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ABSTRACT
An examination is made of the hyperfine structures of those levels: com-

N of the neutral atoms B, C, N, O,

' ‘ 2 2
prising the ground configurations 1ls 2s 2p
and F. Perturbation theofy issused to study the effects of configuration inter-.
actibn; thereby exhibiting the dependence of these effects on the quantum numbers

defining the levels. Relativistic effects are considered. The importance'of

.'including the s —d excitations as well as those of the type p »p' is stressed.
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1. INTRODUCTIbN_

The five neutral atoms B, C N, 0, and F poseess the ground conflgura—
tions ls223 2p , where N runs from 1 to 5 ~Accurate hyperfine-structure_(hfs)
measurements on low-lying levels have been made fer a number of isotopes. -

-It can easilyvbe seen that a theory based simply on aniopen shell ef 2p elec_
’trens‘is inadequate, since such a theory preaicts nnll values for the cbnstant
A in the effective Hamiltonlan AL-d for the 483/2 ievel of pz, in contradiction
to experlment.3 The origin of the finite value for A( 85/2) is mainly core
~polarization. 7 Configurations involving excitations of the type s-— s' (such
as ls22s2p 55) can be coupled to the ground conflguratlon by the exchange inter--
actions between the“s electrons and the "p shell, thereby leading to an
unpaired s- electron spin-density at the nucleus.

The recent wohk of Harvey6 demonstrates in a striking way that other
types of configuration interaction play a role. Te fit'hislexperimental data,
on O17 and'Flg, he was forced to replace the radial parameter (r-5)‘character;s
isﬁic'of a 2p electron by two parameters,7(rz_5) and QS-B) associated with.fhe‘“'
orbital and spin parts respectively of the.hfs Hamilhonian. An elaborate. .
Hartree-Fock (HF) calculation, based on the assumption that this effect is
due to excitations of the type p ->7p', leads tohvalues of (rS-B)/(rz-E)

that are too small for both atoms by faetofs of between 2 to 5.8 On the\other:_
hand, the observed coregpolarizatien is'sahisfactorily accounted fer.
It seems;useful‘to review the various effects of configuration interaction
‘? +.on hyperfine st?uctures throughout the'enéire 2p shell. Pertnrbation theory

will be used. It has the advantage over any HF method in that it throws into.

sharp relief the dependences of these effects on S and L (the quantum num-::

bers of the total spin and total orbital angular momenta) as well as on N.
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2._ PERTURBATION MECHANISMS
Since the hfé operatbr is the sum of single-electron,0perators, éll
first-ordér corrections to.hyperfine structures due.éo 6onfiguration inter-.
aétion iﬁﬁoive the excitatioﬁs.of one .electron at a time. Only foﬁf"types
of excitation are allowed: s —»s', s'»d, p »p', and p‘faf. Egéh is now

considered in turn.

(a) s >s'. As already mentioned, this corresponds to core polarization. Its -

9

effect can be reproduced by the 6perator

| ' 1. 3
(2ppyy/I)(87/3) T 81 a

acting solely within the pN‘shell,_where
' = 2 Sag R (2pins,s! 2p) Py} (Ohy ((OWZU(he}sl ) .

In these expreséions, B vis the Bohr magneﬁoh, BN the nuclegr mﬁgnetOn,‘
uN.‘the.nucleér moment'(in'huclear magnetops), a, the Bohr'radius,
R3(2p ns,s' 2p) a Slater integral;'wT(O)‘ the amplitude of the eigenfunction
T. at the nucleus, end W(ns,s') the (pqsitive)‘energy of excitation. The
sum runs over n = 1 and 2, and over all excited eiéenfunctions s' (including
those in the continuum).

’Since S =Ltes - J = (g-l)g, core polarization gives a contribution AA

to the hyperfinéAcénstant A of a level, where-

an = (g-1)(28Byny/1)(8n/3) T 8™ -
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(v) s —»d. .Owing to the selectlon rule Al 2 in the orbital space,ithis’ type
of ex01tat10n affects only two hfs operators the spin part

o | 1/2 2), (1

-(EBBNHN/I)(IO)/ 2, (s, ()) )Jr
of the magnetic hfs interaction, and the electric quadrupole'interacfion.
(The symbol gﬂ ) stands for the usual second-rank tensor.lo) A detailed
_calculetionll reveals that we can reproduce the effect of the excitations

s —d by replacing the ordinary diagonal integral (r—5),for the spin part of
5 A
)s

the 2p-electronvhfs by (l+§s)<rf where

t, = 23(nslr|a) B(2p ns,d 20)/3(20lr(20) W(ns,a)

" in which the sum runs over n = 1 aﬁd 2, 'ahd all excited configuretions d.
Since this type of excitation does not affect the orbltal part of the hfs
operator, we may write gz = Q. .

