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ABSTRACT 

The Plane Wave Impulse Approximation is used to analyse the 

experimental cross-section for the Argon (e,2e) reaction (using the 

non-coplanar symmetric geometry). A series of Configuration Interaction 

calculations for the structure of Ar I and Ar II are reported demonstrating 

that correlation effects have only a minor effect on the momentum 

distributions (which are well described by the Target Hartree-Fock 

Approximation). Fair agreement between the theoretical and experimental 

spectroscopic factors for the separation energy spectrum Is obtained, and 

in particular the distribution of strength amongst the 3s 2 3p** nd 2S 

satellite states specified by the largest calculations is in better 

agreement with data than that obtained with simple structure models. 
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INTRODUCTION 

The (e,2e) reaction has proved to be a powerful tool for studying the 

structure of atoms and molecules. The first coincidence measurements in 

which the kinematic conditions were fully determined was a study of the 

electron ionization of Helium (Ehrhardt et al 1969). Since ther the study of 

(e,2e) collisions '.ias expanded rapidly, with much work designed to study the 

ionization mechanism (Ehrhardt 1982), and in using the high energy 

asymmetric kinematics to measure partial- oscillator strengths (van der Wiel 

and Brlon 1973) and to simulate the photo-ionlzation reaction (Hamnett et al 

1976). That the (e,2e) reaction at high incident and outgoing electron 

energies is capable of investigating the momentum distributions for the 

target (ejected) electrons was first shown in an experiment (using the 

coplanar symmetric geometry) that measured the momentum distributions of the 

Is electrons in Carbon (Camilloni et al 1972). The first experimental 

information about the momentum distributions for valence electrons came from 

a study of Argon (Weigold et al 1973) where strong satellite features in the 

separation energy spectrum were also observed. Since then there have been 

investigations of the inert gas atoms (Weigold and McCarthy 1978, Williams 

1978, Fuss et al 1981) and of a large number of molecular systems 

(Mlnchinton 1982). Recently some studies of metal vapours (Frost and Weigold 

1982a) have been completed and some pioneering experiments (Frost and 

Weigold 1982b) have been started on solids. 

One noteworthy feature of the observed separation energy spectra for 

the rare gases is the largj probability for populating satellite states. The 

spectra for Argon, Krypton and Xenon all show this effect with the 

respective spectroscopic factors for the primary transition being 0.55, 0.46 

and 0.33 respectively. The only calculations (mainly on Argon) currently 

available do not give an entirely satisfactory description of the 
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experimental results. Hence, we have completed an extensive set of 

calculations seeking to reproduce the Argon (e,2e) spectroscopic factors. 

Calculations for the other Inert gases have not been done since the (e,2e) 

spectrum for Neon has no strong satellite features, while those of Krypton 

and Xenon are more complicated and are probably influenced by relatlvistic 

effects. 

THEORY OF (e,2e) REACTIONS 

As a detailed appraisal of the theoretical background necessary for the 

understanding of the (e,2e) reaction mechanism has been presented in a 

number of comprehensive reviews (McCarthy and Weigold 1976, WeigoId and 

McCarthy 1978, Giardlni-Guidonl et al 1981) only a brief sketch of the 

assumptions inherent in an analysis of the experimental data will be 

presented. 

For the (e,2e) reaction In the non-coplanar symmetric geometry (figure 

1) the measurement of the incident particle momentum p., as well as the 

momenta of the outgoing electrons (p and p.) completely determines the 

kinematics since momentum conservation gives the ion recoil momentum, c[, as 

3. ' £o ' £3 " *b ' ( 1 ) 

The magnitude of q_ is determined from 

q - [(2pacos0 - p Q ) 2 + 4p29in2(e)sin2($/2)]1/2 (2) 

where, (for simplicity), the target is assumed to be at rest. The kinetic 

energies of the target atom and recoiling ion are quite small so the 

electron separation energy e of a particular state of the residual ion Is 

approximately 
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e, - E. - (E + E v) (3) 
t O a b 

where E^ Is the energy of the Incident electron bean while E and E, are the 0 a b 
energies of the outgoing electrons. 

The triple differential cross-section can be written symbolically In a 

distorted wave formalism as 

' (JVVV - ^ - ^ ' M v v V ' 2 ( 4 ) 

where the (e,2e) reaction matrix element for leaving the ion in a state |?f> 

Is 

Mf " ̂ ^ » [ + , W V T ( E ) , 7 o ^o'W* ' < 5 ) 

(±) The lx (£)> are electron scattering functions from the appropriate 

distorting potentials and T(E) is the formally exact n-body operator taking 

the initial state into the final state. The target wavefunction is denoted 

by |?0> while I? > represents the residual ion state. 

