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HYPERFINE QUENCHING OF THE 2°P, STATE IN HELIUMLIKE TONS*

Petebeu Mohr
o Departmeﬁt'of Physics and LaWréncebBerkeléy Laboratory

. UpivérsityVof Ca1ifdrnia,‘Berkeley, Californié_’94720

1. INTRODUCTION

o In he11um11ke ions with no nuclear sp1n the 2P, state decays
pr1mar11y to the 28 Sy state by an' ‘electric: dlpole radiative transi-
tion. 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 23P, »'1!S, is not forbidden. This addi-
tlonal decay mode has the effect of shortening the lifetime of the
23 Po state and glves rise to emitted X- rays with the energy
E(Z Po) - E(1'Se).

A 51mllar effect occurs for the 2°p, state.. "If the nucleus
has no spin, the 23P2 state decays primarily by an electric dipole
tran51t10n to the 2%S, state or by a magnetic quadrupole transition
" to the 1'S, state. If the nucleus has spin, certain hyperfine
components of: the 2°P, state can, in addition, decay through hyper-
fine mixing by an electric dipole transition to the 1!S, state.
The lifetime of those components is thereby shortened. Evidence
for this effect has been observed in the decays of heliumlike
vanadium by Gould Marrus, and; Mohr 1 :

In this paper, we present an: estlmate of the lifetime of the
27P, state for odd-Z heliumlike ions in the range "Z = 9 to 29. We
~employ an approx1mat1on scheme which utilizes the fact that both
'Z-1 and (Za)? are small parameters for the range of Z under con-
sideration. This approach was used in the calculation in Ref. 1.
The theory of hyperfine induced transitions in neutral atoms is
dlscussed by Garstang.?2 :
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11, THEORY

To calculate ‘the hyperflne induced decay rate we take the:
‘hyperfine interaction into account in first order perturbatlon
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 and final states, so that only states of total angular
momentum F = I enter the calculatlon We consider mixing of the
23Po state with only the nearby 23P; and 2'P; states. Mixing of
“the 11§, state is neglected The first order perturbed wave
function for the 23P, state is then given by

(23P,*IMI 8H] 2%P,IM )
E(23P;) - E(29P1%)

127P0IM Yy = 127PIM ) 4 | 23P, 1M )

S - (1)
{2'P1*IM| 8H| 23P(IM )
E(23Po) - E(2°P1*)

[21p,*IM )

where I is the value of the total angular momentum F for the states,
M is the z-component of F, .and 8H is the hyperfine interaction
correction to the Hamiltonian. The zero-order states in (1) are
sums of products of electron éigenstates and nuclear spin eigen-
states, combined to give total angular momentum' F = I. The

" asterisks (*) in (1) denote intermediate coupllng electron states
which are approprlate 11near comb1nat1ons of. LS-coupling states

12 P1*> = al2! P1) - b|2 Py

2
|2 P1%) .( )

bl21P;) + al2 Py .

The LS-coupling states are eigenstates of the two-electron
Schrodinger Hamiltonian Hg, which includes the Coulomb interaction
energy of the électrons. The coefficients a and b, which we choose
to be positive real, are determined by the condition that the sum
Hs + Hp, where HB Tepresents the corrections to Hg which appear in
the Pauli approximation to the Breit equat1on, be diagonal in the
basis formed- by the intermediate coupling states, together with the
condltlon a? + b? = 1.

The rate for a dipole transition to the lISo,ﬁtéte‘is giﬁen by
AHES 3 e |
E1 (2%%0) = 3% §£|<1‘SOIM'|¥i-+ T,12%PoIM ), 12 . (3)

"In (3), w is the tran51t1on frequency hw = E(2%Py) - E(1!} So) _
Substitution of (1) and (2) 1into (3) yields ‘ , }
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. HFS‘bfi ,; 4o’ 2 1e | 1 2 -
.YAE1 (2 }?o)_-: 37 IQII ‘l_(l SI?‘;-*ZIIZ. P?.I . | (4)
where'(}
| b? ' - 32

FeanmnicaIog E(zapo) TEC *)]‘2 P1IM| 8HI 2°Po IM )
, ab ab 3 3
}3_.(-23190) TEEFY 5(239‘0) G ].( 2 PJIM.I §HI 2°PoIM ) .

(5)

In_obtaining'(4), we have taken the relation

z |<1 SoIM'lrl + T, 12 P11M)|2 = |<1 Slz o+ z2|2 p)l2 (6)
M"" . ’

_1nto account The vectors on the right-hand ‘side of-(4) and (6)
are the normalized coordinate space factors of the electron wave
a functions. Evaluation of the constituents of (4) and. (5) is

_ descrlbed in the follow1ng sectlon

. ).'

