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Abstract 

The 3s and 3p photoabsorption spectra of K ll and Ca m have been recorded in the 27-

75 eV region using the Dual Laser Produced Plasma technique. With the help of ab initia 

calculations made with the Cowan code and Rydberg series expansions, many 3s---tnp window 

resonances and 3p---tns,d transitions have been identified in these ions. 
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Chapter 1. Introduetion and overview 

Atomie spectroscopy has been of great importance as an experimental technique since 

the 19lh century. It provided the data that enabled Balmer to derive his well-known empirica! 

formula for the positions of the visible lines in the spectrum of hydrogen. lndeed, much of the 

data against which the predictions of the new quanturn mechanics based atomie theory of the 

first half of this century, and quanturn electrodynamics (QED) have been tested, have been 

obtained through atomie spectroscopy. 

Although the technique is relatively old, extensive development has taken place over 

the years in all areas of atomie and ionic spectroscopy. Theoretically, a deeper insight into the 

physical processes that govem atomie structure has been acquired, and the advent of powerful 

computers makes it possible to apply new models and ideas to obtain theoretica! spectra to 

assist the analysis of experimental data. 

On the experimental side, a large number of developments have taken place to make 

practically all ions and atoms available for spectroscopie analysis. In the 191h century, only 

neutraland singly ionised atoms could be investigated in the region down to 2000 A (6 eV), 

the cut-off wavelengthof air. The first vacuum spectrograph was built by Schumann (1893), 

who used a fluorite prism as a dispersing element. He also developed photographic plates that 

could record spectra of lower wavelengths. The focusing properties of concave gratings, 

derived by Rowland in 1882, were used by Lyman. In 1906 he constructed a spectrograph 

with a concave grating that allowed spectra to be investigated downtoabout 200 A (60 eV). 

Nowadays, improvements in techniques for ruling gratings and photographic plates as wellas 

the development of new detectors based on photodiode arrays and CCDs and aberration 

correcting and XUV reflective opties allow spectra to be recorded downtoabout 2 A (6 keV). 

Crystal spectrometers are available to record spectra at still higher energies. 

A wide range of light sourees has become available as well. Glow and are discharges 

enabled systematic investigations of spectra of up to six times ionised atoms. In the late 
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1920s, spark light sourees were introduced which produced up to twenty-five times ionised 

atoms. 

More recently sourees such as exploding wires, tokamaks and laser produced plasmas 

(LPPs) have been used in spectroscopie experiments. LPPs are formed when a high power 

lase~ pulse interacts with a solid target The LPP technique has opened up a range of new 

experiments on elements that were previous1y inaccessible, as the concentrated energy 

available in the laser pulse makes plasma formation possible on hard and refractory elements. 

The dominant ion stages in the plasma can be selected by variation of the laser power density. 

The discovery that LPPs of the rare earths (in which ion stages 11 to 16 prevail) emit 

an XUV continuurn led to the development of duallaser produced plasma (DLPP) absorption 

spectroscopy. Up to then, synchrotron radiation had been the only continuurn souree available 

in this region. In the DLPP technique, the continuurn emitted by an LPP of one of the rare 

earths is absorbed by the LPP of the element under investigation. 

In this thesis, the 3s and 3p photoabsorption spectra of K II and Ca ID have been 

studied using the DLPP technique. Analysis of the spectra was aided by calculations on the 

structure of these ions made with the Cowan code. 

In chapter 2, the use of coupled wavefunctions in calcu1ations of atomie spectra is 

discussed. A short outline of the way the Cowan code works is given there as well. 

Chapter 3 describes qualitatively the formation of an LPP, and examines what types of 

equilibria can be expected in the continuurn emitting and absorbing plasmas. 

In chapter 4 the influence of wavefunction collapse on the spectra of LPPs of the rare 

earths and of Ca m is discussed in some detail. An attempt is made to improve on the Cowan 

calculations (which do not allow for this effect) on the spectrum of Ca ID. 

Chapter 5 deals with the experimental systems at University College Dublin (UCD) 

and Dublin City University (DCU), where the experiments were performed. 

The 3p spectra of Ca m and K II are analysed in chapters 6 and 7, respectively, and 

chapter 8 provides the analysis of the 3s spectra of K II and Ca m. 
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Chapter 2. Calculations on atomie structure 

2.1. Introduetion 

In principle, all that is required for a complete theoretica! treaunent of any a torn* is the 

solution of the Schrödinger equation 

(2.1) 

for every stationary quanturn state k. The fi.rst problem that arises, of course, is to find a 

suitable Hamiltonian for each electron configuration. (A contiguration is the distribution of 

electrons in an atom with respect to states with different values of n and l. Within a 

configuration, each combination of the angular momenta L and S gives rise to a term. For 

example, in the contiguration ls2 2s2 2p6 3s2 3p5 4s, two terms are possible: 1P and 3P). An 

appropriate approximate Hamiltonian is 

(2.2) 

where Z is the atomie number, N the number of electrons, r9=1r;-r) the distance between 

electrons i and j, I; the orbital angular momentum, s; the spin of the ilh electron and /;; the so

called proportionality factor. The four terms in the Hamiltonian (from left to right) correspond 

to the kinetic energies and the potential energies of the electron-nucleus, electron-electron and 

spin-orbit interactions. Terms that are omitted include the relativistic rnass-velocity and 

Darwin terms and the magnetic orbit-orbit, spin-spin and spin-other-orbit interactions. 

* The term "atom" will be used throughout this thesis to denote both atoms and i ons. 
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----- -------

Another problem is the complexity of the wavefunctions, which are functions of 4N 

variables (four coordinates for each electron). In fact exact solutions cannot be found for N> 1 

so that some kind of approximation is required. A very successful approximation method is 

the Slater-Condon method, in which the unknown wavefunction 'J'k is expanded in a set of 

known orthonormal basis functions 'l'b. In practice, only a finite number of basis functions can 

be handled, and finding a smal! set of suitable basis functions is a problem in itself. We shall 

deal with this subject in section 2.3. 

Assume we have found such a suitable set of Mbasis functions. Substitution of 

(2.3) 

in (2.1) and taking the left inner product with 'l'b. yields a set of M coupled linear 

homogeneaus equations in the "mixing coefficients" y:,: 

M 

L Hb'bY: = Ek y: (2.4) 
b=l 

where Hb'b = <'l'bJHI'Pb >is the matrix element of the Hamiltonian operator between the basis 

functions 'Pb. and 'Pb. The Hamiltonian is Hermitian, and in fact it will always turn out to be a 

real symmetrie matrix in the cases of interest to us. 

If wedefine a vector Yk:(yt ,y~ , ... ,y~ ), thesetof equations (2.4) can be written in the 

form of a matrix equation: 

(2.5) 

It is known from matrix theory that it is always possible to find a transformation matrix T that 

diagonalises the Hamiltonian matrix H. The /Ch diagonal element of the diagonalised 

Hamiltonian is the eigenvalue E", and the /Ch column of T is the corresponding eigenvector Yk: 
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(2.6a) 

(2.6b) 

The eigenveetors Yk are automatically orthogonal if they beloog to non-degenerate 

eigenvalues, and are chosen orthogonal if the eigenvalues are degenerate. Mter 

renormalisation they form an orthonormal set; this, in turn, makes Ta unitary operator. 

In principle, all we have to do now is to create a suitable set of basis functions and 

numerically diagonalise H to obtain all quantities needed to calculate atomie spectra. In order 

to reduce the required computer storage and calculation times, we have to content ourselves 

with calculating only average wavefunctions and energies for each configuration; we can 

differentiate these energies for each term, cf. section 2.2. Defining the average energy simply 

as 

(2.7) 

where M is again the number of basis functions, bas the advantage that the average energy is 

directly proportional to the trace of the Hamiltonian, which does not change under the 

(unitary) transformation T used to diagonalise H. 

So far we have only discussed mixing within a configuration. Mixing between levels 

of different configurations, called configuration interaction (Cn, also occurs. It follows 

however from conservalion of total angular momenturn and parity that levels with different J 

or parity do not mix. For the time being, we will neglect Cl and consicter single configurations 

only. Insection 2.3, we will describe a metbod for obtaining single-electron functions, which 

will be coupled together to form basis functions for the entire atom. 

2.2. Calculation of Hamiltonian matrix elements 

The Hamiltonian matrix elements of (2.4) may be written as 
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(2.8) 

where cb'bq are angular coefficients and P q are radial or energy parameters such as Eav' Rk, and 

Ç. The kinetic and electron-nucleus terros in (2.2) contribute to Eav only. The Coulomb 

interaction can be written as 

(2.9) 

where i, j, i' and j' denote sets of quanturn numbers nl, 1 and 2 label electrons, P are radial 

wavefunctions, r< is the lesser and r> is the greater of r1 and r2• Special cases of the Slater 

integrals Rk are the direct and exchange integrals 

Fk (ij)= Rk (ij,ij) 

Gk (ij)= Rk (ij, ji) 

Finally, the radial energy integrals forspin-orbit interactions are given by 

(2.10) 

(2.11) 

Term dependent energies can be expressed in these energy parameters. For example, the 

energy of the tp term in a 3p5 4s contiguration can be written as 

(2.12) 

2.3. The construction of coupled wavefundions 

The basis wavefunctions for the entire atom 'Pb are constructed from single-electron 

wavefunctions. These one-electron functions are usually obtained using the central-field 
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method. In the central-field model of the atom, the approximation is made that each electron 

moves independently of the others in a spherically symmetrie electrostalie field caused by the 

nucleus and the other electrons. The probability distribution of an electron will then be given 

by a one-electron wavefunction of the form 

(2.13) 

This wavefunction is composed of a radial part P ni• an angular part Y1m, and a spin part cr",.. lf 

the effective potenrial the electron feels is independent of the principal quanturn number n, 

these one-electron functions form an orthonormal set. Angular momenturn is conserved in a 

centrally symmetrie field, so each of the wavefunctions can be characterised by the square of 

the angular momenturn and its z-component. 

The one-electron wavefunctions (2.13) can be used to form a basis wavefunction for 

the entire atom by forming the simple product 

(2.14) 

This definition, however, violates the principle that 'I' must be antisymmetrie under 

interchange of two electrons. The determinantal wavefunction or Slater determinant 

1 epi (7j) epi (rN) 

'P=..fiii. 
epN(Ji) ·•·· epN(rN) 

(2.15) 

on the other hand does meet this requirement. In practice, however, these determinantal 

wavefunctions are not used either but coupled wavefunctions are used instead. Coupled 

wavefunctions are used to account for interaction between electrons: suppose we have two 
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angular momenturn operators* J1 and J2, pertaining to interacting physical quantities. Strictly, 

only the quanturn numbers j and m corresponding to the total angular momenturn and its z-

component are good quanturn numbers, but if the interaction is weak, J1 and J2 still have a 

well-defined magnitude and the quanturn numbersj1 andj2 can be retained. 

For example, consicter an atomie two-electron system in which the mutual Coulomb 

repulsion is the strongest interaction. Negleering all other interactions, the total angular 

momenturn L=l1+12 and the totalspin S=s1+s2 provide the good quanturn numbers L, S, ML and 

Ms; coupling them together by J=L+S gives eigenfunctions of J2 and Jz. In reality, there is 

always a (weak) spin-orbit interaction so that LandS precess around J; their magnitudes are 

still reasonably well-defined but their directions are not, so that we have to use the set of 

quanturn numbers L, S, J and M. 

