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We estimate the range of the radiative lifetime and energy of the anomalous, low-energy 3/27(7.8 & 0.5 eV)
state in the 2 Th nucleus. Our phenomenological calculations are based on the available experimental data for the
intensities of M1 and E2 transitions between excited levels of the 2 Th nucleus in the K™ [Nn;A] = 5/21[633]
and 3/27[631] rotational bands. We also discuss the influence of certain branching coefficients, which affect
the currently accepted measured energy of the isomeric state. From this work, we establish a favored region,
0.66 x 10°s eV /w® < 7 < 2.2 x 10°% eV?/w’, where the transition lifetime 7 as a function of transition energy
o should lie at roughly the 95% confidence level. Together with the result of Beck et al. [LLNL-PROC-415170
(2009)], we establish a favored area where transition lifetime and energy should lie at roughly the 90% confidence
level. We also suggest new nuclear physics measurements, which would significantly reduce the ambiguity in the

present data.
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I. INTRODUCTION

The low-energy isomeric state in the ?*Th nucleus is
currently a subject of intense experimental and theoretical
research (see a short review of the literature in [1,2] and
references below). This state is expected to provide access to
a number of interesting physical effects, including the decay
of the nuclear isomeric level via the electronic bridge mech-
anism in certain chemical environments [3-5], cooperative
spontaneous emission [6] in a system of excited nuclei, the
MoBbauer effect in the optical range [7], sensitive tests of
the variation of the fine structure constant [8], and the strong
interaction parameter [9—12], a check of the exponentiality of
the decay law of an isolated metastable state at long times
[13], and accelerated o decay of the 2 Th nuclei via the low
energy isomeric state [14]. In addition, two applications that
may have a significant technological impact were proposed: a
new metrological standard for time [15] or the “nuclear clock”
[16—-19], and a nuclear laser (or y ray laser) in the optical range
[71.

The ground state of the 22Th nucleus, JTE =5 /27(0.0),
is the ground level of the rotational band K*[NnzA] =
5/2%[633]. Currently, there is little doubt in the existence of
the low-energy isomeric level J* E = 3/2%(E;,), which is the
lowest level of the rotational band K™ [NnzA] = 3/21[631].
The existence of the other levels of this band is reliably
experimentally validated [1]. In addition, an independent
corroboration of the existence of a low-lying state has
been achieved experimentally in the reaction >**Th(d,¢)***Th
[20]. This experiment provides strong evidence that the
K™[NnzA] =3/2"7[631] band head is located very close
to the ground state, and, in fact, all available experimental
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data from these indirect measurements of the /" K[NnzA] =
3/2%3/2[631] isomeric state energy indicate that E;; < 10eV
[21-24].

Unfortunately, the energy resolution of such experiments
does not provide the accuracy required for direct opti-
cal spectroscopy of the nuclear isomeric M1 transition
5/2%5/2[633](0.0) <> 3/2%3/2[631](E;,), which is clearly a
prerequisite for the aforementioned studies. Therefore, new
approaches to determine the isomeric energy are required.

Some parameters of the transition and the nuclear states
can be derived from atomic measurements: (a) the atomic
transition frequencies are different for the nuclear ground
and isomeric states (the isomeric shift), (b) the hyperfine
interaction constants are sensitive to the magnetic-dipole
and electric-quadrupole moments of the nuclear states. In
particular, one can use such data for the study of potential
changes in the fine-structure constant [8]. In addition the
hyperfine interaction, which mixes the fine structure states of
the ground and low-energy isomeric levels in the 22*Th** ions,
can be used under certain conditions for indirect determination
of the energy of the nuclear isomer 3/2%3/2[631] [25].

However, various kinds of traditional nuclear measure-
ments were used up to now to detect the nuclear isomeric
M1 transition 3/27(E;;) — 5/2%(0.0). While there are some
ongoing attempts to better measure the isomeric transition
energy (see for example [26]), directly driving the nuclear
transition inside an insulator with a large band gap (i.e., a
crystal), first proposed in the works [27,28], or in sample of
trapped ions [29-31] appear to be the most promising routes
forward in the short term.

In the crystal approach, aband gap greater than E; results in
the absence of the conversion decay channel of the low energy
isomeric state. Thus, the uncertainty in the decay probability,
which is associated with electronic conversion, disappears.
In Refs. [17,32,33] the requirements and characteristics of
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the requisite crystals were made rigorous, showing that
229Th:LiCaAlFg and > Th:LiSrAlF, were likely good choices;
other efforts focus on CaF, [34,35], or ThF; and Na, ThFg [36].
Several experiments using this solid-state approach have been
carried out in recent years [2,26,37], though as described in
Sec. III, care must be taken to interpret the results of these
experiments.

