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Introduction

This thesis deals with both experimental and theoretical aspects of atomic spcc-

troscopy. The text is divided into four different sections discussing the performed

experiments, the theoretical models utilized, an astrophysical application and the

individual publications. The main part of the work has been devoted to studies of

highly ionized atoms along isoelectronic sequences, Papers 1 - 4 . The investigated

spectra were obtained in Lund through the use of laser-produced plasmas (LPP) and

a 3 m normal incidence vacuum spectrograph. Papers 5 and 6 deal with ions in

intermediate ionization stages, Ce V and Si VI. The light sources used in these cases

were a sliding spark and a modified version of the LPP. The Eagle spectrograph at

the National Institute of Standards and Technology (NIST) Gaithersburg, Maryland

was used to record the cerium spectrum. The Hartree-Fock method and its neces-

sary extensions are considered in a discussion of the theoretical models in section

two. High resolution spectra from the IUE satellite and spectra of doubly ionized

yttrium and zirconium are discussed in the third section. The thesis is concluded

by comments on the published papers.
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1. EXPERIMENTAL METHODS

1.1 High ionisation stages

1.1.1 General remarks

Early studies of spectra from highly ionised species culminated in the 1930s when

both the cobaltlike and the copperlike isoelectronic sequences were extended beyond

their twentieth member. The spectra were produced by high-voltage vacuum sparks.

At the time it seemed improbable that such high ionization stages would ever appear

under any other circumstances, either "on earth or in the heavens" (Edlén 1987).

However, it was discovered (Edlén 1942) that spectral lines emanating from highly

ionized species of the iron-group elements were present in the spectrum of the solar

corona. The solar models had to be revised, because Edlén'» discovery indicated

that the temperature of the corona vas over 10" K (kT=0.1 keV), much higher

than previously assumed. The coronal temperature thus exceeded that of the inner

solar atmosphere. The energy transfer mechanism behind this is still subject to

investigation (Ulmschneider 1990, van Ballegooijen 1990).

The first rocket-borne spectrograph (Baum tt al. 1946), recording spectra of

the sun in the ultraviolet wavelength region, initiated a renewed interest in the field

of highly ionized atoms. The true reactivation of the field, however, came in the

1960s, when accumulated astrophysical observations required further laboratory in-

vestigations. The experimental analyses of these highly ionized systems were based

on isoelectronic regularities. The term values were expressed as functions of the

screening parameters and the nuclear charge Z (Edlén 1964). In later years, after

the ab initio computer codes became available, the differences be ween measured

and calculated quantities have instead been used for the isoelectronir extrapolations.

The motivation for studies of highly ionized atomic systems has since increased. The

astrophysical applications are mainly confined to the lighter elements of the peri-

odic table (Z < 28). However, other fields of research that require a thorough

understanding of highly ionized systems have emerged. For instance, spectroscopic



studies of highly ionized impurity ions in fusion plasmas help in the plasma diag-

nostics. The striving for short wavelength lasers and laser induced fusion also give

impetus to the study of highly ionized systems.

1.1.2 Laser-produced plasmas

The laser-produced plasmas (LPP) were introduced as a spectroscopic light source

by Fawcett et al. (1966). The plasma, created by focusing a laser beam onto a

target, was found to be very pure, and containing a narrow charge-state distribution

compared to the vacuum spark. The LPP has since become one of the most successful

light sources for investigations of highly ionized atoms. A schematic picture of the

solid state laser used in this thesis is presented in Figure 1. It is a Quantel NG 24

Nd:YAG/glass laser with a laser wavelength of 1.064 /im. The time duration of the
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Figure 1: Schematic drawing of the Quantel Ng 24 Nd:YAG/gla»s laser. 1 Oscillator, 2 Con-

cave mirror, 3 Pockels-cell, 4 A/4-cryital, S Aperture, 6 Glan-Taylor prism, 7 Main amplifier

(Nd:YAG), 8 Plane mirror, 9 Bieachable filter, 10 Aperture, 11 Prism, 12 Glan-Taylor prism,

13 Amplifier (Nd:YAG), 14 A/4-crystal, 15 Plane mirror, 16 Negative lens, 17 Positive lens, 18

Amplifier (Nd:glass), 19 Faraday isolator, 20 Brewster polarizers, 21 Faraday rotator (glass), 22

Negative lens, 23 Positive lens, 24 Plane mirror, 25 He-Ne laser.



laser pulses is 3 ns and typical beam energies are 2 - 4 J, giving a power of around

1 GW during a pulse. The laser system is further described in Appendix A. The

laser beam is focused unto a solid target within the target chamber, which is placed

at the entrance slit of the spectrograph. The diameter of the focal spot is 0.1 mm.

This gives a power density at the target surface of approximately 1 0 u W/cm2.

-a -

Figure 2: Schematic picture of the laser target chamber. It is viewed from above, with the

movable parts marked. The focusing lens (A) is adjustable in the direction parallel to the luer

beam. The screws (B) and (D) alter the position of the target holder, and the target disk can be

rotated around the axis (C). The figure is from Ekberg and Litién (1983).

A 3 m normal incidence spectrograph has been used in the work discussed in

this thesis. The spectrograph is equipped with a 1200 grooves/mm gold-coated

grating giving a plate factor of 2.75 Å/mm. Spectra from the LPP are recorded

photographically. The spectrogram h covers the wavelength region below 2000 Å,

but only the region 180 - 1000 Å has been recorded. The reflectance of the gold-

coated grating rapidly approaches zero below 200 Å and the emission from the LPP



is weak for wavelengths above 1000 Å. The low ionization stages, having emission

lines at longer wavelengths, are practically absent in the observed part of the LPP.

