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Deexcitation of 22°Th™: Direct y decay and electronic-bridge process
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Direct y and electronic-bridgéEB) decay modes of the low-energy isomeric l1e¢&ITh™ 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 ta 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 precisiopray measurements reluctant to state that it may arise froff’Th™ and they have
that the®*°Th nucleus has a metastable stdig<3*,[631]  found the footprints of this exotic nuclear level, because
Nilsson statg with 3.5=1 eV above the ground levéhs-  there are several other effects, e.g., uranyl luminescgfice
signedlg=3", [633] Nilsson statg[1]. In the last few years from which the extra observations may originate.
many laboratories have attempted to demonstrate experimen- Along with the experimental investigations, Karpeshin
tally the existence of this low-lying level. The work of Irwin et al. [8] provided a theoretical study of the subject, com-
and Kim[2] was a precursor for several studi@-5] that ~menting on Ref[2]. They have calculated the rati@*
were intended to observe both the diregt and the =Wgs/W,, whereWgg is the transition probability per unit
electronic-bridge(EB) channels of the decay oP°Th™. In  time of the EB process and, is that of the directy decay.
the case of the EB process, the excitation energy of thdNey report a value oR*~782 at the nuclear transition
nucleus is transferred to an atomic electron in a bound-boung€ray of 3.5 eV. They have also stated that in the decay of

2 m i H
transition and a photon is also emitted. Its energy corre- °Th™ through EB process, instead of a single peak, one

sponds to the difference between the excitation energy of thenould have found a doublet associated with the two final

nucleus and the energy of the electronic transition, to ensur%lecnon'cl: ztattisﬁﬁz a_nd 7F3’f2£hThdu_S' from _I?ef.[S%, (t))net
energy conservation. In Ref2] the optical spectrum of dif- can conclude that the signal of the dirgctransition at abou

ferent samplegthe 22°Th™ was populated by alpha decay of _3.5 eVvis so \_/veak that it is undetectable and the EB process
is the prevailing channel.

233J) was examined and it was presumed that, in addition to Unfortunately, however, the calculation of Ré8] has
photons with an energy of about 3.5 eV from the difek g6 serious flaws and therefore the above, seemingly clari-
transition of the nucleus, also photons with an energy of 2.4ieq picture cannot hold. We report here the results of our
eV originating from the EB process were observed. It was.giculation on the22°Th™ EB decay process leading to a
supposed in Ref2] that in the EB process the thorium atom conclusion that contradicts RdB]. As a preliminary to the
was excited from the @, ground state to the[;, state(see  djiscussion we note the following. The two graphs that de-
Fig. 1, where the relative energies of the electron shells argcribe the EB process are depicted in Fig. 2. Karpesha.

taken from Ref.[6]). Richardsonet al. [3], using an®*J  have carried out the calculatiorig] on the basis of their
control source in order to compare and filter their spectra,

confirmed the observations of RdR]. They found, how- _ . _ A

ever, several well separable lines around 3.5 eV because of P32 2 623 6V
their better resolution. They stated that the observed lines  7p,,—5 7'787 o
can refer to the decay of the thorium isomer, but they did not ’ Ey
see unambiguous evidence of it. In cgg]a;LrJast, according to
Utter et al. [4] the optical emission of th sample con-
taining 2291'[h’g‘ can tr))e attributed to the Iuminesccfnce of ni- %% 0509 &V
_ ] . : 7Sgp L5 A 4 B
trogen in the air induced byr particles emitted by the 112 0
sample. The detailed study conducted by Sledwl. [5], in
which the optical spectrum of th&3U sample was compared Outer electron shells Nucleus

to a N\, discharge spectrum, showed that the multiplet in the £, 1. Energy level scheme of the two nuclear states and the
spectrum at 350 nntaround 3.5 eV photon energwas  outermost electron shells d#°Th. The figure shows those elec-
mainly due to N luminescence. However, the broad peak attronic states which may participate in an electronic-bridge process.
500 nm (about 2.4 eV[2,3]) was definitely not consistent In the ground state thes7subshell is filled, there are two electrons
with the N, discharge spectrurf5]. Still, the authors are in the 6y, state, and the 7, and g, states are empty.
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+1/2) is the Hamiltonian of the free electromagnetic field.
Thus the total Hamiltonian can be written Bs=Hy+H4
+H,, whereHy=H +Hy+Hg.