Suppose we have two single-electron basis functions, denoted by Ijl~) and u2~). 

that are eigenfunctions of J~, J1z and J;, J2z· We now define a total angular momenturn 

J=J1+J2 and look for coupled wavefunctions that are eigenfunctions of J~, J;, J2 and Jz with 

eigenvalues j 1(j1+ 1), j 2(j2+ 1), j(j+ 1), and m. This comes down to finding an appropriate linear 

combination of product functions: 

A h 

jjlj2jm)= L I,c(jlj2~~;jm)ljl~)lj2~) (2.16) 
~nt=-jl "'2=-j2 

A general algebraic expresswn for the coefficients C, known as Clebsch-Gordon (CG) 

coefficients, is given by (A4). We only remark here that (2.16) is effectively reduced to a 

single summation because the CG coefficients are identically zero unless ~=m-m1 , and that 

couplingj1 toj2 differs from couplingj2 toj1 by an unimportant phase factor. 

* Unless indicated otherwise, J will denote any angular momenturn operator for the remainder 

of this section; the eigenvalue j(j+ 1) of J2 is in units of 1i2 , the eigenvalue mj of Jz in units of 

1i. 

- 13-



Coupling of three angular momenta is just a matter of carrying out the above 

procedure twice. The order in which they are coupled is, however, important now, which 

reflects the difference between various coupling schemes. For example, coupling s1 to L first 

and then s2 to their resultant K gives LK-coupling, while coupling s1 to s2 first and then their 

resultant S to L gives LS'-coupling. For a numerical example, see Appendix A2. Recoupling 

matrices to go from one coupling scheme toanother are easily evaluated (cf. Appendix A3). 

Since electrons are fermions, these coupled wavefunctions have to be antisymmetrised. 

For non-equivalent electrons, this can be accomplished using determinantal functions as in 

(2.15). For equivalent electrons, the coupled wavefunctions are already antisymmetrical if L+S 

is even, while they are symmetrical (and hence not allowed) if L+S is odd*. Hearing this in 

mind, it is fairly straightforward to construct a set of properly orthonormalised 

antisymmetrical coupled two-electron functions. 

First we will give an example. If we add several electrons in say the LS'-coupling 

scheme, we arrive at the final terms via intermediate quanturn labels, the so-called parentage 

terms. These give the term of the ion that remains after the electron last added is removed. For 

example, consicter the 1s2 2s2 2p6 3s2 3p5 4s 3d configuration in Ca IT. If we add 3p5 to the 

closed subshells, we obtain a 2P term. Actding a 4s electron yields either a 1P or a 3P term, and 

actding the 3d electron gives a variety of possible doublet and quartet states. This sequence of 

possible terms is illustrated in (2.17): 

1s2 2s2 2p6 3s2 1S, 3p5 2P, 4s 1P, 3d 2P, 20, 2F or 

1s2 2s2 2p6 3s2 1S, 3p5 2P, 4s 3P, 3d 2P, 20, 2F, 4P, 40, 4F 

(2.17) 

(closed shells ,+ 3p5 ,+ 4s ,+ 3d) 

Working backwards, we see that the 3p5 4s 3d 2P term can have 3p5 4s 1P or 3p5 4s 3P as a 

parent, and 3p5 2p as a grandparent 

* In jj-coupling, this should read: if J (instead of L+S) is even or odd. Obviously, jK and LK-

coupling are not physica11y meaningful schemes for equivalent electrons. 
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N ow we return to the general case. Soppose we want to add a third electron to two 

equivalent electrons. lf the third electron is non-equivalent, it can be coupled onto the 

antisymmetrised coupled function without great difficulty, see (2.20). lf the third electron is 

equivalent, however, antisymmetrisation problems arise once more which we solve using the 

result for coupled two-electron functions. We create a (non-antisymmetrised) function in 

which electroos 2 and 3 are coupled together, with angular momenta L' and S', and denote 

those of the antisymmetrised function in which electroos 1 and 2 are coupled by L and S. 

Recoupling yields 

1Ls4s3)= I(Ls4s31~s~L·s·)·l~s~L'S') (2.18) 
L'S' 

The sommation (2.18) generally involves terms with L'+S' both even and odd. Therefore these 

coupled three-electron functions are not antisymmetric, but if a given LS term has more than 

one parent, it may be possible to find a linear combination 

ILS)= I(LS4S31LS)·ILS4S3) (2.19) 
LS 

in which only terros with even L'+S' occur. The three-electron function is then antisymmetrie 

in electroos 2 and 3, and simultaneously antisymmetrie in electroos 1 and 2 according to the 

left hand side of (2.18). It is therefore antisymmetrie with respect to all three electron 

coordinates. In (2.19), the three-electron function is expanded in functions with different 

parentage, i.e. different L and S , and hence the coefficients in this expansion are called the 

coefficients of fractional parentage (cfp). A numerical example is given in Appendix A4. 

Coefficients of fractional grandparentage (cfgp) are defined in a similar way when another 

equivalent electron is added. For the sake of completeness, we note that in some cases more 

than one set of cfp's is possible; taking appropriate linear combinations, the corresponding 

coupled wavefunctions can be made mutually orthonormal. 
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At this stage, we know how to form antisymmetrie orthonormal coupled 

wavefunctions 'l'sub for any individual subshell nfw. lf a particular contiguration contains more 

than one open subshell, we still have to couple these functions 'l'sub to yield an antisymmetrie 

basis function 'Ph for the entire atom. This is a product function that resembles the 

determinantal product of all possible 'l'sub; since we have antisymmetrised wavefunctions for 

each subshell, we leave out permutations of electron coordinates within subshells and only 

sum over permutations of electron coordinates among different subshells. Thus 'Pb is given by 

(2.20) 

where '~'sub is the simple product of all 'l'sub• Nsub is the number of subshells, P runs over all 

permutations among different subshells, and p is the parity of this permutation. An example of 

a basis function (2.20) is given in Appendix A5. 

2.4. The Cowan code 

Ab initia calculations on atomie structure were performed using the Cowan code. This 

code consistsof three separate programs called RCN, RCN2 and RCG. A briefdescription of 

the most important input and output parameters will be given below. 

The first program, RCN, reacts a list of configurations from an input file. It then 

calculates one-electron centre-of-gravity radial wavefunctions using the self -consistent field 

(SCF) metbod for each configuration. An SCF iteration consists of integration of the 

appropriate Schrödinger equation to obtain radial wavefunctions for all orbitals, recalculating 

the potential from these wavefunctions and comparing with values from the previous cycle 

until an accuracy of 9 significant digits bas been achieved. The SCF potential of the previous 

configuration is used as a starting point; for the first configuration, a scaled Herman-Skillman 

potentialis used. Options include the use of Hartree, Hartree-Fock, Hartree-Fock-Slater and 
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Hartree-plus-statisticai-exchange with (HXR) or without (HX) relativistic corrections to the 

wavefunctions; the option most commonly used is HXR. lf desired, the effective potential can 

be included in the output file. 

The energy parameters <rm>, P, (Ik, Ç and Eav are also evaluated using these 

wavefunctions. Approximate relativistic and electron correlation corrections are made to the 

Eav values. 

The one-electron radial wavefunctions from RCN are used by RCN2 to evaluate 

double configuration radial integrals Rk, electric dipole and quadrupole integrals, and radial 

overlap integrals. lt is possible to reduce the radial integrals, and in practice the P, (Ik and Rk 

integrals are always reduced by 15 to 25 percent. The P and (Ik integrals are overestimated 

because they are evaluated for single configurations, and the effect of Cl has the same term 

dependenee as the Pand (Ik terms with opposite signs. Therefore reduction of these integrals 

effectively takes Cl into account. The Rk have to be reduced as well to account for distant 

configurations that are not included in the configuration list and interactions that are neglected 

in the Hamiltonian (2.2). 

The input to RCG includes a file in which the cfp are stored and the configuration list. 

The angular coefficients for the energy and multipole matrices are now evaluated using Racah 

algebra techniques. The Hamiltonian matrix is then constructed using these angular 

coefficients and the output from RCN2, and subsequently diagonalised, yielding the energy 

levels and eigenvector compositions. Angular portions of contributions to multipole matrices 

are also evaluated forEl, M1, and E2 transitions. These are used together with the RCN2 

output to calculate multipole matrix elements and transition wavelengtbs and probabilities in 

intermediate coupling. i.e. the "coupling scheme" in which the wavefunctions are pure. 

Keferences 
Cowan RD, 1981, The Theory of Atomie Spectra and Structure, U. ofCalif. Press, Berkeley. 

Shore BW and Menzei DH, 1968, Principlesof Atomie Spectra, John Wiley, New York. 
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Chapter 3. Plasma physics 

3.1. The formation of a Laser Produced Plasma 

When a pulse from a Q-switched laser is focused onto a solid target a short-lived 

plasma of high temperature and density is formed. In this section a global description of the 

plasma formation will be given. 

In the case of a conducting solid target, the electromagnetic field of the laser radiation 

penetrates the surface only to a very short depth, the so-called skin depth o. For a power 

density of 1010 Wcm-2, which is a typical value for the power density of the ruby laser pulse 

focused onto the absorber, the rms electric field strength is of the order of 108 Vm-1 and &-10·9 

m. This field strength is sufficiently high to heat the conduction electrous and evaporate and 

ionise the target material. As a result a thin layer of an initially cold and dilute plasma is 

formed close to the target surface. 

The formation of an initia! plasma of an insulating target is not really understood, since 

many of them are transparent at the wavelength of the laser radiation (-1 ~m) and the 

ionisation potentials are much higher than the energy of the incoming photons. Still, for 

sufficiently large power densities free electrous are produced at the target surface. 

Multiphoton ionisation appears to be the most likely explanation (Donaldson et al. 1973). 

The second stage of the plasma formation is the same for conductors and insulators. 

The laser radiation is now absorbed by inverse bremsstrahlung. The absorption coefficient K 

for this process is given by 

(3.1) 

where Z is the atomie number, ne is the electron density in cm·3 and Te is the electron 

temperature in eV. roP is the plasma frequency in s-1, given by 
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(3.2) 

ln A is related to the Debye shielding and takes on values between 5 and 10 for LPPs. The 

dispersion relationship for an electromagnetic wave with frequency ro in the plasma is 

(3.3) 

where k=2rr/A. is the propagation number. Initially, ne is low, so (J)>>(OP and K(l)-ne2• The inverse 

bremsstrahlung process accelerates the free electrons and thus increases the electron 

temperature. This, in turn, causes forther ionisation and consequently an increase in ne and roP. 

However, because of the hearing, the plasma is driven away rapidly from the target surface 

which due to the expansion implies a decrease in ne. Most plasma formation models assume 

that ionisation dominates the expansion and that ne and roP increase continuously. As roP -tro, k 

goes to zero and reflection occurs at the critica! density nc for which roP=ro; for the Nd:YAG 

laser at 1064 nm, nc=4.2x1021 cm-3• At this juncture, ne~nc, the incoming radiation can no 

longer reach the target surface to generate new plasma, but due to the expansion ne decreases 

immediately and absorption is resumed. This cycle goes on tbrooghout the duration of the 

laser pulse ( -20 ns). 

