Atomic Physics

Helium and two-electron atoms
Part 2




Elements of the Periodic Table

The rich cowboy on the white horse always says “Hi, Yo Ag.
Hg 1s a brand of automobile.
A prisoner who is always fooling around is known as a Si.
After many failures, Edison still B.
Two nickels are worth Sn cents.
What do I make a week? Fe $200 per week.
If you get robbed, call a Cu.
A female relative whose name spells dollars Sb.
If you fail to do your school work, your marks will S or Zn.
. When he contracted a disease, the doctor said he could Cm.
. When he broke his leg the doctor said he could He.
. If no one answers the door, surely they Ar.
. If you catch a robber in the act use your Ne him.
. The fat man carefully Kr the thin ice.
. I bought a new horse the other day and Rh home.
. We’ve come to praise Cs not Ba.
. If you’ve been bad, St. Ni will skip your house at Xmas.
. An Olympic slogan is “Go for the Au”
. The nosy couple were asked mind their own Bi.
. The rebels conducted a Rn the supply store.
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General form of the electrostatic
Interaction In 2-electron atoms

15t order energy change is | ; , (where K=1/4¢)

Using the symmetrized f dr, f dro[u), (vp)ug, (r2) & u, (r2)ul (ry)]

wavefunctions

[n, (XU, (r2) £ uy,y, (r2)u,,(ry)].
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) __ Ke
. E Lt (e (0
which becomes B [ dr [ d*‘;“m(fz)um(r._)!r

j =]

K€2
dry [ drou; (r1 u, (r Uy, (T2)t,, (1)),
r| — I

And expanding..
- To make everything central




The Slater Integrals

From the properties of spherical harmonics, there are only small numbers of
terms surviving the ANGULAR integrals — basically the triangle rule for
angular momentum addition.

Hence, this infinite sum has only a few (1-4) terms for each given SLJ-state:

Each term is a direct or exchange integral, E =Y (k) ( f, F* £ g, G¥)

Where the factor k=0, 1, 2, etc
NB the superscripts are not powers, the f, and g, are the angular integrals
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Generalizing the spin-orbit interactions

In hydrogen, we found

In a general potential V
(let g, = 2)

Define the radial part:

l-s=[j(j+1D—LL+1)—3/4]/2
(j =2£€—-1/2).

And the angular part is

The difference in spin-orbit energies of 2 levels
is 2|+1, so we introduce a spin orbit parameter




Example of an sp configuration
(e.g. helium 1s2p or nsnp)

Add the (mainly from exchange) electrostatic interactions and the spin-orbit
interactions.

E=E,+ Y (k) (aF*+bGr) +¥(i)

Where the summations are taken over all states within a given configuration.

Note that for light atoms (e.g. helium) the spin-orbit

corrections are much smaller than the electrostatic exchange energies -

DISCUSS

For heavier atoms this becomes less so —

let’s look at the example of the nsnp configurations

1. How many states are there?

2. How do we label them — spectroscopically.

3. How many terms are there in the above summations?




Solutions for the nsnp configurations

Only terms (parameters) are F°, G! and {(I=1)
Define F,, G, = F¥/D,, G¥D,

Then D, =1, and D, = 3;

and F, = E,, (same for all states of the configuration).

Ipo Ipo ipo 1 po
] ] l::'I | 2 [ |

Eo— G\, — & 0 0 0
0 By — Gy —&y)2 0 £/ N2

0 Eoy— G+ &/2 0
) 0 Ey+ G,

Note the off-diagonal matrix element between the two J=1 states of the
spin-orbit interaction — if the electrostatic energy gap (G,) between these
two states 1s large, then this interaction can be neglected.

OK for light atoms like helium, but not for heavy atoms....




Define x = (3(,/4)/{G, +30/4}  y=(E—E,+{/4)/{Gl +3(/4}

(x is the fractional S-O part, Y is a revised energy scale)

1/2,3/2),

Notes:

1. 1in light atoms, singlets
and triplets are far
apart; _
in heavy atoms, we see | i1,
2 doublets; T
sp and sp° (1 electron, 0 _ . 6 08
1 hole) configurations
behave similarly;

112,12,

(1/2,112)q

We need a different
coupling scheme to
describe the heavier
atoms. =g

The “jj coupling scheme” - P, an.,

0.2 0.4 - 0.6 0.8 1.0

(1/2,3/2),

Fig. 5.1. Transition from LS to jj coupling for the sp and sp’ configurations. (After Ref. [87].)




