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The decay channels and the half-life of the proposed anomalously low-energy nuclear isomer
229Th™(3/2",3.5+ 1.0 eV) in a dielectric and in metals are discussed. The preferred decay channel in wide
energy-gap dielectrics is via nuclegremission in the optical range. The isomer’s half-life lies in the range 10
min—1 h in ?>°ThQ, for the spectral rangey=4.5—2.5 eV. Nonradiative decay channels dominate in metals.

A two-step experimental scheme is developed. The first step is the excitation of the low-energy isomeric level
by synchrotron radiation via the 29- and 72-keV levels, and precise measurement of the wave length of the
low-energy nuclear transition if?°ThO,. The second step is the excitation of a large number of the isomeric
nuclei 22°Th™(3/2",3.5+ 1.0 eV) from the ground state by laser radiation in thorium dioxide, and investiga-
tion of the « decay of the isomeric level.

PACS numbs(s): 23.20.Lv, 27.90+b, 32.30.Jc, 42.72.Bj

[. INTRODUCTION range 3.5-0.5 eV for the isomer’s energy was obtained in
Ref.[8].
Experimental data obtained by Reich and Helmer at the The optical spectra obtained in Ref8,8] were revised
National Engineering Laboratory in IdaidSA) from 1989 by two research teams in 1999. Utteral. [9] and Shaw
to 1993[1,2] provide evidence for the existence of a level et al. [10] proved that the optical emission with photon en-
with an extremely low energy of 3:51.0 eV in the??°Th  ergy in the range near 3.7 eV corresponds to emission from
nucleus. This level corresponds to the head of thé [331] nitrogen induced byr particles in the air that surrounds the
rotational band2]. radioactive 2>®U sample. The origin of the optical emission
The anomalously low energy of the isomeric level inin the range 2.3-2.5 eV was still unclear.
229Th has generated considerable interest, because such aA line at 391.3 nm £3.17 eV} was found by Shawet al.
level should have some unusual properties. There is, for e}410] in the optical emission spectrum U in air. This line
ample, an opticaly ray and an electron bridge mechanismwas absent in the emission spectrum of an atmospheric-
[3]. The electron bridge raises the possibility of nuclear expressure M discharge lamgwith a 3-kV applied voltage
citation by optical photon§4] and by surface plasmori§]  which was used in the worKLO] for comparison of spectra.
and can thus lead to changes of the alpha decay rate of tfithe 391.3-nm line, however, is very close to the knov@ N
229Th via the 3/2(3.5 eV) level under low-intensity laser line at 391.4 nn{11,9). The fluorescence of nitrogen under
radiation[6]. the influence of the 5-MeW particles probably differs from
Four research teams have published results of opticahe fluorescence of nitrogen inside the 3-kV discharge lamp.
measurements off°Th in the last two years. A photon emis-  In their latest article, Youngt al.[12] established a plau-
sion in the optical range was observed first by Irwin and Kimsible origin for the 2.5-eV optical emission in the
[7]in 1997 and by Richardsoet al.[8] in 1998 in a sample  233U0,(NOj;), solution and in the?**U0,- 2H,0 sample
of 2%, (2% is used because the low-energy isomeric levelplaced in a silica tube. This emission was thought to be at
in the 2%°Th is populated approximately 2% of the time in the least in part due to fluorescence of the uranyl ions excited by
a decay of 2%.) They found two peaks: visible photons the « radioactivity of the?3U0,(NO;), solution, and due to
with the energies 2.3-2.5 eV and UV photons with energiesluorescence of the silica tube caused also bydhadioac-
~3.7 eV. This optical emission was construed as being thévity.
isomeric nuclear transition between the low-energy isomeric The results obtained Reff7—10,13 demonstrate that a
level and the ground state of tf€°Th. The 3.7-eV photons judicious selection of the chemical compound counts for a
were identified as a direct nuclegremission, and the 2.3— great deal in determining the 3/23.5+1.0 eV) level prop-
2.5-eV photons as an inelastic electronic bridge. The neverties by optical methods. Therefore one should know how
this level decays in different chemical compounds, and how
these chemical compounds behave under the actienpafr-
*Electronic address: tkalya@ibrae.ac.ru ticles, x rays, optical photons, and electrons.
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FIG. 1. Diagrams of the?°Th™(3/27,3.5-1.0 eV) decay(a)
Nuclear y radiation in the optical rangéb) inelastic scattering of

conduction electrons by the nuclei and internal conversion at the

valence band electron&;) electronic bridge process.

