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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 aM1 transition, we show that Pauli-forbidden bound internal conver&riBIC)
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 |&¥/&lgfin the neutral
atom and in ions up to 69 The PFBIC process is found to have a maximum probability®fAu ions with
charge state of approximately 40due to close energy matching of the nuclear transition to the 3s
electronic excitation. The expected dependence of the nuclear lifetime on PFBIC is analyzed.
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[. INTRODUCTION emission of arM1 +y or by normal internal conversioftC)
to final electronic states in the continuum. IC occurs princi-
One of the consequences of the relativistic quantunpally in the Z and 3 shells and corresponds to a total inter-

theory of electromagnetic interactions is the fact that transinal conversion coefficient of approximately 4.2. The half-life
tions can take place to intermediate states that are forbiddesf the first excited state is 1.990.01 ns[24]. Our aim here
by the Pauli exclusion principlel,2]. Examples of processes is to investigate the contribution of PFBIC to the nuclear
for which the transition rate contains contributions fromdecay rate and its dependence on the ionization state. In
states that apparently violate the Pauli principle include rapgg|C in 197Au, a virtual photon from the nucleus interacts
diative electron capturg2,3], radiative 3 decay[4], Comp-  \ith a 1s electron creating a hole in theshell. The lifetime
ton excitation of nuclear leve[$,6], the exchange correction f the K-shell vacancy is very short due to the strength of the
in electron capture decdy -9, the exchange effect i radiative dipole transition @— 1s. This lifetime corresponds
decay[10], and two photon de_cay of atomic inner shells to a hole width of the order of 52 eV that facilitates energy
[11-14. The exchange effects in electron capture deedy matching between the nuclear transition energy and the

and g~ decay[15] have been confirmed experimentally. tomic 1s— 3s electronic excitation energiyr7 300 eVj. An

In this paper we discuss the case of apparent violation of . : ; .
the Pauli principle in nuclear electromagnetic decay pro-essentlal feature of PFBIC is the formation of a virtual 3
cesses, specifically the process called Btound internal hole that can be occup_md by the elec_tron excited from t_he 1s
conversion [16—18 in which a nucleus, initially in an ex- shell. Several mechanisms can contribute to the formation of

cited state, undergoes a transition to a lower-lying state witUch @ virtual hole. One possibility is the double transition
excitation of an electron to a previously empty bound final2P—1s and 3—2p with emission of two photons in the
state orbital located below the ionization threshold. Evidencdinal state. A related possibility is the transitiop-2-1s to-
for this process, which has sometimes been referred to dgether with filling of the 2 hole by an Auger transition
TEEN or subthreshold internal conversion, has recently beel¢ading to the excitation of as3electron and emission of an
presented in highly chargele ions[18]. BIC is the inverse  Auger electron into the continuum. A third possibility is fill-
of the NEET proceskl9-21] (nuclear excitation by electron ing of the initial Is hole by an Auger transition that excites a
transition in which a nucleus is excited by a near-resonant3s electron into the continuum. In the final state for PFBIC
transition of an initially excited electron state. The observathe virtual 3 hole has been filled so that the Pauli principle
tion of such a resonant energy transfer between the electronis indeed satisfied in this state. The creation and filling of this
part of the atom and the nucleus has been recently reportadtermediate virtual hole necessarily imply that PFBIC in-
in *°’Au [22,23. Hereafter we consider the case of BIC volves terms of higher order in the perturbation series than
nuclear deexcitation, when the intermediate state bound othe usual internal conversion process. This is the price to be
bital is fully occupied. This process, which apparently vio- paid for temporarily violating the Pauli principle.
lates the Pauli principle, is hereafter referred to as Pauli- We choose the nucleu¥’Au for a first investigation of
forbiden bound internal conversig®FBIC). PFBIC effects because the excitation energy from tke 1
We take theM 1 decay of the 77.3540.002 keV excited shell to the 3 shell lies within 100 eV of the nuclear exci-
level of °’Au as an example of the PFBIC process. Thetation energy in the neutral atom so that the Pauli-forbidden
main channels for the decay of this excited state proceed biyansition Is— 3s is nearly resonant with the nuclear transi-
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FIG. 2. Unconnected Feynman diagrams associated with the
. . PFBIC process for the same transition as shown in Fig. 1. Their
1S 9 IS d contribution is exactly equal to that of the diagram in Fi¢g)1
¢) ) ous vacuum production of the electron-positron pedie ™