.In a similar way, the effect of these'excitations on the quadrupole
part of- the hLfs operator can be reproduced by replacing (r 5) by (1+g )(r 5),

where
£y = 25(ns|r>1a)[5 R-(2p ns,a 2p)

. 6 R°(2p ns,2p q)]/15(2p|r'5lépj W(ns,d).
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(¢).p »p'. This type of excitation is slightly more difficult to.treat than
those so far considerea, éincevthe opeh shell that produces .the hfs is itself
disturbed. The simplest approach 15 to consider all possible determinantal

product states of 2pN_1p' that can couple to a particular state of épN. The

" effect of the interaction can be reproduced by multiplying (r‘B) for a 2p elec-

‘tron by a factor (1+n£); (l+néD, or (l+nq), depending on the part of the hfs

operator under study. Unlike -gz, gs, and gq, the quantities 7 vary from

multiplet to multiplet. They are conveniently expressed in terms of the param-. -

' eter x, given by the equation
.. _z 2 . ) _ ¢ ’
x =2, (2plr 31p') B(2p 2p,2p p')/25(2p|r ™ |2p) W(2p,p") .

A complete listing for the configurations pN is éet out in Tablé 1.
If we wish, we can reproduce Table 1 b& an éffective_operatorbacting
solely %iphin the 2p shell. Suppose we denote a particular hfs operator by ‘
.xﬁKk) [either Zg/rE, ZKg‘gﬁg))/rE,vor Z]gﬂz)/rB'according as (kk) = (o1), (i2),
' (k)

or (02)]. We have merely to replace T

g(Kk) . .}.(.(Kk) E | '

b4

. . o | _ .
k), acts within the 2p shell and is defined in terms of

5 (KK)

K .
where Kf k), like gﬂ

.the unit double tensors by'fhe equation .

5 2 5o dax (2l 2p) (2 ) /2
- (kx') u(oé)}(Kk) .

k'

x 5 5 (ek'+1){(-1)F + (21
ik k. -

] w(k'k1l;21){



‘and X, we find that

V'It can be seen that for a half-filled shell, n is independent of S and L.

2
‘This gives an explanation for the rows of Table 1 labelled 2p~ D and 2p

first order in Z O,

5. o | UCRL-16581
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_ This_formula is uéeful for constructing a check on Table 1. _For a given 'kﬁ

| n(gNSL) + n(p~6‘N_sL) = x[20+60(-1)* ,w(‘1.111;1:é') - 2&8&,0) 6(‘41{,»2-)] .

b 52

P

being the same.

(d) p »f. For atoms as light as those conéidered here, one has to go far into

. the’ continuum béfofe an appreciable overlap between an T eigenfunétion’and a

2p eigenfunction occurs. Compared to excitations of the type p —p', those in
which f-electron states are involved must lead to effects that are extremely

small. They are therefore neglected.

3. RELATIVISTIC EFFECTS
Befofe making a direct comparison between theory and experiment, it

is'convenient-po briefly consider the corrections due to relativity. As

pointed out by Sandars:la‘nd'-Be"ck,l2 the effect of relativity on the magnetic

part of the hfs interaction can be reproduced by including-the appropriate -

factors (1+xz) or (l+xs)‘and augmenting ' by A'. From an observational stand-

point, relativistic effects are thus inextricably blended with the effects of

. e ' l D
configuration interaction. On the basis of Casimir's theory, 5 we find, to

N

B e —
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)

= 832 o /8o , D N 5hh1zeo?/216o',

b
1

3

-119 z of a5 5 (r” 3)/7207r

The quadrupole part of the'hfs-is slightiy more complicated to treat, since a

(11)

new tensor having the fbrml I is required. This will not be considered

further because relativistic effects are extremely small for atoms with-nuclear

charge % @ less-than 10. This is shown in detail in the next section.

