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Deexcitation of 229Thm: Direct g decay and electronic-bridge process
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Direct g and electronic-bridge~EB! decay modes of the low-energy isomeric level229Thm are compared
theoretically and it is found that the decay rates for the two channels are approximately equal. Our findings
disagree with those of a recent theoretical paper, where it was found that deexcitation happens mainly through
the EB process. Recent experimental results also mandate a reinterpretation of previous data and suggest, in
particular, that no unambigous evidence of the isomeric decay has been seen in previous experiments since
luminescence due toa decay may have concealed the effect. Therefore an optical method for the demonstra-
tion of existence and the determination of energy separation of these nearby-lying nuclear states is proposed
again.
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It has been found in high precisiong-ray measurement
that the229Th nucleus has a metastable state (I A5 3

2
1, @631#

Nilsson state! with 3.561 eV above the ground level~as-
signedI B5 5

2
1, @633# Nilsson state! @1#. In the last few years

many laboratories have attempted to demonstrate experim
tally the existence of this low-lying level. The work of Irwi
and Kim @2# was a precursor for several studies@3–5# that
were intended to observe both the directg and the
electronic-bridge~EB! channels of the decay of229Thm. In
the case of the EB process, the excitation energy of
nucleus is transferred to an atomic electron in a bound-bo
transition and a photon is also emitted. Its energy co
sponds to the difference between the excitation energy of
nucleus and the energy of the electronic transition, to ens
energy conservation. In Ref.@2# the optical spectrum of dif-
ferent samples~the 229Thm was populated by alpha decay
233U) was examined and it was presumed that, in addition
photons with an energy of about 3.5 eV from the directM1
transition of the nucleus, also photons with an energy of
eV originating from the EB process were observed. It w
supposed in Ref.@2# that in the EB process the thorium ato
was excited from the 6d3/2 ground state to the 7p1/2 state~see
Fig. 1, where the relative energies of the electron shells
taken from Ref.@6#!. Richardsonet al. @3#, using an 232U
control source in order to compare and filter their spec
confirmed the observations of Ref.@2#. They found, how-
ever, several well separable lines around 3.5 eV becaus
their better resolution. They stated that the observed li
can refer to the decay of the thorium isomer, but they did
see unambiguous evidence of it. In contrast, according
Utter et al. @4# the optical emission of the233U sample con-
taining 229Thm can be attributed to the luminescence of
trogen in the air induced bya particles emitted by the
sample. The detailed study conducted by Shawet al. @5#, in
which the optical spectrum of the233U sample was compare
to a N2 discharge spectrum, showed that the multiplet in
spectrum at 350 nm~around 3.5 eV photon energy! was
mainly due to N2 luminescence. However, the broad peak
500 nm ~about 2.4 eV@2,3#! was definitely not consisten
with the N2 discharge spectrum@5#. Still, the authors are
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reluctant to state that it may arise from229Thm and they have
found the footprints of this exotic nuclear level, becau
there are several other effects, e.g., uranyl luminescence@7#,
from which the extra observations may originate.

Along with the experimental investigations, Karpesh
et al. @8# provided a theoretical study of the subject, com
menting on Ref.@2#. They have calculated the ratioR*
5WEB/Wg , whereWEB is the transition probability per uni
time of the EB process andWg is that of the directg decay.
They report a value ofR* ;782 at the nuclear transition
energy of 3.5 eV. They have also stated that in the deca
229Thm through EB process, instead of a single peak, o
should have found a doublet associated with the two fi
electronic states, 7p1/2 and 7p3/2. Thus, from Ref.@8#, one
can conclude that the signal of the directg transition at about
3.5 eV is so weak that it is undetectable and the EB proc
is the prevailing channel.