Thorium and uranium are reactive metals. They form
chemical compounds with various widely differing physical
properties. The decay channels of the '325+1.0 eV)

level depend strongly on electronic properties of these
chemical compounds. That is why we consider here first how,
the level decays in some chemical compounds with known,

electronic properties, such as dielectrics and métalier
that, we propose a new experimental method for detection
the 3/2°(3.5+1.0 eV) level.

Il. DECAY OF 22°Th™ (3/2*,3.5+0.1 e\) IN A DIELECTRIC

Thorium dioxide ThQ is the most accessible and stable
among the thorium chemical compounds. Thi® a wide
energy-gap solid dielectric: thorium dioxide has =6-eV
insulating gagd 13,14. Let us consider the decay channels of
the 3/2°(3.5+1.0 eV) nuclear level in the dielectric
22°ThO,.

All possible decay processes of th&°Th™(3/2",3.5
+1.0 eV), except for ther decay, are shown in Fig. 1. Itis
evident that internal conversidifrig. 1(b)] is forbidden en-
ergetically in the??°ThO,, because the value of the insulat-
ing gap exceeds the nuclear transition eneffpyternal con-

version is a process of electron ejection from the Valenc‘?]alf-life T

band to the conduction band.
The electronic bridge process is shown in Figz)1There
are no electronic states between the valence and conducti

bands in a pure dielectric. As a result, only a nonresonan
elastic electronic bridge via the virtual intermediate elec-

tronic states from the conducting band is possible. The dif
ference between the nuclear transition energy and energies
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FIG. 2. Half-life of 22°Th™(3/2",3.5+1.0 eV) in the dielectric
°ThO, (the refractive index=2), and in vacuumr{=1), if the
uclei decay via the first-order process in Fi¢a)1l

%here un=¢€e/2M is the Bohr magnetorg and M are the

proton charge and mass correspondin8hy, is the nuclear
reduced probability in Weisskopf unitay is the energy of
the nuclear transitionn is a refractive index rf=1 in
vacuum, anch=2 in the thorium dioxidg 14]).

The reduced probability of the nucledf1 low-energy
isomeric transition in??°Th has been calculatdd.6]. The
value

By [M1;3/2"(3.5+1.0 eV)—5/2"(0.0]=4.8x 10 2
2

was determined taking into account the Coriolis mixing of
the ground state rotational bakd’[Nn,A ]=5/2"[633] and
of the low-energy isomeric state rotational band*3&31].
Under the abovementioned conditions, one obtains for the
1, of the 3/2°(3.5+ 1.0 eV) isomeric level in tho-
rium dioxide the values shown in Fig. 2. It should be noted,
this is the first known case where the probability of a nuclear
nsition depends strongly on the index of refraction. As a
result, the time rang@3,~10 min—1 h corresponds to the
energy rangewy=4.5-2.5 eV for the 3/2(3.5+1.0 eV)

Igz‘yel decay in thorium dioxide.

the excited electronic states in the conduction band is large,

more than 1 eV. Furthermore, both virtual and real photons

in Fig. 1(c) haveM1 multipolarities in the elastic electronic
bridge considered here for decay of tk&Th™(3/2",3.5

+1.0 eV). Such an electronic bridge process has a negligit-Ot

bly small probability[ 3].

Nuclear y emission in the optical rangghis process is
shown in Fig. 1a)] is possible in Th@. The probability of
M1 emission can be estimated from the formuylsb]
(adopted system of units fs=c=1)

Wt =100 u{Bw.u(M1), (1)

!Decay of the??°Th™(3.5+1.0 eV) in semimetals and semicon-
ductors will be considered in detail in a separate article.

lIl. DECAY OF THE 22°Th™ (3/2%,3.5+0.1 eV)
IN A METAL

The critically important result of Utteet al. [9] shows a

al disappearance of the optical emission from tH&J
sample in vacuum. Let us consider one possible reason for
the negative result of the vacuum measurements. The sample
of 22U in the experimenf9] was prepared by electroplating

a thin layer of uranium on a platinum disk. This contrasts
with works [7,8,10 where a metal substrate was not used.
Isomeric nuclei??*Th™(3/2%,3.5+1.0 eV) arise from thex
decay of?33U. If the 23U nuclei are placed on the surface of

a Pt plate, there are, in principle, three different possibilities
for the recoil nuclei. They can stop in tHé%U sample itself,

or they can fly into the chamber, or embed themselves in the
Pt substrate.
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The kinetic energy of the recoil nuclei is-100 keV. Suppose a metal is on the wall of the vacuum. If the value
Their track length is~200 A in the 230, sample[17].  of the electronic work function of the metal is bigger than
That is why a few recoil nuclei+ 1%) stopped in the sample wy, conduction electrons remain in the metal after they ab-
itself in the experimenf9] if the 220, thickness was 35 sorb the energyy at the inelastic scattering by tHé°Th™
A [18]. nuclei. (If a metal is on the wall of uranium dioxide or some

