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Internal conversion between bound states and the Pauli exclusion principle
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We present the results of an investigation of the contribution to decay of the nucleus by an unexplored mode
of internal conversion in which an excited nuclear state deexcites with promotion of an electron to an inter-
mediate filled bound state. This process, which apparently violates the Pauli exclusion principle, may make a
significant contribution to the nuclear decay rate when very close matching of the atomic and nuclear transi-
tions is achieved. For anM1 transition, we show that Pauli-forbidden bound internal conversion~PFBIC!
transition may occur by excitation of an inner electron to an initially occupied outer orbital. Numerical
calculations of the PFBIC process are presented for the decay of the 77.351 keV level of197Au, in the neutral
atom and in ions up to 691. The PFBIC process is found to have a maximum probability in197Au ions with
charge state of approximately 401, due to close energy matching of the nuclear transition to the 1s→3s
electronic excitation. The expected dependence of the nuclear lifetime on PFBIC is analyzed.

DOI: 10.1103/PhysRevC.65.034303 PACS number~s!: 23.20.Nx, 23.20.Lv
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I. INTRODUCTION

One of the consequences of the relativistic quant
theory of electromagnetic interactions is the fact that tran
tions can take place to intermediate states that are forbid
by the Pauli exclusion principle@1,2#. Examples of processe
for which the transition rate contains contributions fro
states that apparently violate the Pauli principle include
diative electron capture@2,3#, radiativeb decay@4#, Comp-
ton excitation of nuclear levels@5,6#, the exchange correctio
in electron capture decay@7–9#, the exchange effect inb2

decay @10#, and two photon decay of atomic inner she
@11–14#. The exchange effects in electron capture decay@9#
andb2 decay@15# have been confirmed experimentally.

In this paper we discuss the case of apparent violation
the Pauli principle in nuclear electromagnetic decay p
cesses, specifically the process called BIC~bound internal
conversion! @16–18# in which a nucleus, initially in an ex-
cited state, undergoes a transition to a lower-lying state w
excitation of an electron to a previously empty bound fin
state orbital located below the ionization threshold. Evide
for this process, which has sometimes been referred to
TEEN or subthreshold internal conversion, has recently b
presented in highly chargedTe ions @18#. BIC is the inverse
of the NEET process@19–21# ~nuclear excitation by electron
transition! in which a nucleus is excited by a near-reson
transition of an initially excited electron state. The obser
tion of such a resonant energy transfer between the electr
part of the atom and the nucleus has been recently repo
in 197Au @22,23#. Hereafter we consider the case of BI
nuclear deexcitation, when the intermediate state bound
bital is fully occupied. This process, which apparently v
lates the Pauli principle, is hereafter referred to as Pa
forbiden bound internal conversion~PFBIC!.

We take theM1 decay of the 77.35170.002 keV excited
level of 197Au as an example of the PFBIC process. T
main channels for the decay of this excited state proceed
0556-2813/2002/65~3!/034303~9!/$20.00 65 0343
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emission of anM1 g or by normal internal conversion~IC!
to final electronic states in the continuum. IC occurs prin
pally in the 2s and 3s shells and corresponds to a total inte
nal conversion coefficient of approximately 4.2. The half-l
of the first excited state is 1.9170.01 ns @24#. Our aim here
is to investigate the contribution of PFBIC to the nucle
decay rate and its dependence on the ionization state
PFBIC in 197Au, a virtual photon from the nucleus interac
with a 1s electron creating a hole in theK shell. The lifetime
of theK-shell vacancy is very short due to the strength of
radiative dipole transition 2p→1s. This lifetime corresponds
to a hole width of the order of 52 eV that facilitates ener
matching between the nuclear transition energy and
atomic 1s→3s electronic excitation energy~77 300 eV!. An
essential feature of PFBIC is the formation of a virtuals
hole that can be occupied by the electron excited from the
shell. Several mechanisms can contribute to the formatio
such a virtual hole. One possibility is the double transiti
2p→1s and 3s→2p with emission of two photons in the
final state. A related possibility is the transition 2p→1s to-
gether with filling of the 2p hole by an Auger transition
leading to the excitation of a 3s electron and emission of a
Auger electron into the continuum. A third possibility is fil
ing of the initial 1s hole by an Auger transition that excites
3s electron into the continuum. In the final state for PFB
the virtual 3s hole has been filled so that the Pauli princip
is indeed satisfied in this state. The creation and filling of t
intermediate virtual hole necessarily imply that PFBIC i
volves terms of higher order in the perturbation series th
the usual internal conversion process. This is the price to
paid for temporarily violating the Pauli principle.

