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Atomic & molecular physics - timeline
1885: J. Balmer discovers the mathematical formula for hydrogen emission lines (Balmer series); 
1881-1887: A. Michelson & E. Morley observe the fine and hyperfine structures of atomic lines; 
1896: P. Zeeman discovers the splitting of hydrogen lines with a magnetic field (Zeeman effect); 
1900: Rydberg formula for the hydrogen emission lines (introduction of the Rydberg constant); 
1906: Lyman discovers the Lyman series of hydrogen emission lines; 
1908: Paschen discovers the Paschen series of hydrogen emission lines; 
1908-1913: Rutherford discovers that the atom is made of a dense nucleus surrounded by electrons (=> 
planetary model of the atom);  
1913: N. Bohr formulates his quantum model of the hydrogen atom; 
1913: J. Stark shows the splitting of hydrogen emissions lines with an electric field (Stark effect); 
1916: A. Sommerfeld explains the fine structure as a relativistic effect;  
1925: Birth of modern quantum mechanics 
1925: W. Pauli formulates its exclusion principle for fermions;  
1926: E. Schrödinger solves the non-relativistic quantum theory of the hydrogen atom;  
1927: F. Hund formulates Hund’s rules  
1927: W. Heitler & F. London formulate the quantum theory of the chemical bond;  
1927: D. Hartree formulates the Hartree equations (wrong!) for N-electron atoms;  
End of 1920’s: L. Pauling formulates his theory of the chemical bond (orbital hybridization); 
1928: C. Darwin & W. Gordon solve the Dirac equation for hydrogen (quantitative explanation of the fine 
structure); 
1929-1930: J. Slater develops the determinant form of the N-electron wavefunction;  
1930: V. Fock develops the Hartree-Fock method;  
1939: L. Pauling publishes “The Nature of the Chemical Bond”;  
1947: Lamb & Retherford discover the Lamb shift of hydrogen eigenstates 

>1950: laser spectroscopy, nuclear magnetic / electron spin resonance, atomic clocks, computational 
quantum chemistry, laser cooling and trapping of ultra-cold gases, ultra-cold chemistry, atom interferometers, 
etc. etc. 
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entangled photons from the 

radiative cascade of    Ca atoms40 
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Emission/absorption spectrum of atomic hydrogen (1885 - )

visible Balmer-series lines

H-alphaH-betaH-gamma

Stellar spectra
Blackbody continuum spectrum by the star’s interior (hot dense

gas) + a set of absorption lines given by the stellar atmosphere

(cooler, low density gas).

Ca II
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Emission spectrum of atomic hydrogen

(from Wikipedia)

wavelength

further series:

Brackett’s series (n’=4) 
Pfund’s series (n’=5) 
Humphrey’s series (n’=6) 
etc. 
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Hydrogen radial wavefunctions and probability densities



Hydrogen wavefunctions



Hydrogen atom: main structure and fine structure 
Balmer-α: from Bohr to QED 7

Fig. 1.4 Scheme of relativistic (fine-structure) corrections and QED corrections to the energy

of hydrogen n = 1 and n = 2 levels.

This width is small enough to allow the observation of the fine-structure splitting in
the n = 2 state, approximately 11 GHz (see Fig. 1.3a), but is too large to observe the
fine structure of the upper n = 3 state, on the order of 3 GHz (see Fig. 1.3b).

The advent of lasers set the premises for the development of new revolutionary
spectroscopic techniques. One of the distinctive features of laser light is the high degree
of monochromaticity, which offers the possibility of achieving a very high spectral
density (defined as intensity per unit of frequency). As a consequence, with lasers it
became possible to achieve new regimes of light–matter interaction, where nonlinear
effects become important. One of the most important manifestations of nonlinear



Hydrogen atom: main structure, fine structure and Lamb shift 
Balmer-α: from Bohr to QED 7

Fig. 1.4 Scheme of relativistic (fine-structure) corrections and QED corrections to the energy

of hydrogen n = 1 and n = 2 levels.