Consider first the case where tA&Th™ nuclei move into  other material, one should know the effective elect-
the vacuum chamber. The velocity of the recoil nuclei isronic work function of this complex.After that, the ex-
~10"3. The nuclei transit time in the chamber is very small citation energy transforms into heat over the relaxation time
(less than 10° s). The half-life of the low-energy isomer ~10 *s[20].
exceeds this tim¢see Ref[16]), and the isomeric nuclear Calculation of the cross sectian, .- was based on the set
decay occurs at the chamber walls, beyond the field of visiowf computer programs developed by Baetal. [21]. The
of the optical systerf. electron wave functions of binding states for a self-consistent

The situation, when thé?°Th™ nuclei move to the Pt atomic field are obtained by solving the relativistic Dirac-
plate, is more interesting than the previous one. Recoil nuclgrock equations taking into account the finite nuclear size.
with 100-keV energies penetrate the metal plate to a depth of Under these assumed conditions one obtains for the cross
some tens of atomic layers<(100-150 A [17]). Such a  section Ue,e/~10’27 cn? with the reduced probability of
layer of metal is transparent to optical photons. But, the dethe  nuclear M1  transiton B(M1;5/2"5/2633]
cay modes of the low-energy isomeric level 3(3.5 —3/2"3/2631])y.,=3.2<10 2, which follows from Eq.
+1.0 eV) inside a metal can differ from the usual decay(2).
modes. It is known that internal conversion is forbidden en- Using the valuedN,~6x10?> cm 3 and&:~5.5 eV for
ergetically in the Th atoni3]. And a third-order process, the “standard” metal[22], one can estimate a decay probability
electron bridge, is the main decay channel of ®8&h™ in  of the 2°Th™(3/2",3.5-1.0 eV) inside a metal substrate.
an isolated atonf3]. That is why a more important differ- From Eq.(3) it follows that W, ~10* s, i.e., the iso-
ence for the®?°Th™(3/2",3.521.0 eV) decay in a metal is mer’s half-life in a metal is~10 # s. This time is consider-
the following. These isomers can decay via conduction elecably smaller than the lower bound for the half-life of the
trons[19] [this virtual one-photon process in Fig(bl does isomer~10 2 s established theoretically in the wdrk6] as
not have a reaction threshgjdand via electrons from the a ‘“reasonable lower bound.” Therefore th&°Th low-
valence bandthis process is possible &y exceeds the energy isomers can decay inside a metal substrate without
Fermi energy. photon emission.

The decay via conduction electrons is the inverse of the The second nonradiative decay channel of
process of inelastic electron scattering on nuclei and i$2°Th™(3/2",3.5+£1.0 eV) in a metal is via internal conver-
shown in Fig. 1b). (One can view this process as the analogsion of the valence-band electrons. All electronic states be-
of internal conversion for the conduction electrgrighe en-  low the Fermi energy are occupied in a metal. That is why
ergies of the initial E;) and the final E¢) electron states are internal conversion is allowed, if the nuclear transition en-
connected by the formulg;=E;+ wy. ergy exceeds the Fermi energy. In this case, valence elec-

The probability of decay is calculated from the formula trons of the Th atom are ejected into the conducting band.

One can use a model of an electron gas in a metal again for
3) the qualitative estimation of the probabili/,,,, for this
process.

Calculations ofW,,,, have been described in detdd].
where N, is the density of conduction electrons, is the  We used a set of computer programs from Refl]. The
velocity of electronsg, e is the cross section for the pro- valence atomic shell of the Th atom igl&s? [23]. W,
cess. ~10° s ! if 7s electrons are ejected into the conducting

One can use a simple model of an electron gas in metddand, and~10° s ! if 6d electrons absorb th#l1 virtual
[20] for a qualitative estimation oW, . Let us takeE; photon emitted by the nucleus. This is a qualitative estimate
~&, Ve~vp=+2&/m, wherevg and & are the Fermi  only. W,,, depends on the structure of the conducting band,
velocity and Fermi energy correspondingtyjs the electron and on effects of the multiple scattering of low-energy elec-
mass. tron by neighboring atoms. Such effects are well known in
XANES (x-ray absorption near edge structy4]). They
can change the value &Y., by orders of magnitudg24].
This means that thorium atoms with nuclei
229Th™(3/2*,3.5+1.0 eV) could be used as a sensitive
probe for the investigation of properties of materials.

