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HYPE.RFINE QUENCHING OF THE 2 3 P0 STATE IN HELIUMLIKE IONS* 

Peter J. Mohr 

Department of Physics and Lawrence Berkeley Laboratory 

U!liversity of California, Berkeley, California 94720 

I. INTRODUCTION 

· In heliumlike ions with no n)Jtlear spin, the 23P0 · state decays 
prim~rily to the 2 3S1 state by an!electric dipole radiative transi-

' timl'. In the case where the nucleus .has spin, the interaction of 
the nuclear magnetic moment with the.atomic electrons mixes electron 
states of. different total angular momentum J, so that the one
photon dipole transition 2~Po -+' 115 0 is not forbidden. This addi
tional decay mode ha~ the effect of shortening the lifetime of the 
23P0 state arid gives rise to emitted X-rays with the energy 
E(2 3P0 ) ~ E(1 1So). 

A similar effect occurs for the 2 3P2 state. If the nucleus 
has no spin,the 2 3P2 state decays primarily by an electric dipole 
transition to the 2 3S1 state or by a magnetic quadrupole transition 
to the 11S0 state. If the nucleus has spin, certain: hyperfine 
components of the 2 3P2 state can, in addition, decay through hyper
fine mixing by an electric dipole transition to the 11S0 state. 
The lifetime of those components is thereby shortened. Evidence 
for this effect has been observed in the decaysof heliumlike 
yanadium by Gould, Marrus, and·r-1ohr.1 

In this paper, we present an estimate of the lifetime of the 
2 ~Po state for odd-Z heliumlike ions in the range Z = 9 to 29. · We 
employ an approximation scheme which utilizes the fact that both 
z- 1 and (Za) 2 are small parameters for the range of Z under con
sideration. This ap~roach wa~ used in the calculation in Ref. 1. 
The theory of hyperfine induced transitions in neutral atoms is 
discussed by Garstang.2 · 
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II. THEORY 

To calculate the hyperfine induced decay rate, we take the 
hyperfine interaction into acc<;mnt in first order perturbation 
theory. The hyperfine interaction is diagonal in F = J + I, 
where I is the nuclear spin. In the present case, J = 0 for 
the initial ~nd final states, so that only states of total angular 
momentum F = I enter the calculation. We consider mixing of the 
23Po state with only the nearby 23Pl and 21 P1 states. Mixing of 
the 1 1-$ 0 state is neglected. The first order perturbed wave 
function for the 23P0 state is then given by 

I23PoiM.>t = I23Po.IM) >+. (23PI*IMioHI23PoiM) I23PI.*r.M > 
E(2 3Po}- E(2 3PI*) 

+ (2 1 Pt*IMioHI2 3PoiM > 12 tp
1
*IM > 

E(2 3Po) - E(2 1PI*) 

(1) 

where I is the value of the total angular momentumF for the states, 
M is thez-component ofF, and oH is the hyperfine interaction 
correction to the Hamiltonian. The zero-order states in (1) are 
sums of products of electron eigeristates and nu·clea:t spin eigen
states, combined to give total angular momentum F = I. The 
asterisks (*) in (1) denote intermediate coupling electron states 
which are ·appropriate linear combinations of" LS'-coupling states 

(2) 

The LS-coupling states are eigenstates of the two-electron 
SchrodingerHamiltonian H5 , which includes the Coulol!lb interaction 
energy of the electrons. The coefficients a and b, which we choose 
to be positive real, are determined by the condition that the sum 
Hs + Hs, where Hs represents the corrections to Hs which appear in 
the Pauli approximation to the Breit equation,3 be diagonal in the 
basis for.med by the intermediate coupling states, together with the 
condition a 2 + b2 = 1. 

The rate for a dipole transition to the 11So state is given by 

HFS 3 4a.w
3
"" 1 . -+ -+ 3 2 AEl (2 Po)= 3C"2~1(1 SoiM'Ir 1 + r 2 12 PoiM) 1 1 (3) 

M' 
·In (3), w is the t;ransition frequency flw = E(2 3P0 ) - E(l 1 S0 ). 

Substitution of (1) and (2) lnto (3) yields 

... ·~ 

' 
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AHFS(. z3~ ) = 
El 0 (4) 

where 

r . ab E(Z 3Po) ·~bE('ztp1 *) ]< 23P1IMI oHI2
3
PoiM). 

(5) 

In obtaining (4), we have taken the relation 

2 l(l 1 S~IM'I;1 + ; 2 12 1PriM)I 2 = l(l 1Siz 1 + z2 12 1P ).1 2
. (6) · 

M' 

into account. The ve.ctors on the right-hand ·side of (4) and (6) 
are. the normalized coordinate space factors of the electron wave 
functions. Evaluation of the con?tituents of (4) and (5) is 
desc;ribed in the following section. 

I II. EVALUATION . 