This width is small enough to allow the observation of the fine-structure splitting in
the n = 2 state, approximately 11 GHz (see Fig. 1.3a), but is too large to observe the
fine structure of the upper n = 3 state, on the order of 3 GHz (see Fig. 1.3b).

The advent of lasers set the premises for the development of new revolutionary
spectroscopic techniques. One of the distinctive features of laser light is the high degree
of monochromaticity, which offers the possibility of achieving a very high spectral
density (defined as intensity per unit of frequency). As a consequence, with lasers it
became possible to achieve new regimes of light–matter interaction, where nonlinear
effects become important. One of the most important manifestations of nonlinear
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Definition of the second: hyperfine levels



He spectrum: perturbation theory

42 3 Approximation Methods

The energy levels are shown in table 3.1 and figure 3.1, together with empirical
data for comparison. Note that the values in the table and in the figure are referenced
to a zero-point energy corresponding to both electrons being at an infinite radial
distance, leaving behind a bare nucleus.

Table 3.1 Energies of low lying excited states in neutral He, as calculated by first-order pertur-
bation theory, compared with experimental values from [5]. The tabled values refer to the double
ionisation energies, as in figure 3.1.

Energy First-order Calculated Experimental
level correction energy value

E1s2s− J1s:2s−K1s:2s -57.8 eV -59.19 eV

E1s2s+ J1s:2s+K1s:2s -55.4 eV -58.39 eV

E1s2p− J1s:2p−K1s:2p -55.7 eV -58.04 eV

E1s2p+ J1s:2p+K1s:2p -53.9 eV -57.79 eV

E / eV
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Fig. 3.1 Energies of the levels in the 1s2s and 1s2p configurations of neutral He, calculated with
first-order perturbation theory, and compared with experimentally measured values [5]. Zero en-
ergy is taken as that for both electrons being removed to infinity, as in table 3.1.
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OPTICAL ATOMIC CLOCKS 3

Fig. 1. – Evolution of fractional frequency uncertainties of atomic frequency standards based
on microwave (Cs clocks)[15] and optical transitions. A fractional frequency uncertainty in the
10�18 region have been reported for two optical clocks respectively, the 27Al+ single ion clock
at NIST [16] and the 87Sr optical lattice clock at JILA [17].

designs have led to some remarkable devices. Still the best performing clocks are those
that use carefully chosen atomic transitions to steer the frequency of the oscillator. A
typical atomic clock consists of an oscillator, either microwave or optical (i.e., a laser)
whose frequency is forced to stay fixed on that of an atomic resonance (see fig. 2).
One of the most important parameters describing such a resonance is the atomic line
quality factor, Q, defined as the ratio of the absolute frequency ⌫0 of the resonance to
the linewidth of the resonance itself �⌫.

As we shall see, such resonances can have line Q’s many orders of magnitude higher
than the best mechanical systems, and they can be isolated from environmental e↵ects
to a much higher degree. Atomic clocks have the added benefit that atoms are universal,
in the sense that multiple clocks based on the same atomic transition should have the
same oscillation frequency, thereby o↵ering a degree of reproducibility not possible with
mechanical devices.

For these reasons, atomic clocks have ruled the ultra-high precision timing world for
the past 50 years or so. The famous 9.19 GHz hyperfine transition in Cs has served to
define the SI second since 1967, and as we see in fig. 1, the absolute fractional frequency
uncertainty for this transition has been reduced by about a factor of ten every decade.
We emphasize that this remarkable rate of progress should not be taken lightly, as it
has been the result of dedicated e↵orts and several ingenious advances, particularly in
terms of atomic manipulation via laser cooling techniques. However, the present day
state-of-the-art Cs fountain [19], which uses clouds of laser-cooled atoms that are tossed
vertically through an interaction region, is nearing its practical limitations (astoundingly,
the best Cs systems are approaching uncertainties of 10�16 with a system whose line Q is