We choose the nucleus197Au for a first investigation of
PFBIC effects because the excitation energy from thes
shell to the 3s shell lies within 100 eV of the nuclear exc
tation energy in the neutral atom so that the Pauli-forbidd
transition 1s→3s is nearly resonant with the nuclear trans
©2002 The American Physical Society03-1
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tion. In addition, we examine the charge state dependenc
the PFBIC rate since the atomic binding energies cha
with the charge state, thereby allowing the possibility that
PFBIC transition lies closer to resonance in ionized sta
@25#. For reasons of simplicity, we start with a formal d
scription of the PFBIC in the case of two photon emissio
The rates for PFBIC decays associated with Auger proce
are subsequently derived.

II. PAULI-FORBIDDEN BIC DECAY IN AN M1
TRANSITION

Feynman diagrams for the PFBIC process are shown
Fig. 1. We start from an initial state in which the neutr
atom of 197Au contains the nucleus in the first excited sta
A g quantum, emitted by the nucleus, scatters on theK-shell
electrons, one of them being virtually excited by theM1
transition into the 3s state. An interpretation of Fig. 1~a! is
displayed in Fig. 2. At the instant of time,t4.t3, spontane-

FIG. 1. Feynman diagrams representing the PFBIC proces
an M1 transition from an isomeric nuclear state~denoted is! to the
ground nuclear state~denoted g! with electron excitation from the
1s shell to the 3s shell.
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ous vacuum production of the electron-positron paire1e2

occurs, with emission of a photon of energyv9. The electron
thus created occupies the 1s state. The positron moving
backwards in time annihilates with the 2p electron ‘‘2’’ at
the instantt2,t3, and, in doing so, a vacancy for the trans
tion 3s→2p is prepared. In a similar manner, at the insta
of time t3 a seconde1e2 pair is produced and the photonv8
is emitted. The electron is created in the 2p state. The posi-
tron moves backwards in time and annihilates with thes
electron at the timet2,t3, thereby preparing the vacancy fo
the conversion transition 1s→3s. The contribution of the
unconnected diagram in Fig. 2 is exactly equal to the am
tude of the process shown in Fig. 1~a!. It is for this reason
that, in general, disconnected diagrams are not consid
explicitly. Instead one considers diagrams of the type p
sented in Fig. 1~a!, irrespective of the fact that the Pau
principle is apparently violated@1#. Here, the initial and final
electron states are denoted ‘‘1’’ and ‘‘18,’’ whilst the interme-
diate electronic states are denoted ‘‘2’’ and ‘‘3.’’ The s
quence of interactions in timet1,t2,t3,t4 is indicated.
Additional Feynman diagrams relating to the same proc
are given in Figs. 1~b! and 1~c!. These are equivalent to th
diagram of Fig. 1~d!. Let us consider the latter graph.

In the fourth order of the perturbation theory we can wr
expression for theS matrix @26# as

in

FIG. 2. Unconnected Feynman diagrams associated with
PFBIC process for the same transition as shown in Fig. 1. T
contribution is exactly equal to that of the diagram in Fig. 1~a!.
~1!
o-

al
wherec and c̄ are the Dirac field operators

c~x!5 (
v.0

avcv~rW !e2 ivt1 (
v,0

bv
1cv~rW !eivt. ~2!
The quantitiesA l(x) are the operator electromagnetic p
tentials.Jm(x4) is the four vector of the nuclear current.D mn

is a photon propagator. The normal product in Eq.~1! is
indicated by colons. We recall that the form of norm
3-2
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~3!

The amplitude of the process is

^C2uS(4)uC1&, ~4!

whereC1 is the wave function of the initial electronic sta
with q electrons

C15)
i 51

q

ai
1u0&, ~5!

and the stateu0& is the vacuum state. For the first case me
tioned above of PFBIC with two photon emission, the wa
function C2 describes the state of theq electrons and two
photons with energiesv1 andv2 in the final state and can b
written

C25
cv1

1 cv2

1

A4v1v2

C1 , ~6!

wherecv1,2

1 are the associated photon creation operators.

ter substitution of expressions~1! and~2! into Eq. ~4! all the
creation and annihilation operators can be transposed to
left of the operatorsa1 anda entering the definitions of the
wave functions Eqs.~5! and ~6!. This enables the fermion
operators to cancel with one another.