The experimental conditions for the high energy non-coplanar symmetric 

kinematics permit the use of the Binary Encounter Approximation. In this 

geometry, (with 9 = x/4) the momentum transfer, 

I " £. " £o ' ( 6 ) 

is maximised, Indicating that a close collision has occurred between the 

incident and ejected electron. Hence, it may assumed that the reaction 

operator T(E) depends only on the co-ordinates of the Incident and struck 
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electrons, i.e. the other (n-1) electrons act merely as spectators. The 

validity of this approximation is further enhanced by ensuring that the 

incident and outgoing electrons all have high energies. Furthermore, if 

sufficiently high energies are used, distortion effects In the continuum 

wavefunctions lessen to the extent that the plane wave approximation 

-3/2 (r|x<£)> - (2x) exp(i£.r) (7) 

can be used to give the Plane Wave Impulse Approximation (PWIA). The matrix 

element is then factorlsed into collision and structure components of the 

form 

M f - <£lt(e)l2'><i¥£|¥0> (8) 

where the relative momenta are 

and 

£' - <Ea " £fe ) / 2 * ( 1 0 ) 

Averaging over the spin states of the scattering electrons and summing 

over degeneracies in the final ion states yields the PWIA cross-section 

a . {2%)> Z a i W t | < 3 .T f i V | 2 • (ID 

where the Mott cross-section in this case is 
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with 

T) - l/2p*. (13) 

The structure factor <(± Tf|?n>, in the above expressions is the fourier 

transform of the overlap function with respect to the recoil momentum <£. 

This can be written most conveniently for Configuration Interaction (CI) 

wavefunctlons describing the target and residual ion states In second 

quantized form, as 

<i w • Gt{3) -1 \ y & < v « i v f ( 2 v l ) ( 2 s o + l ) 1 " 1 / 2 » { U ) 

since the Initial magnetic sub-states must be averaged and the final 
I sub-states summed over. In Eq. (14), a. is the reduced form of the second 

—1 

quantized particle destruction operator while •.(£) is the momentum space 

representation of the orbital from which the electron has been ejected, 

namely 

• 4( a) - (2n)" 3 / 2 / ̂ ( O exp(la.r) d3r . (15) 

A useful quantity that will be compared with experiment is the momentum 

distribution which is defined as the square of the overlap function, viz 

Va.) - l G

f d ) | 2 • <16> 

Forming the complete sum over all accessible ion states, the spectroscopic 

sum rule (for ejecting electrons of a particular X-value), 

W A<!> " I D f<l) - I \l • l j l(i)<7 f||aJ|Y 0>|2/(2L ( )+l)(2S 0+l) (17) 

is obtained, which by using closure and completeness relations, simplifies 

to 
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w^q,) - T y • l f l<s>* j f l<a> < V ± i t - ± j w V / ( 2 V 1 ) ( 2 s o + 1 ) * ( 1 8 ) 

which is a simple function of the target density matrix. This can be used to 

investigate the influence of the electron correlations in the target upon 

the (e,2e) spectrum. The spectroscopic factor can then be defined as the 

quotient 

S fi ( ^ ) " V ^ V a ) ( 1 9 ) 

where by definition 

I s
f J t < l > - 1 • < 2 0 > 

Then by using the Target Hartree Fock Approximation (THFA), in which 

the target atom wavefunctlon is assumed to be well described by a HF 

wavefunction, the overlap function reduces to the rather simple form, 

Gf(«L) - <Mq_) <7fl|±£l|YHp> [(2L 0+l)(2S 0+l)r 1 / 2 (21) 

where $ (q) in this Instance is just the momentum space wavefunction of the 
<x 

HF orbital from which the electron has been ejected. The spectroscopic 

factor is then independent of q and simplifies to 

S f x - K* fHijl* H p>| 2 /[(2L0+1)(2S0+1)] (22) 

which is just the amplitude (squared) of the configuration (a l^„_>) in the 

CI expansion of the ion state l?,>. 

There are two types of (e,2e) experiments that are performed using the 

non-coplanar symmetric geometry. In the first, the electron energies E , E 
0 a 
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and E are held constant and only the azimuthal angle i (i.e. q) varied. The b 
Mott cross-section and kinematic factors remain constant and the 

cross-section reduces to a form which is a function only of q. This gives a 

"direct" measurement of the momentum distribution, D (q). Within the THFA 

the cross-section is proportional to the momentum space wavefunction of the 

HF orbital, so it is possible to obtain a direct measurement of the HF 

orbital. Comparisons between the observed momentum distributions and the 

corresponding HF orbital for the inert gases have made (McCarthy and Weigold 

1976, Welgold and McCarthy 1978) and the agreement between the two is often 

valid within experimental error. The recoil momentum distributions for Argon 

leading to the different 2S ion states (figure 2) and the ^ state at ef * 

15.7eV (figure 3) certainly match the momentum space wavefunctions of the 

Hartree-Fock 3s and 3p orbitals. 

The other type of experiment that Is performed enables the separation 

energy spectrum to be obtained. The values of $, E and E are held constant 
a b 

and the incident energy E-, is varied to access different ion states. The 

probability of populating the various accessible ion states gives a measure 

of the spectroscopic factor S (q_) since again the kinematic factors (and q) 

remain essentially constant. Unfortunately, in this instance there is not 

quite the excellent agreement between theory and experiment as exists for 

the momentum distributions. 