Energy level diagram of Beryllium
?7?
The Same?

Different?

How Is It different?

Why is It different?




Energy level diagram of Beryllium

Singlets
2snp  2snd

Triplets Displaced
2sns 2snp  2snd terms
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The Angular integrals of the
Electrostatic interaction

We need to evaluate: (nin'l' LSIM l ¢ nin'l'LSIM) = Y (fF* + (—1)%g.G"),
k
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Where C, are Clebsch-Gordan coefficients, and {...} are 6-) symbols

AICHIY = (- 1)!'VRI+ 1)U+ 1) ((I) (l; g) ... and the (....) 1s a 3-j symbol

The results are whole numbers or simple fractions for each f,, g,.




Other states In helium??

We have said all helium states are of the type 1snl 1’-?’LJ

with J=L for singlets, ] = L-1, L, L+1 for triplets

If we excite the “core electron” we get “displaced terms”
(seen in Be)

or “doubly-excited” states.....

Questions:

1. Where are these states in the energy level diagram for helium
2. Do they exist, and/or have they been seen?

3. What happens in a 3-electron system (lithium, etc)

4. What happens 1n a 4- electron system (beryllium, etc)
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FIG. 1. Extreme ultraviolet spectra showing dis-
crete anomalies in the photoionization continuum ab-
sorption of He, Ne, and Ar (increased blackness in-
dicates increased absorption). The anomalies in the
He absorption spectrum (top) are due to the mixing of
two-electron excitation states with the continuum. In
Ar {bottom) this mixing results in discrete windows

PLATE DENSITY

L L L L
210

1
200 190
WAVELENGTH (R}

FIG. 2. Densitometer trace of the absorption spec-
trum of He as shown in Fig. 1 (top). The anomalies
are of the Beutler-Fano shape. The absorption is en-
hanced on the low-frequency side and reduced on the
high~-frequency side.

first member of the series (60.1 eV) can be as-
sociated with the lowest allowed transition to a
two-electron excitation level, namely, 1s?!S,-
2s2p*P,°. The exact position of this level can

be theoretically predicted only after an evalua-
tion of the mixing of this state with the neighbor-
ing configurations.

There are two series of energy levels important

Madden and Codling, Phys. Rev. Letters 10, 516 (1963)




Autolonization Continuum states,

Consider the autoionization process as an internal re-arrangement of the
atomic wavefunction, with no change of energy, angular momentum or spin:

Then (a) no changes in overall quantum numbers can occur (b) it is not a

single electron process. Thus, the total angular momentum and parity do not
change AJ=0 An=0

and in L-S coupling where L and S are good quantum numbers AL=AS =0
Breakdowns in LS coupling -> low rates of electron emission (could compete
with normal radiative processes)

- Quantum character of continuum states
—E.g. in helium, s, d.. Continua have even parity,
p, f ...Continua have odd parity.

— The reverse process of radiationless capture (important in astrophysics)

—>Helium example...




Overview of ALL helium energy levels
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CLASSIFICATION OF TWO-ELECTRON EXCITATION LEVELS OF HELIUM | ollow-up thGOI'y paper — a ClaSSiC'
J. W. Cooper, U. Fano, and F. Prats

Nitlonal Bureau of Standards, Washington, D. C, hyS RCV. Lett 109 518( 1963)

{Recelved 13 May 1963

Because the states 2snp and 2pms are nearly
degenerate, the electron-clectron interaction will,

if sulficiently strong, remove their degeneracy The lowest doubly-excited state can be

in the zeroth step of perturbation treatment and 2s2p or 2p2s singlet or triplet state.
replace the symmetrized independent-electron Hence use a linear combination..
wave functions «(2snp) and u(2pns) with the pair?

iA2n2) = {(2sap) £ u(2pns)}/ V2. {1}

Indeed, a calculation with screened hydrogenic
wave functions shows that the electron interaction
matrix element {2535 | V|2p35) ~1 eV, whereas
Eocgn ~Eapas~0.1 eV,

Dominance of 1/r}, interaction

(a) The + (-} quantum number corresponds to

radial motions of the two electrons in (out of) Considering only the 'P states:

step with one another.
(b) The 2320 ntate belongs to the + classification. (photons couple only from 'S to 'P states)

{c) The + level of each pair lies presumably
above the - level.