Strontium and other “2-electron atoms”: atomic clocks

N. Poli et al., Riv. Nuovo Cimento 36, 555 (2013)



Atomic “Aufbau”
198 6 Atoms with More Than One Electron

Table 6.2 Electron configuration in the ground states of the chemical elements

Shell K L M O Shell K L M N O

Z Element 1s 2s 2p 3s 3p 3d 4s Z Element 1s 2s 2p 3s 3p 3d 4s 4p 4d 5s 5p

1 H Hydrogen 1 28 Ni Nickel 2 2 6 2 6 8 2
2 He Helium 2 29 Cu Copper 2 2 6 2 6 10 1
3 Li Lithium 2 1 30 Zn Zink 2 2 6 2 6 10 2
4 Be Beryllium 2 2 31 Ga Gallium 2 2 6 2 6 10 2 1
5 B Boron 2 2 1 32 Ge Germanium 2 2 6 2 6 10 2 2
6 C Carbon 2 2 2 33 As Arsenic 2 2 6 2 6 10 2 3
7 N Nitrogen 2 2 3 34 Se Selenium 2 2 6 2 6 10 2 4
8 O Oxygen 2 2 4 35 Br Bromium 2 2 6 2 6 10 2 5
9 F Fluorine 2 2 5 36 Kr Krypton 2 2 6 2 6 10 2 6
10 Ne Neon 2 2 6 37 Rb Rubidium 2 2 6 2 6 10 2 6 1
11 Na Sodium 2 2 6 1 38 Sr Strontium 2 2 6 2 6 10 2 6 2
12 Mg Magnesium 2 2 6 2 39 Y Yttrium 2 2 6 2 6 10 2 6 1 2
13 Al Aluminum 2 2 6 2 1 40 Zr Zirconium 2 2 6 2 6 10 2 6 2 2
14 Si Silicon 2 2 6 2 2 41 Nb Niobium 2 2 6 2 6 10 2 6 4 1
15 P Phosphorus 2 2 6 2 3 42 Mo Molybdenum 2 2 6 2 6 10 2 6 5 1
16 S Sulfur 2 2 6 2 4 43 Tc Technetium 2 2 6 2 6 10 2 6 6 1
17 Cl Chlorine 2 2 6 2 5 44 Ru Ruthenium 2 2 6 2 6 10 2 6 7 1
18 Ar Argon 2 2 6 2 6 45 Rh Rhodium 2 2 6 2 6 10 2 6 8 1
19 K Potassium 2 2 6 2 6 1 46 Pd Palladium 2 2 6 2 6 10 2 6 10
20 Ca Calcium 2 2 6 2 6 2 47 Ag Silver 2 2 6 2 6 10 2 6 10 1
21 Sc Scandium 2 2 6 2 6 1 2 48 Cd Cadmium 2 2 6 2 6 10 2 6 10 2
22 Ti Titanium 2 2 6 2 6 2 2 49 In Indium 2 2 6 2 6 10 2 6 10 2 1
23 V Vanadium 2 2 6 2 6 3 2 50 Sn Tin 2 2 6 2 6 10 2 6 10 2 2
24 Cr Chromium 2 2 6 2 6 5 1 51 Sb Antimony 2 2 6 2 6 10 2 6 10 2 3
25 Mn Manganese 2 2 6 2 6 5 2 52 Te Tellurium 2 2 6 2 6 10 2 6 10 2 4
26 Fe Iron 2 2 6 2 6 6 2 53 I Iodine 2 2 6 2 6 10 2 6 10 2 5
27 Co Cobalt 2 2 6 2 6 7 2 54 Xe Xenon 2 2 6 2 6 10 2 6 10 2 6

is determined from the molar mass MM, the density ρ and
the Avogadro number Na, slight deviations from the values
in Fig. 6.15a are obtained (Fig. 6.15b). The reason is that the
density not only depends on the atomic masses but also on
the interatomic forces, which can be attractive or repulsive.
One example is the He-atom, which has a negligible interac-
tion with neighbouring atoms and therefore a smaller density
resulting in a larger molar volume.

