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Abstract:

The radiative decay of atoms in the metaétable

0
multiphoton modes like EIM1 and 3EL. A detailed calcula-

nsnp 3P state is found to occur only by odd parity

tion of the EIMl rate in berylliumlike argon (Ar XV)
yields a 1ifetime,6f about 18 days. Estimates indicate
the 3El rate to be several orders of magnitude smaller

than the E1Ml rate.

In atoms with two'valencé électrohs such as the Be isoelectronic series,
the lowest excited state:is'nSnp 3PO, which is energetically allowed to decay

only to the n32 lSO~grQund state. In odd isotopes of such atoms, hyperfine

structure mixes thev3P0 3
3Pl with TP

P, states, vwhile spin-orbit and spin-spin inter-

states, thus enabling the\3P0 - lso'transitidn to

ahd

actions mix the 1
occur in the electricldipole (El)vmode; Garstangl has calculated rates for
Mg I, Zn I, cd I, and ﬁg I.

In'the eVen iso£opgs'this mode .is not possible. 'In'fact, all single
photon decay modes aré fofbidden 5y tﬁe 0—> 0 selection rule, which.remains
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valid relativistically. Furthermore, the-3PO - lS0 transition involves a parity

change, which rules out all even parity multi-photon ﬁodes such as the usual

2El1 which acéduntsvfor the decay of thé 25 states of hydrogenlike and heliumlike
atoms.2 Wefthﬁs conclude that only odd parity multi-photon modes can con-
tribute to the P, - 'S, transition. The leading modes are EIML, E1E2,

and 3El, but for a O + 0 transition, the ElE2 is also.fbrbidden by the E2

0 > lvselection rule 6n the intermediate states.

The main interest in these processes is probably astrophysical, since
the lifetimesvare expected.to be large. _In supernovae rich in héavylelements
the energy balance could be affected by loading a éink of long—livéd metastable
atoms which return the energy some months or years later. Also, the metastable
cdmpohent could serve as a probe of ion abundances in regions of much smaller
density thén stellar atmospheres. In both cases, knowledge of the lifetimes
would be needed. We examine the rate for the EIML decay mode.

The probébility per second that an atom makes the transition ’i > > If )

by emitting two photons, one of frequency V. within the interval dv., the 5

1 1’ |
other of frequency»\)2 determined by Vl + v2 = (Ei - Ef)/h = vo, and where one §
photon has El1 character, the other M1l character, is g

6.4 L |

: . _21me .33 2 -
A(\)l)d\)l = W \)l\_)2 d\)l lMIAVG o ) ‘ . | (l) |

where §
(e|e.-R|n Xnlk, x e.-(T + 28)|i) (z|e.-Bln){n|k. x e (T +28)]i)

! =Z | 5*R|n ) (n] A s)|i , flel | n ._nlk2 e, (L 2s)|; _ L
+ , ' i

’ - Yni V1 Yni T V2 - o
| | o . (2)

(£l x & (T + 2% e Bl k. % e +(T 3 nle Rl4

. flk, x e,°(L + 25)|n )¢ne R|i )+ (rlk, x € +(L + 28)|n X(n]e,*R[1)

V. + Vv v, +V
ni - 1 ni 2



1’.82 are parallel to the electrlc fleld vector of- the

photons, which have propagatlon vectors kl’ 2; Vo4 ='(En - Ei)/h: AVG means

In these formulas, €

the,average over.all polarization and propagation'directions; as well as the
averege over initial and sum over final magnetic-substates;_and Zn runs over
all poss1b1e states |n’ ) that can be coupled to i ) and |£ )

After performlng the 1nd1cated averages, we f1nd for the 3PO.- lSO

trans1tlon_
AVG : 27 &0 Vni +.vl 27 n Vni + \)2 )
where
8, = Csglrle ) e + 28 py) - o o

ere redﬁcedsﬁatrix eiements3 ﬁsing Edmond's eonvention‘h‘ Note that the last two terms ;
of Eq.,(2) are zefo.. Slnce nelther R nor L + 25 alone can mix s1nglets and triplets,
thekdecay-isvpossible only because spin-orbit and spin—spin effects produce mixing.
'Thus; : | ‘ .A - o .
_ln}Pl) *lzznitann' |n'331) ,
lo) = § '. S S (5)
: ln P z:n' 'nﬁ' ln'lpl)v .

where the coeff1c1ents an.,,

bnn; must be caleﬁlated or inferred from
«spectroseopic measureqents.3 We immediately note that the operator L + 2S has
only one nonzero off diagonal element, namely (-Pl"L +,2S"-PO) = - ¥2. This
meahs_only one term aﬁn,,=_{,bnn, = c, will contribute from Eq. (5), with

the result
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where

s(v) = ¥ cﬁ(,l,séll_mlnlpl')[ G\ SUUI T ] m
‘ S O) + Vv

27 (Istv) [ +

e

|$<V2)|2)

v(n Pl - 7P,

In the heavier ions,: the nSnpflPl state is appreciably lower ‘than any other

1

predominantly with nsnp-;Pi

condition, we can use

(éf) ggm y( P

with (lSO”RN3Pl) = cﬁ(lSO"R”lPl) to rewrite .Eq. (7) in terms of the (gf)

p state, hence one value c

n will dominate. That is, nénp 3Pl

and very little with any other states.

