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3 1 3 Lifetimes of the Ml decay 2 s1 + 1 s0 and of the decay 2 P2 + 

11s h b d · h 1 · v+ 21 d F +24 Th ave een measure 1n t e two-e ectron 1ons an e . e - 0 

measured lifetimes are -r(2 3s
1
) = 16.9(7) nsec. for v+ 2l and T(2

3S
1

) = 

4. 8 ( 6) nsec. for Fe+ 24 . The 2 3P 2 lifetimes are compared with a 

calculation that considers relativistic corrections and hyperfine 

structure effects. It is found that for v+ 21
' hyperfine effects 

+24 . 3 contribute appreciably to the lifetime .. For Fe we obta1n T (2 P 2) = 

0.11(2) nsec. 
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The study of radiative decay from the 23s1 and 23P2 levels of 

the two-electron system offers an opportliDi ty to test the theory of 

forbidden decay in a system where precise, unambiguous calculations of 

decay rates can be made. In this paper, we describe some measurements 

designed to extend existing experimental information_ on the rates of 

these decays to the two-electron atoms V+ 2l and Fe +24 . We develop a 

3 theory for the 2 P2 rates which take into account leading order relativistic 

corrections and hyperfine effects. Our results on vanadium show the first 

evidence for the influence of the hyperfine interaction on the radiative 

decay of an energy.level belonging to the. two-electron system. 

Experimental work on the 23s
1 

levels of the two-electron 

. +16 
system has established the single-photon nature of the decay in Ar 

(Ref. 1) and ordinary helium. 2 The theory of this decay has been 

examined by several author~ 3 and detailed calculations of the rates have 

4 5 been made by Drake and by Johnson and Lin using somewhat different 

. . . M f h. d h b d A +l6 startlng po1nts. easurements o t 1s ecay rate ave. een rna e on r , 

Ti+20 (Ref. 6) and Cl+lS (Ref. 7). The measured rates in Cl and Ar differ 

from theory by several times the quoted error, whereas the result in Ti is 

in agreement. In order to. establish the t: dependence of this discrepancy 

. +21 and Fe+24.' we report here measurements on V , 

Interest in the 2
3
P2 levels centers mainly on the M2 decay 

mode to the 1
1s0 ground level which has a rate comparable with the El 
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rate-to z3s1 for ions with Z ~ 20. The M2 decay was first observed in 

+16 . +14 +15 Ar- (Ref. 8) and rates have now been measured 1n S (Ref. 9), Cl 

(Ref. 10) and Ar+16 (Ref. 11). In this paper we present evidence 

indicating that the decay of this level-is strongly influenced by the 

h f . . . . V+Zl d . 1 f F +24 yper 1ne 1nteract1on rn an g1ve resu ts or e . 

The lifetimes were measured by the beam-foil time-of-flight 

method. Our apparatus has been described previously6 and the details 

are not repeated here. The vanadium (Z = 23). and iron (Z = 26) ions 

were obtained from the SuperHILAC at an energy of 7.2 MeV/AMU. Excit­

ation of the beams into th~ metastable states was done with a SO ~gm/cm2 

carbon foil. Decay curves are taken by varying the foil-detector 

separation. The total number of counts under the peak is integrated and 

normalized to the_ integrated beam current collected in a Faraday cup. 

This quantity is plotted vs. foi-l-detector separation. A sample decay 

curve is shown in Fig. 1. 

Since the 23P:z.and 23s1 energy separations are small compared 

with the detector resolution, the decay curves are composites, exhibiting 

fast components and ·slow components. The slow components are ascribed to 

the 23s1 decay and the fast components to decay from 23P2. As discussed 

below, the slow and fast components are probably composites of· two or 

more exponentials as the result of hyperfine effects in v+2l and 

cascading effects in Fe+ 24 . 