We,e’ ~Nev eTee’

2t should be noted that the radiative relaxation time of the Th
atomic shell after théU « decay does not exceed the typical time
for optical transitions in the Th atomic shell10 8 s. The recoil
nuclei are within a radius of 1 cm of the sample during this interval
of time, and relaxation of the Th atomic shell can be detected by the |y, EXCITATION OF THE 22°Th™ (3/2+,3.5+0.1 eV)
optical system. However, the optical system in the experirh@ht BY SYNCHROTRON AND LASER RADIATION
did not detect an optical emission in vacuum. This means that op-
tical photons were not emitted at all in the process of relaxation of The dielectric?*ThO, is a more suitable chemical com-
the Th atomic shell after th&*U « decay in this experimen®]. pound for a first experiment. This follows from the results of
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Th-229 conversion coefficients for the transition energy 29.19 keV:
ap1=158, ag,=4683. The reduced transition probability of
- the intrabandV 1 transition between 5/229.19 keV) and
N M 3/27(3.5 eV) levels By [M1;5/2°(29.19 keV)
B —3/2%(3.5 eV)]=0.027 was calculated with a valygg
N, T ———— 178 —gg|=0.58[26], wheregg andgy are rotational and intrin-
AN sic gyromagnetic ratios, correspondingly. We estimated the
reduced transition probabilityB,, ,[E2;5/2"(29.19 keV)
. AN —3/27(3.5 eV)]=280 using for the intrinsic quadrupole
M 24 moment Q,, the value 8.81€ b [25], measured for the
st N 2919 ground-state rotational band. As a result, we obtained for
NP B[5/2*(29.19 keV)—3/2*(3.5 eV)]=0.8.[Our estimation
SR AN~ p~08 of the 5/27(29.19 keV) level half-life is~0.1 ns]
N As an example we evaluate a humber of the excited nuclei
512" 00 32 —— 0.0035 229Th™(3/2%,3.5 eV) for the case of synchrotron radiation
5/2[633] 3/2(631] of the Advanced Photon Sour¢aPS) at Argonne National
Laboratory. The APS has the following key parameters: the
FIG. 3. Excitation of the**Th™(3/2",3.5+1.0 eV) level by  haam current = 100—300 mA, the beam ener@y=7 GeV,
Synchrotron  Radiation (S_R) via the intermediate Iev_el the critical energywe=32.6 keV[27]. It is easy to estimate
5_/2*(29.19 keV)_. Dashed lines are thél andE2 nuclear transi- a spectral flux of photons with energy=29.19 keV in the
tions measured in Ref25]. photon energy intervah w=1"2%=5.6x10"° eV in 1 mrad
of horizontal angle by the formul28]

92" ——— 97.13

Sec. Il. Radiative decay of the 3/23.5+-1.0 eV) level is

shown in Fig. 1a). This process occurs in the thorium diox- N(w)(photons/s mrad
ide with emission of a nuclear optical photon, and gives us
the possibility to measure a wave length of the nuclear tran-
sition.

For the optical measurements one should first excite a
large number of the isomeric nuclef?Th™(3/2",3.5  where 7(w/wc) is a universal synchrotron radiation spec-
+1.0 eV). And second, the excitation method should notrum. The functionN(w) in formula (4) is integrated over
break the dielectric structure of th&°ThO, sample(i.e.,  the vertical angle.
should not create luminescence centers, for examgae For the 10ug 2?°ThO, sample(the number of thorium
can achieve this by using synchrotron radiatisee Fig. 3. nuclei isNy,=2.3x 10'%) placed at a distance of 15 m from
The isomeric level 3/2(3.5+1.0 eV) can be excited via the a synchrotron radiation source at the platex0085 cnf, the
intermediate  nuclear levels 5/229.19 keV) and excitation rate of the 2°Th™(3/27,3.5+1.0 eV) s
7/27(71.78 keV) by monochromatic 29.19 keV and 71.78 ~10° nucleix s *. This means that the optical activity of the
keV synchrotron radiation, correspondingly. sample will be~10° s ! after the~1 h irradiation. As the

