £ . Thus both A £ aud A 2 £ are needed to

estimate r/. For problems with many open sub-shells the analysis of the variation of the energy



functional with reipect to rotations consume! a considerable amount of CPU time, and for the larger

expansions a faster convergence is obtained if the rotational analysis i» turned off. Furthermore, the

MC SCF procedures seem to be more stable, and it is possible to vary all orbital» simultaneously,

even for the largest expansions containing more than 2000 CSFs.

4 Experimental determinations of the hyperfine structure con-
stants

For the ground state of J3Na the magnetic dipole interaction constant is known with high accuracy

from atomic beam magnetic resonance experiments [10,11]. For the 3p '£3/1 »tate the magnetic

dipole and electric quadrupole interaction constants have been accurately determined in quantum

beat experiments using either the fast-beam laser technique [12] or the delayed coincidence tech-

nique with a mode-locked continuous dye laser [13]. Both experiments Iiave given the value for

the magnetic dipol? interaction constant with uncertainties of only a third of a percent and the

agreement between the two values is quite good. Accurate determinations have been made earlier

with the level crossing technique [14,15].

The 3p '/"i/i state is even more favourable for quantum beat experiments than the 7Pa/j state

as it has a larger hyperfine structure splitting which gives more beats per lifetime and a better

resolution compared with the natural linewidth and it only gives one beat frequency which makes

the evaluation more straightforward. J=l /2 states require a somewhat more elaborate experimental

set-up than other states in order to make the quantum beats appear but such experiments have

been performed, recently, for example, on the bp ' A / J *tate of silver [16]. The most accurate

determination of the Zp iPi/i hyperfine structure is an optical heterodyne spectroscopy experiment

[17] for which an uncertainty of only 10~4 is claimed. Also, a level crossing experiment [18] has

been performed, giving an uncertainty of 0.21 %.

As a complement to these measurements, and in order to test the ability of a quantum beat

experiment on such a favourable case, we have now performed a quantum beat experiment on the

3p 1P\/2 itate. The technique and set-up have been described in detail in connection with the

above mentioned experiments on sodium [13,19] and silver [16].

The set-up is illustrated in Figure 1. One essential feature of the set-up is the mode-locked

continuous dye laser giving 6 ps pulses at high pulse-repetition rates. In this experiment rates of

2 or 5 MHz were used, giving average powers of 20 and 40 mW, respectively, at 589.6 run. The

light was made circularly polarized and was sent into a vacuum chamber in which sodium atoms

in an atomic beam emerging from an oven were excited. Single circularly polarized photons were

detected through an interference filter by a Peltier-cooled microchannel plate photomultiplier tube

at an angle of 135° to the direction of the excitation light. The time between the fluorescence

photon and the excitation pulse - which was detected by a fast photo-diode • was measured with



a time-to-amplitude converter. With this fast photomultiplier tube and with the signals stabilised

by constant fraction discriminators a response function with a full width at half maximum of 75 ps

ii obtained for the system.

This type of measurement can be performed with extremely low atomic densities, typically of

the order of 10s cm"1. Counting between 1500 and 4000 photons per second and 510* photons per

curve, decay curves with a peak-to-background ratio of 104 were recorded. One of these curves is

shown in Fig. 2a (linear scale) and 2b (logarithmic scale).

The phase and amplitude of the beat signal depends on the combination of left- and right-handed

polarization used [20J. Curves were recorded on different occasions, in different combinations of

left- and right-handed polarisation, with different laser powers - between 2 and 25 mW was sent

into the vacuum chamber - different pulse repetition rates, different atomic densities and after

realignments of the set-up. In order to check the calibration and nonlinearity of the time-scale, half

the measurements were performed with a 200 ns setting on the time-to-amplitude converter and

half with a 500 ns setting. A total of 40 curves were used.

The curves were evaluated by performing a least-squares fit of an expression of the form

(Pi +P3cos(2a(t+p3)))ezp{-ptt) + pl (13)

The curves recorded with the two different time settings then gave the average and standard

deviation 94.363(0.054) MHz and 94.485(0.031) MHz. Combining these two results and including

the 0.15 % uncertainty of the time scale we obtain the final result 94.42(0.19) MHz. This agrees

well with the results of the two previous measurements mentioned above, which gave the values

94.465(0.010) MHz [17] and 94.3(0.2) MHz [18], respectively. For the lifetime, this measurement

gave the value 16.35(0.06) ns, which is in reasonable agreement with the results from previous

measurements with the same technique, 16.38(0.08) ns [19] and with the fast-beam laser technique

16.40(0.03) ns [21] and 16.40(0.05) ns [22].