Also, the ionization energies Eion show this periodicity
(Fig. 6.16). The energy necessary to remove the outer elec-
tron (which is the most weakly bound electron) from its state
(n.l.ml) to infinity is

Wion =
1
2

∞∫

rn

Zeffe2

4πε0r2
dr = Zeffe2

8πε0rn

= Ry∗ Z
2
eff

n2
(6.23)

which depends on the average distance 〈r〉 = rn of the
electron from the nucleus with the effective charge eZeff =

e(Z − S), partly shielded by the inner electrons, with the
shielding parameter S.

The noble gases, with their closed, fully occupied shells
have the smallest value of 〈r〉, which means the largest effec-
tive charge eZeff of all elements in the same row of the

Fig.6.16 Variation of ionization energies with the nuclear charge num-
ber Z = total number of electrons
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Table 6.2 (continued)

Shell N O P Shell N O P Q

Z Element 4 f 5s 5p 5d 5 f 6s Z Element 4 f 5s 5p 5d 5 f 6s 6p 6d 7s

55 Cs Cesium 2 6 1 80 Hg Mercury 14 2 6 10 2
56 Ba Barium 2 6 2 81 Tl Thallium 14 2 6 10 2 1
57 La Lanthanium 2 6 1 2 82 Pb Lead 14 2 6 10 2 2
58 Ce Cerium 2 2 6 2 83 Bi Bismuth 14 2 6 10 2 3
59 Pr Praseodymium 3 2 6 2 84 Po Polonium 14 2 6 10 2 4
60 Nd Neodymium 4 2 6 2 85 At Astatine 14 2 6 10 2 5
61 Pm Promethium 5 2 6 2 86 Rn Radon 14 2 6 10 2 6
62 Sm Samarium 6 2 6 2 87 Fr Francium 14 2 6 10 2 6 1
63 Eu Europium 7 2 6 2 88 Ra Radium 14 2 6 10 2 6 2
64 Gd Gadolinium 7 2 6 1 2 89 Ac Actinium 14 2 6 10 2 6 1 2
65 Tb Terbium 9 2 6 2 90 Th Thorium 14 2 6 10 2 6 2 2
66 Dy Dysprosium 10 2 6 2 91 Pa Protactinium 14 2 6 10 2 2 6 1 2
67 Ho Holmium 11 2 6 2 92 U Uranium 14 2 6 10 3 2 6 1 2
68 Er Erbium 12 2 6 2 93 Np Neptunium 14 2 6 10 5 2 6 2
69 Tm Thulium 13 2 6 2 94 Pu Plutonium 14 2 6 10 6 2 6 2
70 Yb Ytterbium 14 2 6 2 95 Am Americium 14 2 6 10 7 2 6 2
71 Lu Lutetium 14 2 6 1 2 96 Cm Curium 14 2 6 10 7 2 6 1 2
72 Hf Hafnium 14 2 6 2 2 97 Bk Berkelium 14 2 6 10 8 2 6 1 2
73 Ta Tantalium 14 2 6 3 2 98 Cf Californium 14 2 6 10 10 2 6 2
74 W Tungsten 14 2 6 4 2 99 Es Einsteinium 14 2 6 10 11 2 6 2
75 Re Rhenium 14 2 6 5 2 100 Fm Fermium 14 2 6 10 12 2 6 2
76 Os Osmium 14 2 6 6 2 101 Md Mendelevium 14 2 6 10 13 2 6 2
77 Ir Iridium 14 2 6 7 2 102 No Nobelium 14 2 6 10 14 2 6 2
78 Pt Platinum 14 2 6 9 1 103 Lr Lawrencium 14 2 6 10 14 2 6 1 2
79 Au Gold 14 2 6 10 1 104 Rf Rutherfordium 14 2 6 10 14 2 6 2 2

periodic table and therefore the highest ionization energy.
They form the sharp peaks in the curve in Fig. 6.16 while
the alkali atoms, where the electron in the outer shell, occu-
pied by only one electron, ismore shielded by the lower closed
shells, represent the minima in the ionization curve Eion(Z).
In Table 6.3 all measured ionization energies and the effective
charge numbers Zeff are listed for the first 36 elements in the
periodic table.