The low-energy levels of a ground-state rotational banctalculation shows, excitation of the??Th™(3/2",3.5
K"[NnzA]=5/2"[633] and the 3/2[631] band in ?°Th  +1.0 eV) via the level 7/2(71.78 keV) by synchrotron
are displayed in Fig. 3. The interbamdl 9/27(97.13keV) radiation is possible too, but it gives an excitation rate
—7/27(71.78 keV) transition, andE2 9/2°(97.13 keV)  smaller by an order of magnitude approximately.
—5/27(29.19 keV) transition have been measurib]. Excitation of the 3/2(3.5+1.0 eV) level by monochro-
Their reduced transition probabilities are matic 29.19 keV synchrotron radiation via the
Bw.u[M1;9/2" (97.13 keV)— 7/2"(71.78 keV)] = 0.018,  5/2"(29.19 keV) intermediate level enable us to avoid ex-
Bw.u[E2;9/2"(97.13 keV)-5/2"(29.19 keV)=5. The citation of molecular levels, and excitation of luminescence
Coriolis interaction of rotational bands 5/@633] and centers inside the solid sample. Monochromatic 29.19 keV
3/27[631] is relatively small in the®?°Th [25,26], and one  synchrotron radiation does not damage much the dielectric
can use the Alaga pure rotation relations for the calculatiorstructure of??°ThO, sample. For example, the optical activ-
of M1 andE2 reduced transition probabilities between theity ~10° s~* of the 22°ThO, sample can be obtained under
levels of these bands. the same conditions after irradiation by a 10-mA electron

The radiative widths for excitation of the level beam with 30—40 keV energy electrons. However, electrons
5/2°(29.19 keV) from the ground state are can destroy the dielectric structure of the sample. They can
' M1;5/2"(0.0)—5/2"(29.19 keV)=5.6x10"° eV, create a lot of luminescence centers, and so on. That is why
' E2;5/2"(0.0)—5/2"(29.19 keV)=0.92<10 ' eV.  a synchrotron radiation seems to be a more applicable instru-
These values were obtained with reduced transition probment for such an experiment.
abilities By, ,[M1;5/2"(0.0)—5/27(29.19 keV)=0.011, The optical activity~10®> s ! is enough for measure-
Bw.u[E2;5/2"(0.0)—5/27(29.19 keV)=6.5. ment of the wave length of the low-energy 3(3.5

For estimation of the branching ratio +1.0 eV)—5/2"(0.0) nuclear isomeric transition. After
B[5/27(29.19 keV)—3/2(3.5 eV)], we calculated the this one can use a tunable laser for photoexcitation of the

Aw
=2.46x 10"% (mA)E(GeV) n(w/wc)j, (4)
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3/2"(3.5:1.0 eV) level from the ground state in thorium \§ (=2.8x10 ' s™') obey the relation Z\{/\; <4.

S

dioxide ??°ThO,. The radiative width of this nuclear transi- The a spectrum emitted by thé?°Th nuclei will change, if

tion is I'"™*{5/27(0.0)—3/27 (3.5 eV)]~10"*° eV accord-

the isomeric nuclef?’Th™(3/2",3.5+ 1.0 eV) are present in

ing to the results of Sec. Il. The resonance cross section cahe sample. The 4.930 MeV line is absent practically indhe

be evaluated from the formula

x_ﬁ,rfa0[5/2+(o.0)—>3/2+(3.5 eVv)]

U f—g
s 2w Aw|

whereAy=2m/wy, Aw_ is the laser line width. The cross
section isoes~ 10 2° cn? for a typical tunable laser beam
with the ratio Aw, /w ~10"° in the rangew =wy=3.5

spectrum of the??°Th (the intensity of this line is 1.6
X 103 per & decay of the?*Th ground stat¢29]). Under
laser radiation this 4.930 Me¥ line will appear. This effect
can be detected by measuring taespectrum, or by measur-
ing the intensity of somey rays. The population of the
3/27(149.96 keV) level in the daughter nucléf™Ra in-
creases as a consequence of the ditectecay of the iso-
meric  nuclei  ?*°Th™(3/2",3.5+1.0 eV) to the

+1.0 eV[4]. The number of isomeric nuclei excited per unit 3/>+(149.96 keV) state in thé?Ra. The intensities of the

time is given by

-/\[tw NhoreshL (5

v rays from this state will increase. The energies of these
rays are 94.73 keV, 107.108 keV, 124.55 keV, and 150.04
keV [29]. Without such evidence, one cannot be fully con-

where ¢, is the flux density of the laser photons. One canvinced that the 3/2(3.5+1.0 eV) level is being detected.

excite~ 10'° isomeric nuclei??*Th™(3/2",3.5+ 1.0 eV) per

second by a 1-W power laser in the thorium dioxide sample
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