5 Results and discussion

5.1 3J ' 5

In Table I the magnetic dipole interaction constant is reported as a function of an increasing active

set of orbitals. It would have been desirable to include the n = 9 active orbital» in the calculation

to confirm the convergence, but this is too large a case for the computer to handle. The most

important contributions to the hyperfine structure constant come from the spin polarization of

the closed 1* and 2s sub-shells. Configurations of the type Is2s72pe3snt and l«32«2p63*n« give

contributions of 51 MHz and 95 MHz, respectively. Another major contribution to the hyperfine

structure constant comes from the correction of the valence orbital. When the core is made aware

of the valence electron it expands, leaving more room near the nucleus, causing the valence electron



to contract. This effect increases the valence expectation value by about 50 MHz. Effects from g

and h orbitals are believed to be small and are neglected in the calculation.

The final result is included in Table III where it can be compared with values obtained from

other calculations and with the experimental value.

The most successful calculation of the hyperfine constant reported so far, was obtained in the

coupled-duster approach including single and double excitations (CCSD). That calculation also

included a class of three-particle effects which can not be included in the CCSD approximation.

It was found that the three-particle effects give surprisingly large contributions [23]. By including

three-particle excitation in the configuration expansion, we believe that much of the difference

between the calculation and experiment can be accounted for. This, however, must be performed

on a supercomputer.

5.2 3p *P

In Table II the magnetic dipole interaction constants and, for the 3-3/2 state, the electric field

gradient, B/Q, are reported as functions of the increasing active set of orbitals. As for the 1S state,

the final results are included in Table HI where they can be compared with values obtained in other

calculations and with the experimental values. Obviously the core-polarization model which is used

for the 2P states converges towards somewhat too low values for the magnetic dipole interaction

constants. To obtain values with an accuracy comparable to the MBPT values, configuration

expansions including two- and three-particle excitations must be used. It will then no longer be

possible to include all CSFs in the optimization, instead the orbitals must be optimized for a subset

of the configuration space. The full space can then be introduced in a final CI calculation. Work

is in progress to rewrite the MCHF.CI program to allow very large configuration spaces [24].

6 Summary and conclusions

The feasibility of large-scale MCHF calculations in cases with many open sub-shells has been

demonstrated. Configuration expansions including all one- and two-particle excitations to a large

active set has been used for the 3 5 state. The magnetic dipole hyperfine structure constant,

relativiitically corrected, converges towards the value 855.5 MHz, indicating the importance of

including three-particle excitations in the configuration expansion. For the 2P state the core-

polarization calculation gave to low values for the hyperfine structure constants To obtain accurate

values for the hyperfine parameters very large configuration expansions must be used, including all

one-, two- and three-particle excitations. The MCHF optimization then has to be done for a subset

of the configuration space, and the full configuration space introduced in a CI calculation.
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Table I. The magnetic dipole interaction conitant of the 3» 3Si/i itate

A(MHz)
HF
DF
Active space
3ipd
4«p4f
htpdf
6»pdf
Jtpd
Bipd
Extrapolated
Relativistic correction
Final value

626.24
634.05

723.77
782.41
822.52
837.66
842.24
844.07
845.0

10.5
855.5

Table II. The magnetic dipole interaction constants of the Zp 3PI/J,3/J state*

and the electric field gradient of the 3p iPi/i state

State
HF
DF
Active space
3ipd
Updf
Updfg
Gspdfg
Itpdfg
»spdfg
9»pdfg
Relativistic correction
Final value

*Pl/7
63.660
63.970

70.25
80.50
85.45
87.42
87.81
88.10
88.13

0.43
88.56

A(MHz)
'Pi/t
12.721
12.743

17.92
18.81
16.26
17.29
17.47
17.50
17.51
0.030

17.54

B/Q(M Hz/barn)

15.907
15.929

18.36
23.83
23.29
24.26
24.17
24.07
24.10

0.033
24.13



Table m. Comparison of theoretical and experimental

MCHF8

MBPT*
MBPT*
Experiment

3*1/3
855.5
883.8
860.90
885.8130644(5)''

A(MHz)
3pi/j
88.56
93.02
91.40
94.42(19)*

values of the

3P3/J
17.54
18.318
19.80
18.69(6)'

hypernne structure constants

B/Q(MHz/barn)
24.13
26.14

8 This work.

' Ref. [23].
c Ref. [25].
d Ref. [10,11].