The target chamber, shown in Figure 2, is a separate vacuum vessel with its own

pumping system (Ekberg and Litzén 1983). The focusing lens, marked (A) in the

figure, has a focal length of 30 cm. The size of the focal spot is changed by moving

the lens in the direction parallel to the laser beam. The target is placed on a circular

metal disk, which can be rotated around the axis marked (C). This rotation is used

to change the point of impact between consecutive laser shots. The target disk

is also movable in directions parallel and perpendicular to the line of sight of the

spectrograph, using the screws marked (B) and (D) in Figure 2. The targets are

normally small slabs of pure material. However, the slabs need to be reasonably flat,

in order not to shade the plasma radiation. The incident laser beam is perpendicular

to the target surface and to the line of sight of the spectrograph, which minimizes

the Doppler effect from the plasma expansion. The spectrograph slit is parallel to

the target surface, see Figure 3. Furthermore, the chamber is constructed to place

the plasma in the Sirks' focus of the spectrograph. Thus, a horizontal line in the

plasma will come to a vertical focus in the detector plane, t. e. the spectral lines are

vertically Tesolved, see Figure 3.

The sudden heating and ionization of the material at the target surface at the

onset of the laser beam produces a thin plasma layer. Free electrons, produced by

the large radiation flux, absorb the laser radiation through the process of inverse

bremsstrahlung (Carroll and Kennedy 1981). The plasma is heated to an electron

temperature of around 0.2 keV and a central electron density of roughly 1021 cm"3

(Boiko et al. 1983 and references therein). The plasma expands conically away from

the plane target surface. The velocity of the ions in the expanding plasma is charge

dependent. Ions in high charge states will have a relatively large velocity component

in the direction parallel to the target normal, and thus be confined to a narrow cone

in the centre of the plasma (Irons tt at. 1972). Hence, spectral lines emanating from

different ionization stages appear with differing lengths in the detector plane, see

Figure 3. The setup thus provides a very convenient way to distinguish between

8



the different charge states in a single exposure. On the other hand, spectral lines

emanating from different ionization stages will not have the same Doppler shifts.

The difference in charge of the ions under investigation and those providing reference

lines shovld therelore be kept at a minimum. A disadvantage with this setup might

be the fact that the hottest part of the plasma is hidden in the hole burnt in the

target, but investigations utilizing tilted targets have shown that the radiation from

this region is mainly continuous (Jupén and Litzén 1984).

ijf

Ti X XIII
i

X
il I I

VI VII VIII IX

Slit

Target

Figure 3: A »omewh»t simplified picture of the plum» exparuion, at the onset of the laser beam,

is displayed together with an image of the emission spectra from a titanium plasma. Notice that

spectral lines emanating from different charge states differ in length.



1.1.3 Other light sources

The triggered low-inductance vacuum sparks (Feldman et al., 1967) are used to

produce spectra of highly ionized atoms. The triggering mechanism initiates the

discharge, t. e. it generates a few free electrons around the electrodes that reduce the

breakdown voltage. The triggered spark can produce plasmas with electron tem-

peratures as high as 8 keV and electron densities of around 1021 cm"1. Spectrum of

forty times ionized molybdenum (He-like molybdenum, Mo XLI) has been observed

(Beier and Kunze 1978). The spark is a relatively uncomplicated light source, which

can be acquired without large costs. Two major problems, however, are the broad

charge-state distribution of the ions and the comparatively low reproducibility of

the discharges (Martinson 1989).

Resonance lines in highly ionized systems can be studied in fusion devices.

However, reports on transitions from levels above the first excited complex are

sparse in the literature. The electron temperature in the centre of a Tokamak

plasma is comparable to that of the LPP, around 10 keV (108 K), but the density

is much lower, only about 1O1S cm"3. The physical conditions in the Tokamaks

resemble those in the solar flares, and forbidden transitions, t. e. transitions with

low probabilities, are often observed in these plasmas.

The beam-foil technique is also used to produce highly ionized atoms. A beam

of ions with constant kinetic energy are excited and ionized by passing a thin (1 -

50 pg/cm3) carbon foil. High angular momentum states and core-excited states

are favorably populated with this method. However, the beam-foil technique is not

altogether suited for studies of spectra with high line densities. The fundamental

limitation of this method i6 the low intensity of the emitted light, which makes it

necessary to use wide slits and fast spectrographs. The beam-foil source is best

employed for time resolved experiments, e.g. measurements of lifetimes. It is the

only experimental method for determining lifetimes in highly ionized systems.
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1.2 Intermediate ionization stages.

1.2.1 Sliding sparks

The vacuum sliding spark has been used for a long period of time to produce

intermediately ionized atoms. The light source was introduced by Vodar and Astoin

(1950). It can be used for lower ionization stages than the ordinary open vacuum

sparks, because the voltage required for igniting the discharge is much reduced by

a spacer between the electrodes. A low-voltage sliding spark was used in Paper 5,

to record spectra of four times ionized cerium (Ce V). A schematic drawing of the

electric circuit is given in Figure 4. The rotating switch shown in the figure is used

to trigger the discharge. A device that restrains the discharge while the capacitor is

charged is necessary because the spacer becomes conductive due to contamination

ROTATING
SWITCH

EXTERNAL
INDUCTANCE

220 V
A.C.

D.C.
POWER
SUPPLY

'ÖOOÖÖ"

SLIDING
SPARK
LIGHT
SOURCE

INDUCTANCE-TREE
RESISTANCE 001/1

•AW—i vy#v—

CARBON PLATE
RESISTANCE

Figure 4: Schematic drawing of the electric circuit for the »liding gpark light fource used in

Paper S. The figure ii a modified venion from Reader, Epstein and Ekberg (1972).
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from the electrodes. The spark was operated in a critically damped mode to suppress

the lower ionization stages. This mode was obtained by adjusting the external

inductance and the carbon plate resistance. The relative intensity of lines emanating

from the different ions varied with the peak current. This helps to distinguish lines

from different charge states, which is vital for positive identifications. A peak

current of 600 A turned out to be favorable for production of Ce V. The 10.7 m

Eagle spectrograph at NIST was used to record the spectra on photographic plates.