.\

4. COMPARISON WITH EXPERIMENT
From the preceding analysis, we see that the hfs constant A for a’
" level of 1s 228 2p ‘depends on the three parameters T, (r 5), and (r 5); The
,quadrupole constant B -involves a fourth quantlty, (rq-B). Each multlplet_of
the 2p shell is characterized by a set of these parameters. By detalled meas-
urements on the levels comprising the multlplets 5P of O17 and gf of F;9,]
Harvey6'was able to fing T, (rs-B) and (fsz) for Both ﬁultiplets...It turns
out'that (rs'é)/<r£'5> = 1.1%3, T = 0.0569 for 5p of oxygen; the corresponding
. quantities for fluorine are 1.1l and 0.0T17.
.:Collegting the_resultg of Secs. 2 and 3, we obtain
() (e ) im)(am)

S

(r,”) (1%, (1))
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in which. asdalready pointed ont. gz - 0. Since this ratio depends on N, S,

‘-} and L, it is remarkable ‘that the two observed ratios (l 13 and 1.11) should be
so similar. However, we note from Table 1 that the rat10;..(l+ns)/(l+nz , which '
alone contains the dependence on S and L; is (1+12x) for 5p of O:and

v(1422x)/(i+10x)'for F of F; and in.the limit of small x these ratios ane.iden-
tical. It‘follows tnat'we have only to suppose that the excited orbitals and
energies of excitation are roughly the same in the two atoms to understand-the
' constancy of the ratio (r 5)/(r 5).
The relativistic contribution to (r 5)/(r 5) is

(1+x »K1+x ) =1+ 4oz% /27 .

| Setting a = 1/157 and 7=8 (cofresponding to oxygen); we obtein*l,005l.'fA
| :Asllghtly larger value (1.0069)<is'obtained if the centrai:field of Herman and
. Sklllmanlu 1s ‘used. 15. Relativistic effects thus account for only 5 percent or”'
so of the observed deviation of (r 5)/(r 3) from 1. - As for relativistic cor-

rections to core polarization, we find from Sect 3 that A' = -0.0009 for oxygen.

A

This is only E.percent of the observed figure.

Since the ground level of N is M 5/2, "the origin of the observed5 A "b'

A -
e

',value must be almost entirely core polarization We find T = O O}Qh This
ingure compares fairly well with the value 0.0421 obtained by linearly extrapfi
olating the F and 0 results.

‘) Insufficient data are avallable to analyze the ground multiplet 5P of ;L'

%p

N o Nevertheless, it is worth notlng that for “P,,

A =‘(éBNMN/I)[(r£’3> - (rs'?> + (8ﬂ/5)raof5]
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This is zero for a pure configuration 1522222pN. The small observed va-lue2
ieads to T’ = o.oous_if'it is assumed that (rz-B) = (rs'3)} :Qn the basis of the -
results for N, O, and F? this value for T éeems‘too.small. However,'a modest |
value of 1.050 for (rs_E)/<r£-3) would allow I" to be increased to 0;615, assuming '
(r_5> = 1.71 ao_3 (éee Ref; 2). It therefére appears that the carbon results, |
. és they stand at.presenﬁ, can be fittéd without difficulty into the general'theo-f-

" retical scheme developed here.

5. _EIGENFUNCTIONS . E
5>5 ‘

There reﬁaiﬁs the question of the actual nuﬁeriéalivalués df'P, (r;- ,
and (ré-3).l The extensive HF calcﬁlations.already performed7f8 #ppeér to give, v
.entirely'satisfactory results. except for one poinﬁ:  thé deviation of
(réf5)/(rz'5)'from'l.- Rather than féllow the HF approach, it was felt that it
 ﬁould bé more in keepiﬁg.with the methods described here to attempt to'deriﬁé"
§S and x from the infinite sums of Secs. é(b) and 2(c). An analysis of,tﬁisb
- kind is of considerable interest in itseif{ since it leads to a knbwledgeiof,
‘the relative importance of different parts of the continuﬁm. Oxygen whs'chosenv
as a.representative atom. | |
The radial eigenfuhc@ions R!/r are conveqiently found by puttiﬁg an
’ eléctrdn f in the central botential glven by Hérmah and Skillmaﬁ.;h Eigenfunc- -
tions ih the continuum are triviai‘to generatej~it is oﬁly néceésary to‘pick a
(positive) energy E and integrate out from the origin, starting with ‘R' ~ rzfl?;

for small r. At large distances from the nucleus they go over into

R' = o~ /2 exp[i(Kr+y)].




.discrete states. For_the

. ently discussed in the literature.. Indeed it turns out that the contributlon
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In this expression, <y is a phase angle and aOK (E/E )1/2, vhere Eg is 1-

Rydberg The quantity P is a normallzlng factor, and can be regarded as the
radius of a large spherical box at the centre of which the- oxygen atom is

placed. The procedure consists in selectlng a- number of values of E, gener~i'

ating the elgenfunctlons, and calculatlng the various radlal integrals that

' appear in the definitions of g and x. The sums over the continuum states can’

estimated by using the fact that the number of elgenfunctlons with a given

(lm m ) in the energy 1nterval 8E in poE(EE -1/2/2 . A WKB analysis shows

that contributions to either_gs or x from a small energy interval just above

and just below the ionizing limit are identical. The passage from the discrete

states to those in the continuum is thus not accompanied by thernéet of any

- special effects.