' Ref. [13].
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Figure captions:

Fig. 1. Experimental set-up.

Fig. 2a. An experimental decay curve.

Fig. 26. The same curve as in Fig. 2a but on a logarithmic scale.
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Multi-configuration Hartree-Fock calculations of hyperfine structures in
magnesium

J. Carlsson, P. Jönsson and L. Sturesson

Department ofPhytict, Lund Institute of Technology

P.O. Box 118, S-221 00 Lund, Sweden

PACS: 31.20.Ti, 31.30.Gs

Abstract: Using the multi-configuration Hartree-Fock method, the hyperfine structure of the 3s3p
lP, SP, 3i3d *D and SD states of "Mg has been studied. Calculations were performed

including one- and two-particle excitations in active sets up to n=5. The results for the

magnetic dipole interaction constants, -8.626 MHi for the 'Pi state, -147.606 MHz and

-130.812 MHz for the ^ and 3P3 states, -5.183 MHz for the >Dj state and 128.575 MHz,

-43.038 MHz and -85.927 MHz for the s Di, 3Dj and 3 D 3 states, are in good agreement with

existing experimental determinations. The electric field gradients have also been calculated.

Combining these with experimental data of the electric quadrupole interaction constants, the

nuclear quadrupole moment has been derived as 0.184 barn.



1 Introduction

Magnesium is the second lightest of the alkaline-earth elements. The stable isotopes are MMg,

"Mg and 16Mg, with th» relative abundances 78.70%, 10.13% and 11.17%. The only one of these

three isotopes showing a hyperfine structure, due to a non-iero nuclear spin, is J*Mg. It hat the

nuclear spin | .

The case of a two-valence-electron system, such as magnesium, is much more complex to cal-

culate than an alkali-like system. The valence electrons interact with each other and with the

electrons of the core, in magnesium the Is, 2s and 2p subshells, giving rise to different kinds of

polarization effects. Some states of this atom, e.g. 3s3d *Di, exhibit strong configuration interac-

tion. The magnesium atom is still a light atom making the influence of relativistic effects small.

These features make the magnesium atom an interesting case on which to test the capacity of the

multi-configuration Hartree-Fock (MCHF) method.

The hyperfine structure of the magnesium atom has not been much explored from the theoretical

point of view through the years. Calculation*, using the MCHF method, of the < r~3 > hyperfine

electronic quantities in the 3s3p states have been performed [1]. Recently, spectroscopic properties

of the 3i3p 3P and 3s3d 3D states have been calculated using many-body perturbation theory

(MBPT) [2] and the nuclear quadrupole moment of "Mg has been deduced from finite element

MCHF calculations on the 3s3p 3P states [3]. Ftoese Fischer has calculated oscillator strengths for

transitions between P and D states using the MCHF method [4].

The MCHF atomic structure package [5] of Froeie Fischer has recently been extended by the

addition of a program which computes the hyperfine structure from given wavefunctions [6]. This

program has been used to calculate hyperfine structures of the lithium atom [7]. In this paper we

present calculations, performed with the MCHF package, of .he hyperfine structure constants of

"Mg.

2 Theory

The hyperfine structure of the atomic energy levels is caused by the interaction between the electrons

and the electromagnetic multipole moments of the nucleus. The contribution to the Hamiltonian

can be represented by an expansion in multipolei of order K,

where T'*' and M^*' are spherical tensor operators of rank K in the electronic and nuclear space,

respectively. The K = 1 term represents the magnetic dipole interaction and the K - 1 term

the electric quadrupole interaction. Higher order terms exist only for states with J > 1 and are



expected to give contributions to the energy five or more orders of magnitude smaller than those

from the magnetic dipole interaction [8].

For l lMg the electronic tensor operators are, in atomic units,

y i > ^).^} (2)

and

where gi = (l-mt/25mr) = 0.99998 and g, = 2.0023193 are the orbital and electron spin g-fact on,

respectively, and S(r) is the three-dimensional delta function.