THE ARGON (e,2e) SPECTRUM 

The separation energy spectrum for Argon has strong satellite features 

at q * 0 (corresponding to a 3s hole) which arise from the strong 

interactions between the 3s 3p6 and 3s 2 3p** nd 2 S e series as well as the 3s 2 

3p ed S continuum. The importance of the mixing between the 2S 

configurations has been demonstrated in analyses of the Ar II spectrum 

(Minnhagen 1963, Luyken 1971). In particular, for the phenomenologleal 
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calculation of Luyken, the lowest 3s state was found to be only 60Z pure, 

the rest (40Z) of the 3s 3p6 configuration being admixed with the other 2S 

states which are predominantly of a 3s 2 3p** nd character. There have been a 

number of calculations of the spectroscopic factors, some of these are 

detailed in table 1 where they are compared with the experimental values. A 

phenomenological CI calculation (McCarthy et al 1978) gave values for the 

spectroscopic factors that were in reasonable agreement with the data. A 

Green's function calculation (Williams 1979) using an orbital basis of 

moderate size gave poor results for the satellite lines although the 

strength of the primary transition was reasonable. Some CI calculations 

using somewhat restricted basis sets have also been completed (Smid and 

Hansen 1981, 1983). In these calculations, the basis is chosen to contain 

the 3s 3p6, the 3s 2 Ip* id 2 S e and the 3s 2 3^^ ed 2 S C configurations. The id 
_ o e 

and ed orbitals are obtained from HF calculations of the appropriate ZS 
state. The results of this calculation do not give a good description of the 

observed (e,2e) spectroscopic factors, although the strength for the main 

hole state is in approximate agreement with experiment. The distribution of 

intensity amongst the satellite states is in considerable disagreement with 

the data. Notably, the spectroscopic factor for the state at 38.6 eV is one 

third of the experimental value and the intensity of the continuum states 

seem anomalously large. This strong intensity In the continuum has not been 

observed in either (e,2e) or photo-electron experiments. 

The calculations reported herein should permit a more complete 

understanding, especially with respect to target correlations. Furthermore, 

the effects of the 3s 2 3P*1 nd 2 S e Rylberg series and the 3s 2 3^ ed 2 S e 

continuum have been included to a limited extent. The ansatz by which these 

CI calculations were carried out was the m-scheme method (Mitroy et al 1978, 

Whitehead et al 1979). In this approach the CI basis is represented by a set 

of Slater Determinants which are used directly in dlagonallslng the 

Hamlltonian rather than transforming them into a set of symmetry adapted 
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functions before diagonalisa*-ion. The single particle orbitals used in CI 

calculations are generally of two types. First, there are those orbitals 

which form the dominant contribution f> the physical states for which 

wavefunctions are required. These "spectroscopic" orbitals are obtained 

using the analytic Hartree-Fock method (Roothaan and Bagus 1963) with Slater 

Type Orbitals (STOs) as the analytic basis functions. Second, additional 

orbitals are included to allow for correlations between the electrons. One 

way of generating a set of "correlating" orbitals is to obtain the principal 

Pseudo-Natural Orbitals (Weiss 1967) for the appropriate (ns) 2 electron 

pair. The spectroscopic and correlating orbitals will be be distinguished by 

denoting the latter with a bar, e.g. ?8~ instead of 4s. 

For the initial calculation the core orbitals Is, 2s, and 2p (as well 

as the 3s and 3p) were fixed at those obtained from a HF calculation of the 

Argon atom ground state using an augmented set of STOs based upon the 

Clementi set (Clementi and Roetti 1974). Tha virtual orbitals (4T, 4s, Tip", 

4p, 33", 3d, 4d) for this basis set (Basis 1) were obtained by a variety of 

means. The 7s" and 7p orbitals were taken to be the principal Pseudo-Natural 

Orbitals of the Ar 1 3s 2 electron pair. The 4s orbital was obtained from a 

RF calculation of the 3s 2 3p** 4s 2S state and likewise, the 4p orbital came 

from a HF calculation of the 3s 2 3p** 4p "average energy" configuration. To 

account most complete?y for the 3s 3p6 - 3s2 3p** nd interaction (and to 

include continuum effects) a two state (3s 3p6, 3s 2 3p** 33" 2S ) 

Multi-Configuration HF calculation (Hansen 1977) using the Froese-Fischer 

program (Froese-Fischer 1978) was used to define the 33" orbital. This 

numerical 3d" orbital was accurately transformed into an analytic form using 

a simple folding technique. Additional HF calculations for the 3s 2 3p** nd 
2 e S configurations were used to define the 3d and 4d orbitals. The quality 

of the STO basis was good with the difference between the analytic and 

numerical HF energies being less than 0.0002 a.u. in all cases. Limitations 

of a practical nature prevented using all these orbitals in any single 
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calculation, whence the 4p orbital was omitted In calculations of the 

positive parity Ion states, while the As and 4d orbltals were not included 

In those calculations aade to investigate the strength of the *P 

correlation satellites. The virtual orbltals were orthogonal!sed to the core 

orbitals and to each other in the order specified. 