III. EVALUATION

: “The 1ntermed1ate coupling energy levels and the ratlo b/a are
obtained by dlagonallzatlon of the operator - ‘Hg + HB in the sub-.
space of the states in (2). In the LS-coupling basis, the matrix
elements of Hg are given by . = = - B R

; o 2.2 -1 -2 9 ; a
(nlHgIn) = (Za)*mc [an +b 270 +c 27+ L] (7)

where the’coeffic1ents_ an, by, cp,... have been calculated by
Knight and ‘Scherr,4 by Sanders and Scherr 5 and by Aashamar, Lyslo,
and Midtdal.® The diagonal matrix elements of Hp are written in

- the form B : « ‘ :

(nlHgin) = (Za)*mc® [qn_ + B 271+ ynz'-'2 £ .00, (OF

where the coeff1c1ents an,.Bn, and v, appear in Table I. The
coefficients oy correspond to the Pauli approximation for the
hydrogenic fine structure.3 The coefficients B, have been calcu-

~ lated by Doyle in jj- coupling. 7 We have determlned thé coefficients
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EA TABLE I. Values of 0ns By, and vy, v

n .‘ % B, Yo
2'p;  -55/384  0.055403 °© -0.090

» 23%p, -59/384 - 0.130429 -0.162
2°ps v'~21/izs_ 0.219768  -0.307
2%, - -21/128 0.076935 -6.042

approx1mate1y by extrapolatlng to large 7~ the expectatlon valges
o? Hp calculated for Z =2 to 10 by Accad, Pekerls, and SChlff
The off-diagonal matrix element of Hp beiween the 2 P1 and 23%p,
states 1s given’ by : :

(2'PyIHRI2%P1) = (Zo)*mc? [-v2/96 + 0.028851 z7}

- - 0.004 272 + ... ], 9)

where the third coefficient has been detérmined by our extrapola-
‘tion of the results of the variational calculation of Drake.’ We
note that the values of the matrix elements of Hg given by these
formulas -agree with the corresponding numerical values obtained by-
‘Ermolaev and Jones. 10

The matrix elements of the hyperfinevihteraction coriection
are approximated by evaluating the contact interaction term

4ma b
3 mMpc

between symmetrized"proaucts of nonrelativistic hydfogenic wave-
functions. In (10), g is the g factor of the nucleus and Mp is
the proton mass. Within this approximation

g [87F03 + 2@ (10)

:{21P11M|6H123PQIM)4 = ;~g-—-g[1(1 + 1)] (Za) *mc?

11
2V20 m Ly 3_ 2 (' )
v ﬁ;-g[I(I + 1)] (ZQ) me

(2°P,IM| 6H| 2°PoIM )

e i
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The relative sign of the matrix elements in (11) has been made
consistent.with the sign-of the matrix element in (9).

The matrix element in-.(4) is: evaluated with the aid of the
" 1—expansmn calculat1on of Dalgarno and Park1nson11

. A o 8 N
(1'Slz,+ z,12'P) = gg%aﬁz:(1 - 0.155 271+ L) L (12)
TheitfansitiOn_frequency w is approximated by -

hw = (Zo)2me? [0.375 - 0.399 Z°! + 0.086(Za)? ] . (13)

The rate for the electric dipole tran51t10n 23 Po + 23 51 is
: evaluated by means of the expre551on1 f

: o 2,3 ' o T
AE1(2?PO)‘=~1%%§$£—'(Za)'2 [1+ 0;75932‘? + 0.685 772

- o.417(zaj2 ]?. 14

Here, hw = E(2°P,) - E(2%S,). The hydrogenllke Lamb sh1ft12 -

. AE(2Py) - AE(ZSL) "is included in the theoretical value for hw as

- an approx1mat10n for the actual Lamb shift in ‘the separation. The
coefficients of Z~ !and  z- in (14) are obtained from the

results of the variational Z~ ;~expansion calculation of Sanders .

~and Scherr.? ' . o ' -

Iv. RESULTS

o The results for the decay rates and 11fet1me of the 2%pP,
state appear in Table II. Figure 1 shows the lifetimes, with and

. without the hyperfine induced decay, as a function of Z. Also

_shown is the result of the recent measurement of the lifetime of -
the 2°%p, state in heliumlike fluorine by Mowat et a1.1l

It is 1nterest1ng to note that w1th1n the range of Z consid-
ered here, the hyperfine induced décay rate- ranges from being a
small fraction of the total decay rate of the 2°P, state at small
"~ Z to being the dominant decay mode at large Z.



AP?ge 6

- TABLE 1I. Decay rétes and lifetime of the 2°P, state

2 AT gl AL (2%P0) AS(2%0) - T(27P0)
' nsec'1 nsec') nsec
9 19 1/2.  2.63  0.090  0.0132  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 st 7/2 - 5.15  0.292  10.5.  0.093
25 55 572 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

Sa Calculated”w}th E(2%P,) - E(23Po) from Ref. 14.-

19 21 23

Figure 1, Lifetime of the 2°P, state.
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