The magnetic dipole operator (2) represents the magnetic field due to the electrons at the site

of the nucleus. The first term of the operator represents the field caused by the orbital motion of

the electrons and is called the orbital term. The second term represents the dipole field due to the

spin motion of the electron and is called the spin-dipole term. The last term represents the contact

interaction between the nucleus and the electron spin and contributes only for s-electrons. The

electric quadrupole operator (3) represents the electric field gradient at the site of the nucleus.

The nuclear tensor operators M'1' and M<3' are related to the nuclear magnetic dipole moment

/i; and the electric quadrupole moment Q

(7/// I M™ I VII) = p, (4)

(7/ / / I M<J) I 7///) = f
The diagonal and off-diagonal hyperfine energy corrections axe given by

(7/// I M<J) I 7///) = f (5)

\ (6)

-X[(K + \){K - 2F)(K - 2I)(K -2J+ 1)]J (7)

, J) - B
2/(27-1)7(27-1)

where C = F{F + 1) - J( J + 1) - / ( / + 1) and K = I + J + F.

The coupling constants are

( 1 0 )



Together with the nuclear magnetic dipole moment and the electric quadrupole moment, these

coupling constants yield separate values of the more theoretically interesting electric and magnetic

hyperfine structure parameters ai, a^t, a,, and 6,.

a, = (iLSLS | £ I?}(i>f" I iLSLS) (12)
i

a* = (iLSLS | £ a C ^ O ^ W T 8 11LSLS) (13)
t

a, = (iLSLS | £ 2u(i!\i)r-76(Ti) | iLSLS) (14)
i

6, = (-yLSLS I £ 2CM(s>f» | 7I5IS> (15)

3 Method of calculation

The wavefunctions were generated with the MCHF atomic structure package of Froese Fischer

[5]. In calculating the hyperfine structure constants it is of major importance to have a good

description of the wavefunctions close to the nucleus. One way to achieve this is to use a large set

of configuration state functions. The approach used in this study is that all terms which can be

formed by one- and two-particle excitations from the studied configuration, using orbital» up to a

certain principal quantum number, n, and all possible couplings to the same LS term, are used as

basis functions. By applying this method the effects of radial and pair correlation as well as from

spin and orbital polarization are taken into account. The computer used for the calculations, a

DECstation 3100 equipped with a 24 Mbyte RAM, has about 1600 as the practical limit on the

number of configuration state functions for each state. Therefore, the following limitation was made

on the lists of configurations: the Is shell was closed and the number of open shells was restricted

to a maximum of 5. In doing this the effects mentioned above concerning the Is shell were excluded

and, in calculations with active sets of n=4 and above, some of the two-particle excitations from

the core were left out. To test the effects of the closed Is shell we calculated the magnetic dipole

interaction constants, A, and the electric field gradients, B/Q, for the expansions with active sets

of n=3 both with and without the limitation.

For each state a Hartree-Fock calculation was first performed. The configuration interaction

of the 'Dj state manifested itself in a need for a more elaborate treatment. The method used to

calculate the wavefunctions for this state will be described later in this section. For each of the
1P, 3P and 3D terms a list of configurations with some one-particle and all two-particle excitations

with active sets of n=3 was produced and all orbital» were varied in the MCHF calculations. The

one-particle excitations excluded were those representing radial correlation. In the next MCHF

calculation the missing one-particle excitations were added to the list of configurations. The orbital»



which could be varied, with the complete list of configurations, were usually 3s, 3p and 3d. The

next step was to use expansions with active sets of n=4, again with some one-particle excitations

excluded, and to vary the n=3 and n=4 orbital*. Then the excluded one-particle excitations were

added, as in the case of n=3 described above. Finally, expansions with active sets up to n=5 were

used. For the SD states the configurations with 5f and 5g orbitals were excluded in order to limit

the sixe of the list of configuration*. The orbitals with n=5 were varied. For the *P state a further

calculation, including the 6s, 6p and 6d orbitals, was performed.

As mentioned in the introduction, the *D state exhibits a strong interaction between the 3s3d

and 3pJ configurations. Therefore, expansions of both the 3s3d and the 3p5 configurations were

made. The expansion using active sets of n=4 would have had to be performed with six open shells,

as the 3pJ configuration would otherwise have been favoured over the 3s3d configuration. This is

due to the fact that one- and two-particle excitations from 2iJ2p83p1 can never give more than five

open shells whereas with 2s32p*3s3d they can give six. Such a calculation, with 1759 configuration

state functions, was too large to be carried out the used computer. It has thus only been possible

to perform the calculation with an active set of n=3 for this state. The calculation was otherwise

carried out in the manner as described above.