FIG. 1. Feynman diagrams representing the PFBIC process ifeceurs, with emissio_n of a photon of energy. 'I_'he eIectr(_)n
anM1 transition from an isomeric nuclear stdtienoted isto the ~ thus created occupies thes Istate. The positron moving

ground nuclear statédenoted g with electron excitation from the backwards in time annihilates with thepZelectron “2” at
1s shell to the 3 shell. the instant,<t5, and, in doing so, a vacancy for the transi-

tion 3s—2p is prepared. In a similar manner, at the instant

tion. In addition, we examine the charge state dependence 6f timet; a seconce” e pair is produced and the photari
the PFBIC rate since the atomic binding energies changis emitted. The electron is created in the &tate. The posi-
with the charge state, thereby allowing the possibility that thgron moves backwards in time and annihilates with tise 3
PFBIC transition lies closer to resonance in ionized stateslectron at the time,<ts, thereby preparing the vacancy for
[25]. For reasons of simplicity, we start with a formal de- the conversion transitionsk-3s. The contribution of the
scription of the PFBIC in the case of two photon emission.unconnected diagram in Fig. 2 is exactly equal to the ampli-
The rates for PFBIC decays associated with Auger procességde of the process shown in Figal It is for this reason
are subsequently derived. that, in general, disconnected diagrams are not considered
explicitly. Instead one considers diagrams of the type pre-
sented in Fig. (@), irrespective of the fact that the Pauli
principle is apparently violated]. Here, the initial and final
electron states are denoted “1” and ;1 whilst the interme-

Feynman diagrams for the PFBIC process are shown inliate electronic states are denoted “2” and “3.” The se-
Fig. 1. We start from an initial state in which the neutral quence of interactions in timg <t,<t;<t, is indicated.
atom of %’Au contains the nucleus in the first excited state.Additional Feynman diagrams relating to the same process
A vy quantum, emitted by the nucleus, scatters onkitghell  are given in Figs. (b) and Xc). These are equivalent to the
electrons, one of them being virtually excited by thEL ~ diagram of Fig. 1d). Let us consider the latter graph.
transition into the 8 state. An interpretation of Fig.(d) is In the fourth order of the perturbation theory we can write
displayed in Fig. 2. At the instant of timg,>t5, spontane- expression for thé& matrix [26] as

Il. PAULI-FORBIDDEN BIC DECAY INAN M1
TRANSITION

S=Tef""de4x2(—ie)4f d'xy ... d*x T{T (x)D*"(x,—x))

L) () s AN () ) Yath(x2) 1 AP (3): (x3) Yt x3) } @)

where andZ are the Dirac field operators The quantities4A™(x) are the operator electromagnetic po-
tentials.J ,(x,) is the four vector of the nuclear curre®@*”

_ S ot i > ot is a photon propagator. The normal product in Ef. is
v ,;o Auiu(r)e +ﬂ,§o b, (1€ () indicated by colons. We recall that the form of normal
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products means that annihilation operators are put to the ) <J
right of creation operators when they are in the same prod- GI(E?’S)(r,r’): 3 Fss . (8)
uct. In Eq. (1) the symbol ——————shows possible E—egeti 3s—2p
ways of contraction that enables us to mutually cancel spec- s 2
tator creation and annihilation operators, expressing them in
terms of electron propagators [26] Analogously, for the p shell electron we obtain
OIT{(x) p(y)}0) =G (x—y). 3 2
— © GEP(r,r)= ¢2p><“§" , ©)
.1 2p—1s
E- €xptl 5
The amplitude of the process is
(W,|SH| W), (4)  and for the 5 electron
whereV; is the wave function of the initial electronic state %S)(%S
with q electrons GE9(r,r’)= — T (10)
q E— 615+ i 7
q}l:iI:I;L a;'[0), ©)

HereT'ss .5, and Ty, 15 are the total widths of the corre-

and the stat¢0) is the vacuum state. For the first case men-SPonding transition, anfly, is the 1s hole width. Using Egs.
tioned above of PFBIC with two photon emission, the wave(4): and Eqs(8)—(10) yields the following expression for the
function ¥, describes the state of thgelectrons and two amplitude of the process with emission of two photons in the

photons with energies, andw, in the final state and can be final state shown in Fig. (&)

written
A F(o';35—2p;)
C:; C:; PFBIC i ¢ Iy . 1_‘35—>2p
xpzzl—zxpl, (6) (—w+l7 w,+ o— ezt 5 )
V4w ws
wherec;j12 are the associated photon creation operators. Af- Fylo ;ij_)l‘;) ;—w (11
ter substitution of expressiori$) and(2) into Eq.(4) all the opto—o —epti M) &
creation and annihilation operators can be transposed to the 2
left of the operators&™ anda entering the definitions of the
wave functions Egs(5) and (6). This enables the fermion In this equationf is the amplitude for the conversion of
operators to cancel with one another. the nucleus with electron promotions%:3s, F.(0';3s