The H, term of the total Hamiltonian describes the elec-
tromagnetic interaction between the nucleus and the electron.
It involves an instantaneous Coulomb interaction term be-
tween the charge densities of the nucleus and the electron
cloud and a magnetic interaction term. Retardation effects
are negligible since the energy of the nuclear transition is
small and comparable to the transition energies of the outer-

FIG. 2. Feynman diagrams of the electron-bridge procegss ~ Most electronic shell. Thus, in this case, the interaction op-
the direct; (b) is the crossed graph of the process. Double lineseratorH, of the electron and the nucleus is simplified to the
indicate the nucleu&leexciting from metastable std#&) to ground ~ Sum
state|B)), solid lines indicate an atomic electrétime passes from

12

left to right), dashed lines indicate the electromagnetic interaction H,=Vy+ Vg, 3)
between the bound electron and the nucleus, and photon emission is
depicted by wavy lines. where V), is the magnetic-magnetic dipole interaction en-

ergy that causes hyperfine splitting of the electronic states
earlier work[9] and they have considered some contributionsand V¢ is the well-known static Coulomb-interaction energy
only from the direct grapHFig. 2(@] of the EB process of two extended charge clouds. We mention here that our
while unjustifiably neglecting others. Furthermore, even incalculation is basically the same as the one in REJ]. The
the direct graphs, they have not summed over all intermedimain difference is that besid&4 , we also have a magnetic-
ate states mandated by theory. In our calculation we haveagnetic interaction teriy, in H,. The magnetic interac-
taken into account the effect of both the direct and thetion consists of three term¥,,=Vya+ Vup+ Vie, With
crossed graphs of Fig. 2 and applied a method that is equiva-
lent to summing over all intermediate states. 8m. . 3=

We have two aims in this paper. We claim, contrary to VMa:ZMO?S‘:‘M( (r), (4)
Karpeshinet al.[8], that the directy decay channel is about
as probable as the electronic-bridge decay mode. Further-
more, an experimental method for the determination of the
energy separation of these nearby-lying nuclear states bas
on the application of the inverse electronic-bridge process is
proposed again.

Our model is a generalization of an earlier theoretical
work [10], which has also dealt with the decay of tF&Th™ ) I
isomer in the EB channel. We work in a one-electron modelVhere wo=eéf/2mc is the Bohr magnetons=o/2 is the
and use a hydrogenlike Hamiltoniam,= —(%2/2m)V?  Pauli spin operator for the electromr (is a vector whose
— Zen€?lr, for the electron, whereis the elementary charge, components are the Pauli spin matrices represents the

m s the rest mass of the electrdfyy is the effective proton  nyclear magnetic momers, andu, are the components sf
number of the nucleus, andstands for the electron coordi- - . . R -
andyu, respectively, in the direction of andL stands for the

nate (the origin of the system of reference is fixed to theOrbital angular momentum operator of the elecit. Fur-
center of mass of the nucleusrhe electron interacts with thermoreg P )

the quantized electromagnetic field through the operator

VMb:_Zﬂo(g'ﬁ_SSer)/rg’ (5)

Vie=2uo(L- w)/(Ar3), (6)

H,=Hle“'+H e ', (1) 4me Y,y

B N Ve= M;OM By D Mnd BN ()
whereH]=er-El, Hy =er-E,, and

where M, {EN5,u,) denotes electric multipole operator of
multipolarity A, of the nucleusy), , are spherical harmonics
depending on the electronic coordinates.