A CI calculation of the Ar I ground state was made to determine whether 

the strength of the 2D correlation satellites would be significant. The CI 

basis included every configuration that could be formed by allowing all 

single and double excitations out of 3s and 3p shells into the entire 

(without the 4p orbital) virtual orbital space. A substantial fraction of 

the M-shell correlation energy was recovered (the calculated value is 0.1640 

a.u.) since the "5s", "5p~ and 33" orbitals were localised in the same region of 

space as the 3s and 3p orbitals. The density matrix elements for the ground 

state (table 2) demonstrate that the contracted 33" orbital is much more 

important than the 3d and 4d orbitals. This is relevant since the density 

matrix elements, determine (see Eq. (18)) the total strength (as a function 

of q) of the ZD correlation satellites. The plot of W«(q) for the present 

wavefunctlon (figure 4) shows that the major effects of the d-wave 

correlations occur at a relatively large value of q and comparing W (q) with 

WQ(q) (figure 4) it is evident that the total strength of the ^ 

correlation satellites can form only a small fraction (0.2Z at q <• 0.25 

a.u.) of the cross-section. It must be mentioned that if the 33" orbital is 

omitted from the basis and only the 3d and 4d orbitals included, an 

erroneously large value for W (q) at small q values results. 

The effects of correlations upon W.(q) and W (q) are not very large. 

For W n(q), the Influence of correlations increases the total strength (at q 

• 0 a.u.) by some 4Z although the density matrix elements are small. This is 

caused by the large value of *, (q) at the origin. For W (q) the differences 

between the HF and CI results are minute and indicate that target 
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correlations should have only a small effect upon the Y momentum 

distributions. The 1 - 1 density matrix elements (and consequently W (q)) 

were calculated with the 4s and 4d orbltals omitted and the 4p orbital added 

to the single particle basis. 

For the calculation of the Ar II 2S states, the effects of the 

truncation of the allowed excitations of the electrons for the CI 

wavefunction was Investigated. A summary of the allowed orbital occupancies 

for the different CI calculations of the 2S and 2P states is shown in 

table 3. Specifically, we report the results of a calculation Including only 

the "spectroscopic'* configurations and of a more extensive calculation 

allowing excitations of the 3s and 3p electrons Into the "5i", 7p~ and 3d" 

orbltals (to incorporate electron correlations and partially compensate for 

"relaxations" of the 3s and 3p electrons). The energy eigenvalues, 3s 3p6 

configuration probabilities and separation energies that result are detailed 

in table 4. The CI1 separation energies are calculated relative to the Ar I 

HF energy while the CI2 energies were compared with the Ar I CI energy. The 

separation energies for the large CI2 calculation are an improvement over 

those of the smaller basis, particularly for the 3d % , 4s ^ and 4d 2S 

states where the CI1 values for e are too large by about 0.1 a.u.. Since 

the CI1 calculation does not allow for any relaxation effects, it is not 

surprising that separation energies are too large. The spectroscopic factors 

(in this case the square of the amplitude of the 3s 3p 6 configuration) of 

the satellite lines vary markedly for the different calculations. Compared 

with the data, the spectroscopic factor given by the CI1 calculation for the 

primary transition Is reasonable, but the distribution of strength amongst 

the satellite states does not agree with experiment. The largest 

spectroscopic factor is that for the 3s 2 3p** nd state in the continuum which 

may be interpreted as representing the effects of the 3s 2 Sp1* nd Rydberg 

series and the 3s 2 3p'' ed continuum states that could not be included in the 

orbital basis. The situation improves somewhat for the mor° complete CI2 
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calculation. The spectroscopic factor for the primary line decreases 

slightly, as does that for the continuum 3s 2 3p** nd state, while those of 

the 3s 2 3p'4 3d and 3s 2 3p** 4s states have increased. One problem with the 

CI2 result is that the sum rule is not exhausted ( I s , " 0.92), since the 3s 
f f 

3p6 configuration is scattered amongst the many hundred higher eigenstates. 

The spectroscopic factors have also been evaluated at q - 0.12 a.u. 

using the complete expression, Eq. (14), for the overlap function (table 5). 