Unfortunately, however, the calculation of Ref.@8# has
some serious flaws and therefore the above, seemingly c
fied, picture cannot hold. We report here the results of
calculation on the229Thm EB decay process leading to
conclusion that contradicts Ref.@8#. As a preliminary to the
discussion we note the following. The two graphs that d
scribe the EB process are depicted in Fig. 2. Karpeshinet al.
have carried out the calculations@8# on the basis of their

FIG. 1. Energy level scheme of the two nuclear states and
outermost electron shells of229Th. The figure shows those elec
tronic states which may participate in an electronic-bridge proc
In the ground state the 7s subshell is filled, there are two electron
in the 6d3/2 state, and the 7p1/2 and 7p3/2 states are empty.
©2001 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW C 63 027601
earlier work@9# and they have considered some contributio
only from the direct graph@Fig. 2~a!# of the EB process
while unjustifiably neglecting others. Furthermore, even
the direct graphs, they have not summed over all interm
ate states mandated by theory. In our calculation we h
taken into account the effect of both the direct and
crossed graphs of Fig. 2 and applied a method that is equ
lent to summing over all intermediate states.

We have two aims in this paper. We claim, contrary
Karpeshinet al. @8#, that the directg decay channel is abou
as probable as the electronic-bridge decay mode. Furt
more, an experimental method for the determination of
energy separation of these nearby-lying nuclear states b
on the application of the inverse electronic-bridge proces
proposed again.

Our model is a generalization of an earlier theoreti
work @10#, which has also dealt with the decay of the229Thm

isomer in the EB channel. We work in a one-electron mo
and use a hydrogenlike Hamiltonian,He52(\2/2m)¹2

2Zeffe
2/r , for the electron, wheree is the elementary charge

m is the rest mass of the electron,Zeff is the effective proton
number of the nucleus, andr stands for the electron coord
nate ~the origin of the system of reference is fixed to t
center of mass of the nucleus!. The electron interacts with
the quantized electromagnetic field through the operator

H15H1
†eivt1H1

2e2 ivt, ~1!

whereH1
†5erW•EW q

† , H1
25erW•EW q , and

EW q5 i(
kW ,n

S 2p\v

V D 1/2

akW ,n«W n . ~2!

Herev is the angular frequency of the emitted/absorbed p
ton, V is the volume of normalization,akW ,n

† is the photon

creation,akW ,n is the photon annihilation operator,kW and n
stand for the wave number vector and the state of polar
tion of the photon, and«W n denotes the transverse polarizati
vector of the quantized electromagnetic field. Finally,HN is
the Hamiltonian of the nucleus andHR5(kW ,n\v(akW ,n

†
akW ,n

FIG. 2. Feynman diagrams of the electron-bridge process:~a! is
the direct; ~b! is the crossed graph of the process. Double lin
indicate the nucleus~deexciting from metastable stateuA& to ground
stateuB&), solid lines indicate an atomic electron~time passes from
left to right!, dashed lines indicate the electromagnetic interact
between the bound electron and the nucleus, and photon emiss
depicted by wavy lines.
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11/2) is the Hamiltonian of the free electromagnetic fie
Thus the total Hamiltonian can be written asH5H01H1
1H2, whereH05He1HN1HR .

The H2 term of the total Hamiltonian describes the ele
tromagnetic interaction between the nucleus and the elect
It involves an instantaneous Coulomb interaction term
tween the charge densities of the nucleus and the elec
cloud and a magnetic interaction term. Retardation effe
are negligible since the energy of the nuclear transition
small and comparable to the transition energies of the ou
most electronic shell. Thus, in this case, the interaction
eratorH2 of the electron and the nucleus is simplified to t
sum

H25VM1VE , ~3!

where VM is the magnetic-magnetic dipole interaction e
ergy that causes hyperfine splitting of the electronic sta
andVE is the well-known static Coulomb-interaction energ
of two extended charge clouds. We mention here that
calculation is basically the same as the one in Ref.@10#. The
main difference is that besidesVE , we also have a magnetic
magnetic interaction termVM in H2. The magnetic interac-
tion consists of three terms,VM5VMa1VMb1VMc , with

VMa52m0

8p

3
sW•mW d (3)~rW !, ~4!

VMb522m0~sW•mW 23srm r !/r
3, ~5!

and

VMc52m0~LW •mW !/~\r 3!, ~6!

where m05e\/2mc is the Bohr magneton,sW5sW /2 is the
Pauli spin operator for the electron (sW is a vector whose
components are the Pauli spin matrices!, mW represents the
nuclear magnetic moment,sr andm r are the components ofsW

andmW , respectively, in the direction ofrW, andLW stands for the
orbital angular momentum operator of the electron@11#. Fur-
thermore,

VE52 (
l2.0,m2

4pe

~2l211!
Mnuc~El2 ,m2!