Following the train of thought of Ref[10] it can be
Herew is the angular frequency of the emitted/absorbed phoshown that the leading part of the tot&Imatrix element
ton, V is the volume of normalizational is the phot (Sri) of the EB procesgSy=Si;+ Sy; , whereSj; andSy; are

) K.y pnoton i i i fi fi & fi

' the second order matrix elements corresponding to the two

creation,ay , is the photon annihilation operatdf, and v ; : :
stand for the wave number vector and the state of polariza(‘ilraphs of Figs. @) and 2b), respectively, can be written as

tion of the photon, anév denotes the transverse polarization Si=(ih) " Xf|Hegli)27 8(wgpt 0— w1, (8)
vector of the quantized electromagnetic field. FinaHy is

the Hamiltonian of the nucleus aﬁdR=2gith(aE LA,  Where

1/2

2mhw R
ag,e,- 2

é:iz(
R Y
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TABLE |. Computed values of magnetic dipole and electric quadrupole EB coefficienter different
electron transitions at nuclear transition energigs,=3.5 eV and E,=2.4 eV. [a(M1)
=Wgg(M1)/W,(M1); a(E2)=Weg(E2)/W (E2), whereWgg is the rate of the EB procesd/, is the rate
of the directy decay; »=W,(E2)/W,(M1).] Ris the ratio of the EB rate to the diregt decay rateR
=W/ W', The energy/iw, of the photon, emitted in the EB process, is also tabulated for each electron
transition. The 8— 7pg, transition atE,=2.4 eV is energetically forbidden. TH values are taken from
Ref.[8] and should be compared to tadM 1) values of this table.

Ey (eV) Electron transition a(M1) na(E2) R R* ho (eV)
7S12— TP1s2 0.28 783 1.713
7S1o— TP3p2 0.59 782 0.877
3.5 0.87
6dg— 7P 5.58x 10 * 7.97x10°° 2.222
6d3— 7Pap 5.91x10* 4.73x10°° 1.386
781~ 7P1s2 241 8.35 0.613
7S1/—1P3p2 0.07
2.4 2.41
6d3/,— 7Py 3.43x10°2 1.90x 103 1.122
6d3/,— 7P 8.92x10° 2 1.51x 108 0.286
Heg=a' VH,, ©  =Wes(M1)/W,(M1) and a(E2)=Weg(E2)/W,(E2) are
magnetic dipole and electric quadrupole EB coefficients, and
and the letterssp or dp in the bracket refer to §,,—7p and
6d5,— 7p electronic transitions, respectively. For the final
- € 2ahw\ Y2 1 ¢ - 7p electronic state we have two possibilitiesp,%, and
@ _EIQE v ;agﬁy- (10 7pa». We note here that in the case af-%7p transitions

the EB process with electric coupling of the nucleus is for-

_ _ bidden. We used Weisskopf approximation in calculating
Herefwga=Ep— Eg andf wq,=E;— E, are the nuclear and and obtained7=6.6x10"* (with E,=3.5 eV) and 7

electronic transition energies, respectively,, Eg andE,, =3.1x 10" (with E,=2.4 eV). The ratio of the reduced
. , . =2 .

E, are the energy eigenvalues of the corresponding nuclegf,clear matrix elements of electric quadrupole and magnetic
and electronic states. The above form of the tﬁ_ahatnx _ dipole processeB(E2)/B(M1), increases with increasing
element takes into account both graphs and all intermediatgcleon numbef12], so it seems reasonable that the realistic
states. With its help the transition rate for the process undgjy es of 7 may be increased by two orders of magnitude
consideration can be calculated in the standard maiiRer. compared to their Weisskopf-approximated ones. Our nu-
the initial, intermediate, and final states applied and for morenerical results are collected in Table I. We deal with two
details see Re{.10]) _ possibilities for the energy separation of the nuclear levels:

On the outer electron shells of the thorium atom there ar§ E—3 5 eV orAE=2.4 eV. In the case oAE=3.5 eV
7s and @ electrong(see Fig. 1. We have carried out calcu- anq hycleaM 1 transition, they decay is more probable than
lation with those initial (,6d) and final (7p) electronic  he EB process. Moreover, the contribution of &2 chan-
states that were partly included and partly mentioned in Refyq| t0 the direct decay is negligible. In the case A
[8]. We have employed Pauli statgl] for the description  —3 4 ey theM1 channel will dominate again, but now the
of the spinning electron. In our case, besides the magneticyq of the EB process is about twice the rate of the difect
coupling M1 transitions in the electronic shell and in the cpanne|. In this case, IR photons, which were not registered

nucleus, as welj electric coupling can also occur as a con-jj the experiment$2—5] as yet, are emitted in the EB pro-
sequence of the possibility of quadrupole2) transition in  ~oqq.

the nucleus. We have considered both possibilities. In the following we return to the experimental studies
We defineR, the ratio of the total probability per unit time [2-5,7. It has turned out that the lines around 3.5 eV in the
of the EB processincluding Ml andE2 transitiong to the  jhserved optical spectra are mostly due to theltnines-
total decay rate of the directy decay proces{W;'  cence caused by energeticparticles[5]. The detected sig-
=W,(M1)+W,(E2)], asR=Wgg/W", and nal around 2.4 eV was at first presumed as being due to the
decay of the thorium isomer through the EB chanf&l
R=3 a(M1,Sp)+a(M1,dp)+a(E2,dp)77. (11  Indeed, regarding the experimental status quo and the mis-
P 1+7 leading theoretical conclusions of Karpeslgnal. [8], one
could conclude that the 2.4 eV signal might originate from
Here »=W,(E2)/W,(M1) is the ratio of the rates of the the EB decay of?*°Th™. However, it was proved convinc-
direct y transitions of multipolaritie€€2 andM 1. a(M1) ingly [7] that the observed broad signal about 2.4[8\p] is
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nium,) Then in an inverse EB process, the excited electron
returns to its ground state while the nucleus becomes excited

5 and a photon of energfw’ =hw_ —hwusg, corresponding
,\N(’il/\, to the energy difference between the electronic and nuclear
transitions, is emittedsee Fig. 3. It may happen, however,
that the electron being in excited state 1 decays to an other
2 electronic statdlet us call it level 3 of energ¥; and sup-

ose thaE;—E,>7%wag, E, is the energy eigenvalue of the
Flectron states Nuoleus glectronic 3grouznd stnge Then the elec%yon gcan excite the
FIG. 3. Energy scheme of the laser-driven inverse electronichucleus starting the inverse electronic-bridge process from
bridge process of2°Th. The electron shell is in the ground state level 3, as well. In such a process a photon/a$’ =E;
(state 2 initially. A laser of photon energyi », induces a resonant — E2—fiwag is emitted. Measuring the optical signdi ")
electron transition to state 1. State 1 can decay by the inverse elet? coincidence with the tuned laser pulse, it is expected that
tronic bridge process, exciting the nucleus and emitting a photon opne would catch the traces 6f°Th™ better. Moreover, par-
energyhw’ in the process. allel laser irradiation of a control Th sample prepared from
other isotopes of Th can help to find the signal of the above
r{'nverse EB processes. In general, the thorium exists as part
é)f a molecular compound the energy eigenvalues of which
are unknown. It is also an advantage of the above proposed
inverse EB method that it is applicable in any case in which
the Th compound has discrete electronic energy levels. The
se of the control sample makes unnecessary the precise
nowledge of the energy level scheme, as the extra lines, that
appear in the case of thé°Th compound sample due to the
inverse EB process, are all shifted wilw g .

likely due to uranyl luminescence. As a conclusion, we ca
say that no traces of the isomeric decay were found in th
experiments.

Regarding the disturbing effects, arising mainly from lu-
minescence caused lydecay of>>3U, we suggest a differ-
ent method for the observation of the energy separation qt
the nuclear doubldtL0]. At the first step of the measurement
a laser of photon energyw, resonantly excites an atomic
electron of ?2°Th with the nucleus in the ground staté\s
we need Th in the ground state instead of the metastable one, This work was partly supported by the Hungarian Na-
the target Th nuclei, populated iff®U decay, can be en- tional Science Research Foun@®TKA) under number
riched enough and can be separated chemically from urar031825.
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