The Eagle mounting is conceived to minimize the size of the vacuum tank. This

spectrograph has a fixed entrance slit while both the grating and the detector are

movable. Thus, all three can be part of the Rowland circle for each positioning

of the grating. However, this means that the spectra has to be recorded in steps

(700 Å at the time for the NIST instrument). The cerium spectrum was recorded in

the repion 800 - 3200 Å.

1.2.2 Elongated laser-produced plasmas.

Emission spectra from axially extended LPP have been investigated in this thesis, see

Paper 6. The plasma emission was recorded both in the fjrial r,nd the transverse

direction. The linear focus of the laser beam was achieved by inserting positive

cylindrical lensst before the final focusing lens. Elongations of 2 to 15 mm of

the focal line were studied. It was found that emission lines recorded axiaJ'y had

reduced line widths. The mass motion within the plasma, giving rise to Doppler

broadening, is apparently reduced in the axial direction. The charge distribution

in the elongated LPP is shifted towards lower ionization stages compared to a point

focus due to the lower energy density at the target surface. However, the effect on

the spectra of the highly charged ions is not severe, because the signal-to-noise ratio

is greatly improved for the elongated LPP. Lines that are blended or embedded in

the background when coming from a point focus source are often resolved with the

use of a Linear focus.

High-angular momentum states have been found to be preferentially populated

by recombination processes, which dominate in the cool expanding plasma, Ne <

12



101B cm"' (Young et al. 1989). The recombination processes give rise to inverted

populations and subsequent laser action in elongated plasmas under favorable cir-

cumstances, e.g. when the plasma is rapidly cooled and the photons emitted from

the lower level in the laser scheme are not reabsorbed (Jaeglé et al. 1987, Håra et al.

1989). However, it has recently been pointed out by Skinner et al. (1990) that poor

alignment of the elongated plasma with respect to the line of sight of the spectro-

graph can give rise to erroneous gain determinations. It is consequently important

to compare the increase in intensity of laser lines, as the plasma is elongated, to

that of nearby spontaneous-emission lines from the same charge states.

The 2p43d - 2p44f transition array in Si VI (Paper 6) was obtained with a

linear focus. A much improved intensity of this array was detected as the plasma

was elongated. This indicates that the 2p44/ levels are populated by recombination,

and that the array was enhanced because the cool expanding plasma is viewed at

larger depth by the spectrcgraph with the elongated LPP. However, the intensity did

not show an exponential increase with the increasing plasma lengths i.e. no laser

action was detected. Experiments with elongated aluminum plasmas have also been

performed, in search of laser action in lithiumlike ions, but no enhancement has been

seen. The energy density may have been too low for production of heliumlike ions.

Furthermore, time-integrated measurements over the entire lifetime of the plasma

conceal enhancements taking place at specific time intervals (Jaeglé et al. 1987).

Current short wavelength lasers are reviewed in a recent book by Elton (1990).

13



2. THEORETICAL METHODS

2.1 The nonrelativistic formalism

An iterative procedure for finding the nonrelativistic wavefunctions of electrons in

a central field approximation was developed by Hartree (1927). The approximate

wavefunctions used by him were simple product functions, which do not have the

right symmetry. The solutions did therefore no< conform to the "Pauli Exclusion

Principle". Tke method was later extended by choosing antisymmetrized Slater

determinants as trial functions (Fock 1930). This ensured agreement with the ex-

clusion principle, and incorporated a certain degree of correlation for electrons hav-

ing parallel spins (Cowan 1981). The procedure, known as the Hartree-Fock (HF)

method, is described in detail by Hartree (1957) and Froese Fischer (1977). The

main deficiency of this fundamental method is the assumption that each electron is

moving independently in a central field, collectively created by the nucleus and the

rest of the electrons. The correlations among the positions of the various electrons

are thus only partially taken into acrount. As a consequence, HF values of the pos-

itive binding energy tend to be lower than those observed experimentally. Several

attempts have been made to improve the HF method. A widely accepted refinement

is to represent au atomic state not by a single configuration function but by the

superposition of a set of such functions. This remedy for the lack of correlation in

HF id called configuration interaction (ci) Methods utilizing CI are known as either

superposition of configuration (SOC) methods or multiconfiguration (MC) methods.

The configuration mixing coefficients are determined without reoptimization of the

orbitals in the SOC method. The MC method, on the other hand, allows different

orbitals to be varied in the optimization procedure for a single atomic state. The

MC method requires a smaller set of configurations, due to the allowance for cor-

relation in the orbitals. Semiempirical correlation corrections are also used. For

instance, Cowan (1981) recommends that the Slater energy integrals are scaled. A

reduction of the values of the integrals will represent the cumulative effect of the

infinite numbers of higher configurations, and thus help to shorten the CI expansion.