Yl2 ,m2

r l211
, ~7!

whereMnuc(El2 ,m2) denotes electric multipole operator o
multipolarity l2 of the nucleus,Yl,m are spherical harmonic
depending on the electronic coordinates.

Following the train of thought of Ref.@10# it can be
shown that the leading part of the totalS matrix element
(Sf i) of the EB process@Sf i5Sf i

a 1Sf i
b , whereSf i

a andSf i
b are

the second order matrix elements corresponding to the
graphs of Figs. 2~a! and 2~b!, respectively#, can be written as

Sf i5~ i\!21^ f uHEBu i &2p d~vBA1v2v12!, ~8!

where

s

n
n is
1-2
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TABLE I. Computed values of magnetic dipole and electric quadrupole EB coefficients,a, for different
electron transitions at nuclear transition energiesEg53.5 eV and Eg52.4 eV. @a(M1)
5WEB(M1)/Wg(M1); a(E2)5WEB(E2)/Wg(E2), whereWEB is the rate of the EB process,Wg is the rate
of the directg decay;h5Wg(E2)/Wg(M1).# R is the ratio of the EB rate to the directg decay rate,R
5WEB

tot /Wg
tot . The energy,\v, of the photon, emitted in the EB process, is also tabulated for each ele

transition. The 7s→7p3/2 transition atEg52.4 eV is energetically forbidden. TheR* values are taken from
Ref. @8# and should be compared to thea(M1) values of this table.

Eg (eV) Electron transition a(M1) ha(E2) R R* \v (eV)

7s1/2→7p1/2 0.28 783 1.713
7s1/2→7p3/2 0.59 782 0.877

3.5 0.87
6d3/2→7p1/2 5.5831024 7.9731025 2.222
6d3/2→7p3/2 5.9131024 4.7331025 1.386

7s1/2→7p1/2 2.41 8.35 0.613
7s1/2→7p3/2 0.07

2.4 2.41
6d3/2→7p1/2 3.4331023 1.9031023 1.122
6d3/2→7p3/2 8.9231023 1.5131023 0.286
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HEB5aW †
•¹W rWH2 , ~9!

and

aW †5
e

m
i(

kW ,n
S 2p\v

V D 1/2 1

v2
akW ,n

†
«W n . ~10!

Here\vBA5EA2EB and\v125E12E2 are the nuclear and
electronic transition energies, respectively,EA , EB andE1 ,
E2 are the energy eigenvalues of the corresponding nuc
and electronic states. The above form of the totalS matrix
element takes into account both graphs and all intermed
states. With its help the transition rate for the process un
consideration can be calculated in the standard manner.~For
the initial, intermediate, and final states applied and for m
details see Ref.@10#.!

On the outer electron shells of the thorium atom there
7s and 6d electrons~see Fig. 1!. We have carried out calcu
lation with those initial (7s,6d) and final (7p) electronic
states that were partly included and partly mentioned in R
@8#. We have employed Pauli states@11# for the description
of the spinning electron. In our case, besides the magn
coupling (M1 transitions in the electronic shell and in th
nucleus, as well!, electric coupling can also occur as a co
sequence of the possibility of quadrupole (E2) transition in
the nucleus. We have considered both possibilities.

We defineR, the ratio of the total probability per unit tim
of the EB process~including M1 andE2 transitions! to the
total decay rate of the directg decay process@Wg

tot

5Wg(M1)1Wg(E2)#, asR5WEB
tot /Wg

tot , and

R5(
p

a~M1,sp!1a~M1,dp!1a~E2,dp!h

11h
. ~11!