The target CI wavefunctlon and the large basis Ar II wavefunctions were used 

to compute the overlap functions. The results show that the spectroscopic 

factor for the primary transition has increased from 0.60 to 0.65. There are 

two factors which contribute to this increase. First, there is a coherent 

coupling between many terms of the CI expansions for the atom and ion, such 

as 

3s 2 3p 6 + 3s 3p6 

3s 2 3P1* 3a"2 • 3s 3p6 3T 2 

3s 23p'*^p 2 + 3s 3P* Sp 2 tc. 

which serves to increase the value of <YJla, ll?A> over that predicted by the 
i JS o 

THFA. The other factor is the coherent addition of the virtual orbital 

momentum space wavefunctions ($r—(q) and $, (q)) with the HF component 

O , (q))> The strength of the bound satellite (particularly the 3s 2 3p 4 4s 

and 3s 2 3p** 3d states) lines have also Increased and are in better agreement 

with the experimental spectroscopic factors while the strength of the 3s 2 

3p"* nd state is found to further decrease due to destructive interference 

between the three s-orbitals which comprise the overlap function. There is 

also a change in the value obtained for the spectroscopic factor sum rule 

which is now 99Z exhausted. 

The presence of the additional single particle orbltals in the overlap 
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functions aay cause the observed momentum distributions to deviate from 

those of the target Hartree-Fock vavefunction. However, It is clear that the 

momentum distributions of the 3s 3p6 and 3s 2 3p^ 3d states (figure 5) 

deviate only slightly fron the momentum space wavefunction of the 3s orbital 

(I*, (q)l2)* It is doubtful whether these differences would be easily 3s 
observed. Deviations from the 3s orbital are larger for the 3s 2 3p** nd state 

(figure 5) but as this represents a number of states for which only low 

quality momentum distributions have as yet been obtained it is not possible 

to draw any definite conclusions. One other possible manifestation of the 

deviations fron the THFA would be variations in the spectroscopic factors as 

a function of q, however the calculated variations show only a very slight q 

dependence which is consistent with the experimental findings (McCarthy and 

Ueigold 1976, Fuss et al 1981). 

The absolute energies, separation energies and amplitude (squared) of 

the 3s 2 3p 5 configuration for the CI calculation of the 2P states (the 

allowable configurations are specified by table 3) are siiown in table 6. 

Only 922 of the 3s 2 3p 5 configuration is contained in the lowest state and 

with \X is located in the state at 1.36 a.u., the other IX is scattered over 

the many remaining eigenstates. When the complete calculation (using Eq. 

(18)) of the spectroscopic factor is made (table 7) the spectroscopic factor 

for the primary 3p hole state increases to 0.98, suggesting that the 

complete expression for the overlap function should be used to calculate the 

spectroscopic factors if the sum rule is to be exhausted for large CI 

expansions. The shape of the calculated momentum distribution (figure 6) is 

almost indistinguishable from the momentum distribution resulting from the 

HF 3p orbital (If. (q)|2). An upper bound to the total strength of the 2P° 
•*P 

satellite lines may be obtained by subtracting the 3p momentum 

distribution from W (q) (figure 6). At low q the total strength of the 2P° 

satellite spectrum is quite small (less than IX of W (q) at q "0.2 a.u.). 

Hence no consideration needs to be given to the possible interference of 
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these states with the 2S satellite spectrum. 

Since there are large differences between the results of the 

calculations of Smid and Hansen and the present CI1 calculation (which uses 

only slightly different orbitals to those of Smid and Hansen) an additional 

calculation using a different set of orbitals (Basis 2) was made. 

Specifically the core orbitals (Is', 2s', 3s', 2p', 3p') were obtained from 

a RF calculation of the Ar II 3s 2 3p** 4d 2 S e state, while all the other 

orbitals were the same (apart from small differences induced by the Schmidt 

orthogonalisation) as those used for Basis 1. This new basis should give a 

more accurate description of the ion states since the effects of relaxations 

upon the 3s and 3p orbitals have been included from the outset. 

Unfortunately, this basis does not provide a particularly good description 

of the Ar I ground state. The energy of the 3s'2 3p'6 configuration is about 

0.15 a.u. higher than the HF value, and while this difference is taken up to 

some extent in the CI wavefunction (all single and double substitutions 

permitted), the resulting CI energy is still some 0.05 a.u. higher than was 

achieved with Basis 1. This inadequacy of the target wavefunction is further 

reflected in the I - 0 and 1 - 1 density matrix elements (table 2). The 

off-diagonal matrix elements p , ̂ - , p and p , — are some :en 

times larger than those for Basis 1. The most compelling evidence of the 

poor quality of the Basis 2 target wavefunction is provided by the plot of 

W (q) (figure 7). The leading diagonal contribution, 1.984|$ ,(q)| 2 

accounts for only 66% of the total value of WQ(q) at the origin, and 

furthermore both I $, ,(q)l2 and W (q) have substantial shape differences 
38 0 

from |$- (q)l2 which accurately models the experimental data. 