14



2.2 Corrections to the nonrelativistic formalism

The nonrelativistic formalism is, of course, not complete. Not only the spin of the

particles is omitted, but also other reiativistic effects and quantum electrodynamics

(QED) are excluded. The spin and the other reiativistic effects are all inherent in

the Dirac formalism. The Dirac theory is fully reiativistic and covariant, but does

only apply to the one electron case. The fully covariant two body interaction is

a very complicated expression and is normally approximated in the many electron

case. The most commonly used approximation of the electron-electron interaction

was introduced by Breit (1929, 1930). It considers the exchange of a single pho-

ton between two electrons. The Breit correction (to the instantaneous Coulomb

interaction) is usually treated as a first order perturbation in the calculations.

The corrections originating from the Breit Hamiltonian, which is the sum of

the D.rac one-particle Hamiltonians and the Breit terms, can be explicitly induced

as perturbations to the energy in the nonrelativistic formalism. This is known as

the Breit-Pauli approximation and it is a widely used method (Bethe and Salpeter

1957). Strictly reiativistic terms such as the mass-correction and the Darwin term

are sometimes even included in the optimization procedures of the nonrelativis-

tic wavefunctions (Cowan 1981). The aim is to obtain relativistically contracted

orbitals.

2.3 The reiativistic formalism

Calculations that correspond to Hartree-Fock but utilize the reiativistic formalism

are called Dirac-Fock (DF) calculations. The starting point for such calculations is

not the electrostatic interactions, as in the nonrelativistic case, but the magnetic in-

teractions (often called reiativistic because they originate from the Dirac equation)

caused by the spin of the electrons. The operators representing these interactions

commute with the square of the total angular momentum J2 , but not with L2 and

SJ, and therefore j[/-coupled basis functions are appropriate instead of the nonrela-

tivistic LS basis. Hence, the reiativistic basis functions are specified by the n, 1 and

15



j quantum numbers. This means that for each given pair of n and i there will be two

different functions corresponding to j = J ± 1/2. Each of these functions consists

in addition of two separate components. A DF calculation is therefore very com-

plicated. The relativistic wavefunctions, for the innermost electrons, reside closer

to the nucleus than the nonrelativistic ones. This relativistic contraction of the

orbitals has been found to improve the agreement between theory and experiment,

especially for the heavier elements. Notice that the contraction of the inner electron

orbitals causes an expansion of the outer orbitals due to the increased screening.

The quantization of the electromagnetic field gives rise to additional correction

terms, such as self-energy and vacuum polarization (Bethe and Salpeter 1957, Mohr

1982). These corrections are of higher order in a (the fine-structure constant) than

the Breit correction, and therefore not always considered important. Approxima-

tions of these QED terms were, however, included perturbatively in the calculations

performed in Papers 1, 2 and 4. The calculated contributions to the ground state

energy in magnesiumlike calcium and nickel are given in Table I. The calculations

are from the work described in Paper 1. The contribution from the self-energy is

seen to be comparable to the Breit correction for these systems. Several reviews

on the relativistic treatment of many-electron atoms are available, e.g. Armstrong

and Feneuille (1974) and Grant and Quiney (1988).

Table I. Contributions in cm"1 to the ground state energy in magnesiumlike, Ca IX and Ni XVII.

zero order Breit self-energy vacuum pol.

Ca IX -144 393 206 40 825 27 848 -2 199

Ni XVII -305 795 422 124 649 92 278 -8 614

The first reports on the influence of the QED corrections were experimental (Edlén

1933, Houston 1937, Williams 1938 and Pasternack 1938). Very accurate measure-

ments of the energy shift between 2s JSj and 2p 2Pi i H I were later made possible

16



by the wartime advances in microwave techniques (Lamb and Retherford 1947).

This effect of the QED corrections are called Lamb shift. A contemporary review of

the subject was given by Lamb (1951).

2.4. Methods of calculation

The atomic spectroscopist is greatly aided by the development of user-friendly oö

mi tio computer programs for atomic structure calculations. The progress in com-

putational physics should, of course, be accredited to a growing comprehension of

quantum physics, but also to the development of the computers. Many computer

programs based on the different methods are available, three of these have been used

in the work leading up to this thesis. The Slater-Condon method by Cowan (1981)

is an example of a soc method, and the MCHF code (Froese Fischer 1983) utilizes

the MC approach. Both these programs are nonrelativistic but include Breit-Pauli

corrections (Cowan 1981, Glass and Hibbert 1978). MCDF (Grant et al. 1980) is

an MC method in the relativistic formalism. The program packages can be run in a

number of different ways. The Cowan code and MCDF are the ones that have been

utilized most in this thesis, and they will be described in some detail below.

An interesting option in MCDF is the way the orbitals are optimized. There

are two fundamentally different methods, the optimal level (OL) scheme and the

average level (AL) scheme. Both of these can be altered into extended versions,

EOL and EAL. The OL method corresponds to an MC method in the nonrelativistic

case. The eigenvectors are derived with an energy expression based on a specific

atomic state. A potential derived in such a way will, in general, give poor results for

atomic states other than those used in the optimization. There are also problems

with orthogonality, but the fundamental problem is that the potential does not

necessarily converge to the corresponding potential in the nonrelativistic limit. The

OL method introduces a nonphysical spin-orbit splitting caused by exaggerated CI. A

remedy for this was proposed by Huang et al. (1982). The EOL is basically the same,

save that the mean E»v« of several atomic states is used. The energy expression in

the AL method is the weighted sum of the energies for all states of equal J, thus a

17



mean potential is obtained. The EAL scheme extends the summation to include all

the J values. Such a scheme avoids all the obstacles described above, because all

atomic states are represented by the same orbita." \ It is also computationally much

easier to handle, and it usually converges as fast as an ordinary DF calculation.