I( s HRH P )I

values, which have been calculated by Garstang.5 ' The result is

_‘A<V1)dv 9.

where

53
: 25 3 o ao

C

( f)
& \)(3Pl -1

1

mixes

Under this

(8)

. 3 ‘

| . | 5 S 2
_ =3 3- ) TN : '
f@)—y(l-y)a{((3+yxn+y)> f,((8+1~yﬂn+l-y)> }ﬂm

‘and g = V( P _3 P )/VO,

n = v( P, - _PO)/VQ? W1thvy = Yl/vO‘

—
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~ For berylliumlike argon, ArvXV, the spectrum given by f£(y) is plotted
in Fig. 2. Integrating-thisecurve:and using (gf)3 = h.3'X'lO-h, the total
transition probability;‘ |
3 »VO> o _ - |
f A ay, (1)

=]
W
hv] [

is found to be

3P - 2s2 lSO),356;6 X 10-7 sec—l-

© A(Ar XV: 2s2p~ o (12)
correspondlng to a mean llfetlme of about 18 days.
A 51m11ar calculatlon for Be I ylelded the value A V6 X 100 15 ec—l,

or a llfetlme of 50 mllllon years, but thls result is less accurate because
the contrlbutlons from the hlgher lP states, whlch have been neglected here,

are relatlvely more 1mportant

The Z dependence of the thl rate can be 1nferred eas1ly from Eq. (9).f

. . 2 .
The frequenc1es scale approxlmately as Z ,.whlle'f(y) is only weakly 72 dependent.

Hence, the dependence is. nearly 28 times the strong Z. dependence of (gf)3 . For

Z = 30, if we estlmate (gf) v 10 2, the llfetlme is estlmated to be T Vv 30 min.

The triple photon decay (3E1) process has several 1nterest1ng properties.

Since V., + V, + Vv, =V

1 o, 3 O’ 1f one photon has frequency vl, the other two form g

»continuum between zero and;vo - vl. The trarsition probability vanishes .

if any twc_phctCns have the same energy,'and in.the'limitithat one photon has

ZEero energy. Surptisingly, the spectrnm_observed as single photons, unlike

the symmetric two-photon spectra, is irregulsr and asymmetric,_being peakedi

on the low energy side of v0/2.
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The relative iﬁfqrfance of the 3Ei mode may Be estimated by. noting that
adding anotherfEl photép iﬁtroduces'a facfor 3 a(kao)Q, while changing El to
M introduces W»az. fThus, 3E1/E1Ml n (kao)e/d n 107> for ioms in the Be
seQuencevnear 2 = 18.- 0ffs§t§iné-this low rafio is thé:fact that the réJection
of 2—phofon events in a triple coincidence ekpériﬁent is very high, If thesé
deca&s should.becomg;ekpé?imentally acéessible, separation of the 3El1 modé

from the EIM1 mode probably would not be difficult.

The éuthbr benéfittéd from fruitful discussions on this subject with

Prof. R. H. Garstang.
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FIGURE CAPTIONS
Fig, i;' Energy'levéis_oflé beryiliuhliké afom; zTﬁe virfual transitions
enabling the ElMl_doﬁbié:photon emission are shown as:dotted liﬁes. Hy
représenﬁs spin;ofbif énd spin-spip mixing. Then3ﬁl mode,‘enabled.by
other virtualvtransitions, competes only weakly.. Tﬁis diagram is not to
'scale; the 3Pi - 3'1?“0_'V-S?P§_r,ag.t‘ior_;vis much smaller than indicated.
Fig. 2;\ Spectrum of‘tﬁé”EiMi.émiééionbfrbm berylliumlike Ar XV. The spectra

of other members of the Be I sequence'are practically identical. The

centfal dip origiﬁates from the small value of thebratio n = \)(3Pl - 3PO)/vO,

which is present due to the additional selection rules on Ml transitions
5 .

‘from the °P state. This dip may be slightly exaggerated due to approximations

0

made in the calculations.
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