We now employ the spectral representation of the Green’s-2p;) is the amplitude of the radiative transitiors-3 2p;
function for electrons having an energyin the intermediate andF,(w";2p;— 1s) the amplitude of the radiative transi-

stateg see Fig. 1d)] tion 2p;—1s, with j the total angular momentum of the
orbital, equal to 3/2 or 1/2.
lpn)(% Closing the contour in the upper half plane of where
Ge(r,r)=2 — 1 (7)  the integrand in Eq(11) has one pole ab=i(I',/2), we find
" E- €nti -
2 F7172
PFBIC

where the wave functiong,, form a complete set of one-
electron eigenfunctions of the Dirac equation in the self- 2 FeF,(0';3s—2p)F,(0";2p;—1s)
consistent potential of an average field. The imaginary partin i
the denominator of Eq7) is equal to half the total width of - T op+Th Top a5t Th) "
the electron state. We restrict ourselves to one term in the <A+| - 2 wp— '~ €ypti - 2

expansion of Eq(7), involving the eigenenergy that is, clos-
est to the resonance, that is, the term corresponding toshe 3 (12)
state in the Au atom. This assumption is justified by experi-

mental spectra of photons emitted in the two photon deexcin Eq. (12), A=e35— €;5— w,, is the energy difference be-
tation of M1 transitions in heavy atoms. They show pro-tween the electronic transitiors1 3s and the energy of the
nounced maxima in the photon energy distribution atnuclear transition. The photon energies are related to the
energies of discret&el transitions 3—2p ans k—2p nuclear transition energy by energy conservation, so that
[12,14). We obtain the following approximate expression for o’ + "= w, . Details of the calculation for the partial width
the Green'’s function: of the PFBIC process are given in Appendix A. We obtain
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(n) 8s—2pjp2pj—1s 77300 eV
rwe =S g aal’y , L | jo+_17351eV 3s M
PRRIC G 7, (F3s~2p+rh 27T /
A 2
(13) M1,
T,,=1.91 ns

wherej is the spin of the intermediate sta&,is a statistical ¥ A L
factor, I'" is the nuclear radiative width >~ %1 is the
radiative width of the 8— 2p; electron trasition]'2" ~*° is
the radiative width of the g—1s transition, T'{'=T), .
+F2y”iﬂls is the combined width of the sLhole and the 3/2 7777777777 Is K

width .Of the 2p;—1s radlatlve transition, ‘?‘r_]d.d is the dis- FIG. 3. Nuclear and electronic levels df’Au in the neutral
crete |nterna! conversion goefﬁme[ﬁ?]. D'V'd'ng Eq. (1,3) atom. The nuclear levels are shown on the left and the electronic
by the radiative nuclear width, we obtain an expression folia\els on the right-hand side.
the ratio,Rpgg;c, Of the rate for PFBIC decay in the two

photon channel to the rate for nuclear radiative decay, Y1yo
y1,LM;__ PFBIC

R = , 16)
. [35-2Pj2pj 15 PFBIC Wap (
RYL72 :Z S d Y Y . .
PFBICT <4 , [TasoptTh 2 27T ® ' wherew,, is the Auger yield of a P hole.
A+ - 5 h There is an additional channel for PFBIC where the vir-

(14) tual state goes over to a final state in a one step process. This
can occur in the case of the decay of theHble state by a
o . ) K-shell Auger process directly producing a hole in e
The coefficientRprg)c is analogous to the internal conver- ghe|l, which can be filled by the converted electron. The
sion coefficient for decay of an excited nuclear level. TheAuger transitionsKL; My, KL»M,, KM;M;, and so forth,
rate for PFBIC is seen to be proportional to the product ofyenoted below by XMy, lead to a final state after conver-
the widths for each Pauli-forbidden intermediate state. In thgjon with only one electron in the continuum. An electron
limit that the widths tend to zero, the PFBIC process bejefined by the angular momentum quantum numbgrmnd
comes strictly forbidden. _ _mg, with binding energye;, fills the K-shell vacancy, knock-
We can compare the result of EQ4) with the resultin  j4 the 35 electron into a continuum state defined by the