For exc1tations of the type p »p', we find x = 0.0030. The contribu-

tion of the states in the continuum to this number is roughly twice that of the

5P states of oxygen, this leads to

(l+ns)/(l+n£) = 1.035 .

This is in satisfactory agreement with the calculations baéed on the'HF method 8

»whlch yleld ratios mainly in the region of 1.0L4 to l 05, depending on the de~ |

talled nature of the approx1mations made But it still falls far short of the

obseryed figure of 1.13.

Contributions to gs come from the excitations 1ls —»d and 2s —»d. It

was expected tbat their effect would be quite small, since they are not appar-

from the discrete d elgenfunctlons are quite negllglble. But as E 1is

wa Sty
g
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increased beyond the ionizing limit, the contribution for either 1ls— 4 or
2s —d cdming from a given energy interval E rises to a maximum before declining,
and an appreciable effect is produced. Radial eigenfunetions for d electrons
near those parts of the continuum where‘they play their most important role are

drawn out in Fig. 1. The 1ls and 2s eigenfunctions, as well as the p eigenfunc->

tions, are included for comparison. The final result is
(l+§s) = 1.025,

the 1s —d excitations contributing approximately twice as much as those of the

type 251—9d. Including the small relativistic contribution, we find finally
5 .

that for the “P states of O,

| {rs'5>/{r1‘3>’='1.o65 :

" This still falls short of the experimental value of 1.13, even though‘ailv
‘contributions combine with tﬁe'same sign. The inadequacy 6f'thevaseumed eentrai"
‘field may be mainly respenSible for the discrepaﬁcy. Perhaps tbe centfei field
of O+ woﬁld‘be more suitable for generatihg the'continuum-states,‘though an‘ap—

~ proach along these lines wbula not be coneistent with a natural development by
perturbation theory.i Be this as it may; the present calculation establishes the.

| importance of the 8 — d excitations, and it would be of considerable interest to‘

-~ set up the cbrrésponding calculation within the HF framework.
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6. CONCLUSION
The ‘calculations described above indicate that ﬁhe excitations s —»d
and p'-p' are of comparable magnitude. This coﬁld be checked by measufements

of the hfs constants for excited‘multiplets of’' the pN configurations. The lDé’

level of O17 is particulafly éttractive for this purpose. - The unknown quadru-

‘pole.correcﬁion factor i+§q for lD2 is'the saﬁe as fdr 3Pl or 3Pé, and'canbbe
‘éliminatéd by taking ratios 6f the B consténts. Table 1 indicates that it
should be possible to extract a value of x by this procedure. An énalysis-of
A(lDE), taken with Harvey's results for the multiplet 5P, should yield a second
~value of x, and a comparison of these two figures would be most interesting.

A start on'thevexcited multiplets has recently been made by Evénson
~and Radford,lé who have reported preliminaryumeasurements on the hfs of the -

AR

‘_levels 2D and ?D of N . A full analysis should shed some light on the -

3/2 5/2
effect of configuration interaction,.thoggh th¢ absence of information 6n (rs
‘and_(rk_z) from the ground level.hSB/e may makelit a deiicate métter to draw
firm‘coﬁclusions aboﬁt the relati&e importance of the vafiéus typeé of exéiéa-
tion. ‘

This work was performed under- the auspices of the United States Atomic

Energy Commission.

_3> 
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caption to Figure
Fig. 1. Unnormalized eigenfunctions for the neutral oxygen atom. All eigen-
functions with a given £ tend to the same form as r —»0. The continuum

" . d" eigenfunctions are drawn out near energies where 1ls —-d and 25 »d

excitations make theif most important contributions.
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Table l.'-Cofreétion,factors'(l+n) to allow for excitations of the type p »p'.

Configuration " Level (l+nl) (l+ns) - (1+nq) _

2p , P 1 1 _ 1

S (1+10x) ° (1+10x) (1+10x)

op° R (L:2x) = -  (122x)
1g - - | -
)+S ' - - -
3 2 oy , - |
2p” D (1+5x) - (1+x) w
& (1+5x) - (1+11x) e
» e 1 © (1+12x) - (1-i2x)
ot () -
14 S i} | -
.5 e . R .
2p P . (1+1ox)- - (1+eex) (1-2x)
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