We now employ the spectral representation of the Gree
function for electrons having an energyE in the intermediate
states@see Fig. 1~d!#

GE~r ,r 8!5(
n

cn&^c̄n

E2en1 i
Gn

2

, ~7!

where the wave functionscn form a complete set of one
electron eigenfunctions of the Dirac equation in the se
consistent potential of an average field. The imaginary pa
the denominator of Eq.~7! is equal to half the total width o
the electron staten. We restrict ourselves to one term in th
expansion of Eq.~7!, involving the eigenenergy that is, clos
est to the resonance, that is, the term corresponding to ths
state in the Au atom. This assumption is justified by expe
mental spectra of photons emitted in the two photon dee
tation of M1 transitions in heavy atoms. They show pr
nounced maxima in the photon energy distribution
energies of discreteE1 transitions 3s→2p ans 1s→2p
@12,14#. We obtain the following approximate expression f
the Green’s function:
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GE
(3s)~r ,r 8!.

c3s&^c̄3s

E2e3s1 i
G3s→2p

2

. ~8!

Analogously, for the 2p shell electron we obtain

GE
(2p)~r ,r 8!.

c2p&^c̄2p

E2e2p1 i
G2p→1s

2

, ~9!

and for the 1s electron

GE
(1s)~r ,r 8!.

c1s&^c̄1s

E2e1s1 i
Gh

2

. ~10!

Here G3s→2p and G2p→1s are the total widths of the corre
sponding transition, andGh is the 1s hole width. Using Eqs
~4!, and Eqs.~8!–~10! yields the following expression for the
amplitude of the process with emission of two photons in
final state shown in Fig. 1~a!:

FPFBIC
g1g2 5(

j
E Fc

Fg~v8;3s→2pj !

S 2v1 i
Gh

2 D S vn1v2e3s1 i
G3s→2p

2 D
3

Fg~v9;2pj→1s!

S vn1v2v82e2p1 i
G2p→1s

2 D
dv

2p i
. ~11!

In this equation,Fc is the amplitude for the conversion o
the nucleus with electron promotion 1s→3s, Fg(v8;3s
→2pj ) is the amplitude of the radiative transition 3s→2pj
and Fg(v9;2pj→1s) the amplitude of the radiative trans
tion 2pj→1s, with j the total angular momentum of thep
orbital, equal to 3/2 or 1/2.

Closing the contour in the upper half plane ofv, where
the integrand in Eq.~11! has one pole atv5 i (Gh/2), we find

FPFBIC
g1g2

5

(
j

FcFg~v8;3s→2pj !Fg~v9;2pj→1s!

S D1 i
G3s→2p1Gh

2 D S vn2v82e2p1 i
G2p→1s1Gh

2 D .

~12!

In Eq. ~12!, D5e3s2e1s2vn is the energy difference be
tween the electronic transition 1s→3s and the energy of the
nuclear transition. The photon energies are related to
nuclear transition energy by energy conservation, so
v81v95vn . Details of the calculation for the partial widt
of the PFBIC process are given in Appendix A. We obtai
3-3
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GPFBIC
g1g2 5(

j
Sj

adGg
(n)

D21S G3s→2p1Gh

2 D 2

Gg
3s→2pjGg

2pj→1s

2pGh
(t)

,

~13!

wherej is the spin of the intermediate state,Sj is a statistical
factor, Gg

(n) is the nuclear radiative width,Gg
3s→2pj is the

radiative width of the 3s→2pj electron trasition,Gg
2pj→1s is

the radiative width of the 2pj→1s transition, Gh
(t)5Gh

1Gg
2pj→1s is the combined width of the 1s hole and the

width of the 2pj→1s radiative transition, andad is the dis-
crete internal conversion coefficient@27#. Dividing Eq. ~13!
by the radiative nuclear width, we obtain an expression
the ratio,RPFBIC , of the rate for PFBIC decay in the tw
photon channel to the rate for nuclear radiative decay,

RPFBIC
g1g2 5(

j
Sj

ad

D21S G3s→2p1Gh

2 D 2

Gg
3s→2pjGg

2pj→1s

2pGh
(t)

.

~14!

The coefficientRPFBIC is analogous to the internal conve
sion coefficient for decay of an excited nuclear level. T
rate for PFBIC is seen to be proportional to the product
the widths for each Pauli-forbidden intermediate state. In
limit that the widths tend to zero, the PFBIC process b
comes strictly forbidden.

We can compare the result of Eq.~14! with the result in
Ref. @27# for BIC decay to a final state orbital that is uno
cupied in the initial state. In this case there is no violation
the Pauli principle and only the 1s hole width appears in the
BIC decay rate. In this situation the ratio of BIC decay
nuclear radiative decay is given by:

RBIC5
adGh

2p@D21~Gh/2!2#
. ~15!