. ' The intermediate coupling energy levels and the ratio b/a are 
obtained by diagonalization of the operator · Hs + HJ3 in the sub-

· Space of the states in (2). In the LS-couplirig basis, the matrix 
elements of Hs are given by 

(7) 

where the coefficients an, bn, cn···· have been calculated by 
Knight and Scherr,4 by Sanders and Scherr,S andby Aashamar, Lyslo, 
and Midtda1.6 The diagonal matrix ele~ents of Hs are written in 

·the form 

(ntH81n) = (Za) 4mc~ [a + B z- 1 + y Z~ 2 + .•• ] 
. . n n n (8) 

where the coefficients. au• Bn· and Yn appear in Table I. The 
coefficients ~ correspond to the Pauli approximation for the 
hydrogcnic fine structure.3 The coefficient~ Bn have been calcu
lated by Doyle in jj-coupling.7 We have determined the coefficients 
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TABLE I. Values of Cln• Bn, and Yn 

n a n Bn Yn 

21Pl -55ns4 0.055403 -0.090 

23 PI -59/384 0. 130429 -0.162 

23 Po -21/128 0.219768 -0.307 

23Sl -21/128 . 0.076935 -0.042 

Yii ·approximately by extrapolating to large Z the expectation val~es 
or H8 calculated for Z = 2 to 10 by Accad, Pekeris, and Schiff. 
The off-diagonal matrix element of H8 beLween the 21P1 and 23P1 
states is given by 

(21 PdH8 12 3PI) = (Za)ltmc 2 [-v'l/96 + 0.028851 z- 1 

o.oo4 z- 2 + •.• ], (9) 

where the third coefficient has been determined by our, extra~ola
tion of the results of the variational calculation of Drake. We 
note that the v~lues of the matrix elements of H8 given by these 
formulas agree with the corresponding numerical values obtained by 
Ermolaev and Jones.lO 

The matrix elements of the hyperfine interaction correction 
are approximated by evaluating the contact interaction term3 

(iO) 

between syminetrized products of nonrelativistic hydrogenic wave.
functions. In (10), g is the g factor of the nucleus and·~ is 
the proton mass. Within this approximation 

( 21PdMI oHI2 3PoiM) 2a !!!___ . [I (I !..: 
= + 1)] 2 (Za) 3mc 2 

313 ~ .. g 
(11) 

( 23 Pl IMI oHI2 3 PoiM) 2/2a !!!___ [I (I !..: 
= + 1)] 2 (Za) 3mc 2 

; 313 M g . ~ 

' p 

,.l·.z 
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The relative sign o·f the matrix elements in (11) has been made 
consistent with the sign nf the matrix element in (9). 

The matrix element in (4) is,evaluated with the aid of the 
z- 1 -expansion calcul<ition of Dalgarno and Parkinsonll 

o.155 z- 1 + ... ) (12) 

The transition frequency w is approximated by 

hw ~ (Za) 2 mc 2 [0.375 - 0.399 z- 1 + n.086(Za) 2 
] • (13) 

The rate for the electric dipole transition 23P 0 -+ 2 3S1 is 
evaluated by means of the expression1 

3 12ah 2w3 

'\1 (2 Po) = m2 c 4 (Za)- 2 [1 + 0. 759 z- 1 + 0.685 z- 2 

- 0 .41 7 ( Za) 2 
] 

2 
• _ ( 14) 

Here, hw = E(2 3 P0 ) - E(2 3SJ). The hydrogenlike Lamb shiftl2 
~E(2P!.:) - ~E(2S!z) is included in the theoretical value for hw as 
an approximation for the actual Lamb shift in the separation. The 
eoefficients of z- 1 and z- 2 in (14) are obtained from the 
results of the variational z- 1 -expansion calculation of Sanders 
and Scherr. 5 · 

IV. RESULTS 

The results for the decay rates and lifetime of the 23P0 

state appear in Table II. Figure 1 shows the lifetimes, with and 
without the hyperfine induced decay, as a function of Z. Also 
showri is the result of the recent measurement of the lifetime of 
the 23 Po state in heliumlike fluorine by Mowat et al.l3 

It is interesting to note that within the range of Z consid
ered here~ the hfpcrfine induced decay rate ran~es from being a 
small fraction tif the total de~ay rate of the 2 Po state at small 
Z to being the dominant deca~ mode at large Z. 
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TA)3LE II. Decay rates and lifetime of the 23Po ~tate 

z A I gl ~1 (2 3Po) AHFS( 23p ) 
El 0 T(2 3 Po) 

nsec- 1 nsec-1 nsec 

9 19 1/2, 2.63 0.090 0.013a 9. 73 

11 23 3/2 2.22 0.114 0.012 7.96 

13 27 5/2 3.64 0.139 0.074 4. 71 

15 31 1/2 1.13 0.165 0.041 4.85 

17 35 3/2 0.82 0.194 0.030 4.47 

19 39 3/2 0.39 0.224 0.016 4.17 

21 45 7/2 4.76 0.257 4.15 0.227 

23 51 7/2 5.15 0.292 10.5 0.093 

25 55 5/2 3.44 0.330 10.7 0.091 

27 59 7/2- 4.62 0.372 36.0 0.027 

29 63 3/2 2.22 0.416 21.7 0.045 

a Calculated wj-th E(2 3P 1 ) E(2 3Po) from Ref. 14.· 

Without HFS 
• With HFS 

o Exp: Mowat et al. 

• • 

• • •· . ' . 
z 9 II 13 17 19' 21 23 25 27 29 

Figure 1. Lifetime of the 23P0 state. 
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