As can beseen from equation (3.1), the absorption coefficient becomes very large in 

the region where ~P' i.e. where ne~nc. Therefore most energy is contained in this region 

(called the deflagration zone in terms of hydrodynamics) and most of the laser produced 

plasma processes are govemed here. 
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Fig. 3.1. Schematic plots of (a) electron density, (b) power density of incoming and reflected laser radiation, (c) 

electron temperature, ( d) mass density and ( e) velocity, all as functions of the distance from the target. 
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In the model of Fauquignon and Floux (1970) it is assumed that the deflagration front 

drives before it a shock wave which is generated by the plasma that streams away from the 

target surface. They considered the case of a semi-infinite blockof solid hydrogen illuminated 

by a beam of constant power density. Their results are shown schematically in Fig. 3.1. 

Figs. 3.la and b show the electron density and the intensity of the incoming and 

reflected beams as a function of the distance from the solid target surface, while the electron 

temperature is given schematically in Fig. 3.1c. The thermal conductivity is so small that the 

temperature drops quickly inside the target. In the ablation region (the region where the 

plasmatisation takes place), the electron temperature is about 100 eV and ne=nc=4.2xl021 cm-3• 

Here, thermal energy will be converted into kinetic energy by adiabatic expansion, and the 

plasma streams away from the target with a velocity of a few times 107 crn/s in a conical 

plume (DeMichelis and Mattioli 1984). A few millimeters above the target Te""10 eV and ne"" 

1017 cm-3• The expansion velocity of the plume is such that recombination rates are not 

sufficiently high to keep the ionisation in accordance with the Saha value at the decreased 

temperature. As a result, highly ionised atoms can exist in a so-called super-cooled condition. 

The compressibility of solid hydrogen is so high that the density rises sharply between 

the shock front and the deflagration front (see Fig. 3.1d). The shock front has a negative 

velocity and drives a small part of the plasma into the target while the main part is pushed 

outwards, as indicated in Fig. 3.1e. 

The impact of an incoming laser pulse depends of course on the target material, 

particularly on its ionisation potential, hardness and thermal conductivity. For very soft target 

materials like lithium, one laser pulse suffices to create a considerable hole in the target while 

firing thirty pulses at the same location on a harder target creates a small regularly shaped pit. 

A laser pulse of a particular power density may give rise toa plasma in which singly or doubly 

ionised electropositive atoms (such as potassium) prevail say one hundred and fifty 

nanoseconds after its formation, whereas a plasma of a strongly electronegative atom like 

iodine will have recombined to a colleetien of mainly neutral atoms. 
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3.2. Plasma equilibrium in the LPPs 

As we have seen in the previous section, the electron density in LPPs in extremely 

high. Since collisional rates are directly proportional to ne while radiative rates are 

independent of ne, it is fairly safe to assume that collisional processes will dominate in the 

plasma. lf this is the case and/or the optical depth is small, the plasma could be in Local 

Thermal Equilibrium (LTE). In LTE, the Saha, Boltzmann and Maxwell distribution laws hold 

and the electron temperature is equal to the ion temperature. The photon field in an L TE 

plasma, however, will in general not obey Planck's radiation law. 

In this section we will investigate the validity criteria for the presence of L TE. First we 

check that collisional processes dominate radiative decay and photo-recombination in a 

homogeneous and time-independent optically thin plasma. Since radiative rates go as p-4·5 

while collisional rates go as p4, where p is the effective quanturn number, this condition will 

usually be satisfied for the higher lying levels but not necessarily for the lower levels. It is 

therefore possible that the upper levels of an atomie system are in Saha equilibrium while the 

lower levels are not. This situation has been called partial Local Saha Equilibrium (pLSE) 

(Van der Mullen 1990). 

The collisional population rate is an order of magnitude larger than the radiative 

population rate if the following condition*, (McWhirter 1963): 

(3.4) 

is satisfied, where Eis the energy of a typical resonance transition in eV. Taking E=10 eV and 

Te=1 e V gives ne>4.2·1Ql5 cm-3 which is six orders of magnitude smaller than ne=nc=4.2·1021 

cm-3• 

• Various authors give different values of the numerical constant in (3.4). We have taken the 

largest value we could find to show how easily this condition is satisfied. 
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To calculate the ion densities, we have to assume LTE holcts and check later on if this 

is justified. First wedetermine the relative densities of ions of stage z using the Saba equation: 

P LTE _ nz+l _ 2 gz+l (21Cmek)
312 

T3t2 (-[z J - --· · · ·exp-
z+l nz ne gz h2 e kT: (3.5) 

where Iz is the ionisation potential for ion stage z. The statistica! weight can be approximated 

by g z = L 2 Jz + 1 where the summation is over all possible values of J within the ground 

level of ion stage z. 

The ion density nz is related to the electron density by 

z 
n = ~ z·n e L.J z (3.6) 

z=O 

All nz can be expressed in terms of n0: 

(3.7) 

which finally gives 

(3.8) 

We use the above values of Te=7 eV and ne=4.2·1021 cm·3 to obtain ~~~ and n0 from (3.6) and 

(3.9). The absolute and fractional densities fz then follow from (3. 7). The results are listed in 

Table 3.1 fora 7 eV calcium plasma. 
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z I~ (eV) 8.~ 
pLTE 

ö+l [7 n~ (1021 cm-3) 

0 6.11 1 22.486 0.012 0.027 
1 11.87 2 2.469 0.264 0.613 
2 50.91 1 0.112 0.651 1.514 
3 67.27 6 0.003 0.073 0.170 
4 84.50 9 0.000 0.000 0.000 
5 108.78 12 0.000 0.000 0.000 

Table 3.1. Fractional densities in a 7 e V calcium plasma in L TE. 

Along the line of sight, densities and temperature vary only gradually (except at the 

edge of the plasma). The assumption that the plasma is homogeneous is therefore quite 

reasonab1e. Since the plasma is being heated continuous1y, we are in reality dealing with a 

transient rather than a stationary plasma. However, if equilibration times are short compared 

to the heating time, we can describe the plasma as a succession of quasi-stationary L TE states. 

In such plasmas, collisional ionisation is the result of stepwise collisional excitations. 

The ionisation relaxation time i.e. the time it takes the remaining electrons to settie into 

equilibrium is given by the slowest process in the chain. As a rule, this is the excitation from 

the ground states to upper states. Typically the upper state of the resonance transition is 

populated favourably. Griem (1963) has given the equilibration time as 

Boltz 2. 2 . 105 
't =---

z fne 
(3.9) 

We crudely estimate the resonance energiesin a Rydberg type of relationship with p=2: 

I 
E =I -~=l.J z z 4 4 z 

(3.10) 

and again assumef=1. The resulting relaxation times, listed in Table 3.2, are ofthe sameorder 

of magnitude as the heating time (the timeanion spends in the deflagration zone) quoted by 

DeMichelis and Mattioli (1984), 1 to 10 ps. 
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We also have to check if the kinetic temperatures of the atoms and ions equal the 

electron temperature. The equilibration time between neutrals and electrons is given by 

(Griem) 

(3.11) 

while the equilibration time between electrons and ions is given by 

temp - 1. 2 X 108 . ~3/2 . M 
'tz - 2 

ne·Z 
(3.12) 

The results are listed in Table 3.2. The electron-ion equilibration times are of the same order 

of magnitude as the hearing time, while the electron-neutral equilibration time is significantly 

higher. However, ion-neutral collisions are so efficient that in practice the neutrals will attain 

the ion temperature very rapidly; effectively, the electron-neutral equilibration time is thus of 

the same order as electron-ion equilibration times. Moreover, during plasma formation the 

degree of ionisation increases rapidly so that the density of the neutrals is negligible. 

At this juncture, we must differentiate between the absorbing and continuurn emitting 

plasmas. In the absorbing plasma, the average ion stage is about 2 (cf. Fig. 3.2) while in the 

continuurn emitting plasma it is about 14 (see Fig. 3.3). The rates of ionization and collisional 

recombination scale with z·2, while the radiative recombination rate scales with z4 (Van der 

Mullen 1990). Therefore, the absorbing plasma can bedescribed by an LTE model, while the 

continuurn emitting plasma is better described by the collisional-radiative (CR) model of 

Colombant and Tonon (1973). 

In the CR model, excitation and ionisation are predominantly collisional while 

deexcitation and recombination are both radiative and collisional. It is applicable if the 

electron distribution is Maxwellian, if the population density of i ons of charge z+ 1 does not 

change significantly while the quasi steady state population of ions of charge z is established 

and if the plasma is optically thin to its own radiation. All three conditions are satisfied. 
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z 
0 
1 
2 
3 
4 
5 

'tBoitz ( ps) 

0.000 
0.009 
1.782 
1.924 
0.410 
0.541 

'ttemp ( ns) 

0.482 
0.021 
0.005 
0.002 
0.001 
0.001 

Table 3.2. Equilibration times in a 7 eV calcium plasma. 

The rate equation for ion stage z+ 1 is given by 

where the collisional coefficients S(z), the radiative recombination coefficients ~ and the 

three-body recombination coefficients ~b apply to the given ion stage at temperature Te. The 

expressions for these coefficients read, in cm3s·1, cm3s·1, and cm6s·I respectively (Colombant 

and Tonon) 

(3.14) 

where Xz is the ionisation potential, Z the charge state, and Çz the number of electrans in the 

outer shell. For stationary states, we can omit the time derivative in (3.13). Furthermore, for 

z=Nmax-1 where Nmax is the highest ion stage present in the plasma, S(z+1), ~(z+2) and ~b(z+2) 

are zero, which yields 

nz+! = S(z) = pCR 

nz ar(z+1)+nea3b(z+1) z+! 
(3.15) 
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Working backwards, we find that (3.15) follows from (3.13) for all ion stages. As z decreases, 

~ will get smaller so that pCR ~ pLTE. Thus, in the calcium plasma, the radiation term is 

much smaller than the kinetic and thermal terms. This allows us to use the expression 

(Colombant and Tonon 1973) 

(3.16) 

(where A is the atomie number) which relates the electron temperature to the power density of 

the laser radiation. Using this value for the electron temperature, we evaluate the relative 

densities for the calcium plasma. We find that the second ion stage dominates, in agreement 

with experimental values for the calcium plasma. The ion stage distribution is plotted in Fig. 

3.2. 

I I I I 

p 0.5 r- -
z 

0 
I I I I j J 

0 2 3 4 5 
z 

Fig. 3.2. Ion stage distribution in a 7 eV calcium plasma. 

The ion stage distribution in the samarium plasma, used to backlight the calcium 

plasma, could not be evaluated, since only the first few ionisation potentials are known. We 

have chosen to calculate densities for a xenon plasma, because this is the element ciosest to 

samarium for which sufficient ionisation potentials are known (Cowan 1981); for higher ion 

stages (say, z>4) the ionisation potentials will be similar to those of samarium. For the 
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Nd:YAG laser used to create the samarium plasma, <j>=2x1011 Wcm-2 and À-=1064 nm; using 

(3.16), we find Te=75 eV. (The calcium plasma is much cooler since <1> is much smaller.) Ion 

stages 13 to 15 dominate, in agreement with experimental values for the samarium plasma. 

The ion stage distribution is plotted in Fig. 3.3. 

p 
z 

0~-L--~~--~~~~-L~~~~~~~~~~~~~~--~--~~ 

0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

z 

Fig. 3.3. Ion stage distribution in a 75 eV xenon plasma. 
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Chapter 4. Wavefunction collapse and atomie spectra 

4.1. The XUV continuurn emission of the rare earths 

The rare earth or lanthanide sequence is characterised by a gradual filling of the 4f 

subshell. The chemical behaviour of these elements hardly changes at all along this sequence, 

since the 4f wavefunction lies closer to the core than the 6s (valence) electrons due to 

wavefunction collapse. This contraction of the 4f wavefunction is responsible for the 

continuurn emission from LPPs of the rare earths, as will be explained below. The 

temperature of an LPP of a rare earth metal is about 75 eV (cf. section 3.2). Using the 

collisional-radiative model of Colombant and Tonon (1973), we find that the 131h to 151h ion 

stages should dominate with minor contributions from ion stages Xll, XITI, XVII, and XVIII 

(see Fig. 3.3). 