The internal conversion coefficient for PFBIC as given
Eq. ~14! corresponds to the case where two photons
present in the final state. In fact the transition 3s→2p does
not need to be a radiative one. Any transition leading t
virtual hole in the 3s shell and enabling the promoted 1s
electron to fill this hole can contribute to the width fo
PFBIC. This is the case for an Auger transition of the ty
LM1Y whereL, M1, andY, respectively, stand for an initia
2p vacancy, and final state holes in the 3s and in an outer
shell Y. In the calculation of the contribution to PFBIC fo
this process, corresponding to one photon and one electro
the continuum, the partial widthGg

3s→2pj in Eq. ~14! should

be replaced by a partial Auger-widthGLM1Y
3s→2pj . Assuming

identical statisticalSj factors enter in the expressions of th
radiative and Auger PFBIC, the partial nonradiative inter
coefficientRPFBIC

g1 ,LM1 can be written
03430
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RPFBIC
g1 ,LM15

RPFBIC
g1g2

w2p
, ~16!

wherew2p is the Auger yield of a 2p hole.
There is an additional channel for PFBIC where the v

tual state goes over to a final state in a one step process.
can occur in the case of the decay of the 1s hole state by a
K-shell Auger process directly producing a hole in theM1
shell, which can be filled by the converted electron. T
Auger transitionsKL1M1 , KL23M1 , KM1M1, and so forth,
denoted below byKXM1, lead to a final state after conve
sion with only one electron in the continuum. An electro
defined by the angular momentum quantum numbersj 3 and
m3, with binding energye3, fills the K-shell vacancy, knock-
ing the 3s electron into a continuum state defined by t
quantum numbersj p andmp . The energy of the continuum
electron is thus given in terms of the binding energy of t
electron in the shellX by

ee5vn2eX . ~17!

Analogously to the process of Fig. 1~d!, the amplitude for the
diagram in Fig. 3 can be written

FPFBIC
KXM1

5 (
m1,m2,m

E Fc FKXM1

S 2v1 i
Gh

2 D S vn2v2e3s1 i
G3s

2 D
dv

2ip
,

~18!

whereFKXM1
is the amplitude for the Auger process,G3s is

the partial width for the creation of a hole in the 3s orbital in
a K-Auger process andm1 , m2, and m are the magnetic
quantum numbers of the 1s electron 3s electron and virtual
photon, respectively. Carrying out the integration over
energyv in Eq. ~18! yields

FPFBIC
KXM1 5 (

m1 ,m2 ,m

FcFKXM1

S vn2e3s1 i
Gh1G3s

2 D . ~19!

FIG. 3. Nuclear and electronic levels of197Au in the neutral
atom. The nuclear levels are shown on the left and the electr
levels on the right-hand side.
3-4
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The sumation overm1 andm2 in Eq. ~19! is given in Appen-
dix B and leads to the result of the partial PFBIC coefficie
in this channel

RPFBIC
KXM1 5 (

j 3 , j p

S~ j 3 , j p!
adGKXM1

~ j 3 , j p!

2p@D21~Gh1G3s/2!2#
, ~20!

whereS( j 3 , j p), GKXM1
( j 3 , j p) are, respectively, a statistica

factor and the partialK-shell Auger width for PFBIC.
Using Eqs.~14!, ~16!, and ~20! we can define a total in

ternal conversion coefficientRPFBIC by

RPFBIC5RPFBIC
g1g2 1RPFBIC

g1 ,LM11RPFBIC
KXM1 . ~21!

III. NUMERICAL RESULTS FOR BIC DECAY OF
197Au IN DIFFERENT CHARGE STATES

We now consider the numerical evaluation of PFBIC d
cay in 197Au. The low-lying nuclear levels of197Au are
shown in Fig. 3, together with the electronic energy lev
for the case of the neutral atom. The computation of
electronic matrix elements was performed with the use of
RAINE Dirac-Fock computer package designed for electro
structure calculations as well as for the calculation of inter
conversion coefficients in atoms@28–30#. Quantum electro-
dynamic ~QED! corrections to the energy levels, includin
vacuum polarization and the self-energy of the electr
were computed using theGRASPcode@31#. The 1s→3s tran-
sition energy in the neutral atom obtained by this method
found to be 77 291 eV that compares with an experime
value of 77 300 eV@24#. This difference gives an estimate o
the accuracy of the transition energies used in the follow
numerical calculations.