(d} The optical transition from 15% to the - level

An important physical picture of the

is quasi-forbidden. wavefunctions.

(e} The radiationiess transition from the + levels
to the 1s&p continuum Is quasi-forbidden.

{f} The radiationless transition from the - levels
is also quasi-forbidden, by the same mechanism
that leads to (d).



Helium states which do not decay
to the ground state

(a) States which decay
to singly-excited states:
(vacuum uv transitions
30 nm region)

Fig. 4. The radiative decay modes of the 2p” 3P state of He I.
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An Example Experimental Arrangement

BEAM-FOIL SPECTROSCOPY

LUNIVERSITE de Liege Liege schematic experimental arrangement(not to scale)

Lifetime Spectrum
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FIG. 1. Beam-foil spectrum of 150-keV He* ions incident on a 5-ug/cm? carbon foil. The solid bar indicates mem-
bers of the Hent 3d-nf series, while the arrows indicate He1 doubly excited triplet transitions. Note the change of in-
tensity scale above 2550 A.

(b) Transitions between doubly-excited states of helium: near uv region.

Brooks & Pinnington, Phys. Rev. A22 529 (1980)




In lithium, once one electron is excited from the 1s shell, all 3
electrons can have their spins aligned!

-> stable quartet states...

Can you write down and
justify which states are
likely to be stable?
(doublets & quartets!)




of observed
transitions....

Examples




1 - Isoelectronic sequences — Helium, lithium

2 - Negative lithium

3 - Methods of excitation

4 — Lifetimes (by photon, electron emission)

5 — Other alkali 1soelectronic sequences




Radistion from the Megative Lithium lon

. L. Brooka, J. E. Hardis,* H. ;. Berry, L. J. Curlis,™ K. T. Cheny, wnd W, Ray
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The ONLY light ever observed from a negative ion

34898, Li”
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TABLE I. Wavelengths of the 1s2s2p®°P — 1s2p°°8°
trangition, The experimental precision is 1 B

Theory (A) Experiment (A)

34892 3489°¢
1821P 1909°€
1279P 1324.59
989° 1015.6%
807° 825¢
682P 695°¢
_589: 597!
519

® » 0

All are 4-electron atoms




How to excite highly excited states

18t impact - > excites (or 1onizes) one electron
2d impact - > excites (or ionizes) one electron
31 impact.....

Between impacts, the excited state might decay to the ground state

What happens for fast ions in solids?
What happens in EBIT?




4 — Lifetimes (by photon, electron emission)

Auger electrons — almost always El transitions

Volume 48A, number 6 PHYSICS LETTERS 29 July 1974

DECAY OF ‘Pgn AUTOIONIZING STATES OF IONS
IN THE Li ISOELECTRONIC SEQUENCE

Kwok-tsang CHENG, Chien-ping LIN and W.R. JOHNSON
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA

Received 13 May 1974
Revised manuscript received 7 June 1974

Dirac-Hartree-Fock calculations of the M2 radiative decay rates and of the autoionization rates for metastable
states of the Li-sequence (Z =3 to 26) are presented. The calculations are compared with experimental determina-
tions.
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Fig. 1. The metastable decay rate plotted as a function of nu-
clear charge is compared with experimental data. The data
marked by A and the associated error bars are as reported in
the second paper of ref. [1]. '




Differential metastability of fine structure levels

PHYSICAL REVIEW A VOLUME 17, NUMBER 6 ' JUNE 1978

Fine structure of the 1s2s52p *P° and 152p? 4p doubly excited states in
lithiumlike carbon, nitrogen, and oxygen

A. E. Livingston
Argonne National Laboratory, Argonne, 1llinois 60439

H. G. Berry _
Argonne National Laboratory, Argonne, Illinois 60439
and Department of Physics, University of Chicago, Chicago, Illinois 60637
(Received 30 January 1978)