Wavefunction collapsewas first explained by Goeppert Mayer (1941), who considered 

the formation of the lanthanide group of elements in terms of the effective potential for f 

electrons, which is shown in Fig. 4.1. lt consists of two wells, and the potential harrier 

between them arises from the centrifugal term in the Schrödinger equation. The 

wavefunctions in the outer well are essentially hydrogenic and form the nf series of bound 

states. 

In the case of Xe I (Z=54), the first eigenstate of the inner well bas a positive energy, 

and consequently all nf wavefunctions reside in the outer well (Cheng and Froese Fischer 

1983). Orbitals that lie in the inner well interact strongly with the 4d subshell. In Ba I for 

example, the inner well wavefunctions are the ef, 4f 3P and 3D wavefunctions which interact 

strongly. The f function that is lowest in energy looks like a 4f in the inner well, and like a 

continuurn wavefunction in the outer well (Connerade 1978). For this reason the strong 

transitions from the 4d orbitals have been named 4d -4,ef resonances. 
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Fig. 4.1. Effective potential for 4f electroos in neutral Xe. 

With increasing atomie number Z or ion stage Ç, the centrifugal harrier gradually 

disappears and the first inner well state deseencts below the ionisation threshold. As a result, 

the nf wavefunctions are contracted into the inner well. This contraction tums out to be 

strongly term dependent: with increasing Z or Ç, the nf 3P and 3D orbitals contract much more 

rapidly than the nf 1P orbitals. For example, in Ba I and La I (Z=56,57) the 4f 1P orbital is an 

eigenstate of the outer well while the 4f 3P and 3D orbitals lie mainly in the inner well. 

Interaction with the inner well states causes a contraction of the higher nf wavefunctions as 

well. In higher ion stages, the 4f 1P state is also contracted and the first inner well state 

becomes the 4f orbital. Because the inner well becomes much deeper, the nf states (n~5) are 

pusbed back into the outer well and have the character of uncollapsed (n-1 )f states. 

As the elements become more ionised, the 4f electrons are not necessarily removed 

before the 5p and 5s electrons even though they only become bound at Ce (Z=58). The 4f 

contraction causes the binding energy of the 4f electron to increase more rapidly than the 5s 

and 5p binding energies as the degree of ionisation increases, which results in level crossing. 

The ground state of ions with ~62 (from samarium upwards) is therefore best described by 

4d10 (Ss 5p 4f)q, where q is the total number of electrons in the 5s, 5p and 4f subshells. 
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It tums out that 4f,5p level crossing takes place at about the sixth ion stage in all rare 

elements from Pr (Z=59) upwards. It is not surprising that level crossing should occur at the 

same ion stage in each element: since each extra 4f core electron effectively cancels the 

increase in nuclear charge, the Coulomb potential of the 5s and 5p electrans remains 

unaltered. Likewise, 4f,5s level crossing takes place near the fourteenth ion stage of each rare 

earth element. 

Now we can understand why theemission from an LPP of the rare earths is line free: 

the ground state of each rare earth ion is a mixture of an enormous number of levels lying very 

close to each other, and all of these levels will be thermally populated since the electron 

temperature in the LPPs is of the order of tens of eV. Collisional excitation of say a 4f 

electron from a 4d105sm5pt4fN level (m+k+N=q) could populate any of a large number of 4d10 

(5s 5p 4f)q-I nd,g levels. Effectively, a transition occurs between two continuous bands to 

produce XUV continuurn emission. This quasi-continuurn is in fact completely submerged in 

the background continuurn which is due to recombination and, to a lesser degree, 

bremsstrahlung. 

4.2. Wavefundion collapsein the Iron Sequence 

Although less dramatic in effect, in the first row of transition elements nd electrans 

exhibit a behaviour similar to that of nf electrans in the lanthanides sequence. Like the nf 

wavefunctions, the nd wavefunctions contract as the nuclear charge increases but this takes 

place much less rapidly. Fig. 4.2 shows that once again the 1P1 wavefunctions contract much 

slower than the 3P1 and 30 1 wavefunctions. 

The above effect affects the reliability of the calculations made with the Cowan code 

drastically. As pointed out in chapter 2, the code uses Hartree-Fock average wavefunctions 

rather than wavefunctions for each individual term to evaluate e.g. the radial integrals. The 

fact that the 3d 1P1 wavefunction is expelled much more from the core than the 3d average 
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Fig. 4.2. 3d wavefunctions in Ca2+ calculated with the ACY A code. 

10 12 

wavefunction has two important implications. Firstly, since the 3p electroos reside in the core 

the values of the Slater integrals will be overestimated for 3d 1P1• The 3p53d 1P energy, in LS 

coupling given by (Condon and Odabasi 1980) 

(4.1) 

will thus be overestimated by a considerable amount because of the large coefficient of the G1 

term. Secondly, the evaluated Rk integrals won't give very reliable results which in turn affects 

the calculated oscillator strengths, particularly for all transitions invalving nd 1P 

wavefunctions. (Since the value of the F and G integrals decrease rapidly with increasing n, 

the energy levels of higher nd 1P's won't be affected as much.) 

Another effect which comes into play is the hybridisation of the nd wavefunctions. 

Hybridisation could bedefinedas Cl within a subset of configurations only. For example, the 

- 32-



3d 1P1 wavefunction is hybridised because it interacts strongly with the (continuum) tf and nd 

1P1 functions, but hardly at all with other functions. The fact that the nd wavefunctions are 

hybridised in isoelectrooie K+ (Mansfield) and comparable nf functions in Ba2+ (Cheng and 

Froese Fischer 1983, Connerade 1982) strongly suggests that hybridisation takes place in Ca2+ 

as well. Unfortunately the Cowan code doesn't give the option to include or modify 

wavefunctions in the output after interaction with other configurations has been accounted for, 

and we have to resort to an alternative approach to allow for the strongly term-dependent 

behaviour of the nd 1P wavefunctions. 

The output of the ACYA code of Froese Fischer (1978) calculates single-contiguration 

Hartree-Fock wavefunctions for individual terms that can be included in the output file. The 

average wavefunctions calculated by both codes are very similar, cf. Fig. 4.3; moreover, the 

<3p
3
)3dav> overlap integrals are -0.904 (ACY A) and -0.823 (Cowan), thus differing by 10 

percent. These single-term wavefunctions were used to construct "real" nd 1P wavefunctions, 

p 

-1~----------------------------------------~ 
0 r (a.u.) 

Cowan 3d average wavetunetion 
ACY A 3d average wavetunetion 
Cowan 3p average wavetunetion 
ACY A 3p average wavetuntion 

8 

Fig. 4.3. Comparison between 3p and 3d wavetunctions calculated by the Cowan and ACY A codes. 
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i.e. wavefunctions consisring mainly of the single term nd 1P wavefunction with actmixtures 

from other wavefunctions, according to 

L 'lf~term) 

~-~ = (~c,'f 
(4.2) 

The mixing coefficients c; were taken from the Cowan output. These c; were of course 

evaluated for average wavefunctions, but there is no other simple way to obtain them. In a 

mathematically not quite correct but useful picture these mixing coefficients can be regarded 

as zero order approximations used to create first order corrections on the wavefunctions. 

The results are displayed for n=3 in Fig. 4.4. It shows that interaction with the 4d and 

5d terms changes the character of the 3d 1P1 wavefunction completely, giving it two extra 

antinodes, while interaction with other terms affects the shape only marginally. Changing the 

mixing coefficients by a reasonable amount does not influence this change qualitatively, so we 

may assume that this effect is real. The Cl reduces the overlap with the 3p orbital even further. 

The 4d 1 P 1 wavefunction gets another antinode as well, while the character of higher nd 

wavefunctions remains unaltered. 

Finally, transition probabilities for all newly constructed (hybridised) wavefunctions 

were evaluated. From Sobelman (1972) we obtain the formula 

{
L 1 s}2 

s = (2J + 1)(21'+1) J' L' 1 I(YLIIDII'Y' L')l
2 

(4.3) 

where L, S and J refer to the ground state and dashed variables to the upper state of the 

transition. For the ground state, L=S=J=O so the 6-j symbol vanishes for all upper states save 

the 1P1 wavefunctions. The dipole operatorDis directly proportional tor, and (4.3) becomes 
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Fig. 4.4. Hybridisation ofthe 3d 1P1 wavetunetion in Ca2+. 

20 

(4.4) 

For each wavefunction 'V we now create a pseudo wavefunction 'I'' that consists of the 

1P1 part of 'V by a fonnula similar to (4.2); only in this case the summation in the numerator is 

over 1P wavefunctions only. Wethen calculate 

(4.5) 

which gives the line strength. The Cowan output gives gf values, which are related to the line 

strengtbs by 

gf =3.0376x10-{i·O"·S (4.6) 
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where <J is the energy of the transition in cm-1, for which we take the experimental values. 

Comparison of our line strengths, Swe• and those computed with the Cowan code shows that 

our procedure has indeed reduced the line strengtbs of the nd 1P1 transitions and increased 

those of the other nd transitions, see Table 4.1. In fact, comparison with the ex perimental data 

of chapter 6 shows that the intensities of the nd 1 P 1 transitions are now underestimated, and 

consequently those of the nd 3D1 transitions are overestimated (cf. Fig. 6.2). The main souree 

of error will be the use of incorrect mixing coefficients. 

term cr (cm-1) Senwan swe 
3d 3D1 227432 0.002 0.00000 
4d 3D1 327962 0.037 0.00000 
5d 3D1 361794 0.022 0.00130 
6d 3D1 378096 0.037 0.02265 
3d 3P1 203373 0.000 0.00000 
4d 3P1 323004 0.002 0.00009 
5d 3P1 359157 0.002 0.01233 
6d 3P1 376653 0.001 0.00458 
3d lpl 279354 5.027 1.52371 
4d lpl 336749 0.958 0.01536 
5d lpl 365364 0.275 0.00011 
6d 1P. 380952 0.094 0.00007 

Table 4.1. The intluence ofhybridisation on the line strengths. 

In K 11, the wavefunctions behave in a slightly different way. Calculations made with 

the Cowan code show that the 4s electronsinteract strongly with the 3d 3P electrons, cf. Table 

4.2. The 1P wavefunctions interact strongly with each other, especially with the (n-l)d 1P 

pure wavefunctions 

label 4s 3P 4s 1P 3d 3P 

4s 3p1 62 26 12 

4s lpl 5. 59 36 

3d 3P 32 15 52 

Table 4.2. Eigenvalue composition of the 4s and 3d 3P1 wavefunctions in K 11. Underlined numbers 

indicate negative eigenvectors. 
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Fig. 4.5. 3d 1P wavefunction collapse along the Ar I isoelecttonic sequence. 

wavefunctions. The 3d 1P and 4d 1P wavefunctions are strongly hybridised, but they can be 

distinguished using the behaviour of the other nd 1P wavefunctions. The 4d 1P wavefunction 

mixes more with the 3d 1P than with other wavefunctions, while the 3d 1P provides 

actmixtures of the order of 5% throughout the nd 1P series. This probably indicates that the 

wavefunction collapseis less complete in K TI than in Ca ITI, which is indicated in Fig. 4.5. 
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Chapter 5. Experimental 

5.1. Experimentalset-up at UCD 

5.1.1. Introduetion 

The absorption spectroscopy experiments described in this thesis were performed 

using the Dual Laser Produced Plasma Technique (DLPP). In this technique, one high power 

laser pulse is focused onto the material under investigation, and an absorbing dense ionised 

plasma is formed. An adjustable time delay afterwards, a second laser pulse is fired onto a 

second target which is a piece of a rare earth metal. The plasma formed on this target, 

hereafter referred to as the continuurn plasma, provides a XUV continuurn souree to backlight 

the absorbing plasma. 