A. Neutral atom

The contributions to the radiative width of the 1s hole
state in the neutral atom are shown in Table I. All resu
have been calculated using the length gauge. The total ra
tive width of the 1s state is found to be 50.13 eV. The 2p
→1s width per 2p electronGg

2p→1s.G2p→1s is estimated to
be 39.74/6.6.5 eV. Taking into account a contribution o
approximately 4% from Auger transitions@24#, we adopt a
value of Gh.52 eV, and the total width ofGh

(t).59 eV.
The QED correction is nearly constant for all the configu
tions, and amounts to an energy shift approximately equa
–145 eV. The energye3s2e1s of the electron transition 1s
→3s is found to be 77 291 eV. The BIC coefficient for th

TABLE I. The radiative widthsGnl ~in eV! of the nl→1s tran-
sitions contributing to the total width of the hole 1s state in197Au.

nl 2p1/2 2p3/2 3p1/2 3p3/2 3d3/2 3d5/2

Gnl 14.70 25.04 2.71 5.31 0.07 0.09

nl 4p1/2 4p3/2 4d3/2 4d5/2 5p1/2 5p3/2

Gnl 0.62 1.25 0.02 0.02 0.10 0.20
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transition, calculated at the energy of nuclear transitionvn

577 351 eV, isad(M1)560 619 eV. Partial Auger widths
have been calculated by Chenet al. @32#, GLM1Y

3s→2p1/2

50.13 eV andGLM1Y
3s→2p3/250.22 eV. These values are i

close agreement with the values that can be deduced from
mean fluorescent yield in theL shell of Goldv2p50.32, and
the values for the radiative widths given in Table II. Th
calculated energies and the radiative widths for the tra
tions 3s→2p are listed in Table II. Substituting all the va
ues in Eq. ~14!, we obtain a value for the coefficien
RPFBIC

g1g2 50.026. The value of theRPFBIC
g1 ,LM1 is directly obtained

from Eq. ~16! and the preceeding numerical value
RPFBIC

g1g2 . In the neutral atom we haveRPFBIC
g1 ,LM150.053. The

third contribution to PFBIC, corresponding to the one st
Auger decay process, can be calculated from Eq.~20!. Nu-
merical values ofGKXM1 have been obtained from the num
ber ofM1 vacancies created in Gold per decay of oneK-shell
vacancy@24#, which yieldRPFBIC

g1 ,LM150.11.
In the neutral atom we thus obtain a value of the to

RPFBIC coefficient, from Eq.~21!, of RPFBIC50.19. Table III
summarizes the different contributions to PFBIC, togeth
with the value of the BIC coeffientad(M1). The effect of
this value of RPFBIC on the nuclear lifetime of the fir
excited state in197Au will be discussed in the next section

For completeness, we have calculated the contribution
higher electron states to BIC transitions in the neutral ato
The contributions to RPFBIC are less than 1025. For n.6,
thens orbital is vacant in the initial state with the result th
the BIC transition is no longer Pauli-forbidden and the va
of contribution of bound internal conversion is then given
Eq. ~15!. In this case theRBIC has a maximum value forn
56, of RBIC52.21024, which is again significantly smalle
than the value ofRPFBIC given above.

B. Effect of ionization on the PFBIC process

In order to examine the magnitude of the charge st
dependence of PFBIC, we have computed the bound inte
conversion coefficient in ions up to 691. The results are
shown in Table III. For each value of the charge state,
give in Table III the electronic configuration, the calculat
energy mismatch, and the contributions to PFBIC from
three processes considered above. In these calculation
have assumed that the values ofG2p→1s , Gh , and Gh

t and
v2p are independent of charge state since the effect of e
tron screening on the inner shells is very weak. Futherm
up to charge state 611 we assume that the partial Auge
widths remains constant.

TABLE II. The energiesv and the radiative widthsGg of the
3s→2p transitions in neutral atoms of Au.

3s→2p1/2 3s→2p3/2

v, eV 10343.4 8508.3

Gg , eV 0.046 0.072
3-5
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TABLE III. Calculated values of the energy of the resonance defectD, the discrete conversion coefficien
ad

M1 , and the PFBIC conversion coefficientR for various ions of197Au. Columns 5, 6, and 7 give, respec
tively, the contribution toRPFBIC of the two photon process, (RPFBIC

g1g2 ), the one photon and one electro
process, (RPFBIC

g1LM1), and the one stepK-shell Auger process, (RPFBIC
KXM1 ). The last column gives the total PFBIC

conversion coefficient,RPFBIC . All of the values are in eV except theR coefficients that are dimensionles
For ions up to Au611 theR value has been calculated from Eq.~21!, whereas for the ions Au681 and Au691

the R value has been calculated from Eq.~15!.