The separation energies and amplitudes (squared) of the 3s' 3p'6 

configuration (using the CI1 and CI2 CI expansions) differ (table 4) from 

those obtained with Basis 1. While the (CI1) separation energies for the ion 

states are too small, the actual energy differences between the 2S states 
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are much better than the Basis 1 CI1 calculation. The most notabie feature 

is that the 3s' 3p'6 configuration probability for the 3s 2 3p" nd state is 

quite large (0.19), reproducing the calculations of Smid and Hansen. For the 

larger (CI2) calculation, the amplitude (squared) of the 3s' 3p'6 

configuration for the continuum state has been dramatically reduced and the 

intensity for the 3s 2 3p"* 3d state increased. The differences between the 

Basis 1 and Basis 2 calculations, are, on the whole smaller for the CI2 

calculation. This is further evidence for the importance of relaxation 

effects. Problems with the target CI wavefunction are also manifest in the 

overlap functions, as the amplitudes, <7flla \\Tt >, of the (Basis 2) 7s" and 4s 

orbitals (table 5) are roughly ten times as large as those for Basis 1. 

Considering the large magnitudes of such terms, it is perhaps surprising 

that the spectroscopic factors (table 5) are as close to those obtained from 

the equivalent Basis 1 calculations. In any event, these results indicate 

that any identification of the amplitude (squared) for the one-hole 

configuration (using ion orbitals) in the CI expansion of the ion states 

with the (e,2e) or photo-electron spectroscopic factors could be unreliable 

due to the poor quality of the target wavefunction. 

One further calculation was performed to investigate relaxation 

effects. The single particle set was chosen to be the same as Basis 1 except 

that the 75" and Tfp" orbitals were radially contracted in an ad-hoc fashion by 

manual adjustments of the STO expansion coefficients while the big basis CI 

expansion (CI2) was used for the calculation of the ion states. The 

separation energies, amplitude (squared) of the 3s 3p6 configuration and 

spectroscopic factors (evaluated with a target CI wavefunction) are very 

similar (table 8) to the corresponding results for Basis 1. The only notable 

changes are the slightly increased strength of the 3s 2 3p"* 3d state and the 

slight weakening of the 3s 2 3p** nd state to Improve agreement with 

experiment. 
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The main deficiency of all the calculations reported herein is the 

overestimate of the strength for the primary transition by some 15-20Z. It 

may be that this is as good agreement as can realistically be expected 

considering the experimental and theoretical uncertainties. With regard to 

the structure calculations, accurate wavefunctions for a number of atomic 

states effectively over three stages of ionization have been sought and 

while it is questionable whether the present calculations have achieved this 

one possible source of error has been eliminated. The calculated strength of 

the ? satellite states and the 2D correlation satellites are too small to 

have any influence upon the 2S spectroscopic factors. Other possible 

sources of error are the inherent statistical error common to all 

experiments and the possibility that experiments have been performed at too 

low an energy for the FWIA to be a valid approximation. This could certainly 

be true for the Belfast results in which the electron beam energy was only 

300 eV. This is much less than the energies (~ 1000 eV) being used for 

current (e,2e) experiments. At low Incident energies, differential 

distortions in the optical potentials caused by the different charge 

distributions of the various ion states may affect the estimated 

spectroscopic factors. There have been no theoretical calculations 

investigating the possible magnitude of such differential distortion 

effects. 

Nevertheless, most other aspects of these calculations are broadly 

consistent with the experimental results apart from differences induced by 

the excessive strength in the primary transition. The distribution of 

strength amongst the satellite lines agrees quite well with experiment and 

the excessive strength in the continuum which has been a feature of previous 

CI calculations does not occur for the most sophisticated calculations. With 

respect to the momentum distributions, it was found that the Target 
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Hartree-Fock Approximation provides a good approximation, the calculated 

deviations from it are minor and within the experimental uncertainties. 
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19. 

Table 1 Experimental and previous theoretical results for the Argon (e,2e) 

spectroscopic factors. The experimental values are those of the Belfast 

(Williams 1978) and Flinders groups (McCarthy 1982). The theoretical 

spectroscopic factors come from a semi-phenomenological calculation 

(McCarthy et al 1978), a Greens function calculation (Williams 1979) and a 

small basis CI calculation (Smld and Hansen 1983). In all Instances the 

spectroscopic factor Is shown above the separation energy (in eV and a.u.) 

for the relevant state. 

STATE EXPERIMENTAL THEORETICAL 

SWilliams s 
Weigold 

s 
McCarthy 

SWilliams S„ Hansen 

3s 3p6 2 S e 0.56 
29.3 
1.07 

0.53 
29.3 
1.07 

0.61 
29.24 
1.075 

0.60 
27.90 
1.025 

0.629 
29.3 
1.08 

3s 2 3p* 4s 2 s e 0.03 
36.7 
1.34 

0.01 
36.50 
1.341 

0.01 
38.92 
1.430 

3s 2 3P1* 3d 2 s e 0.23 
38.6 
1.42 

0.23 
38.6 
1.42 

0.15 
38.58 
1.418 

0.23 
41.09 
1.510 

0.085 
39.1 
1.44 

3s 2 3P1* 4d *D* 0.02 
38.61 
1.419 

3s 2 3pw 4d 2 s e 0.14 
41.2 
1.51 

0.13 
41.2 
1.51 

0.20 
41.20 
1.514 

0.03 
56.73 
2.085 

0.044 
41.8 

3s 2 3P* nd 2 s e 0.06 
43.4 
1.59 

0.05 
43.4 
1.59 

0.076 
~43.0 
~ 1.58 

3s 2 3P* ed 
continuum 

2 s e 0.06 
> 44.0 
> 1.62 

0.167 
> 45.1 
> 1.66 



20. 