In this chapter, the spectrograph, the target chamber and the lasers used in the 

experiments will be described. A brief discussion of the time delay and alignment systems is 

given as well. 

5.1.2. The lasers used in the experiments 

The absorbing plasma is generated by a ruby laser which is Q-switched by a Pockels 

cell. It consists of an oscillator only, and gives an output of 1.2 J in 30 ns. The continuurn 

emitting plasma is created with a Nd: Y AG oscillator/amplifier system in a folded cavity 

configuration which yields a Q-switched output of about 900 mJ in 12 ns. Each laser has a 

coaxial HeNe or visible diode laser which serves to define the output axes of the pulsed lasers 

in order to facilitate target alignment (cf. section 5.1.7). 
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5.1.3. The Spectrograph 

The experiments were performed in the 200-500 Á (25-50 eV) region, where the 

reflectivity of metal coated opties is almost zero at normal incidence. However, at grazing 

incidence the reflectivity of metal coated opties is again high enough (>80%, Samson 1967) to 

allow UV spectra to be recorded and therefore a grazing incidence spectrograph was used. 

A diagram of the optie layout of the spectrograph is given in Fig. 5.1. The gold coated 

grating has 1200 grooves per mm, a blaze angle of 1 °47' and a radius of curvature of 1.9995 

m. From the theory of Fraunhofer diffraction, we obtain the expression 

(5.1) 

for the relative intensity, where"'' is given by 

"''= 1td ~si} [ sin(a- i})- sin(~+ i})] (5.2) 

In (5.2), a and ~ are the angles of incidence and diffraction, e is the blaze angle, A. is the 

wavelengthand d the distance between the rulings, see Fig. 5.2. Fora given wavelength, ~is 

determined by the grating equation 

mainslit 
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protective 
aperture 

slit 

A.= d(sina+sin~) 

adjustable battle 

grating 

zero order stop 

Fig. 5.1. The 2m grazing incidence spectrograph. 
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Fig. 5.2. Cross section of a blazed grating (Samson 1967) 

The relative intensity is plotted as a function of the wavelength in Fig. 5.3 at an angle 

of incidence of 85°. The intensity of the diffracted light in the 250-500 A region is only 10 to 

25 percent the intensity at the blaze wavelength of 60 A. 

The light from the plasmas reaches the grating through an adjustable instrument slit 

( called the main slit in Fig. 5.1) which is typically 20 ~m in width. A protective aperture is 

placed between this main slit and the target chamber to prevent the plasma debris from 

coating the slit and the grating. A third slit is located between the main slit and the grating in 

such a way that only the entire ruled area of the grating is illuminated. 

0.8 
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I 
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0.2 

0~--------~----------~----------~----------_. __________ _j 

0 100 200 
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300 400 500 

Fig. 5.3. Relative intensity of the diffracted light as a function of the wavelength. 
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This slit also blocks a considerable fraction of the visible and near UV plasma light diffracted 

at the instrument slit. A zero order stop is also placed along the Rowland circle to keep the 

directly reflected light from illuminating the plate and from scattering onto the plate bolder. 

The photographic plate is mounted further along the Rowland circle. 

Since the grating produces astigmatic images, the spectra are imaged as lines along the 

height of the plates. This property can be used to select which height regions of the plates are 

exposed by inserting a baffle into the path of the diffracted light. Thus up to six different 

spectra (taken in different runs) can be recorded on one plate. The baffle is also used to 

overlay the reference spectrum onto the plates. 

5.1.4. The target chamber 

Crucial to the success of the experiment is the alignment of the plasmas along the 

optie axis of the spectrograph. The lateral alignment of the system, to ensure that all radiation 

from the continuurn plasma passes through the absorbing plasma, will be discussed in section 

5.1.7. It is important to keep the distance between the target surface and the optie axis roughly 

constant as well, as the plasma temperature and hence the ion stage distribution depend on the 

distance from the target surface. 

As photographic detection is used and the spectrograph is not blazed for the region we 

are looking at, typically around 600 laser shots are required to produce a spectrum. Depending 

on the hardness of the target material, between 1 and 30 laser shots can be fired at the same 

spot before creating a pit. lf more shots were frred at the pit, the resulting plasma at the optie 

axis would differ significantly from the one produced at a "fresh" spot. This implies that, in 

the course of an experiment, different target areas must be exposed to the laser pulses. 
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Fig. 5.4. The target eh amber. 

The main idea behind the design of the target plate and target chamber was to move 

the solid target surface rather than the laser beams. This has the advantage that once focusing 

conditions have been achieved, the laser and optie conditions need not be changed. lf the 

focusing conditions are well controlled then the degree of excitation in the absorbing plasma 

is almost completely determined by the laser power density and the time delay between firing 

the first and second lasers. 

A diagram of the target chamber is shown in Fig. 5.4, and a typical example of a target 

plateis given in Fig. 5.5. The target chamber is made in two parts, an angled pipe to conneet 

the chamber to the spectrograph at the correct angle, and a rectangular aluminium box. The 

target plate consists of three planar target surfaces: the continuurn target, the absorbing target, 

and a target emitting a reference spectrum (usually aluminium), mounted on a brass plate to 

support the targets. The target plate is placed onto a mechanica! target holder. The height of 

the target plate can be adjusted by the insertion of 0.25 mm high metal spacers below the 

target bolder. 
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Fig. 5.5. The target plate. 

5.1.5. Target motion and laser triggering control 

~slit 
+------r-+--- optie axis 

During the experiment, the target holder is moved under computer controL A program 

on a PC is used to drive a stepper motor which is mounted horizontally into the side of the 

target chamber. The target holder may be moved in either direction across the optie axis in 0.5 

mm steps and can be located in 43 different positions across the chamber. The same program 

is used to control both of the lasers and the target movement The number of shots fired per 

target step, the delay between each shot, and the number of steps may all be specified within 

the program. 

5.1.6. Chamber opties 

The lenses used to focus the laser beams are mounted into the roof of the target 

chamber, and the beams are directed into the chamber via two right angle prisms mounted on 

the roof of the chamber. Each prism can be tilted by means of a micrometer positioned beside 

it (not shown in Fig. 5.4) in order to adjust the position of the plasma. The spherical lens, 

which is used to generate the continuurn plasma, is 18 mm in diameter and of 71.51 mm focal 

length (at the wavelength of the Nd: Y AG laser, 1064 nm). The second lens used is a 

cylindricallens of 110 mm focallength. Using only this cylindricallens leads to the formation 

of a line plasma 12 mm long. A second cylindrical lens may be crossed with this lens to 

reduce the plasma length to 2 mm or 6 mm, thus creating a higher power density on the target. 

The layout of the lens system is shown in Fig. 5.6. 
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5.1. 7. Alignment 

In absorption experiments, it is crucial that the lasers are focused to points lying along 

the optie axis of the spectrograph. As the plasma is very compact (""100 J..U11), a smalllateral 

misalignment across the optie axis is sufficient to prevent absorption of the continuum. 

Obviously, the absorption will be observable only if the radiation from the continuurn plasma 

passes straight through the absorbing plasma and the instrument slits. 

A schematic view of the set-up inside the target chamber is shown in Fig 5.7. Three 

alignment lasers are used to steer the laser pulses onto the optie axis: a HeNe laser coinciding 

with the optie axis, and two HeNe alignment lasers coaxial with the ruby and Nd: Y AG lasers. 

~ 1 sphericallens 1 

continuurn 
plasma 
(point) 

continuurn target 

slit direction 

f------------1 ------------------------- - - - - - - - - - -

cylindricallenses (crossed) 

slit 

absorber target 

... 
Fig. 5.6. The lens arrangement. 

To guarantee proper alignment, a photodiode array (PDA) is placed into the target 

chamber. As the optie axis of the spectrograph is uniquely defmed by the axis HeNe laser, the 

absolute position of the Reticon PDA array is not important. lt detects the position of any of 

the alignment lasers with an accuracy of 25 J..U11 along the length of the array. By tilting the 

prisms on top of the target chamber, the laser pulses can be directed to illuminate the same 

pixels of the Reticon as the laser on the optie axis. 
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Nd:YAG I ruby alignment HeNe 

Raticon PDA 

optie axis alignment HeNe 

Fig. 5.7. The Reticon in the target charnber. 

5.1.8. The time delay system 

As a laser produced plasma cools over a 10 to 1000 ns time interval, the average 

degree of ionisation present in the plasma shifts to lower values. We use this to select the ion 

stage of interest by adjusting the time delay between the formation of the absorbing and 

continuurn plasmas. Fig. 5.8 shows a block diagram of the time delay system. 

The key to time delay variation is the precise control of the Pockels cells of the lasers. 

In this design, a signal from the computer triggers the ruby laser and a variabie delay generator 

(delay #1), which is typically 650 J..IS. This delay serves to synchronise the pumping cycles of 

the two laser flashlamps so that both laser cavities reach maximum Q-value at the same time. 

(The pumping cycles of the ruby and Nd: Y AG rods are different due to the greater 

spontaneous lifetime of the ruby atoms). The internal electtonics of the ruby laser trigger its 

Pockels cell, generating the absorbing plasma in the target chamber, and the sync out from the 

ruby laser triggers the nanosecond delay generator (delay #2). 
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Fig. 5.8. The two laser time delay system. 

Mter a variabie delay, typically 50-150 ns, delay generator #2 triggers the Nd:YAG 

laser's Pockels cell and the continuurn plasma is formed in the target chamber. The overall 

jitter obtained with this system is around ±10 ns. 

The time delay between the two laser pulses may be monitored by observing the 

reflections from the faces of the beam guiding prisms on top of the target chamber. Frosted 

glass panes couple the reflected laser light into two fibre optie cables, and a pair of 

photodiodes detect the signals guided by the cables. The signals from the photodiodes are then 

monitored in real time (shot to shot) and, when drift occurs during an experiment, a correction 

is made automatically by the computer program that runs the experiment. 

5.2. Experimental set-up at DCU 

The experimental set-up at DCU resembles that of UCD in many ways. In fact, the 

only significant differences are the use of a toroirlal mirror and electtonic detection system. 
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The stigmatic images thus produced are sufficiently intense to make shot-to-shot monitoring 

possible, which in turn allows for pure spectra to be recorded as will bedescribed below. 

Fig. 5.9a shows a schematic diagram of the DCU system. The delay generators control 

the time delay between the triggering of both flashlamps and the Pockels cells. One of the 

oscilloscopes is used to display the recorded spectrum, the other shows the time delay between 

the two laser pulses. 

The target chamber is given schematically in Fig. 5.9b. In contrast to the UCD system, 

the position of the absorbing target with respect to the optie axis can be varied to obtain 

spatial resolution. 

As pointed out above, the use of a concave grating gives rise to astigmatic images. As 

shown by Beutier (1945) and Namioka (1959), a toroidal mirror can be used to remove the 

astigmatism. Thus a toroidal mirror was placed between the target chamber and the entrance 

slit to obtain stigmatic images, cf. Fig. 5.9c. 