Here h5Wg(E2)/Wg(M1) is the ratio of the rates of th
direct g transitions of multipolaritiesE2 and M1. a(M1)
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5WEB(M1)/Wg(M1) and a(E2)5WEB(E2)/Wg(E2) are
magnetic dipole and electric quadrupole EB coefficients, a
the letterssp or dp in the bracket refer to 7s1/2→7p and
6d3/2→7p electronic transitions, respectively. For the fin
7p electronic state we have two possibilities: 7p1/2 and
7p3/2. We note here that in the case of 7s→7p transitions
the EB process with electric coupling of the nucleus is f
bidden. We used Weisskopf approximation in calculatingh
and obtainedh56.6310214 ~with Eg53.5 eV) and h
53.1310214 ~with Eg52.4 eV). The ratio of the reduce
nuclear matrix elements of electric quadrupole and magn
dipole processes,B(E2)/B(M1), increases with increasin
nucleon number@12#, so it seems reasonable that the realis
values ofh may be increased by two orders of magnitu
compared to their Weisskopf-approximated ones. Our
merical results are collected in Table I. We deal with tw
possibilities for the energy separation of the nuclear lev
DE53.5 eV or DE52.4 eV. In the case ofDE53.5 eV
and nuclearM1 transition, theg decay is more probable tha
the EB process. Moreover, the contribution of theE2 chan-
nel to the direct decay is negligible. In the case ofDE
52.4 eV theM1 channel will dominate again, but now th
rate of the EB process is about twice the rate of the direcg
channel. In this case, IR photons, which were not registe
in the experiments@2–5# as yet, are emitted in the EB pro
cess.

In the following we return to the experimental studi
@2–5,7#. It has turned out that the lines around 3.5 eV in t
observed optical spectra are mostly due to the N2 lumines-
cence caused by energetica particles@5#. The detected sig-
nal around 2.4 eV was at first presumed as being due to
decay of the thorium isomer through the EB channel@3#.
Indeed, regarding the experimental status quo and the
leading theoretical conclusions of Karpeshinet al. @8#, one
could conclude that the 2.4 eV signal might originate fro
the EB decay of229Thm. However, it was proved convinc
ingly @7# that the observed broad signal about 2.4 eV@3,5# is
1-3
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BRIEF REPORTS PHYSICAL REVIEW C 63 027601
likely due to uranyl luminescence. As a conclusion, we c
say that no traces of the isomeric decay were found in
experiments.

Regarding the disturbing effects, arising mainly from l
minescence caused bya decay of233U, we suggest a differ-
ent method for the observation of the energy separation
the nuclear doublet@10#. At the first step of the measureme
a laser of photon energy\vL resonantly excites an atomi
electron of 229Th with the nucleus in the ground state.~As
we need Th in the ground state instead of the metastable
the target Th nuclei, populated in233U decay, can be en
riched enough and can be separated chemically from

FIG. 3. Energy scheme of the laser-driven inverse electro
bridge process of229Th. The electron shell is in the ground sta
~state 2! initially. A laser of photon energy\vL induces a resonan
electron transition to state 1. State 1 can decay by the inverse
tronic bridge process, exciting the nucleus and emitting a photo
energy\v8 in the process.
h,
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nium.! Then in an inverse EB process, the excited elect
returns to its ground state while the nucleus becomes exc
and a photon of energy\v85\vL2\vAB , corresponding
to the energy difference between the electronic and nuc
transitions, is emitted~see Fig. 3!. It may happen, however
that the electron being in excited state 1 decays to an o
electronic state~let us call it level 3 of energyE3 and sup-
pose thatE32E2.\vAB , E2 is the energy eigenvalue of th
electronic ground state!. Then the electron can excite th
nucleus starting the inverse electronic-bridge process f
level 3, as well. In such a process a photon of\v85E3
2E22\vAB is emitted. Measuring the optical signal (\v8)
in coincidence with the tuned laser pulse, it is expected t
one would catch the traces of229Thm better. Moreover, par-
allel laser irradiation of a control Th sample prepared fro
other isotopes of Th can help to find the signal of the abo
inverse EB processes. In general, the thorium exists as
of a molecular compound the energy eigenvalues of wh
are unknown. It is also an advantage of the above propo
inverse EB method that it is applicable in any case in wh
the Th compound has discrete electronic energy levels.
use of the control sample makes unnecessary the pre
knowledge of the energy level scheme, as the extra lines,
appear in the case of the229Th compound sample due to th
inverse EB process, are all shifted with\vAB .

This work was partly supported by the Hungarian N
tional Science Research Found~OTKA! under number
T031825.
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