In Fig. 6.17 the successive filling of the different shells
with electrons is illustrated. There are some anomalies in this
process. For example:After the 3p subshell of theM-shell has
been completely filled, the next two electrons are not put into
the empty 3d subshell but into the 4s subshell of the N -shell.
Only after the 4s shell is filled with 2 electrons, the next elec-
trons are filling the 3d shell. The reason for this anomaly is the
energetic order of the different subshell. Quantum mechani-
cal calculations clearly show, that the electrons in the 4s shell
have lower energies than two electrons in the 3d shell. This is
due to the fact, that the 3d wavefunction has its maximum at
a much larger radius r than the 4s wavefunction (see Fig. 5.7
and Table 5.2). The mean distance of the electrons from the
nucleus is therefore larger in the 3d state than in the 4s state.

A similar situation occurs for the transition from the full
4p shell to the 5s shell before the 4d shell is filled. Before
the 4 f shell is filled the 5p and the 6s shells are occupied
because their energies are lower than that of the 4 f shell. The
successive filling of the subshells can be better memorized
with the help of Fig. 6.18.

Since the mean radius rn in the Bohr’s atomic model is
given by (3.84), the ionization energy for an electron in an
unshielded Coulomb potential of the nuclear charge Ze is
(see 3.87)

W0 =
Ze2

8πε0rn
= Ry∗ Z

2

n2
. (6.24)

A comparison of (6.24) with (6.23) allows the determination
of the effective charge Zeffe and the shielding constant S =
Z − Zeff :

Zeff = n

√
Wion

Ry∗

⇒ S = n√
Ry∗

(√
W0 −

√
Wion

)
(6.25)

from measured ionization energies Wion.



Alkali atoms: quantum defects
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Fig. 5.3 Experimentally reported energies (in eV) of the lowest energy states, with l≤ 3, for Li
(red), Na (green) and K (blue) [4]. To the left, in grey, are the energy levels for H. In this graph,
the respective ionisation limits have been chosen as a common zero point for the energy scale.
The states 2s, 3s and 4s are the electronic ground states for Li, Na and K, and the energies of
these correspond to the first ionisation energy for the respective atoms. For low energy states, the
valence electron is more strongly bound for the shown alkalis than the hydrogenic version of the
same level. This is due to significant penetration of the wave function into the screening charge
cloud of the filled orbital electrons. The horizontal scale is organised after the value of l of the
valence electron (and the corresponding atomic term — see chapter 6).

The electrons in the closed orbitals of an alkali atom have binding energies of
20 eV or more. The large difference between this and the energies of the valence
electrons shown in table 5.2 means that optical spectra of alkalis are totally domi-
nated by the lone electron, which in its ground state is in an ns-orbital. This makes
the analogy with the hydrogen atom even more suggestive, and it has led to an em-
pirical model including the so-called quantum defect.

86 5 The Central-Field Approximation

Table 5.3 Values for quantum defects (δnl =neff−n) for alkalis from Li to Cs, and for l≤3. The
data have been compiled using [4] and [15]. For some of the table entries, the three decimal places
shown are more than the level at which the quantum defect approximation is relevant, but this
precision has been retained in the table in order to illustrate the trends.