Ion Configuration D ad
M1 RPFBIC

g1g2 RPFBIC
g1LM1 RPFBIC

KXM1 RPFBIC

Au0 @Xe#4 f 145d106s 260 606 19 0.026 0.053 0.11 0.19
Au111 @Xe#4 f 14 258 606 58 0.028 0.056 0.118 0.20
Au251 @Xe# 2102 610 29 0.010 0.020 0.043 0.074
Au331 @Kr#4d10 265 611 84 0.023 0.046 0.098 0.168
Au421 @Kr#4d1 13 622 64 0.136 0.272 0.578 0.99
Au511 @Ar#3d10 178 631 58 0.004 0.015 0.026 0.03
Au611 @Ar# 722 698 53 0.000 0.000 0.001 0.00
Au681 @Ne#3s 1258 753 74 0.000 0.000 0.000 0.39
Au691 @Ne# 1306 760 42 0.000 0.000 0.000 0.74
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The principal factor contributing to the charge state d
pendence of the rate for the PFBIC process arises from
energy mismatch,D. As the atom is ionized from the neutra
atom (D5260 eV), the PFBIC transition first moves awa
from resonance (D,0) until charge state 251 is attained and
then moves back towards resonance. In ions withq.411 the
D value lies only a few eV from exact resonance. As t
charge state is further increased theD value becomes more
positive and the transition moves rapidly away from re
nance. These changes in the proximity to resonance ar
flected in the values ofRPFBIC shown in the last column o
Table III that attain a maximum value of 1.2 in the ion 401.
Keeping in mind the uncertainty in the numerical values
the atomic transition energies~of the order of 10 eV! an
accurate value of the charge state giving the maximum va
of PFBIC is not possible. Nevertheless, it can be asse
thanRPFBIC reaches a maximum value of the order of un
around charge stateq54062.

When the charge state 691 is reached the ions have ju
ten electrons and the 3s shell is vacant so that excitation t
the 3s shell can occur without violation of the Pauli pri
ciple. In this case theR value shown in Table III has bee
calculated from Eq.~15!. The value ofD is 1306 eV, which
is ;19 times larger than that for the neutral atom. Desp
this difference in the energy mismatch, the bound inter
conversion coefficient in Au691 turns out to have a value o
0.74, which is significantly larger than that for the neut
atom.

In the case of the ion Au681, only one of the 3s orbitals is
occupied in the initial state. It is, therefore, possible for B
decay to occur with excitation to the unoccupied 3s orbital
without violating the Pauli principle. The probability for thi
process is approximately a half of that for BIC decay in t
69-fold ions, giving a value ofR50.39 for Au691.

IV. DISCUSSION

In order to consider the effect of PFBIC on the nucle
decay we recall that the radiative nuclear transition
03430
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mixed multipolarityM11E2, with the mixing parameterd
520.36860.014 @24#. We have performed calculations o
the internal conversion coefficient~ICC! in the neutral atom
and in different ionic states, namely, the 101 ion, which was
experimentally studied in Ref.@33#, and the 401 ion, where
the PFBIC attains maximum of its value. Table IV show
values of the total internal conversion coefficients for t
M1 andE2 transitions, calculated for the nuclear transiti
energyvn577 351 eV. Using these values along with th
above mixing parameterd, we find the total ICC in the neu
tral atom has a value,^a&54.24, in accordance with a litera
ture value. We also note that the dependence of^a& on the
charge state is very weak.

The PFBIC process constitutes a new channel for the
cay of the first excited state in Au. Taking into account th
channel leads to an effective internal conversion coefficie

a5^a&1RPFBIC . ~22!

In the neutral atom the effect ofRPFBIC on a is small. Tak-
ing PFBIC into account changes the value ofa by only 5%,
a change that lies within the uncertainty in the experimen
determination ofa. Several points are of interest in conne
tion with the different contributions to PFBIC. First, in spi
of the small value of the goldK-shell fluorescence yield, les
than 4%, theK-Auger BIC process is the dominant contrib
tion to PFBIC. Eq.~20!, which gives the intensity in this
channel, is formally identical to Eq.~15!, reflecting the fact

TABLE IV. The total conversion coefficientsb(M1) and
a(E2) for theM1 andE2 transitions, and their average value^a&
for the 77 351 eV transition in197Au, with the mixing parameter
d520.368, for various degrees of ionization of the electron sh

Atom b tot(M1) a tot(E2) ^a&

Au 2.745 15.26 4.238
Au101 2.747 15.29 4.243
Au421 2.758 15.45 4.272
3-6
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that in this case the conversion is a one step process. Se
it is interesting to compare the rate for PFBIC and BIC
hypothetical transitions with the same value of the ene
mismatchD. Since, as we show in the numerical calculatio
discussed below,G3s→2p!Gh andGh

(t)'Gh , the ratio of the
rates for PFBIC and BIC from Eqs.~14! and~15!, apart from
the geometrical factorS, is given approximately by

RPFBIC

RBIC
'S Gg

3s→2p

Gh
D S Gg

2p→1s

Gh
D . ~23!