The fine structure of the 152s52p *P°-152p* *P multiplet in the doubly excited quartet system of three-
electron Civ, Nv, and Ovi has been measured using the method of beam-foil spectroscopy. The fine-
structure splittings have been determined to within ~ 5 cm™! in both the upper and lower states of each ion,
and the absolute transition wavelengths have been measured to within ~ 0.1 A (~107% eV). The wavelength
results show that existing relativistic and nonrelativistic energy separations calculated for.these *P states are
inaccurate by ~ 1% for Z = 6-8, and that calculations of the fine-structure splittings are inaccurate by
(10-20)% for 15252p *P° and by X 20% for 1s2p” *P. Lifetimes have also been measured for the J = 5/2,
372, and 1/2 levels of 152 p2 4p. Differential metastability is found to be a characteristic feature of these
core-excited fine-structure states in all three ions. Comparison with calculated autoionization and K x-ray
transition rates for Z = 7 and 8 indicates that the 1s2p? *Ps;, lifetime is determined essentially by its
autoionization rate to the doublet continuum through magnetic interactions, whereas the J = 3/2 and 1/2
states decay at a slower rate that is more characteristic of the *P°-*P radiative transition rate.
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FIG. 1, Wavelength scans showing resolved fine
structure of the 152s2p P2 152p?“P transition in the
beam-loil spectra of C1v, Nv, and Ovi, The observed
linewidth (FWIIM} is about 0.3 A.




Comparison of expt and theory for fine structure

TABLE II. Fine-structure 1ntervals in the 1s2s2p 4P° and 1s2p*4P conf1gurat1ons of C1v,
" Nv, and Ovr.

Interval (cm™)

| 1s2s2pipo — 3 1s2p?4p

Ion Levels a b ¢ d a - c d
G 2. 418+4 374 302 396 252+ 4 68 232
| 3.1 10245 86 -19 90 29515 251 292
- 23 212+3 191 133 203 115+3  ~-24 102

| 33 3544 25 =55 29 160+4 126 156
cry 2 100+ 5 89 40 91 41+5 =59 33

B 0+7 =3 =61 - 0.9 8347 53 74

?Present work,

®Hartree-Fock (Ref. 23).

Relativistic Z- -expansion (Ref. 11).
lerac-Hartree—Fock (Ref, 33, see Note added).




Note:

Spin-orbit, spin-other
orbit and spin-spin
magnetic interactions
all important —

Thus, NOT
Lande intervals...
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Flz 3. Experimental relative fine-struclure levels
of the 152524 4P and 1:2p%4p atates in Civ, Nv, and
0w determined from the present work, Also plotted
ara the efperimental fine structures of the 1s2p o
gtates in Cv (Ref. 24), Nvi Ief. 25), and Owvn (Ref. 26).



TABLE IIIL. Llfetlmes of the fine- structure levels of
the 1s2p%4P state in Ctv, Nv, and OvI,

Llfetlme ns.)

Note - Ion J - b « * AR
J=5/2 mixes with i 5 - .
1S2p2 D5/2 _ Ovi ° 0.10 % 0.01 ; 0,11 0.10
continuum which 2 L1 #01 . 0.67  0.40
(auFmomzes 1 1.0 +0.1 18 0.95
rapidly) - o -
Nv 2 10.30%0.05 0.30 0.24
k3 1.7 #6.1 - 1.8 - 0.71
3 1.4 £0.1 . 61 1.14
cv % 0.9 +0.1
g 3.5 208
l- I ¥ A w l
2

a present work. '

hHﬂrtree—-I‘t::ur:k Slater (Ref, 10} |

®Hartree-Fock-Slater including radiative branch (Ref.
30). | -




Volume 50A, number 3 PHYSICS LETTERS 2 December 1974

BEAM-FOIL OBSERVATIONS OF Nal DOUBLY-EXCITED STATES®

H.G. BERRY

Department of Physics, The University of Chicago, Chicago, Ill. 60637, USA
Argonne National Laboratory, Argonne, Ill. 60439, USA

R. HALLIN and R. SJODIN
Institute of Physics, University of Uppsala, Uppsala, Sweden

M. GAILLARD
Laboratoire de Spect. Ionique et Moléculaire, Université de Lyon, Villeurbanne, France
Received 30 September 1974

We identify a line at 3882.8 A as the 3s 3p *Dq/; —3s 3d *FJ,, transition in Na L. 2p—3s transitions of Na I are
observed close to the corresponding Na II resonance lines at 372 A and 376 A.

Sodium ground state 1s°2s°2p° 3s

Excite one 2p electron to n=3 shell and higher... -> quartet states

What are the lowest quartet states? Are they stable?
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Fig. 2. A foil-excited spectrum from a 30 keV sodium beam.
The doubly-excited Na I transition 3s 3p 4D, —35 3d *F3,,
is indicated at 3882.8 A-