MCDF was run in the EAL mode when it was used in Papers 1, 2 and 4. It was found

that the EAL scheme gave the slowest variation with Z for the difference between

calculated and observed wavenumbers.

The Cowan program package allows the self-consistent field calculation of the

orbitals to be made in a multitude of ways. There are, for example, several different

procedures for deriving one potential. The two procedures, dominating among users

0.2-

4.0 rlo.u.)

Figure 5: Configuration average bp orbitals for Ce4+ as obtained with the Cowan code. The
square of the one-electron orbital for the bp electrons |PsJ is shown for two different configurations,
5ps4/ and 5p55/\ The bp orbital is pushed outward by P4/ when it is optimized as part of 5p54/\
The effect is manifested by the deviating values for the Csp integrals, see Paper 5.
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of the code, are the semi-empirical Hartree-exchange (HX) potential and a version

of HF. Both of these methods can be extended to include the relativistic mass cor-

rection and the Darwin term in the self-consistent field procedure (HXR, HFR). This

is preferable for heavier elements, where orbital contraction is important. It was

concluded in Paper 5, after comparison of HF and HFR calculations, that relativistic

contraction of the orbitals was crucial for the representation of the energy level

structure in xenonlike cerium, Ce V.

The configurations are optimized individually in the Cowan code. Hence, the

orbitals are normally not orthogonal, and the core orbitals vary for the different

configurations. A pronounced example of this effect can be seen in Paper 5, where

the ^5P integral is found to differ for the various configurations of Ce V. The col-

lapsed 4f orbital interacts extensively with 5p. Thus the bp orbital of the 5p54/

configuration is pushed out, see Figure 5. This results in a lower value of ($p for

this configuration. It appears that the flexibility of the core orbitals improves the

results of the calculation. However, the non-orthogonality of the orbitals is a prob-

lem for the calculations of CI matrix elements and transition probabilities. This is

taken care of in the Cowan code by replacing the overlap integrals for the spectator

electrons with the Kronecker delta, 6un>.

The relativistic MCDF code (Grant et al. 1980) was found to be the most suit-

able computer program for the work described in Papers 1 - 4 . In these highly

ionized systems the configurations are grouped according to the principal quantum

number, and the relativistic formalism is very successful under such circumstances.

In particular the fine structure splitting is well represented, which is a great help

in the experimental analysis. The n = 3 complex in both magnesiumlike and alu-

minumlike ions is not severely perturbed by other configurations in the investigated

elements. However, the 3d4f configuration was found to be important for the level

structure of 3d2 in the magnesium sequence, see comments to Paper 2.

The ions treated in papers 5 - 7 are of intermediate and low ionization stages,

where the electron correlation is important. This often requires the use of large sets

19



of configurations, which is very time consuming with a relativistic code. Further-

more, the analysis of Ce V was to some extent guided by isoelectronic extrapolations

from the elements of lower charge states. The method of calculation used to pre-

dict the transitions in Ce V should therefore be applicable also to Cs II, Ba III

and La IV. Hence, a nonrelativistic approach was preferable for the ab initio cal-

culations in these papers. The MCHF code was tested together with the Cowan

code. However, the isoelectronic development of the difference between observa-

tions and calculations was smoother with the Cowan code. This was accredited to

the relativistic contraction of the orbitals, and the unrestrained core orbitals. The

possibility to transform the eigenvectors to the desired coupling scheme within the

Cowan code was also useful.

2.5 Least-squares fits of energy integrals

The Cowan program package includes a routine for least-squares fits of the Slater

integrals to improve the agreement between calculated and experimentally deter-

mined energy levels. This fitting procedure is useful foremost in the analysis of

complex spectra, such as the first and second spectra of the iron group elements.

However, least-squares fits are also performed in less complicated cases as a test of

the experimental assignments.

Parametric fits like this have been performed in most of the published papers,

but we have been very restrictive. Parameters with small values, i.e. spin-orbit

integrals and diminutive electrostatic exchange integrals, have often been kept fixed

during the fitting procedures. These small parameters can otherwise obtain non-

physical values to compensate for a missing perturber (Cowan 1981). We also re-

frained from including experimentally unknown configurations in the fits performed

in Paper 5. The inclusion of such configurations seemed only to improve the fit tech-

nically, it did not help understanding the physics. However, in Paper 6 we included

the core-excited configuration 2s2p53d in the fit, with fixed parameter values, be-

cause it was found to be crucial for the representation of the 2s72p*4f configuration.

Also the effective parameter a was used, at a fixed value. It represents a correction
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to the Slater formulas of the form aL(L+l). The correction term was empirically

introduced by Trees (1951), and its theoretical interpretation as pair correlation

was put forward later (Racah 1952). It has been shown to greatly improve the

parametric fits for configurations with two or more equivalent p-electrons.

2.6 Coupling considerations

The theoretical treatment of atomic structure involves the selection of a proper ba-

sis set for the quantum mechanical description. The characteristics of the chosen

coupling scheme should well represent the properties of the experimentally deter-

mined level structure, and thus give the energy levels appropriate names. In light

elements of low ionization stages, where the electrostatic interaction dominates,

the Russell-Saunders approximation is normally the best. The opposite case is the

heavy and highly ionized elements, where the magnetic interactions dominate. The

proper choice here is the .{/-approximation. However, in reality all couplings are

intermediate. It is not possible to find a common basis set for all terms in the

Hamiltonian. The eigenvectors in Papers 1 - 4 are for instance subject to a grad-

ual transformation from LS to jj coupling along the isoelectronic sequences. They

therefore show a low purity in both representations.