The detector used in the system is a Multi Channel Plate (MCP), which is again 

mounted on the Rowland circle. For each photon collected by the MCP, about 10000 electrons 

are liberated which are accelerated across a vacuum gap onto a a phosphor coated fibre optie 

bundle. The visible photon signal prodliced by the phosphor is then guided toa PDA. 

It tums out that this detection system is sensitive enough to allow shot-to-shot 

monitoring. This makes it possible to select the desired ion stage, e.g. Ca2+, in the following 

way. Spectra were recorded in the region of the resonance lines of Ca I through N (Sugar and 

Corliss 1985), and subsequently the target position and time delay were changed in such a way 

that the Ca I, Ca II and Ca N lines were reduced and the Ca m peak was the only strong 

resonance line. The detector was then moved to another region to record the Rydberg series 

under identical plasma conditions. 
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Fig. 5.9. Overview of the OCV experimental set-up. 
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Chapter 6. The 3p photoabsorption spectrum of Ca 111 

6.1. Previous work on Ca 111 

The fi.rst observations of the Ca m spectrum were made by Anderson (1924) using a 

vacuum spark. The frrst analysis of Ca ill was carried out by Bowen ( 1928) who used bis own 

measurements between 400 and 2250 Á and Anderson's between 2250 and 4100 Á to identify 

most terms of the 3p5 4s, 5s, 4p, 3d and 4d configurations. Ekefors (1931) found some new 

1ines between 100 and 1100 Á. 

The analysis of Ca m was revised and extended considerab1y by Borgström (1968, 

1971). Using slidingspark spectra in the 440-12000 Á region, he found most 3p5 nl terms up 

to nl=6s, 5p, 6d, 7f and 5g and was able todetermine the ionisation energy from the nf and ng 

series. 

Hansen et al (1975) identified the 3s 3p6 3d contiguration and two 3p5 6p levels. 

Kastner et al (1977) reported the 3s 3p6 4p 1P1 and 5p 1P1 levels to complete the analysis of 

Ca 111 to date. 

6.2. ldentification of 3p photoabsorption lines in Ca 111 

Figure 6.1 shows three calcium absorption spectra recorded using the DLPP method. 

The top spectrum was recorded at University College Dublin using photographic plates while 

the midd1e and bottorn spectra were taken at Dublin City University using an electtonic 

detection system. The spectra were taken after different time de1ays and at different positions 

relative to the target surface, so the differences between the spectra can be ascribed to 

contributions from different ion stages. With the help of Kelly's tables (1987) the ion stages 

responsible for each spectrum can be readily identified. 
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Fig. 6.1. Experimental spectra of Ca lil. 
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The 3p-3d resonance lines of Ca I and Ca 11 lie at 31.41 and 33.20 eV respectively. 

None of the spectra shows peak:s at these positions. (Note: the time delay and position of the 

electtonic detector for recording the middle spectrum were determined in this way although 

the spectrum on1y ranges from 44 to 54 eV). The Ca m resonance line at 34.64 eV is present 

in all spectra (although they are not actually displayed in the top and middle spectra), whereas 

the group of strong lines between 36 and 39 e V associated with the strongest Ca IV transitions 

appear in the bottorn spectrum only. No lines from higher ion stages appear in the spectra. 

Therefore, the bottorn spectrum must be a mixture of Ca m and Ca IV while the top and 

middle spectra are pure Ca 111 spectra. 

The middle spectrum (purely Ca ill) is shown again in Figure 6.2 as well as a 

theoretica! spectrum. The latter was obtained by fitting a Gaussian curve of 0.1 A width to all 

Ca m lines predicted by the Co wan code. The height of each peak: corresponds to the 

predicted gfvalue. The position of the lines are in good agreement, but the intensities differ 

Absorption 

44 45 46 

pure Ca lil spectrum 

47 

'., 

48 
E (eV) 

spectrum predicted by the Cowan code 

49 
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Fig. 6.2. Expertmental and theoretica! spectra of Ca liL 
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term Eacu Ce V) Eaoreström CeV) 
5d c+.+) 44.530±0.02 
6s ct.+) 44.796±0.005 44.802 
5d ct.+) 44.852 44.857 

6s ct.+) 45.172 45.173 

5dCt.t) 45.298 45.299 

Table 6.1. Comparison between our and Borgström's measurements. 

significantly (cf. section 4.2). The positions of the four peaks between 44.8 and 45.3 eV 

correspond to the 3p5 5d and 6s levels determined by Borgström (see Table 6.1). Therefore, 

we use the positions predicted by the Cowan code for identification of higher ns and nd levels 

but do not pay too much attention to the predicted gfvalues. 

According to the predictions made with the Cowan code, lines should appear in groups 

of five, consisring of three nd levels and two (n+1)s levels. However, the nd (f,f) series 

should be very weak:. The recorded spectrum clearly shows a group of four lines (two pairs) 

between 44.8 and 45.3 eV, and again between 46.8 and 47.2 eV. At higher energies, the pairs 

are not resolved anymore and appear as one peak: (in some cases with a shoulder). It would 

follow from the calculations that each group of four lines consists of (n+ 1)s ( t ,t ), nd ( t ,f ), 
(n+ 1)s ( t ,t) and nd ( t ,f) lines (in ascending order of energy). Notice that the same pattem 

has been observed for n=5 by Borgström, giving confidence in these assignments. Levels up to 

n=9 have been assigned in this way. 

Since the configurations under consideration are jj coupled, they should form Rydberg 

series. From Borgström (1971) we obtain the ionisation limits for the 2P112 series (at 50.91 eV) 

and for the 2P312 series (at 51.30 eV). In all four series the quanturn defects are constant (within 

the limits of accuracy of the experiment), and this confirms the previous assignments. 

Moreover, the quanturn defects found can now be used to identify alllevels mentioned above 

up to n=11. 
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assignment E.,xn Ernwon M 8 composition 
(1=1) (eV) (eV) (eV) 
6s (t,t) 44.796 44.676 0.120 1.53 95% 
7s(t,t) 46.840 46.691 0.149 1.52 97% 
8s <+.+) 48.001 47.844 0.157 1.52 97% 
9s (f,t) 48.72 48.566 0.15 1.53 97% 
10s(t,t) 49.21 49.048 0.16 1.52 98% 
11s(t,t) 49.55 49.385 0.17 1.52 92%+6% 10sCt.t) 
12s Ct ,t) 49.803 49.631 0.172 1.50 97% 

6s ct.+) 45.172 45.010 0.162 1.53 98% 
7s Ct.+) 47.205 47.030 0.175 1.53 97% 
8s Ct.+) 48.368 48.186 0.182 1.54 95% 
9s Ct.t) 49.093 48.909 0.184 1.55 87% + 13% 8d Ct.+) 
10sCt.t) 49.59 49.395 0.20 1.54 92%+6% 11sCt,t) 
11sCt.t) 49.93 49.732 0.20 1.55 97% 
12s Ct.t) 50.185 49.978 0.207 1.52 98% 

5d ct.+) 44.530 44.439 0.091 0.62 36% + 29% 5d (t,t) + 21% 5d Ct,t) + 7% 4d (f,t) 

6dCt,t) 46.699 46.572 0.127 0.61 55% + 18% 6d Ct ,t) + 14% 6d Ct ,t) + 6% 5d Ct ,t) 

7d(t,t) 47.923 47.776 0.147 0.60 66% + 16% 7d ct,t) +6% 6d ct.t) + 5% 7d (t,t) 

5d Ct,t) 44.852 44.762 0.090 0.51 75%+ 19%5dCt,t) 

6dCt,t) 46.878 46.787 0.091 0.49 79%+ 17%6dCt,t) 

7d(t,t) 48.017 47.926 0.091 0.50 82% + 14% 7d (t,t) 

8d(f,t) 48.74 48.634 0.10 0.49 85% + 12% 8d (f,t) 

9d(t,t) 49.22 49.110 0.11 0.50 87% + 10% 9d ( + 't) 

10d(f,t) 49.56 49.460 0.10 0.50 56% + 38% 9d Ct.t) 

11d(t,t) 49.803 49.657 0.146 0.50 83% + 13% 11d Ct ,t) 

5d ct.+) 45.298 45.340 -0.042 0.48 50% + 40% 5d Ct , t) 
6d (t.t) 47.232 47.150 0.082 0.51 69% + 22% 6d ct '+) 
7d(t.t) 48.368 48.234 0.134 0.54 78% + 11% 7d <+ ,t) 
8dCt.t) 49.093 48.926 0.167 0.55 71% + 11% 9s ( + , +) + 7% 9d ( + , +) + 5% 8d C + , +) 
9d(t.t) 49.58 49.380 0.20 0.55 43%+35% 10dCt,t)+ 11% 10dCt.t) 
10dCt.t) 49.93 49.751 0.18 0.55 67%+ 15% 11dCt,t)+8% 12dCt,t) 
11dCt.t) 50.185 50.007 0.178 0.52 82% + 11% 12d ct' t) 

Table 6.2. Energy levels and percentage compositions (ab initio; only percentages above 5% are listed, 

underlined numbers indicate negative eigenvectors) of the 3ps nd and 3ps ns configurations of 

Ca III. The estimated accuracy of the experimental values is ±0.005 eV. 

Now that it bas been established that these four sets of terms forma Rydberg series, it 

is reasonable to assume that the nd (f,f) series will be a Rydberg series as well. 

Unfortunately, the spectrum recorded begins just past the position of the 5d (f,f) level at 

44.53 eV (Borgström's value) so the intensity of the line there cannot be checked from this 

spectrum. However, it is clear from the top spectrum in Fig. 6.1 that the peak at 44.53 eV is 

much weaker than the other lines of the 5d/6s group. Using the same value of the quanturn 
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defect of the 5d (f,f) level for n=6 and n=7, the peaks at 46.699 and 47.923 eV can now be 

identified. Since these peaks are much weaker than the peaks of the other series, it is unlikely 

that they should be seen for higher n. 

The results are listed in Table 6.2. For each identified term, the values of the energy 

level found experimentally, accurate to ±0.005 eV, the energy level predicted by the Cowan 

code, and the differences between them are given. Also included are the quanturn defects and 

leading eigenvector percentages (i.e. percentages over 5% ). 

The only peak that is not accounted for at this stage is the one at 46.44 eV. It is likely 

however that this is a group of 0 m 2s-3p lines (see Kelly 1987), especially because calcium 

oxidises very rapidly. Other oxygen lines corresponding to similar transitions would lie inside 

Caillpeaks. 

Finally, we consicter the coupling schemes that prevail in Ca m. The 3p5 nl 

configurations follow different coupling schemes for different values of n and l and indeed for 

different terms within the same configuration. The 3p5 4s and 3d to 5d configurations are LS 

coupled, but the higher ns levels are jj coupled. The higher nd levels follow none of the LS, jj, 

jeK or LK coupling schemes but are much closer to the latter three coupling schemes. 

Although Borgström's assignments (for n~5) are in jeK notation, the eigenvector purities are in 

fact higher injj coupling (71% and 76% respectively). We have chosen to use the jj coupling 

notation for all higher ns and nd terms. 
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Chapter 7. The 3p photoabsorption spectrum of K 11 

7 .1. Previous work on K 11 

The study of the potassium emission spectrum by De Bruin (1928) enabled him to 

establish 29 levels of K ll. Their energies relative to the ground state were determined by 

Bowen (1928) from measurements of theemission spectrum in the VUV region. Bowen also 

made the first assignments for some of these levels. 