Table 2 The density matrix elements (m • 0, m - 1/2) for the Ar I ground 
X 8 

state using the Basis 1 (Basis 2) orbital set. The energy of this state was 

-21.037681 (-20.98770) a.u. while the energy of the 3s 2 3p 6 configuration 

was -20.873685 (-20.688706) a.u. giving a value 0.16400 a.u. for the 

correlation energy. The energy of the K and L shell core was -505.943710 

(-505.943297) a.u.. The 1 * 2 density matrix elements from the Basis 2 

calculation are not shown since they are similar to those obtained using 

Basis 1. 

3s "5s 4s 

3s 0.99563 
(0.99209) 

-0.00191 
(0.05846) 

0.00434 
(0.02726) 

Ts- -0.00191 
(0.05846) 

0 00242 
(0.00551) 

0.00029 
(0.00192) 

4s 0.00434 
(0.02726) 

0.00029 
(0.00192) 

0.00016 
(0.00098) 

3p *P 4p 

3p 0.98278 
(0.97703) 

0.00022 
(0.08492) 

0.00349 

4? 0.00022 
(0.08492) 

0.00316 
(0.00989) 

0.00048 

4p 0.00349 0.00048 0.00018 

3d 3d 4d 
IS 0.00829 -0.00153 0.00064 

3d -0.00153 0.00039 -0.00019 

4d 0.00064 -0.00019 0.00009 



21. 

Table 3 The allowable orbital occupancies for the various CI calculations 

of the Ar II positive and negative parity -states. The minimum occupancy of 

any orbital is given by the column labelled MINIMUM while the maximum 

allowed occupancies are specified in the MAXIMUM coluan. The CORE column 

denotes the total number of electrons that must be occupying single particle 

states below this level. 

ORBITAL 

MINIMUM 

3s 1 

3p 4 

la" 0 

Ts 0 

*P 0 

3d 0 

4s 0 

4d 0 

SIMPLE CI(CIl) CORRELATED CI(CI2) 

POSITIVE PARITY 

MAXIMUM CORE MINIMUM MAXIMUM CORE 

2 

6 

1 

1 

0 

1 

1 

1 

0 

0 

6 

6 

6 

6 

6 

6 

0 

2 

0 

0 

0 

0 

0 

0 

2 

6 

3 

2 

2 

1 

1 

1 

0 

0 

4 

4 

4 

6 

6 

6 

3s 

3P 

TS 

7s 

"5p 

3d 

4p 

NEGATIVE PARITY 

0 

2 

0 

0 

0 

0 

0 

2 

6 

2 

2 

3 

2 

1 

0 

0 

4 

4 

4 

4 

6 



22. 

Table 4 The amplitude (squared) of the 3s 3p6 configuration for the Ar II 
ZS states. Also shown are the energy eigenvalues (E C I) a n d separation 

energies (e f) for each state (both In a.u.). The results for the Basis 1 

orbital set are above those of the Basis 2 set in each case. 

STATE • CI1 CI2 

Z3s 3p 6 
E c i C f 

Ms 3 p 6 
E c i E f 

3s 3p 6 0.634 -19.82283 1.0509 0.600 -19.98310 1.0546 

0.609 -19.86495 0.8238 0.603 -19.99794 0.9898 

3s 2 3P1* 4s 0.002 -19.48197 1.3917 

0.004 -19.60432 1.0844 

0.006 -19.68374 1.3539 

0.0"7 -19.71445 1.2732 

3s 2 3P1* 3d 0.122 -19.36335 1.5103 

0.078 -19.49782 1.1909 

0.142 -19.59987 1.4378 

0.125 -19.63126 1.3564 

3s 2 3P11 4d 0.112 -19.26879 1.6049 

0.115 -19.39434 1.2944 

0.075 -19.50298 1.5347 

0.085 -19.53563 1.4521 

3s 2 3p*» nd 0.126 -19.03772 1.8360 

0.193 -19.04650 1.6422 

0.095 -19.24158 1.7961 

0.103 -19.25291 1.7348 

I 23s 3p6 0.996 

0.999 

0.925 

0.923 



23. 
o e Table 5 Information about the overlap functions for the *S ion states. 

The expectation values, OMIA,II? >, are given in the columns labelled by the 
f ~1 0 

respective orbitals. The spectroscopic factors, S,(q) (at q - 0.12 a.u.) are 

in the rightmost column. In every instance the results using the Basis 1 

orbital set are above the corresponding Bisls 2 results. 