A third type of coupling occurs when the outer electron is highly excited,

and particularly when it has a large angular momentum. The configuration is

then asymmetric in the two electrons, and the symmetric approximations (LS and

jj) are usually not appropriate. The coupling scheme applicable is instead the

pair-coupling (Racah 1942, Cowan and Andrew 1965). There are two different

schemes, jff-coupling and LK-coupling (K is the vector sum of i j , sj and 72).

LK-coupling is seldom applicable, and it will not be treated further here. The

jK-coupling on the other hand is often a good approximation. A jK coupled case

is distinguished by a dominating spin-orbit integral for the inner electron i.e. a

pronounced fine structure in the parent terms. The second largest contribution

to the energy structure should be the direct Coulomb interaction, followed by the

exchange interaction, and the spin-orbit interaction for the outer electron. Hence,
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the angular momentum vectors are coupled accordingly [((iiSi)ji,Jj)K,S2]J. Inert-

gas like systems with the lowest excited configurations of the type ]<4I+1)J' are

normally textbook cases of jK-coupling. The fine structure of the open p-shell will

dominate, and the outer electron has a large excitation energy. Configurations of

this kind also have most of the angular coefficients for the electrostatic exchange

integrals equal to zero. Only levels that have S=0 and L=k in the Russell-Saunders

representation have non-zero coefficients (it is the rank of the Slater integral).

The 2p44f configuration in Si VI is a good example of jK-coupling. The levels

appear in the expected pairs, with the J values differing by unity, see Figure 1

in Paper 6. The requirements, as discussed above, are partly fulfilled for Ce V

(Paper 5), but in this case the electrostatic interaction between the overlapping

orbitals is too large for extreme pair-coupling. Figure 3 in Paper 5 shows a system

without a well defined coupling. An interesting feature is the position of the 5ps5d

l/2[3/2]] level. This level would in the LS approximation be called 5ps5d 'P^

which means that it is one of the two levels in the configuration that has a non-

zero gk coefficient (Jt=l). The large electrostatic interaction (G1) thus displaces

the level. The effect for the 'Fj level is less pronounced, because the gj coefficient

is smaller. The theoretical treatment of displaced levels such as these has been

discussed by Hansen (1972, 1973)
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3. ASTROPHYSICAL APPLICATIONS

3.1 General remarks

Spectra from stellar photospheres are generally characterized by absorption lines

from the low ionization stages of cosmically abundant elements. Coronae and flares

are more energetic and show lines in emission from highly ionized species. A solar

flare has typically Tt = 8 keV (108 K) and Ne = 1012 cm"5, which, as mentioned

above, is comparable to the large Tokamaks. The astronomical objects studied in

this thesis are the chemically peculiar stars of the upper main sequence, Cp stars.

Spectra from these stars show abnormal abundances of heavy elements. Hence, high

resolution spectra from the IUE satellite have been examined for evidence of Y III

and Zr III. According to the current models of stellar atmospheres, it should be

possible to find such spectral lines, see Paper 7 and references therein.

3.2 The IUE satellite

The International Ultraviolet Explorer (IUE) satellite has been operating since 1978,

and it has been a remarkably successful undertaking. Spectra of a multitude of

astronomical objects have been recorded in the region 1150 - 3200 Å. The IUE

satellite is equipped with two echelle spectrographs covering adjoining wavelength

regions. The instruments are of the internal Wadsworth echelle type, which is a

Wadsworth type mounting with an echelle grating placed between the mirror and

the ordinary spherical grating (Harrison tt al. 1952). The rulings of the echelle are

parallel to the slit, while those of the spherical grating are perpendicular to this

direction, in order to separate the overlapping echelle orders. The echelle design

is well suited for space applications, because the instrument is compact and covers

large wavelength regions simultaneously. The resolving power for these instruments

is around 13 000 (FWHM=0.1 Å), which is about ten times lower than that of

the 3 m normal incidence instrument used in Papers 1 - 4 and 6. The spectra

are recorded with an ultraviolet-to-visible converter (uvc), which is coupled to
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a secondary electron conduction (SEC) camera. The UVC is only sensitive in the

ultraviolet, where it has a quantum efficiency of about 10 - 15%. The echelle

images obtained in the SEC camera are digitized and transmitted on completion of

an exposure. A detailed description of the IUE spacecraft and the instrumentation

is given by Boggess et al. (1978).

The IUE Spectral Image Processing System (lUESIPs) has been designed to

reduce the raw images and provide observers with processed spectral data. The

raw echelle images must be corrected fo: the geometrical distortion of the camera,

the pixel to pixel sensitivity variation and the nonlinear efficiency response. The

geometrical correction is based on a superimposed square array of fiducial marks

(reseau grid), and there is an ultraviolet lamp onboard for the flat-fielding. The

wavelength scale is deduced analytically, guided by a reference spectrum emitted

by an onboard platinum lamp. Spectra, reduced and calibrated by IUESIPS, can be

further analyzed with a computer program called DIPSO. DIPSO is shared among

the European users and easily obtainable. The reduction process at Goddard Space

Flight Center is made with the IUE Regional Data Analysis Facility (RDAF). The

high resolution spectra discussed in Paper 7 were reduced and calibrated at Goddard

via remote access, and subsequently brought to Lund for further studies. DIPSO had

previously been installed in Lund to make the investigations easier. Spectra of three

different Cp-stars were brought to Lund for the work presented in paper 7.