Li
n= 2 3 4 5 6

l = 0 0.411 0.404 0.402 0.402 0.401
1 0.040 0.045 0.046 0.047 0.048
2 0.002 0.002 0.003 0.003
3 0.000 0.00

Na
n= 3 4 5 6 7

l = 0 1.373 1.358 1.353 1.352 1.352
1 0.884 0.868 0.863 0.860 0.859
2 0.011 0.013 0.014 0.015 0.015
3 0.002 0.002 0.002 0.003

K
n= 3 4 5 6 7

l = 0 2.230 2.199 2.191 2.187
1 1.768 1.738 1.728 1.723
2 0.147 0.204 0.232 0.247 0.255
3 0.008 0.009 0.009 0.010

Rb
n= 4 5 6 7 8

l = 0 3.196 3.156 3.144 3.140
1 2.721 2.684 2.672 2.667
2 1.234 1.295 1.318 1.328 1.334
3 0.012 0.014 0.015 0.017 0.017

Cs
n= 4 5 6 7 8

l = 0 4.131 4.081 4.067
1 3.671 3.627 3.612
2 2.453 2.473 2.476 2.476
3 0.023 0.027 0.029 0.031 0.032

sidered electron is close to being proportional to −1/r. This is what gives us the
possibility to analyse the atom in terms of the quantum defect.

During the last decades, there have been theoretical works that cast the quantum
defect theory in a less phenomenological form (see, for example, [18] and comments
to that article, [19] and [17]). This involves defining an effective potential that has
solid physical justifications, and from which analytical solutions to the Schrödinger
equation can be found, and also elaborations about the iterative expression (5.13).
For further studies of these aspects, we refer to the general literature, and to the
works cited above.

Li
Na

K

�nl

Enl = � Ry

(n� �nl)2



Ground-state energies from the Hartree-Fock approximation

FRAGA, SAXENA, AND LO 

Ta b le  I. To ta l a n d  C o rre la tio n  Ene rg ie s  (in  a u) fo r S o m e  Ato m s  

To ta l E n e rg y 
C o rre c te d  C o rre c te d  

E le m e n t Ha rtre e -F o c k Dira c -Ha rtre e -F o c k 9 E xa c t 1° 

He  -2 .8 6 1 7 4 8 0  -2 .8 6 1 7 3 5 0  -2 .9 0 3 7 8 4 3  

Li -7 .4 3 3 2 7 3 6  -7 .4 7 8 5 7 0 7  

Be  - 14.575209 - 14.575199 - 14.669349 

B -2 4 .5 3 5 0 6 1  -2 4 .6 5 9 1 4 5  

C -3 7 .7 0 2 1 9 6  -3 7 .8 5 7 4 2 4  

N -5 4 .4 2 7 8 1 2  -5 4 .6 1 4 1 1 2  

O -7 4 .8 5 8 2 1 8  -7 5 .1 1 2 4 5 5  

F -9 9 .4 9 1 0 3 9  -9 9 .8 0 8 7 9 0  

Ne  -1 2 8 .6 7 5 1 3  -1 2 8 .6 7 5 2 6  -1 2 9 .0 6 0 1 6  

A -5 2 8 .5 3 5 6 0  -5 2 8 .5 5 1 4 4  

Zn  - 1793.4731 - 1793.8535 

Kr -2 7 8 6 .2 0 7 3  -2 7 8 7 .4 4 0 2  

~De fine d  a s  the  d iffe re nce  b e twe e n  the  c o rre c te d  Ha rtre e -F o c k a n d  the  e xa c t e ne rg ie s  

C o rre la tio n  
E n e rg y ~ 

0.0420363 

0.0452971 

0.094140 

0.124084 

0.155228 

0.186300 

0.254237 

0.317751 

0.385030 

Ta b le  II. C o m p a ris o n  o f Th e o re tic a l a n d  E xp e rim e n ta P  Va lue s  fo r 
S o me  Io n iz a tio n  P o te n tia ls  (in e V) 

E le m e n t ! II III IV 

Li 5.342 
(5.390) 

Be  8.046 18.13 
(9.320) (18.206) 