STATE 3s *? 4s S (0.12) 

3s 3p 6 1.1117 0.0033 0.0107 0.649 

-1 .1062 -0 .0700 -0 .0402 0.660 

3 s 2 3p*» 4s 0.1093 0.0197 0.0076 0.013 

-0 .1259 -0 .0247 -0 .0082 0.013 

3 s 2 3p*» 3d 0.5572 0.0113 0.0023 0.161 

0.5158 0.0393 0.0112 0.132 

3 s 2 3P1* 4d -0 .4066 -0 .0078 0.0001 0.083 

0.4296 0.0335 0.0076 0.O89 

3 s 2 2?1* nd 0.4626 -0 .0126 -0 .0095 0.081 

0.4967 0.0173 -0 .0008 0.091 

J S . 0.987 
f f 

0.985 



24. 

Table 6 The theoretical (Th) and experimental (Exp) separation energies 
' O 

for the 'P states. The energy of the Ar I CI ground state, using the same 

single particle orbital set as that used for the ion state calculations, was 

-21.03691 a.u.. The amplitude (squared) of the 3s 2 3p 5 configuration for 

each state is shown in the rightmost column. 

STATE CI Th Exp Z3s 2 3p 5 

3s 2 3p5 -20.47031 

3s 2 3ph 4p -19.72694 

3s 2 3P* 4p -19.65234 

3s 2 3p** 4p -19.58842 

0.5666 0.5791 0.916 

1.3100 1.3081 0.001 

1.3846 1.3646 0.014 

1.4485 1.4544 0.002 

I « s 2 3p5 0.933 



25. 

Table 7 Overlap functions and spectroscopic factors evaluated at q - 0 

and 0.70 a.u. for the 2P states. The expectation values, <*rHi||*0>» are 

given In the columns labelled by the respective orbltals. 

STATE 3p "5p 4p S_(0.12) S.(0. 

3s 2 3p5 

3s 2 3pH 4p 

3s 2 3p** 4p 

3s 2 3P1* 4p 

-2.3709 

0.1051 

0.3335 

0.1327 

-0.0255 

-0.0047 

-0.0512 

-0.0252 

-0.0146 

-0.0033 

-0.0160 

-0.0078 

0.995 

0.001 

0.002 

0.000 

0.998 

0.972 

0.002 

0.013 

0.002 

0.989 



26. 
Table 8 Energy values (E ) and spectroscopic factors (S ) for the Ar II 
- e S states calculated using a aodifled orbital set. The amplitude (squared) 
of the 3s 3p 6 configuration is also given. The energy of the Ar I ground 
state for this basis was -21.029445 a.u.. 

STATE E„, e^ Z3s 3p 6 S, 
CI f f 

3s 3p 6 -19.965724 1.064 0.610 0.651 
3s 2 3P1* 4s -19.651136 1.378 0.006 0.016 
3s 2 3pk 3d -19.569790 1.460 0.155 0.176 
3s 2 3pk 4d -19.472279 1.557 0.073 0.081 
3s 2 Zp1* nd -19.222475 1-807 0.086 0.070 

J S. 0.930 0.994 
f f 



27. 
FIGURE CAPTIONS 

Figure 1 Schematic diagram showing the kinematics of the (e,2e) reaction. 

Figure 2 Recoil momentum distributions of the bound and continuum (e„ > 

43.6eV) ion states for the non-coplanar symmetric (e,2e) reaction on Argon 

at 1200eV (filled circles), 800eV (crosses) and 400eV (triangles). The curve 

In each case is the mcientum distribution of the Hartree-Fock 3s orbital. 

Figure 3 The recoil momentum distribution of the 2P ion state at e. " 

15.7eV for the non-coplanar symmetric (e,2e) reaction on Argon at 1200eV. 

The curve is the momentum distribution of the Hartree-Fock 3p orbital. 

Figure 4 Plots of W,(q) and W (q) for the Argon atom as obtained from the 

Basis 1 CI wavefunction. For the sake of comparison, WQ(q) is also 

calculated using the Ar I HF wavefunction. 

Figure 5 The momentum distributions for the 3s 3p6 (D_ , 6 ) , the 3s 2 3p** 
3s 3p 

3d 2 S e ( D 3 g 2 3 !• 3 < J) and the 3s 2 3p** nd 2 S e ( D 3 g 2 3 i, n d> states are 

compared with the HF 3s (|4>, (q)|2) momentum space wavefunction. All these 

momentum distributions are normalised to 1.0 at the origin. 

Figure 6 The momentum distribution for the 3s 2 3p 5 state (D. 2 3 s ) 1 3 

compared in the upper diagram with the HF 3p (|*, (q)|2) momentum space 

wavefunction (normalised to have the same peak height). In the lower diagram 

the momentum distribution of the 3s 2 3p 5 state is subtracted from W (q) 

giving an upper bound to the total strength of the 1 « 1 correlation 

satellites. 

Figure 7 Plot of W.(q) for the Ar I CI wavefunction using the Basis 2 

orbital set. Also shown are the momentum space wavefunctions of the Basis 1 

3s orbital (2|<i (q)|2) and the Basis 2 3s' orbital (1.984 |4> ,(q)|2). 
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