Ref. [27] for BIC decay to a final state orbital that is unoc- quantum numberg, andm, . The energy of the continuum

cupied in the initial state. In this case there is no violation ofg|actron is thus given in terms of the binding energy of the

the Pauli principle and only theslhole width appears in the  gjactron in the shelK by
BIC decay rate. In this situation the ratio of BIC decay to

nuclear radiative decay is given by: €= W~ €x - (17)
Analogously to the process of Fig(d), the amplitude for the
Rg/c= agl'p (15) diagram in Fig. 3 can be written
2 21"
27 A+ (Th/2)7] KM
PFBIC
The internal conversion coefficient for PFBIC as given by FeFrxm, do

Eq. (14) corresponds to the case where two photons are = f T Tl 21
present in the final state. In fact the transitios-32p does Ma.fMz:M (—w—l—i _h (wn_w_ xeti—2 '
not need to be a radiative one. Any transition leading to a 2 2

virtual hole in the 3 shell and enabling the promoted 1 (18)
electron to fill this hole can contribute to the width for

PFBIC. This is the case for an Auger transition of the typewhereFKX,\,Il is the amplitude for the Auger proceds; is
LMY wherel, M4, andY, respectively, stand for an initial - the partial width for the creation of a hole in the 8rbital in
2p vacancy, and final state holes in the &nd in an outer 5 K-Auger process andn;, m,, and m are the magnetic
shell Y. In the calculation of the contribution to PFBIC for quantum numbers of theslelectron 3 electron and virtual

this process, corresponding to one gh_oton and one electron fhoton, respectively. Carrying out the integration over the
the continuum, the partial widthi > " in Eq. (14) should  energyw in Eq. (18) yields

be replaced by a partial Auger-widtﬁﬁaipi. Assuming .
identical statistical5; factors enter in the expressions of the FRXMy _ > o KMy _ (19
radiative and Auger PFBIC, the partial nonradiative internal PFBIC o, fy.m N A
.. y1,LM7 . wp— €311
coefficientR. g, can be written 2
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TABLE |. The radiative widthd",,; (in eV) of thenl—1s tran-
sitions contributing to the total width of the hole State in*°’Au.

PHYSICAL REVIEW C 65 034303

TABLE II. The energiesw and the radiative width§', of the
3s—2p transitions in neutral atoms of Au.

nl 2pyp, 2psz 3Pz 3Psz 3dzyp;  3dgp
r,, 1470 2504 271 531 007  0.09
nl 4Py 4ps,  4dzp,  4dsp, 5Py 5pap
| 0.62 1.25 0.02 0.02 0.10 0.20

The sumation ovem,; andm, in Eq. (19) is given in Appen-

dix B and leads to the result of the partial PFBIC coefficient

in this channel
adFKXMl(j 3:p)

27 A%+ (T +T542)?]"

Rﬁﬁg”ﬁfjg S(izip) (20
p

whereS(j3,jp), FKXMl(jg,jp) are, respectively, a statistical
factor and the partiak-shell Auger width for PFBIC.

Using Eqgs.(14), (16), and(20) we can define a total in-
ternal conversion coefficiemRpgg,c by

RY172 4 RVL'—'V'1+ RKXMl

PFBIC PFBIC PFBIC" (21)

Rprgic=

I1l. NUMERICAL RESULTS FOR BIC DECAY OF
197Au IN DIFFERENT CHARGE STATES

3s—2py 35— 2p3p,
w, eVv 10343.4 8508.3
I, ev 0.046 0.072

Y

transition, calculated at the energy of nuclear transitign
=77351 eV, isa4y(M1)=60619 eV. Partial Auger widths

have been calculated by Chestal. [32], F‘Ef\;ﬁpl’z

=0.13 eV andrﬁaipyz:o.zz eV. These values are in

close agreement with the values that can be deduced from the
mean fluorescent yield in tHeshell of Goldw,,=0.32, and

the values for the radiative widths given in Table Il. The
calculated energies and the radiative widths for the transi-
tions 3s—2p are listed in Table Il. Substituting all the val-
ues in Eq.(14), we obtain a value for the coefficient
RILZ,.=0.026. The value of thglF’él“él is directly obtained
from Eq. (16) and the preceeding numerical value of

Y17 y1,LMq_
RP}:BZIC. In the neutral atom we havléplFBlcl—O.OS& The

third contribution to PFBIC, corresponding to the one step
Auger decay process, can be calculated from [26). Nu-
merical values of"xy; have been obtained from the num-
ber ofM, vacancies created in Gold per decay of &lshell