An improved analysis of the K ll spectrum was given by Mansfield (1974) who 

identified the 3p54s, 4p, 5s, and most of the 3d and 4d levels. According to Mansfie1d, the 3d 

and 4d 1P1 terms interact strongly with the continuurn and therefore only a tentative 

assignment for the 4d 1P1 level was made. 

Finally, Aizawa et al. (1985) identified the 3s 3p6 4p 1P1 level. 

7 .2. Identification of 3p photoabsorption Jin es in K 11 

The spectrum of K ll is shown in Fig. 7 .1. In the region 27-30 e V, aluminium 

reference lines were used for calibration while the known 3p6-73p5 5s and 4d 3P1 lines were 

used for calibration around 26.5 eV. 

Comparison of these K ll lines with calculations made with the Cowan code (cf. Table 

7.1) suggests that shifting the predicted energies by about 0.12 e V should give fairly accurate 

estimates for the other levels as we11. This immediately yields identification of the 3p6-7 

3p54d 3D1 line at 27.131 eV. 

The broad feature at about 27.99 e V was then tentatively assigned as the 3p6-7 

3p54d 1P1 transition, in analogy with the assignments made for Ca m (which is isoelecttonic 

with K ll). The fivelines between 28.6 eV and 29.3 eV were then associated with 3p-75d and 

6s transitions, and the four lines between 29.6 and 30.1 e V as 3p-75d and 6s transitions. No te 
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Absorption 

26 

assignment Eexn 

(1=1) (eV) 

6s <+.+) 28.840 
7s(t.t) 29.88 
8s(f,t) 30.464 
9s(f,t) 30.859 
6s (t.t) 28.576 
7s(t.t) 29.621 
8s(t.t) 30.200 
9s(t.t) 30.562 
4d 3D, 27.131 
5d (f,t) 28.968 

6d {t,t) 29.88 

7d{t,t) 30.375 

5d (t,t) 28.727 
6d(t.t) 29.707 
7d <+.+) 30.288 
4d 1P, 27.99 
5d(t.t) 29.359 

6d <+.+) 30.128 

7d(t.t) 30.688 
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Fig. 7 .1. Experimental and theoretica! spectra of K 11. 

Ec:nwan f:lE ö composition 
(eV) ~eV~ 
28.680 0.160 1.78 99% 
29.722 0.16 1.79 99% 
20.305 0.159 1.85 99% 
30.662 0.197 1.86 96% 
28.449 0.125 1.78 99% 
29.487 0.166 1.81 99% 
30.066 0.134 1.84 55% +45% 5d {f,t) 
30.422 0.140 1.78 78%+22% 10s(f,t) 
27.045 0.086 0.52 97% 
28.863 0.105 0.48 32% + 23% 5d (t,t) + 17% 5d (f,t) + 14% 6d {t,t) 
29.779 0.10 0.42 43% + 23% 6d (t.t) + 12% 6d (t.t)+ 8% 7d {f,t) 
30.301 0.074 0.41 55% + 12% 8d {t,t) + 9% 7d (t.t) + 7% 7d (t.t) + 

5% 3d tp 

28.617 0.110 0.67 77% + 16% 5d (t.t) 
29.582 0.125 0.66 85% + 9% 6d (t.t) 
30.125 0.163 0.63 91% 
28.048 -0.05 0.27 ~ +41% 5d (t,t) + 15% 3d 1P

1 

29.343 0.016 0.37 58% + 9% 5d {t,t) + 19% 6d {t,t) + 5% 3d 1P
1 

30.024 0.104 0.45 58% + 23% 7d <+.+) + 6% 6d {t,t) 
30.618 0.070 0.29 26% + 31% 8d {t,t) + 22% 8s (t,t) 

Table 7.1. Energy levels and percentage compositions (ab initio; only percentages above 5% are listed, 

underlined numbers indicate negative eigenveetors) of the 3if nd and 3pS ns configurations of 

K 11. The estimated accuracy of the experimental values is ±0.005 eV where 3 decimals are 

given, otherwise ±0.01 eV. 
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that these identifications are in good agreement with the trend seen in Ca m (chapter 6) and 

with the predicted values. 

An attempt was then made to fit these lines to Rydberg series using the values of the 

K2+ 3p5 2P112 and 2P312 limits (Sugar and Corliss 1985). The lines form Rydberg series indeed, 

and using the same value for the quanturn defect makes it possible to establish energy levels 

up to 9s and 7d. Oue to high mixing impurities, the labelling by the Cowan code is not very 

reliable and in fact the nd series had to be relabelled to a large extent. 

It is interesting to look at the trend the intensity follows along the nd 30 1 and 1 P 1 

Rydberg series. Por n=4, the coupling is nearly purely LS, and therefore the 3p6 1S0---t3p5 4d 

1P1 line is very strong and broad while the 3p6 1S0---t3p5 4d 30 1 line is narrow and weak. As n 

increases, the coupling becomes more of jj character, and accordingly there is an increase in 

absorption along the nd 30 1 (or, in jj notation, the nd (f,f) series) and a simultaneous 

decreasein absorption along the nd 1P1 / ( ·t.t) series. 

Keferences 
Aizawa H, Wakiya K, Suzuki H, Koike F and Sasaki F, 1985, J. Phys. B 18, 189. 

Bowen IS, 1928, Phys. Rev. 31,497. 

De Bruin TL, 1928, Arch. Néerl. Sci. exacteset naturelles (lilA) 11, 75. 

Mansfield MWD, 1974, Proc. R. Soc. Lond. A 341,277. 

Sugar J and Corliss C, 1979, J. Phys. Chem. Ref. Data 8, Vol. 3. 

- 58-



Chapter 8. The 3s photoabsorption spectra of K 11 and 
Ca 111 

8.1. Previous work on 3s photoabsorption along the Ar I sequence 

The first observations of 3s photoabsorption along the Ar I isoelectronic sequence 

were made by Madden and Codling (1963) who observed the 3s2 3p6_-t3s 3p6 np 1P1 series up 

to n=9 in Ar I. In 1967, Svensson and Ekberg identified the 3s2 3pL·~3s 3p6 4p 1P1 transition in 

Ti V. Kastner et al. (1977) identified the 3s 3p6 np 1P1 and 3P1 series up to n=lO in Ti V, many 

memhers of this series in V VI and Cr VII and some of the transitions for n=4,5 in Ca lil, 

Sc IV, and Fe IX. More recently, the 3s2 3pL·~3s 3p6 4p 1P1 transition in K 11 was identified by 

Aizawa et al. (1985). 

8.2. Identification of 3s photoabsorption lines in K 11 and Ca 111 

Calculations were made with the Cowan code for Ar I, K 11, Ca lil and Ti V and 

compared to the available experimental data. The results are presented in Table 8.1. Clearly, 

in all cases a constant shift ll.E varying from about 5 to 7 e V suffices to reproduce nearly 

exactly the positions of the absorption lines in Ar I (M=5.1 eV) and Ti V (M=7.0 eV). It is 

therefore reasonable to assume that the same applies to photoabsorption lines in K 11 and 

Ca lil. 

The experimental 3s spectrum of K 11 is given in Fig. 8.1. Interestingly enough, the np 

lines appear to be in emission rather than in absorption. These are so-called window 

resonances. They result from interaction of the 3s 3p6 np with the continuum; classically, one 

would expect that the absorption cross sections would be additive, but quanturn mechanics 

prediets interterenee effects which in this case result in apparent emission rather than 

absorption. Fig. 8.1 clearly shows the increase in photoabsorption to the 3p continuurn with 
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decreasing energy (as would be expected classically), with the exception of the three 

emission-like features (where the absorption dips) at the 3s discrete absorption energies. 

Unfortunately, the target used in the experiment was potassium iodide rather than pure 

potassium, and as a result the broad absorption line of neutral iodine at a bout 46 e V obscures 

a possible 7p line. 

lntensity 

39 

Ion 
Ar I 

Kil 
Ca lil 

Ti V 

40 41 42 

5p 

43 44 

Energy (eV) 

óp 
I 

45 

Fig. 8.1. The 3s photoabsorption spectrum of K 11. 

n Enn (eV) Ec_. (eV) M(eV) 
4 26.59 31.68 5.08 
5 27.98 33.08 5.10 
6 28.50 33.59 5.09 
7 28.77 33.84 5.07 
8 28.91 33.98 5.06 
9 29.00 34.06 5.06 
4 39.82 45.01 5.20 
4 53.45 59.59 6.14 
5 61.11 67.29 6.18 
4 85.77 92.73 6.96 
5 102.62 109.65 7.04 
6 110.21 117.20 6.99 
7 114.33 121.27 6.94 
8 116.80 123.73 6.93 
9 118.41 125.32 6.91 

iodine 

46 47 48 

Table 8.1. Comparison between predicted and observed energies of 3s 3p6 np 1P
1 

levels along the Ar I 

isoelecttonic sequence. 
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The identified lines are tabulated in Table 8.2. It tums out that the energy of the 4p 1P1 

level in K 11 of 39.82 eV quoted by Aizawa et al. is almost certainly incorrect; the duferenee 

between our experimental value of 39.50±0.05 eV and the value calculated with the Cowan 

code is the same as the difference for the 5p and 6p levels, namely about 5.5 eV. The 

estimated accuracy of the latter energy levels is ±0.01 eV. 

lntensity 

4p 

4p 

55 

5p 

60 

Energy (eV) 

6p 7p8p9p 

65 

Fig. 8.2. The 3s photoabsorption spectrum of Ca lil. Top of bar: 4p 3P1, bottom: np 1P1• 

70 

The 3s spectrum of Ca m, displayed in Fig. 8.2, shows a very interesting trend: the 3s 

3p6 4p 1P1 and 3P1 lines appear to be in emission. while the 3s2 3pL~3s 3p6 np 1P1 transitions 

(5Sn$;9) are seen in absorption. Many-body calculations, to be made with the lvanov code, 

will hopefully clarify this. 

Experimental and predicted values for 3s 3p6 np 1 P 1 and 3P 1 energy levels in Ca m are 

listed in Table 8.3. The estimated accuracy is again about ±0.01 eV. It would appear that the 

value for the 5p 1P1 level in Camare slightly off as well. 

term E •• _ (eV) Ew# td (eV) Em (eV) E"" (eV) 
4p 1P, 45.02 39.50 39.82 39.50 
5p 1P, 49.16 43.64 43.61 
6p 1P, 50.80 45.28 42.26 
7p tp, 51.63 46.11 
8p 1P, 52.11 46.59 
9ptpt 52.42 46.90 

Table 8.2. Experimental and theoretica! energies of 3s 3p6 np 3P1 levels in K 11 calculated by the 

Cowan code, and energies obtained by shifting Ec.wu by 5.52 eV. 

- 61-



term E (eV) E (eV) E. (eV) E (eV) 
4p 3P, 59.27 53.27 53.08 
4p 1P, 59.59 53.59 53.45 53.50 
5p 1P, 67.29 61.29 61.11 61.25 
6p 1P, 70.50 64.50 64.51 
7p 1P, 72.18 66.18 66.21 
8p 1P, 73.17 67.17 67.17 
9p 1P, 73.80 67.80 67.85 

Table 8.3. Experimental and theoretica! energiesof 3s 3p6 np 3P
1 

and 1P
1 

levels in Ca lil calculated by 

the Cowan code, and energies obtained by shifting Ec.w .. by 6.00 eV. 
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Conclusions 

The 3s and 3p photoabsorption spectra of K II and Ca ill have been studied in the 

VUV region. The 3s--t5p and 6p 1P1 transitions have been seen for the first time in KIl, while 

the value given in the literature for the 3s--t4p 1P1 transition has been shown to be incorrect. 