4 Results

In calculating the magnetic dipole interaction constants, the value of the nuclear magnetic dipole

moment used was -0.85545 n.m., taken from the compilation by Raghavan [9].

In Tables 1 and 2 the results of the test of the effects of the fixed Is shell, as described in the

previous section, are shown. The change in the calculated hyperfine structures is small when the

limitation is removed. Of the effect of correlation on the magnetic dipole interaction constants, A,

included in the full n=3 expansions, between 91 and 100 % is included is the calculations using

the limited lists. The corresponding figures for the electric field gradients, B/Q, are 87 to 100 %.

The 'Dj state is the only state in this study with a strong configuration interaction. We will

in the following discussion first consider the other states.

A comparison of the results shown in Tables 3 and 4 from the HF calculations and the MCHF

calculations performed with expansions using active sets up to n=3 reveals differences only of the

order of a few percent, even though the calculated total energies, given in Table 5, decrease consid-

erably. The significant change in the interaction constants appears for all states when expansions

up to n=4 are made. All the magnetic dipole interaction constants increase in absolute value; the

magnetic dipole interaction constant of the 'Pi state becomes twice as large, the magnetic dipole

interaction constants of the sPi,j states increase by about 30 % and the magnetic dipole interac-

tion constants of the 3 D i : 3 states increase by about 10 %. The calculated energies decrease by

approximately the same amount as in going from Hartree-Fock to D = 3 . Expansions with active



tett up to n=5 do not give contributions of the lame magnitude. The number of configuration itate

function! used in the final calculations is shown in Table 6.

The hyperfine structure constants of the *Pi state have been measured in a level crossing

experiment [10]. Accurate measurements of the hyperfine structure constants of the metastable
sPj and s Pj states have been performed with the atomic beam magnetic resonance technique [11].

The hyperfine structure constants of the 1D] state have been derived by applying Doppler-free,

two-photon laser spectroscopy [12]. The hyperfine structure constants of the 3D states have not yet

been measured. The experimental values for the magnetic dipole interaction constants are included

in Tables 3 and 4.

Comparing the magnetic dipole interaction constants of these experiments with the calculated

constants one notes that the values for the 'Pi state deviate rather significantly from each other.

For the more accurately measured 3Pi and 3Pj states the theoretical values and the experimental

ones are in good agreement; the discrepancies are less than 2 %.

For the lDj state it is evident from Table 4, comparing the Hartree-Fock and the 3»3d+3ps

values, that the major contribution to the hyperfine structure comes from the 3p2configuration.

The coefficients of the two-configuration calculation are 0.880 for 3s3d and -0.476 for 3pJ. The 'Dj

state has only, as mentioned above, been expanded with an active set of n=3. Still, the calculated

magnetic dipole interaction constant is remarkably close to the experimental one; the deviation

being only about 1 %.

The electric field gradients do not show the same degree of convergence as the magnetic dipole

interaction constants when the active sets are increased. Going to the largest expansions the

calculated values of electric field gradient, B/Q, change by up to 5 % for the 3s3p states and by

almost 10 % for the 3s3d 3D states. The calculated values for the 3i3d 3D states oscillate when

increasing the expansion. The calculated hyperfine structure parameters are given in Table 7.

By combining the experimental values for the electric quadrupole constants of the sPi and sPj

states -8.029(5) and 16.009(5) MHz, respectively [11], with the calculated values of the electric field

gradients reported here, the nuclear quadrupole moment, Q, can be obtained. Using the values for

the 3Pj state, the value derived is 0.184 barn, and the values for the 3 P t state also give 0.184 barn.

The value of the electric field gradient calculated for the JDj state combined with the experimental

value of the electric quadrupole interaction constant, 8.38 MHz [12], gives the value 0.278 barn

for the quadrupole moment. It was not possible to describe the *D state in as elaborate a way as

the other states in this study. Also, the experimental value is given without error bars and the

technique used is far less accurate than that used for the 3P states.

The electric quadrupole moment has been derived in various studies by other authors. In Refi.