We now consider the numerical evaluation of PFBIC de-vacancy[24], which yield R2L 11=0.11.

cay in %Au. The low-lying nuclear levels of:*’Au are

In the neutral atom we thus obtain a value of the total

shown in Fig. 3, together with the electronic energy levelsRy g, coefficient, from Eq(21), of Rpeg,c=0.19. Table IlI

for the case of the neutral atom. The computation of thesummarizes the different contributions to PFBIC, together
electronic matrix elements was performed with the use of thevith the value of the BIC coeffientry(M1). The effect of
RAINE Dirac-Fock computer package designed for electroniahis value of RPFBIC on the nuclear lifetime of the first
structure calculations as well as for the calculation of internakxcited state in**’Au will be discussed in the next section.

conversion coefficients in atoni28—-3J. Quantum electro-

For completeness, we have calculated the contributions of

dynamic (QED) corrections to the energy levels, including higher electron states to BIC transitions in the neutral atom.
vacuum polarization and the self-energy of the electronsThe contributions to RPFBIC are less than $0Forn>6,

were computed using therAsPcode[31]. The 1s— 3s tran-

the ns orbital is vacant in the initial state with the result that

sition energy in the neutral atom obtained by this method ishe BIC transition is no longer Pauli-forbidden and the value
found to be 77291 eV that compares with an experimentabf contribution of bound internal conversion is then given by
value of 77 300 e\[24]. This difference gives an estimate of Eq. (15). In this case thdRg,c has a maximum value fam

the accuracy of the transition energies used in the following=6, of Rg,c=2.210 *, which is again significantly smaller

numerical calculations.

A. Neutral atom

The contributions to the radiative width of thes hole

than the value oRpgg ¢ given above.

B. Effect of ionization on the PFBIC process

In order to examine the magnitude of the charge state

state in the neutral atom are shown in Table I. All resultsdependence of PFBIC, we have computed the bound internal
have been calculated using the length gauge. The total radigonversion coefficient in ions up to 69 The results are

tive width of the Is state is found to be 50.13 eV. The 2
—1s width per 2p electronlﬂi”ﬁlszlﬂzpﬁlS is estimated to

shown in Table IIl. For each value of the charge state, we
give in Table IIl the electronic configuration, the calculated

be 39.74/6=6.5 eV. Taking into account a contribution of energy mismatch, and the contributions to PFBIC from the

approximately 4% from Auger transitiori24], we adopt a
value of I',=52 eV, and the total width of (V=59 eV.

three processes considered above. In these calculations we
have assumed that the valueslof, ., I'y, and ', and

The QED correction is nearly constant for all the configura-w,, are independent of charge state since the effect of elec-
tions, and amounts to an energy shift approximately equal teron screening on the inner shells is very weak. Futhermore,

—145 eV. The energyss— €, Of the electron transition d

up to charge state 81we assume that the partial Auger

—3s is found to be 77 291 eV. The BIC coefficient for this widths remains constant.
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TABLE Ill. Calculated values of the energy of the resonance defethe discrete conversion coefficient
ay, and the PFBIC conversion coefficieRtfor various ions of'®’Au. Columns 5, 6, and 7 give, respec-
tively, the contribution toRpgg,c Of the two photon processRélelec), the one photon and one electron
process, glFLBN,'é), and the one steld-shell Auger processR’;ﬁg"ﬁc). The last column gives the total PFBIC
conversion coefficienfRprg,c . All of the values are in eV except the coefficients that are dimensionless.
For ions up to A§*" the R value has been calculated from Ef1), whereas for the ions A" and AU
the R value has been calculated from E45).

lon Configuration A alt RIVZ RglFLBNI'é R’;)F(g"llc Rpraic
AuP [Xel4fl5d1%s —60 606 19 0.026 0.053 0.11 0.19
Aultt [Xelaf —58 606 58 0.028 0.056 0.118 0.20
Au?>* [Xe] —-102 61029 0.010 0.020 0.043 0.074
Au®t [Kr]4d® —65 61184 0.023 0.046 0.098 0.168
Au??t [Kr]4d?! 13 622 64 0.136 0.272 0.578 0.99
Audtt [Ar]3d° 178 63158 0.004 0.015 0.026 0.03
Aubtt [Ar] 722 69853 0.000 0.000 0.001 0.00
Ausst [Ne]3s 1258 75374 0.000 0.000 0.000 0.39
Auso* [Ne] 1306 76042 0.000 0.000 0.000 0.74