3.3 Spectra from chemically peculiar stars, Cp stars

Spectra from the chemically peculiar stars of the upper main sequence have a very

high density of absorption lines. Spectral lines from elements with relatively low

solar abundances are often prominent. Atmospheric models where the excessive

abundances have been taken into account have been put forward, see references in

Paper 7. Previous abundance determinations of yttrium and zirconium have been

based on the singly ionized species (Adelman 1988), but in Paper 7 we propose

that the doubly ionized species should be used, i.e. spectral lines of Y III and

Zr III. However, oscillator strengths for transitions in these spectra have not been
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measured. It is difficult to produce a plasma with an adequate density of doubly

ionized atoms, and, furthermore, the involved wavelengths are normally outside the

region where accurate laser methods are applicable. We therefore had to calculate

the oscillator strengths.

Y III is a rubidiumlike spectrum, i.e. a one-electron system, which is fairly

straightforward to calculate. Zr III on the other hand is a complicated two-electron

spectrum. However, the transitions treated in Paper 7 involve only the ground

complex and the first two configurations of the opposite parity. These configurations

constitute a well isolated group, and the only important configuration interaction

is within the group itself. In situations like these it should be possible to make

accurate predictions, and the uncertainties of the gf values reported in Paper 7 are

estimated to be within 10%. The uncertainty of a calculated value is, of course,

very difficult to estimate. However, we have compared the results of several different

calculations, using both the Cowan code and MCHF, and the results are consistent.

A remedy for the lack of measured oscillator strengths is planned. Accurate

branching ratios can be measured with a Fourier transform spectrometer (FTS), pro-

vided that the instrument has a well defined response function. Absolute gf values

can then be obtained if the lifetimes of the involved levels are known. Experiments

along this line might be possible with the FTS instrument in Lund. The FTS is

constructed to operate in the visible and in the ultraviolet. Hence, the laboratory

wavelength region will overlap with space based observations from both IUE and the

Hubble Space Telescope.
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4. COMMENTS ON THE PAPERS

Papers 1 - 2 .

Analyses of the n = 3 complex of magnesiumlike Ca IX - Ge XXI are given in Papers

1 - 2 . All configurations of this complex were reported in Paper 1, except 3d2 which

was subsequently established in Paper 2. The smooth isoelectronic development of

the isolated n = 3 complex was used to identify the spectral lines. Perturbations

from configurations outside the complex are much reduced as Z increases. However,

it was found in Paper 2 that the repulsive effect of the 3p4f configuration was

not negligible for the investigated elements, see Figure 3 of Paper 2. The 3d2

configuration is crossing 3p4f between P IV and S V, and the distance between

the configurations increases after this because 3d2 continues to plunge down as

Z increases. However, the large CI matrix elements compensate for the relative

distance and the perturbation is significant over many charge states, i.e. all the

way to Mn XIV. The 3d2 configuration was not known in these elements prior

to these investigations. In fact, it was only reported for P IV and S V and the

assignments given in these elements had been subject to extensive discussions, see

Paper 2. The reported level values for the iron group elements should provide the

necessary basis for resolving the questions raised about the assignments in P IV

andSV.

An independent analysis of the 3d2 configuration for K VIII - Cu XVIII, to-

gether with theoretical predictions for the elements up to Kr XXV, was given by

Churilov et al. (1989). Their analysis confirmed and extended the results from

Paper 2. The experimental work has since continued further along the sequence.

Independent investigations were performed simultaneously by two different groups,

Ekberg et al. (1989) analyzed Ge XXI - Zr XXIX and Sugar et al. (1989) reported

on Cu XVIII - Mo XXXI. A summation of all these investigation is presented in

a recent paper by Ekberg et al. (1991), who have extended the knowledge of the

magnesiumlike sequence all the way to Cs XLIV.
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Papers 3 - 4 .

The aluminumlike spectra investigated in Papers 3 - 4 are in every aspect more

complicated than the magnesiumlike spectra. The addition of one electron might

seem insignificant, but the number of spectral lines increases dramatically, and it is

more difficult to do accurate ab initio calculations. We used the published results

of an MCDF calculation by Huang (1986) in Paper 3, to support the experimental

assignments. However, for the comprehensive analysis in Paper 4 we performed

a new set of calculations, with MCDF(EAL), that better suited our purpose, i.e.

showed a less steep Z dependence for the difference between observed and calculated

wavenumbers. A slowly varying function of Z for this difference is, of course, a more

accurate test of the experimental assignments. The isoelectronic regularities were

crucial for the analyses. It would have been extremely difficult to analyze the

spectrum of one single element. A comprehensive analysis of aluminumlike spectra

for higher charge states is currently in progress (Ekberg et al. 1990). This analysis

is based on the results reported in Papers 3 - 4 .

Paper 5.