The isotope 51v has a nuclear spin I = 7/2 and a magnetic 

moment ~ 12 = 5 .15, nm. The resulting hyperfine structure (HFS) 

' 
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influences our decay curves by admixing 23P2 with 23P1 and 21P1. The 

3 2 .P2 level is split into five components with total angular momentum 

between F = 3/2 and F = 11/2 (Fig. 1). Because the hyperfine inter­

action is diagonal in F, the rates from both F = 3/2 and F = 11/2 

are unaffected by hyperfine structure. However, the rates from I: = 5/2, 

7/2 and 9/2 will all be altered. Hence, the observed decay curve will be 

a ~omposite of four exponentials weighted according to the initial 
. . 

populations of each of the hyperfine levels. 

The most abundant stable iron isotope has zero spin and 

3 · hyperfine effects are not present. Hence the decay of 2 P2 is exclusively 
3 . 1 

by El decay to 2 s
1 

and M2 to 1 s0. 

A problem arises in the interpretation 3 of the 2 sl decay due 
. 3 3 to cascading from 2 P 0. The lifetime of 2 P 0 is calculated to be 

T = 2. 7 nsec. which is close to that of 2.3s1 . Hence cascading effects 

from this level may be important. The shape of the resultant curve 
. . . NoC23Po) 

will depend upon the relat1ve populatlon R = 3 of the two 
. No (2 S1) 

states and the decay rates. It was found that the data could be fit 

to two exponentials for 0 ~ R~ 0.8. Varying the lifetimes of the two 

exponentials, we find that the ''best fit" values for T (2 3s
1
) varied 

between 4.2 ns and 5.3 ns where 5.3 ns. results from a single exponential 

3 fit (R = 0) and, hence, is an upper limit to the 2 s
1 

lifetime. Similarly, 

the values for T (2 
3P 0) varied between 1. 3 ns and 3. 3 ns. We note that 

3 . 3 ' 
the theoretical value of T (2 P 0) = 2. 7 nsec corresponds to. -r (2 s

1
) = 

4. 8 nsec.. We have chosen to take the mean. value as the experimental 

value and to take cascading into account by using an increased error. 
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In Fig. 1, an experimental decay curve is shown for the V 
+21 

beam. The decay curve is fit by identifying the data points beyond 

22 em with the 23s1 decay. These yield a lifetime T (2 3S1) = 16.9 (7) 

nsec. When this decay is subtracted from the experimental curve it 

yields the points shmvn. These are fit to a composite decay curve 

constructed by assuming that each of the F states associated with 

z3r2 has the theoretical lifetime shown in Table I. These lifetimes 

include effects due to nyperfine quenching. Moreover, the initial 

populations of the F states are taken as proportional to (2F + 1) . 

The resultant fit to the experimental points is as shown and is seen 

to be quite good. 

3 To calculate accurate theoretical rates for the 2 P2 level, 

the transition- matri:;>C elements are evaluated to zeroth and first. 

order in the quanti ties t:- 1 and (Za) 2 . The zeroth order term is the 

non-relativistic hydrogenic approximation. 
. -1 

The term of order t: 

is the first correction in the nonrelativistic l - expansion of the 
2 

matrix element. The .leading relativistic correction, of order (Za) , 

is obtained by' evaluating the relativistic trapsi tion operator between 

states formed from properly symmetrized products by hydrogenic Dirac 

wave functions . 

For the M2 transition, the coefficient of z-l has been 

determined by Dr:ake 13 from ~he t.-expansion calculatio~ of Dalgamo 

and Parkinson. 14 Taking his result together with the leading relativistic 

and finite wavelength (retardation) corrections yields 
. 3 5 215 2 · 1 2 2 
~2 (2 P

2
) = ak . 10 (Za)- [1 + .147 t:- - .640(Za) J (1) 

5·3 
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(in mi ts where me = c = h = 1) where k is the transition energy. 