The principal factor contributing to the charge state de-mixed multipolarityM 1+ E2, with the mixing paramete$
pendence of the rate for the PFBIC process arises from the —0.368+0.014[24]. We have performed calculations of
energy mismatchd. As the atom is ionized from the neutral the internal conversion coefficie(CC) in the neutral atom
atom A=—60 eV), the PFBIC transition first moves away and in different ionic states, namely, the"1®n, which was
from resonanceX <0) until charge state 25is attained and experimentally studied in Ref33], and the 40 ion, where
then moves back towards resonance. In ions @it1" the  the PFBIC attains maximum of its value. Table IV shows
A value lies only a few eV from exact resonance. As thevalues of the total internal conversion coefficients for the
charge state is further increased thevalue becomes more M1 andE2 transitions, calculated for the nuclear transition
positive and the transition moves rapidly away from reso-energyw,=77 351 eV. Using these values along with the
nance. These changes in the proximity to resonance are rabove mixing parametef, we find the total ICC in the neu-
flected in the values dRprgc shown in the last column of tral atom has a valuéa)=4.24, in accordance with a litera-
Table Ill that attain a maximum value of 1.2 in the ion"40 ture value. We also note that the dependencéadfon the
Keeping in mind the uncertainty in the numerical values ofcharge state is very weak.
the atomic transition energig®f the order of 10 eY an The PFBIC process constitutes a new channel for the de-
accurate value of the charge state giving the maximum valueay of the first excited state in Au. Taking into account this
of PFBIC is not possible. Nevertheless, it can be assertedhannel leads to an effective internal conversion coefficient
thanRpgg,c reaches a maximum value of the order of unity
around charge statg=40+2. a=(a)+Rpepic- (22)

When the charge state 69s reached the ions have just .
g J In the neutral atom the effect ®prpc 0N « is small. Tak-

ten electrons and thes3shell is vacant so that excitation to . PEBIC int t ch th | b v 50
the 3s shell can occur without violation of the Pauli prin- Ing INto account changes the valueaoby only 5%,

ciple. In this case th® value shown in Table Il has been a change that lies within the uncertainty in the experimental

calculated from Eq(15). The value ofA is 1306 eV, which '([jietne\r/vni}[lr??rglorgji?fhr. i?vernilrigmt?ti a{e gl;zllgltgesitrl? (i:r?nmiatc_
is ~19 times larger than that for the neutral atom. Despite 0 € ditierent co utions to - FIFSL In spite
f the small value of the goll-shell fluorescence yield, less

this difference in the energy mismatch, the bound interna . : :
; S T han 4%, thek-Auger BIC process is the dominant contribu-
conversion coefficient in AJ" turns out to have a value of tion to PFBIC. Eq.(20), which gives the intensity in this

gg):ln, which is significantly larger than that for the neUtralchanneI, is formally identical to Eq15), reflecting the fact
. " L
In the qase Of. th? ion A", iny one of the 3 Ofb'ta's IS TABLE IV. The total conversion coefficientg8(M1) and
occupied in the initial state. It is, therefore, possible for BIC «(E2) for theM1 andE2 transitions, and their average valie)
decay to occur with excitation to the unoccupiesl@bital {5 the 77351 eV transition if%7Au, with the mixing parameter

without violating the Pauli principle. The probability for this - s— _ ¢ 368, for various degrees of ionization of the electron shell.
process is approximately a half of that for BIC decay in the

69-fold ions, giving a value oR=0.39 for Af°". Atom Bis(M1) aoi(E2) (a)
IV. DISCUSSION Au 2.745 15.26 4.238
Aullt 2.747 15.29 4.243
In order to consider the effect of PFBIC on the nuclear oy%2* 2.758 15.45 4.272

decay we recall that the radiative nuclear transition has
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that in this case the conversion is a one step process. Seconidn of the atomic shell[33]. Half-live values of 1.91
it is interesting to compare the rate for PFBIC and BIC for+0.02 ns and 1.960.08 ns have been obtained for the
hypothetical transitions with the same value of the energy\eutral atom and-10+ ion, respectively. Therefore, no ef-
mismatchA. Since, as we show in the numerical calculationsfect of the charge state was found within the error bars. The
discussed below '35 . ,p,<I'y andI'{V~T,, the ratio of the above calculations of the PFBIC contribution are consistent
rates for PFBIC and BIC from Eq&l4) and(15), apart from  with these experimental results.
the geometrical facto8, is given approximately by