The rare earth elements are formed due to the collapse of the 4/ orbital. The 4/

orbital does not contract smoothly over a range of Z like a 3d orbital for the iron

group elements. It collapses rather than contracts due to the appearance of an ad-

ditional inner well in its effective potential. The dislocation of the 4/ electrons from

the outer into the inner potential well for the elements in the xenonlike isoelectronic

sequence is shown in figure 4, of Paper 5. This sudden decrease in energy and size

of the 4f orbitals was first described by Goeppert Mayer (1941), with the use of

a statistical Thomas-Fermi potential. It was later pointed out in a discussion of

the d, i and g electrons (Griffin tt al. 1969) that also the 3d electron can expe-

rience a double potential well. These results were obtained with the HX potential

of the Cowan code. However, a profound difference is that the 3d electron never

remains in the outer well while electrons with larger n are added to the atom. A

term dependency of the 4/ collapse was presented in a paper by Cheng and Froese
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Fischer (1983). They showed that the collapse in Ba2+ was not complete for the

4d*4f 5s25p9 configuration, the orbital corresponding to the 1P state was shown to

be only partly collapsed. This discussion of whether the 4 / collapse is complete or

not for the 4dB4f5s25p8 configuration was recently continued with La3+ (Hansen

et al. 1989).

No experimental results were available for the 4/ electrons in Ce4+ prior to

the analysis reported in Paper 5. It is concluded in this paper that 5ps4f is the

lowest of the excited configurations of Ce V, i.e. the 4/ electrons are more tightly

bound than the bd electrons, but that the 5s and the 5p electrons still have a larger

binding energy.

Paper 6.

The 2p44f configuration of Si VI is established through the 2p43d - 2p44/ transition

array in Paper 6. The influence of the core-excited 2s2p53d configuration on the

level structure of the odd 2p4nJ system in Si VI, had not been taken into account

in previous analyses of fluorinelike ions. The inclusion of this perturber greatly

improved both the ab mitio predictions and the least-squares fit of the energy

integrals. The light source tested was surprisingly successful. The elongated LPP

gave spectra of very high quality, and the 2p43d - 2p44f array was much more

intense on the spectrograms than anticipated.

Paper 7.

Paper 7 is discussed in chapter 3 and will not be further dwelt upon here.
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Appendix A. The Quantel NG 24 Nd:YAG/glass laser (The numbers in parenthesis

refer to Figure 1, Section 1.1.2).

An oscillator (1), two amplifiers (13, 18), a Faraday isolator (19) and a variety of

optical components constitute the Quantel NG 24 Nd:YAG/glass laser system. A

schematic drawing of the system is shown in Figure 1, Section 1.1.2.

The laser operates on a 4 Iu - *F3 transition within the 4 / s configuration of

Nd s + (A = 1.064 fim). The transition is induced by the electric field of the host

material, see for instance Lengyel (1971). The neodymium ions have been doped

into the host material of the rods in the amplifiers. Two different host materials

are used, YAG (Y3AI5O12) and glass. Glass is used in the final amplifier because of

the large costs associated with YAG rods of the required size. Flashtubes excite the

neodymium ions and an inverted population is produced through nonradiative decay

into the 4fs 4 Fs level. The laser is Q-switched, which means that the stimulated

emission is restrained to one large pulse. The oscillator produces a laser beam which

has a wavelength of 1.064 pm and a time duration of 3 ns (1 m spatial length). The

beam has a moderate energy in the beginning, only 20 mJ, but it is later amplified

and the energy is around 250 mJ after two passes of the middle amplifier. The final

amplifier adds to this and the beam leaves the system with an energy between 2 -

4 J. This gives a power of around 1 GW during a pulse. All the optical components

described below are optimized for A = 1.06 pm.

The oscillator (1) consists of an amplifier (7), a Q-switch ( 3 - 6 ) and two mirrors

(2, 8). The amplifier within the oscillator contains the Nd doped YAG rod, which is

excited by a pair of flashtubes. The plane mirror (8) reflects only 8 % of the light,

while the reflectance of the concave mirror (2) at the back end is close to 100%. The

Q-switching is accomplished by a rotation of the polarization plane at a given time.

The radiation from the YAG rod in the backward direction is plane polarized into the

vertical plane by the Glan-Taylor prism (6). The polarization plane is then rotated

90° after two passes of the A/4-crystal and the light is subsequently not permitted

back into the amplifier, until the polarization plane has been rotated another 90°.
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This is accomplished by the Pockels-cell. A square-wave pulse activates the Pockels-

cell when the inverted population in the amplifier has a maximum. The bleachable

filter (9) placed after the semi-transparent mirror absorbs stray photons.

The vertically polarized beam is reflected by the Glan-Taylor prism (12) to-

wards the middle amplifier (13), which also contains a Nd:YAG rod. The beam is

further reflected by the mirror (15) and it passes the middle amplifier twice. Two

passes of the Å/4-crystal (14) rotate the polarization plane 90°, and the horizon-

tally polarized beam can pass through the Glan-Taylor prism (12) and continue

towards the final amplifier (18). The beam is expanded and made parallel by two

lenses (16, 17). The final amplifier contains a Nd:glass rod (Nd doped into glass

instead of YAG). It is placed in the Brewster angle to ensure minimum reflectance

for A = 1.064 Å. The rods in the three amplifiers are cooled by circulating water.

Unfortunately the glass cools much more slowly than the YAG. The repetition rate

of the entire system is limited by the temperature in this glass rod, and only one

laser shot can be fired every minute.

A Faraday isolator (19) has been installed to prevent back scattered laser light

to reenter the system backwards and destroy the optical components after ampli-

fication. The Faraday isolator contains two Brewster polarizers (20) and a glass

Faraday rotator (21). When the plane polarized light is passed along the glass rod

in a magnetic field, its polarization plane is rotated 45°. The rotation is independent

of the direction of propagation. The beam is further expanded after the Faraday

isolator reducing the energy density. This preserves the mirrors used to direct the

laser beam towards the target. The diameter of the beam is about 30 mm at the

target chamber.

The Hc-Ne lasers shown in Fig. 1, provide visual beams for the alignment.
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