Because the nonrela:tivistic velocity form of the matrix 

-1 element for n + n El transitions vanishes to lowest ~rder in l , the 

evaluation of the El transition rate 23P2 + 23s1 is simplified by 

making the dipole approximation and converting the matrix element to 

the length form. The error in making this approximation is negligible 

due tb the smallness of the transition energy: (k·'t >= O(a). The 

conversion to length form is valid relativistically and so relativistic 

corrections may be obtained as described above. For this transition 

matrix element, the coefficient of z-l has been obtained by Cohen ·and 

1 15 . h h Da garno. We t us . ave 

AE1C2 3
P2) = cik3 12(Za)- 2[1 + .759 z-l- .167 (Za) 2]2 (2) 

The transition probab~lity for the El decay 23P0 + 23s1, obtained as for 

the 2
3
P 2 decay, is gi ve'n by 

3 . 3 -2 -1 2 2 AEl (2 P0) = ak 12(Za) · [1 + • 759 l - .417 (Za) ] (3) 

We note that the theoretical uncertainty in the expressions 

for the transition rates listed above is expected to be of the order of 

1% or less for l in the range 10-40. 

Iri the case of vanadium, which has a non- zero nuclear spin, 

the 23P2 and 23P0 states undergo an El transition to the 11s0 

t d h . f' . . 16 An . f h . t' t . s ate ue to yper 1ne IDlXlng. est1mate o t e trans1 10n ra e 1s 

obtained in the following way. Nonrelativistic intermediate coupling 

wave fmctions are taken as the unperturbed basis. The hyperfine interaction 
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·which is diagonal in F = J + I, is treated in first-order perturbation 

theory. Only the effect of mixing of the 23P 2 and 2
3
P 0 states with 

3 1 the nearby 2 P1 and 2 P1 states is included. The dipole transition 

operator then has a non-vanishing matrix element between the 

3 3 1 perturbed 2 P2 and 2 P0 states and the 1 s
0 

state which is proportional 

1 to the dipole matrix element between the LS coupled 2 P1 state and the 

1 1 s0 state. The latter is evaluated with the aid of the, Z-'expansion of 

Dalgarno and Parkinson.
14 

The hyperfine matrix elements are approximated 

by evaluating the contact interaction term between hydrogenic product 

wave functions. Energy differences are evaluated by means of the Z 

expansion of the nonrelativistic energies, 17 together with the Z 

. f th . d 4 . 18 Th . . th expans1on o e or er .a correct1ons. e trans1t1on rates us 
I 

obtained are added to the rates discussed above and the resulting 

values for t~e lifetime of the 23P2 state are listed in Table I. 

3 In Fig. 2 we compare all of the measured decay rates of 2 P2 

with the corresponding theoretical rates. Agreement is seen to be 

very good over a wide range of Z. For vanadium, the theoretical rate 

includes the contribution from hyperfine quenching. It is seen that 

the experimental and theoretical rates would be in serious disagreement 

without contributions from this mechanism. We take this as very 

strong evidence, that hyper,fine quenching is indeed present. 

In Fig. 3 we compare the measured 23s
1 

decay rates with the 

calculated rates. Agreement between theory and experiment is satisfactory 

for Z = 22, 23, 26, but puzzling discrepancies exist at Z = 17 and 18. 

We are indebted to Al Ghiorso and the staff of the SuperHILAC. 
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Table I. Theoretical transition rates and lifetime of the 23P2 . 

state in helium-like ions. 

z 

16 .259 

17 . 301 

18 . 352 

22 .687 

23 .820 

26 1.43 

\12 
(nsec- 1) 

.117 

.194 

.312 

1.64 

2.37 

6.50 

( 

F 

All 

3/2 

5/2 

7/2 

9/2 

11/2 

AHFS 
E1 

-1 (nsec ) 

<.007 

0 

.99 

1. 75· 

1.6~ 

0 

(nsec) 

2.66 

~2.01 

1.51 

.429 

.313 

.239 

.202 

.205 

.313 

.126 
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FIGURE CAPTIONS 

Figure 1. Sample decay curve obtained with v+21 beam. The points 

beyond 22 em are fit to a single exponential and ascribed 

to decay of the 23s 1 level. The near points are fit to a 

· composite of four exponentials as described in the text 

and are ascribed to decay of the 23P2 ·level. 

Figure 2. Comparison between measured and calculated decay rates for 

3 
the 2 sl level. 

Figure 3. Comparison between measured and calculated M2 ra~es for-decay 

from the 23P2 level. The point at Z = 23 labelled ''without 

HFS" is obtained by making a best fit to our vanadium data 

using a single exponential. 
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