V. CONCLUSION

R [3s—2p\ [ 2p—1s We have presented theoretical results for a new mode of
PFBIC b% b% . . . o
~\—F T (23 internal conversion which takes place by excitation of an
h h electron to a bound orbital that is occupied in the initial state.
This process, which appears to violate the Pauli exclusion
principle, can take place by virtue of the finite widths of the

intermediate state that violates the Pauli principle necessaril§/€ctron transitions that depopulate the Paulifi;?rbidden state.
has a decay rate less than that for BIC decay via a Pauli- Numerical calculations described above forAu show

allowed intermediate state. The factor by which the rate fothat in the neutral atom the Pauli-forbidden internal conver-
PFBIC decay is less than that for BIC decay is approxi-SiO” to bound states corresponds to a decay rate that is 19%

mately equal to the product of the two ratios of widths on the®f that for radiative nuclear decay. Since the conversion co-
right hand side of Eq(23). Each of these width ratios rep- efflc:ler]t in the neutral atom has a value of gpproxmately.
resents the width of a1 radiative transition divided by the 42 this means that the PFBIC process contributes approxi-
total width of the 1s hole. In other words, the probability for Mately 4% of the total internal conversion decay rate.

PFBIC relative to BIC turns out to be proportional to the The resonant nature of Pauli-forbidden internal conver-
product of the lifetimesT~#/T, of each Pauli-forbidden sion has been found to lead to a significant charge-state de-

intermediate state. In the limif—= of a real stable state, Pendence of the half-life in highly charged ions 8FAu.

the PFBIC process becomes strictly forbidden, as expectea-.héJS the ha:;;'lfe IS p£2e+d|cted to decrease by appr%xmately

It is noteworthy that this is not the case for BIC decay, which154/g+from A51+ to Au™" and then to increase by 15% from

is not forbidden by the exclusion principle. Au* to Au . Measurement of the _half-hfe of such highly
The half-life of this nuclear transition has been exten-charged ions at the level of approximately 5% would thus

sively studied. A mean value of 1.91 ns is reported for thedllow experimental demonstration of this mode of internal

half-life of the 77 351 eV nuclear state in the data tables ofONVersion.

Ref. [24]. In the neutral atom, the inclusion of PFBIC

changes the nuclear lifetime by only about 3.6%. In this case ACKNOWLEDGMENTS

the influence of BIC on the nuclear lifetime thus turns outto  Thjs work was supported by a Grant from the Russian

be small. The situation is rather different in Au ions. As seengynd for Basic Research No. 99-02-17550, by DTRISA)
in Table Il the value ofRpggic reaches a maximum, contract No. DTRA 01-99-M-0514, and by the NATO Pro-

Rpreic=1 around charge statg=40. In this case, the in- gram of the Portuguese Ministry of Science and Technology.
clusion of PFBIC would increase the valaeby an amount

of the order of 20%. A change of the value @finduces a APPENDIX A

change in the half-lifeT, of the nuclear level. The value ) )
TY, is related to the valud9, in the neutral atom by the We start from the expression of the numerator in @4).

i [ 7172 10 be the product of amplitudes for nuclear
relation[25] We defineM to be the p p

conversiorF, for emisson of a photon with energy from
the 3s orbital to the intermediate stake,(w’;3s—2p;), and

Reic

Thus, in the case of identical values, BIC decay via an

T9 =70 1+—W> (24) for emission of a photon from the intermediate orbital to the
1/2 l/21+< >+R . ". )
a PFBIC 1s F(w";2p;—1s),
In ions of %’Au with =40+ the half-life is then shortened M7= F F (0':35—2p)F (0";2p—1s). (Al)
to T1%=1.6 ns compared ta9,=1.9 ns in the neutral crT AR

atom.
Attempts have already been made to measure the change terms of the reduced matrix elemenks;., H ('),
of the conversion rate of the 77 351 eV level due to ionizaH (»"), M 7172 is given by

M- S C(1,MoAp|M111)C(j1miNpljom;) C(jal{]jom,)C(jamylylja)

HH (0 )H (o), (A2
iy o (21, + 1)Y3(2),+1)(2j + 1)2 Hy(@DHeh),  (A2)
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wherel,, |, are the nuclear spins in the initial and final 2

states,M, and M, are the associated magnetic quantum F}c‘:mm N % y C2(1,M\p|1:1My)
numbers\ is the multipolarity of the nuclear transitiop,is ! 12 2P
the associated magnetic quantum numbperand j, are the X C?(j1mihpljomp)[HE[?. (A6)

total angular momenta of the converted electron in the initial ) ) o _
1s and final 3 orbitals, withm, andm, the associated mag- The partlal atomic radiative widths per vacancy have the
netic quantum numberg, and 7 are the magnetic quantum following forms:

numbers of the two emitted photons, whijsaind « are the

. 2
angular momentum quantum numbers of the electron in the r%/s_ip:_—w >, CHjall]jmy)|Has 2pl?
intermediate state. The quantitie€(jmLM|j’'m’) are (2j+1)? ot
Clebsch-Gordan coefficients. (AT)