[1], [3] and [11] experimental values of the electric quadrupole interaction constants have been used

so calculate the electric quadrupole moment, while in Ref. [13] measurements of muonic X-rays



were used. In the calculations of Ref». [1] and [3] the electronic wavefunction has first been derived,

as in this study. In Ref. [11] theoretical formulas were used describing the interaction constants and

then, by determining the parameters of these formulas, a value of the electric quadrupole moment

was derived. The experimental values of the electric quadrupole interaction constants used by

Refs. [1], [3] and [11] are, as in this study, those of the 3s3p SP state* given in Ref. [11]. Various

determinations of the quadrupole moment are presented in Table 8.

5 Conclusions

In this study the ability of the multi-configuration Hartree-Fock method to generate wavefunctions

giving values of the hyperfine structure parameters of "Mg, a rather complicated two-valence-

electron system, has been demonstrated. The magnetic dipole interaction constants derived are in

good agreement with existing experimental values.
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Table 1. The calculated hyperfine structure constants of the 3s3p states comparing different

approaches with active sets of n=3.

Method
Limited list
Full expansion

1

-4
-4

Pi
.126
.134

A(MHi)
'P i

-114.445
-114.525

' P i
•101.808
-101/129

B/Q(MHs/bam)
'Pi

11.781
11.801

'P i
•30.606
-30.693

' P j
61.212
61.386

Table 2. The calculated hyperfine structure constants of the 3s3d states comparing different

approaches with active sets of n=3.

Method
Limited list
Full expansion

A(MHc)
'D, »Dj 3 D, aDs

-5.183 119.029 -39.857 -79.564
-5.182 I1" 141 -39.894 -79.638

B/Q(MHs/barn)
*Dj 3Di *Dj 3DS

30.114 0.816 1.165 2.331
30.108 0.816 1.166 2.331

Table 3. The calculated magnetic dipole interaction constants and electric field gradients of the

3s3p states.

Active set
HF
n=3
n=4
n=5
n=6
MBPT
Experiment

•Pi
-4.046
-4.126
-8.271
-8.661
-8.626

-7.7(5)»

A(MHz)
'P i

-111.744
-114.445
-146.588
-147.606

-144.945(5)'

'P»
-99.835

-101.808
-130.166
•130.812

-124.986"
-128.440(5)e

B/Q(MHz/barn)
'P i

11.649
11.781
26.381
26.687
27.808

s P i
-28.538
-30.606
-42.372
-43.586

' P j
57.075
61.212
84.743
87.172

4 Ref. [2].

»Ref. [10].
e Ref. [11].



Table 4. The calculated magnetic dipole interaction constants and electric field gradients of the

3s3d states.

Active set
HF
3s3d + 3pJ

n=3
n=4
n=5
Experiment

-0.079
-4.812
-5.183

-5.14°

A(MHz)
3 Di

113.588

119.029
129.455
128.575

3 D j

-38.098

-39.857
-43.351
-43.038

•75.994

•79.564
-86.534
-85.927

B/Q(MHi/barn)

0.325
27.352
30.114

s D i
0.203

0.816
0.654
0.714

3 D j

0.290

1.165
0.935
1.020

3DS
0.580

2.331
1.869
2.039

Ref. [12].

Table 5. The calculated energies using different expansions.

Active
HF
3s3d +
n=3
n=4
n=5
n=6

set

3P1

l P
-199.4711309

-199.5654528
-199.6737779
-199.6907472
-199.6966995

Energy(a.u.)
3 p

•199.5467123

-199.6419290
-199.7453567
-199.7604252

JD
-199.4267518
-199.4405795
-199.4410579

3D
-199.4303287

-199.5073045
-199.6025677
-199.6095058

Table 6. Number of configuration state functions in the final calculations.

Term
l P
3P
»D
3D

1428
1425
178

1602



Table 7. The calculated hyperfine itructure parameters.

0.26422
0.00000
0.00000

•0.11835

3p

0.84257
-0.17128
22.00182
-0.37100

>D
0.31753
0.00000
0.00000

•0.12817

»D
0.00696

-0.00075
23.64142
-0.00868

Table 8. The nuclear quadrupole moment of MMg.

Thii itudy
Ref. [1]
Ref. [3]
Ref. [11]
Ref. [13]

Q(barn)
0.184
0.200(10)
0.1994(20)
0.22
0.201(3)
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