B 7.929 23.45 37.83 
(8.296) (25.149) (37.920) 

C 10.78 24.04 45.79 64.38 
(11.256) (24.376) (47.871 ) (64.476) 

N 13.95 29.17 47.16 75.01 
(14.53) (29.593) (47.426) (77.450) 

O 11.88 34.62 54.57 77.17 
(13.614) (35.108) (54.886) (77.394) 

F 15.70 33.27 62.30 86.88 
(17.418) (34.98) (62.646) (87.14) 

Ne  19.78 39.31 61.73 96.91 
(21.559) (41.07) (63.5) (97.02) 

a  Th e  e xp e rim e n ta l va lue s  11 a re  g ive n  in  p a re n th e s e s  
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HAR TR E E -F O C K VALUE S  O F  E NE R G IE S ,  INTE R AC TIO N C O NS TANTS ,  

AND ATO MIC  P R O P E R T IE S  F O R  T H E  G R O UNDS TATE S  O F  T H E  

NE G ATIVE  IO NS ,  NE UTR AL ATO MS ,  AND F IR S T F O U R  P O S ITIVE  

IO NS  F R O M H E LIU M TO  KR YP TO N * 

S. FRAGA, K. M. S. S AXENA, AND B. W. N. LO t 

Divis ion o f The ore tica l Che mis try, De pa rtme n t o f Che mis try, Unive rs ity o f Albe rta , 
Edmonton  7, Albe rta , Ca na da  

The  e xpre s s ions  o f the  ope ra tors  a nd  corre s ponding ma trix e le me nts  (within the  one -e le ctron 
function a pproxima tion) for the  va rious  in te ra ction e ne rgie s  a nd  corre ctions  in ma ny-e le c tron  a toms  
ha ve  be e n  s umma rize d. Nume rica l va lue  s  a re  pre s e nte d  o f 19 o f the s e  e ne rgie s , or a s s ocia te d coupling 
cons ta nts , a nd  o f va rious  a tomic prope rtie s --ioniza tion  pote ntia l, s pin-orbit coupling cons ta nt, 
ma gne tic  hype rfine  s tructure  cons ta nt, dipole  pola riza bility, a tomic  ra dius , e tc. The  ca lcula tions  ha ve  
be e n  ca rrie d out, with a na lytica l Ha rtre e -Fock functions , for the  grounds ta te s  o f the  ne ga tive  ions , 
ne u tra l a toms , a nd  firs t four pos itive  ions  from He  to Kr. The  pre dictive  va lue  o f the  re s ults  is  
e xa mine d. 

* This  work ha s  be e n  s upporte d  in pa rt by the  Na tiona l Re s e a rch Council o f Ca na da  
t P re s e nt a ddre s s : De pa rtme n t o f P hys ics , Unive rs ity o f Gue lph , Gue lph, Onta rio, Ca na da  
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The  e xpre s s ions  o f the  ope ra tors  a nd  corre s ponding ma trix e le me nts  (within the  one -e le ctron 
function a pproxima tion) for the  va rious  in te ra ction e ne rgie s  a nd  corre ctions  in ma ny-e le c tron  a toms  
ha ve  be e n  s umma rize d. Nume rica l va lue  s  a re  pre s e nte d  o f 19 o f the s e  e ne rgie s , or a s s ocia te d coupling 
cons ta nts , a nd  o f va rious  a tomic prope rtie s --ioniza tion  pote ntia l, s pin-orbit coupling cons ta nt, 
ma gne tic  hype rfine  s tructure  cons ta nt, dipole  pola riza bility, a tomic  ra dius , e tc. The  ca lcula tions  ha ve  
be e n  ca rrie d out, with a na lytica l Ha rtre e -Fock functions , for the  grounds ta te s  o f the  ne ga tive  ions , 
ne u tra l a toms , a nd  firs t four pos itive  ions  from He  to Kr. The  pre dictive  va lue  o f the  re s ults  is  
e xa mine d. 
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