The 3s--t6p to 9p 1P1 transitionsin Ca III have also been observed for the first time. 

The 3p--tns,d Rydberg series have been identified in both K II and Ca ill. 
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Appendix A. Coupled wavefunctions 

Al. The 3-j and 6-j symbols 

The 3-j symbo1 is defined as (Cowan 1981) 

(~~ j 2 j 3 
) = eS . (-l)j,- j,-m, x 

"'1 ~ ~ m,+m,+m,,O 

[
(jl + j2- j3)!(j~- j2 + j3)!(- jl + j2 + j3)!(j~-~)!(j1 +~)!(j2 -~)!(j2 +~)!(j3 -~)!(j3 +11l:J)!]x(A.l) 

(jl + j2 + j3 + 1)! 

(-1/ 
~ k!(jl + j2- j3- k)!(jl -~- k)!(j2 +~- k)!(j3- j2 +~ -k)!(j3- jl-~ +k)! 

which is non-zero on1y if the arguments of the factoria1s are non-negative integers. Thus we 

find the restrictions 

j;, m; are half-integral, 
_. < <. 
};- m;-];, 

m1 + ~ + ~ is integra1, 

j 1 - j 2 -~is integral, 

j; satisfy the triang1e re1ations. 

and therefore the summation is over the integral values of k satisfying 

In practice, the j; are angu1ar momenturn quanturn numbers and m; the corresponding magnetic 

quanturn numbers; moreover, one of the j; corresponds to the vector sum of the two other 

angu1ar momenturn operators.lt follows from (A.1) that 

(~ jl ~) = (-!);,+ ;,+}, { ~ j2 ~J (A.2) 
l'11t ~ 

and 

( j, j2 
j, J = ( -!), ... ;, . e· j2 ~J (A3) 

-1'11t -~ -~ l'11t ~ 
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Frequently a fivefold summatien over a product of four 3-j symbols occurs, which can be 

written as a 6-j symbol 

where <1> = l1 + l2 + l3 + n1 + n2 + n3 and all arguments are angular momenta. 

Using the expression (Cowan 1981) 

(A4) 

and (2.16) twice, we find the relationship 

(A5) 

A2. Transformation matrices for an LS-coupled npn's contiguration 

In this section we give a numerical example of the LS-coupling of a p and an s 

electron. This is obviously identical to the LS-coupling of a p5s configuration, as found in K ll 

andCam. 

First, we show how the two spins are coupled together. We use the subscript 1 for the 
p electron and 2 for the s electron. Thus we have L1=1, L2=0, S1=S2=t. We change the 

notation of chapter 3 and define <l>sCms ms ) as the product function of the two spin functions; 
1 2 

\jls(SMs) is the eigenfunction of S2 and Sz with eigenvalues S(S+ 1) and Ms, and \ji(LSJM) is the 

coupled wavefunction. Eigenfunctions of the orbital angular momenta are defined similarly. 

From Cowan (1981) we obtain the formula 

(A6) 

We evaluate the coefficients using the table of 3-j symbols of Cowan. This yields 
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lJI,(I,Il~-J3{t ! ~JMJ-,tl~~,<-Hl 
lJI,(l,O) ~J3{( _tt ! ~)~,<-Hl+(! !1 

= -jr{ <l>s ( -t.t) +<l>s <t.-t)} 

lJI,(O,O) ~( !t t ~}~s<-Hl+(! 
= -Jr{ -<l>s ( -t.t) +<l>s (t,-t)} 

"'s ( 1, -1) = ~ .; (-t'-t) 

where the last expression has been derived using the first and (A3). 

The transformation matrix for uncoupled to coupled spin functions is thus given by 

s M ++ +- -+ 

1 1 1 0 0 0 

1 0 0 
1 1 

0 7i 7i 

0 0 0 
1 1 

0 7i -72 

1 -1 0 0 0 1 

The transformation matrix for the angular momenturn functions is the unit matrix, since m12 

can only be zero (cf. (2.16) and the comment below it). We can couple the 'liL and 'lfs we have 

just found in a similar fashion to yield a third transformation matrix. A combination of the 

three gives the final result For example, 

\jl(l, 1, 1, 1) = 72{ -\jl L (1, 1)\jl s (1, 0) + \jl L (1, 0)\jl s (1, 1)} 

= --}<!> L (1,0)<!>s (-}' -t) +72<1> L (O,O)<!>s (t, +) -t<l> L (l,O)<!>s ( -+ • +) 

The transformation matrix from product functions <!>L(m. ,O)<j>s(ms ,ms ) to 'lf(l,S,J,M) is given 
~ ~ -'I I 2 

by 
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ntz, 1 1 0 1 1 0 0 -1 -1 0 -1 -1 

ms, .!.. I .!.. I I I I I I I I I 
2 2 2 -2 -2 2 -2 2 2 -2 -2 -2 

s J M ms2 I I I I _.!.. I I .!.. I I I I 
2 -2 2 2 2 -2 2 2 -2 -2 2 -2 

1 2 2 1 0 0 0 0 0 0 0 0 0 0 0 

1 2 1 0 I Jf 1. 0 0 0 0 0 0 0 0 2 2 

0 1 1 0 Jf 0 -Jf 0 0 0 0 0 0 0 0 

1 1 1 0 _.!.. Jf I 0 0 0 0 0 0 0 0 2 -2 

1 2 0 0 0 0 0 Jt Jf Jf Jt 0 0 0 0 

1 1 0 0 0 0 0 Jf 0 0 -Jf 0 0 0 0 

0 1 0 0 0 0 0 0 Jf -Jf 0 0 0 0 0 

1 0 0 0 0 0 0 Jf -Jt -Jt Jf 0 0 0 0 

1 1 -1 0 0 0 0 0 0 0 0 I Jf I 0 -2 -2 

0 1 -1 0 0 0 0 0 0 0 0 Jf 0 -Jf 0 

1 2 -1 0 0 0 0 0 0 0 0 I Jf I 0 2 2 

1 2 -2 0 0 0 0 0 0 0 0 0 0 0 1 

A3. Transformations between coupling schemes 

Evaluating the transformation matrix for LK-coupling could be done as in section A2, 

but it is easier to use a transformation matrix between LS and LK-coupling. In LK-coupling, S1 

is coupled onto Landthen S2 is coupled onto the resultant K. We have the two sets of coupled 

functions 

"'LS =eLS (LSIS2 M Lms,ms2 )'JI L<l>s, <l>s2 

"'LK =eLK (LSIS2 M Lm .. ms )'JI L<l>s <l>s -, 2 I 2 

(A.7) 

where the coefficients are the products of two sums of coefficients as in (A.6). The 

coefficients are not identical, but both sets form a complete orthonormal basis so we can write 

(A.8) 

Writing out the coefficients in (A.7) yields the recoupling formula 
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{
L S K} (\jlu 1\jl LK) = ( -l)L+S,+Sz+l. (2K + 1)112 (2S + 1)112. S2 ; S (A9) 

which is independent of M. Substitution of L=l, S1=S2=t. J=l and the appropriate values of S 

and Kyields 

LS LK P[t l2 P[t ]I P[t ]I P[t lo 

3p 
2 1 0 0 0 

3p I 0 Jf Jf 0 

lp I 0 Jf -Jf 0 

3p 
0 0 0 0 1 

Similar procedures can be carried out to obtain the LK-jK and jK-jj transformation matrices; 

the LS-jj transformation matrix is simply the product of these three matrices. 

A4. Antisymmetrisation of coupled wavefundions 

In the case of two non-equivalent electrons, antisymmetrisation ts quite 

straighûorward. Changing the notation once again, the LS-coupled two-electron function is 

given by 

'IILSJM ('i ,ri) = L C(LSM LMs; JM) · C(~Lzrl'lz/l'tz,; LM L) · C(S1S2m.,m., ;SM s) · ~"'1"""""'- ('i )~~~zt,m"m.., (ri) 
MLMsm11 
m..,m4m" 

cf. A2. Antisymmetrisation by means of coordinate exchange gives 

(AlO) 

(All) 

However, if the two electroos are equivalent \j!LSJM is antisymmetrie already. Since the 

summation in (AlO) is over all possible values of the magnetic quanturn numbers, for each 
term<!>nlab (r; )<j>nlab (ri) there exists another term <l>nlba (r; )<!>nlba (r). Since, according to (A5), 

coupling L1 to L2 instead of L2 to L1 gives a phase differ~nce of ( -1)4+1z-L and likewise 

coupling S1 to S2 instead of S2 to S1 gives a phase difference of ( -lY'+sz-s, the resultant phase 

difference is -(-l)L+s where we have used that 11 = 12 and s1 = s2 = +· Thus if L+S is even, \j!LSJM 

is already antisymmetrie since the exchange of quanturn numbers has the same effect as a 

coordinate exchange, and if L+S is odd, 'lf LSJM is symmetrie and therefore not allo wed. 
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Thus, for the configuration p2, only the IS, 3p and 1D terrns exist whereas a pp' 

configuration has 3S, 1P and 3D terrns as well. Adding another p electron to the p2configuration 

gives, applying the vector model, terrns 2P; 2.4S,P,D and 2P,D,P with parents IS, 3p and 1D, 

respectively. lf the third electron is non-equivalent, antisymmetrisation is possible using 

(2.20). Por equivalent electrens we will discuss two examples. Pirstly, quartet states can only 

occur if all spins are parallel; therefore S =1 and S'=1, and 3P is the only possible parent The 

recoupling forrnula (2.18) reads (Cowan 1981) 

I LS ~s3) = c -1)s3+L+s (2 L + 1)1'2 c2s + 1)112 x 

I<2L'+1)1/2(2S'+1)1/2{~ ~ L}{s3 ss3 ss·}l~s~L'S') 
L'S' ~ L L' SJ 

(A.12) 

Por the 4S state, L=O and the only non-zero term in the summatien occurs for L'=l; thus L'+S' 

is even, and the 4S term is allowed. Por the 4P (4D) states there are terrns in the summatien for 

L'=O (L'=2) and L'=l, so these quartet states are not allowed. 

In the case of 2P, all three p2 states are possible parents. None of them yield an 

antisymmetrie function, but the linear combination 

tums out to be antisymmetrie and therefore this is the only allowed 2P term. 

A5. The construction of an antisymmetrie function for the entire atom 

As a numerical example of the antisymmetrisation procedure (2.20), 

we consicter the system 2p2 3s 3p. The numerical constant is easily evaluated: 

~ =~2!1!1! = CL VN! 4! 'VIT 

[2.20] 

We label the electrens in the 2p subshell1 and 2, and those in the 3s and 3p subshells 3 and 4, 

respectively. Reeall that we already have antisymmetrie functions for each subshell at this 

stage. We create simple product functions 
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(12j3j4) = 'l'sub (1,2,3,4) = '!f2p (1,2)'1f35 (3)'!f3p (4) (A.13) 

and perform the antisymmetrisation procedure: we exclude permutations with the 2p subshell 

such as (211314) but include permutations that involve electrons belonging to different 

subshells such as (121413). Thus we find 

'1\=# { (121314)- (121413)- (131214) + (131412) + (141213)- (141312) 

+(231114)- (231411)- (241113) + (241311) + (341112)- (341211)} 

Keferences 
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