After summation over the magnetic quantum numbers 5
m,, m,, leading to the same intermediate state spin projec- T2 7" C2(i.mi1nlia)lH 2
tion a=m,+ ¢, a=m,— 7, and using explicit values for the 2 (2j,+1)2 ;%, (Jamidalj@)lHzp sl
nuclear spinsj;=1/2, j,=1/2, we obtain for the nuclear (A8)
transition in *°"Au,

p—>lS:

Using the particular values of the nuclear and atomic
spins involved in the transition if°’Au, and inserting the
definitions of the partial widths given in E#\6), (A7), and
(A8), we obtain, after integration over the photon enetgy,

. . y1¥2
the following expression fof S 2.

lezziEcﬂ MoNp|Mq1)W(1/2,1,1/2,1j\
\/E (1;MoNp|M1)W(1/2,1,1/2,1fN)
p

X C(171\p)HH (0" )H ("), (A3) |
Y172 _ E . 2(21 +1)
Fergic=Tlec : IW(1/2,1,1/2,1j1)|*———

whereW is a 6 symbol. Inserting Eq(A3) in Eq. (12) we iy
have ry 7
3s5—2 2p—1
X P, (A9)

Feesic 2 <F3SHZD+Fh

At =

MylyZ
= Top 1ot Th) where (" is the combined width of the s.hole and the

T ot T
(A+i—3s 22" h

wp— o' — €yt width of the 20— 1s radiative transition.
Finally, the widthI"; can be expressed in terms of the
(A4)  discrete conversion coefficient between treeahd 3 orbit-
als, g, and the partial radiative width of the nuclear transi-
The expression for the decay width passing through a pation [27],

ticular intermediate statg, is then

2

Fe=agl™". (A10)

' 2m ' This leads to the final expression fbr’L2 . given in Eq.
FJPFBIC:(le—_’_l); f|FPFBIC|2dw . (A5) (13 PFBIC

. . APPENDIX B
where the summation extands over magnetic quantum num-

bers leading to the intermediate state We start from the expression in the numerator of @§).

We call T’} the partial width for a discrete conversion We defineM**M1 to be the product of amplitudes, for
between bound states for a multipolarky[27]. The partial  nuclear conversion, an&**M1, for K-shell Auger transi-
width for BIC is tions.

MM S C(12MAp[M111)C(j 1My pljomz) C(jomalm|j,mp) C(j m;Im|jsmg)

H.Hgy, B1
my g .m (213 + 1) Y2 2) ,+ 1) Y22+ 1) ¥%(2) 4+ 1) 12 ¢ e (B1)

whereH; andH,, are the reduced matrix elements for internal conversionkastell Auger transitions respectively. In Eq.

(B1) j, andm, stand for the spin and magnetic quantum number of the electron in the continuum statel| ardlst refer

to the angular momentum quantum numbers of the virtual photon. The summation over magnetic quantum numbers in Eq.
(B1) runs over values leading to the same final electronic sfatef,. Carrying out these summations yields

1
MKXMi= — — C(I1,MAp|M1I)DW(jz,i1,i0,i2:11)C(jamarp|jomy)HH a4y B2
2(2],+ 1) (1,MoAp[My1 ) (Jz:d1.0psJ2:11)C(jamg P|Jp pHHay (B2)
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The width of the proces&“,PFBIc, can be expressed in terms of the nuclear partial width for conveisjgrig. (A10), and
the partial width peK-shell vacancy foK-shell Auger deca)FKXMl,

KX _p S W(is,isdp.2il1)?Haul®

PFBIC TrtTad\? ! (B3)
3Jp A2+ h 38)
2
whereH,,, is related tol"xm, by
2
Pixm,(I1:d2:03)= 57—7 2 [Haul?. (B4)
2j,+1 mq,my,m,j,,mp
Summing over the quantum numbers yields
L 2w 5
FKXMl(leJZ-JS)_m|HaU| : (B5)
Dividing both sides of Eq(B3) by I',, and using Eq(B5) one finally obtains Eq(20) for the width of the process.
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