Thus, in the case of identicalD values, BIC decay via an
intermediate state that violates the Pauli principle necess
has a decay rate less than that for BIC decay via a Pa
allowed intermediate state. The factor by which the rate
PFBIC decay is less than that for BIC decay is appro
mately equal to the product of the two ratios of widths on
right hand side of Eq.~23!. Each of these width ratios rep
resents the width of anE1 radiative transition divided by the
total width of the 1s hole. In other words, the probability f
PFBIC relative to BIC turns out to be proportional to th
product of the lifetimes,T;\/G, of each Pauli-forbidden
intermediate state. In the limitT→` of a real stable state
the PFBIC process becomes strictly forbidden, as expec
It is noteworthy that this is not the case for BIC decay, wh
is not forbidden by the exclusion principle.

The half-life of this nuclear transition has been exte
sively studied. A mean value of 1.91 ns is reported for
half-life of the 77 351 eV nuclear state in the data tables
Ref. @24#. In the neutral atom, the inclusion of PFBI
changes the nuclear lifetime by only about 3.6%. In this c
the influence of BIC on the nuclear lifetime thus turns out
be small. The situation is rather different in Au ions. As se
in Table III the value of RPFBIC reaches a maximum
RPFBIC.1 around charge stateq.40. In this case, the in
clusion of PFBIC would increase the valuea by an amount
of the order of 20%. A change of the value ofa induces a
change in the half-lifeT1/2 of the nuclear level. The value
T1/2

q is related to the valueT1/2
0 in the neutral atom by the

relation @25#

T1/2
q 5T1/2

0 11^a&
11^a&1RPFBIC

. ~24!

In ions of 197Au with q.401 the half-life is then shortened
to T1/2

40 .1.6 ns compared toT1/2
0 51.9 ns in the neutra

atom.
Attempts have already been made to measure the ch

of the conversion rate of the 77 351 eV level due to ioni
03430
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tion of the atomic shell@33#. Half-live values of 1.91
60.02 ns and 1.9660.08 ns have been obtained for th
neutral atom and;101 ion, respectively. Therefore, no ef
fect of the charge state was found within the error bars. T
above calculations of the PFBIC contribution are consist
with these experimental results.

V. CONCLUSION

We have presented theoretical results for a new mode
internal conversion which takes place by excitation of
electron to a bound orbital that is occupied in the initial sta
This process, which appears to violate the Pauli exclus
principle, can take place by virtue of the finite widths of th
electron transitions that depopulate the Pauli-forbidden st

Numerical calculations described above for197Au show
that in the neutral atom the Pauli-forbidden internal conv
sion to bound states corresponds to a decay rate that is
of that for radiative nuclear decay. Since the conversion
efficient in the neutral atom has a value of approximat
4.2, this means that the PFBIC process contributes appr
mately 4% of the total internal conversion decay rate.

The resonant nature of Pauli-forbidden internal conv
sion has been found to lead to a significant charge-state
pendence of the half-life in highly charged ions of197Au.
Thus the half-life is predicted to decrease by approximat
15% from Au331 to Au421 and then to increase by 15% from
Au421 to Au511. Measurement of the half-life of such highl
charged ions at the level of approximately 5% would th
allow experimental demonstration of this mode of intern
conversion.
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APPENDIX A

We start from the expression of the numerator in Eq.~12!.
We defineMg1g2 to be the product of amplitudes for nucle
conversionFc , for emisson of a photon with energyv8 from
the 3s orbital to the intermediate stateFg(v8;3s→2pj ), and
for emission of a photon from the intermediate orbital to t
1s Fg(v9;2pj→1s),

Mg1g25FcFg~v8;3s→2pj !Fg~v9;2pj→1s!. ~A1!

In terms of the reduced matrix elementsHc , Hg(v8),
Hg(v9), Mg1g2 is given by
Mg1g25 (
m1 ,m2 ,r,a

C~ I 2M2lruM1I 1!C~ j 1m1lru j 2m2!C~ j a1zu j 2m2!C~ j 1m11hu j a!

~2I 111!1/2~2 j 211!~2 j 11!1/2
HcHg~v8!Hg~v9!, ~A2!
3-7
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where I 1 , I 2 are the nuclear spins in the initial and fin
states,M1 and M2 are the associated magnetic quantu
numbers,l is the multipolarity of the nuclear transition,r is
the associated magnetic quantum number,j 1 and j 2 are the
total angular momenta of the converted electron in the ini
1s and final 3s orbitals, withm1 andm2 the associated mag
netic quantum numbers,z andh are the magnetic quantum
numbers of the two emitted photons, whilstj anda are the
angular momentum quantum numbers of the electron in
intermediate state. The quantitiesC( jmLMu j 8m8) are
Clebsch-Gordan coefficients.

After summation over the magnetic quantum numb
m1 , m2, leading to the same intermediate state spin pro
tion a5m11z, a5m22h, and using explicit values for the
nuclear spinsj 151/2, j 251/2, we obtain for the nuclea
transition in 197Au,

Mg1g25
1

A6
(

r
C~ I 2M2lruM1I 1!W~1/2,1,1/2,1;j l!

3C~1h1zulr!Hc
lHg~v8!Hg~v9!, ~A3!

whereW is a 6j symbol. Inserting Eq.~A3! in Eq. ~12! we
have

FPFBIC

5
Mg1g2

S D1 i
G3s→2p1Gh

2 D S vn2v82e2p1 i
G2p→1s1Gh

2 D .

~A4!

The expression for the decay width passing through a
ticular intermediate state,j, is then

GPFBIC
j 5

2p

~2I 111! (
r
E uFPFBICu2dv8, ~A5!

where the summation extands over magnetic quantum n
bers leading to the intermediate statej.

We call Gc
l the partial width for a discrete conversio

between bound states for a multipolarityl, @27#. The partial
width for BIC is
03430
l

e

s
c-

r-

-

Gc
l5

2p

~2I 111! (
m1 ,m2 ,M1 ,M2 ,r

C2~ I 2M2lruI 1M1!

3C2~ j 1m1lru j 2m2!uHc
lu2. ~A6!

The partial atomic radiative widths per vacancy have
following forms:

G3s→2p
g 5

2p

~2 j 11!2 (
az

C2~ j a1zu j 2m2!uH3s→2pu2,

~A7!

G2p→1s
g 5

2p

~2 j 111!2 (
m1h

C2~ j 1m11hu j a!uH2p→1su2.

~A8!

Using the particular values of the nuclear and atom
spins involved in the transition in197Au, and inserting the
definitions of the partial widths given in Eqs.~A6!, ~A7!, and
~A8!, we obtain, after integration over the photon energy,v8,
the following expression forGPFBIC

g1g2 :

GPFBIC
g1g2 5Gc(

j
uW~1/2,1,1/2,1;j 1!u2

~2 j 11!

pGh
t

3
G3s→2p

g G2p→1s
g

D21S G3s→2p1Gh
(t)

2 D 2 , ~A9!

where Gh
(t) is the combined width of the 1s hole and the

width of the 2p→1s radiative transition.
Finally, the width Gc can be expressed in terms of th

discrete conversion coefficient between the 1s and 3s orbit-
als,ad , and the partial radiative width of the nuclear tran
tion @27#,

Gc5adGg
n . ~A10!

This leads to the final expression forGPFBIC
g1g2 given in Eq.

~13!.

APPENDIX B

We start from the expression in the numerator of Eq.~19!.
We defineMKXM1 to be the product of amplitudesFc for
nuclear conversion, andFKXM1, for K-shell Auger transi-
tions.
.

rs in Eq.
MKXM15 (
m1 ,m2 ,m

C~ I 2M2lruM1I 1!C~ j 1m1lru j 2m2!C~ j 2m2lmu j pmp!C~ j 1m1lmu j 3m3!

~2I 111!1/2~2 j 211!1/2~2 j p11!1/2~2 j 311!1/2
HcHau , ~B1!

whereHc andHau are the reduced matrix elements for internal conversion andK-shell Auger transitions respectively. In Eq
~B1! j p andmp stand for the spin and magnetic quantum number of the electron in the continuum state, whilstl andm refer
to the angular momentum quantum numbers of the virtual photon. The summation over magnetic quantum numbe
~B1! runs over values leading to the same final electronic statesj 3 , j p . Carrying out these summations yields

MKXM15
1

A2~2 j p11!
C~ I 2M2lruM1I 1!W~ j 3 , j 1 , j p , j 2 ; l1!C~ j 3m3lru j pmp!HcHau . ~B2!
3-8
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The width of the process,GPFBIC
KXM1 , can be expressed in terms of the nuclear partial width for conversion,Gc , Eq.~A10!, and

the partial width perK-shell vacancy forK-shell Auger decayGKXM1
,

GPFBIC
KXM1 5Gc(

j 3 j p

W~ j 3 , j 1 , j p , j 2 ; l1!2uHauu2

D21S Gh1G3s

2 D 2 , ~B3!

whereHau is related toGKXM1
by

GKXM1
~ j 1 , j 2 , j 3!5

2p

2 j 111 (
m1 ,m2 ,m, j p ,mp

uHauu2. ~B4!

Summing over the quantum numbers yields

GKXM1
~ j 1 , j 2 , j 3!5

2p

~2 j 111!~2l 11!
uHauu2. ~B5!

Dividing both sides of Eq.~B3! by Gn and using Eq.~B5! one finally obtains Eq.~20! for the width of the process.
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