Experiments using trapped Th*™ [31,38] or Th**
[25,30,39,40] ions aim at exploiting the electronic bridge
process [3—5], which can dominate the direct radiative decay
of the isomeric transition. Using the electronic bridge process
and exciting the isomeric transition in a multiphoton nucleon-
electron simultaneous transition has the potential advantage
of obviating the use of a vacuum ultraviolet laser system,
at the expense of a modest increase in system complexity.
Experiments have advanced rapidly in recent years and it is
expected that with recent high-resolution electronic spectra
[38—41], electronic bridge excitation rates can be better
calculated in the near future.

In any experiment searching for the nuclear energy level,
two key parameters in the preparation of the experiment
are the isomeric state lifetime and energy. Therefore, the
aim of this article is to provide a critical assessment and
estimation of these parameters to aid these experiments. In
Sec. II of this paper, we analyze the experimental data on
the nuclear matrix elements of transitions between states
belonging to rotational bands K™ [NnzA] = 5/2%[633] and
3/2*%[631] both in ?*°Th only and in comparable nuclei. In
Sec. 111, we estimate the radiative lifetime of the isomeric state
using available experimental data for the transition rates of the
interband M1 and E2 y transitions between excited levels of
the 2*Th nucleus. In Sec. IV we consider the importance of
the conversion decay channel, showing that these processes
will dominate the isomer radiative decay in cases where
they are possible and, therefore, must be avoided. In Sec. V,
we analyze the possible range of branching coefficients. We
show how this range affects the determination of the isomeric
energy in the experiments of Refs. [23,42], which provide
the currently accepted isomeric transition energy range. In
Sec. VI, we briefly discuss the results of this work and present
a “favored region”, which we recommend the community
adopt in order to direct future searches. We conclude in
Sec. VII with a summary of these results and point out new
nuclear physics measurements that should be performed to
considerably reduce the uncertainty in the present data.

In the present work, we use (if not noted otherwise) the
following system of units: 7 = ¢ = 1.

II. MATRIX ELEMENT OF THE ISOMERIC TRANSITION

Together with the energy of the isomeric level, the magni-
tude of the nuclear transition matrix element determines the
half-life T, or the radiative lifetime 7 [t = Ty/2/ In(2)] of the
isomeric state. Currently, there are two possibilities for phe-
nomenological estimation of the reduced probability for the
isomeric transition, B(M1;3/2%3/2[631] — 5/2%5/2[633]).
The first possibility is to use parameters of the similar
311.9 keV transition in the spectrum of the 2*U nucleus.
The second is to take advantage of the available experimental

PHYSICAL REVIEW C 92, 054324 (2015)

data for the M1 transitions between the rotational bands
K™[NnzA]=5/2%[633] and 3/2*[631] in the excitation
spectrum of the > Th nucleus.

The first method can be motivated, because transitions
3/2%3/2[631] — 5/2%75/2[633] at 311.9 keV in the *3U
nucleus and 7.8 eV in the ?*Th nucleus look identical in
terms of the rotational model and, in that context, should
have the same reduced transition probabilities. (In this and
the following section, we will use the updated value of
Ref. [42] for the 2**Th isomeric energy, E;; =7.8+0.5¢eV;
see Sec. V for further discussion of the isomeric state energy.)
The reduced probability of the transition in the >*U nucleus
is known to be Bw.,(M1;3/273/2[631](311.9 keV) —
5/2%5/2[633](0.0)) = (0.33 £ 0.05) x 1072 [43]. Here,
Byw . denotes a reduced probability in Weisskopf units [44]
(see Appendix A for details):

BM1;J; — Jy)

Bwo(M1:J; — J;) =
Wl = BOW: M1)

, ey

where B(W; M1) = (45/ 871)/1%\, is the reduced probability of
the nuclear M1 transition in the Weisskopf model and pp is
the nuclear magneton.

Nonetheless, the 23U and 22°Th nuclei are different and
those differences could be crucial, which becomes evident
when comparing to other nuclei with similar level structure.
For example, a 3/273/2[631] — 5/2%75/2[633] transition
with an energy of 221.4 keV also exists in the 23! Th nucleus
[45]. The half-life of the 3/2%73/2[631] (221.4 keV) state in
21Th is less than 74 ps and only one y transition, namely, the
transition to the ground state has been observed experimentally
from this level, with an internal conversion coefficient of
1.96 [45]. This is not surprising since according to the level
scheme [45], the quantum numbers of states lying between the
3/2%3/2[631] (221.4 keV) level and the ground state are such
that the intensity of other possible transitions must be orders
of magnitude smaller than the 3/2%3/2[631](221.4 keV) —
5/2%5/2[633](0.0) transition. Therefore, the transition di-
rectly to the ground state should give the dominant con-
tribution to the decay of the level in the 21Th nucleus,
and the other decay channels cannot significantly change
the lifetime of the level. Using the data from Ref. [45]
the reduced probability of this transition in the ?*!Th nu-
cleus is estimated as Bw., (M1;3/273/2[631](221.4 keV) —
5/2%5/2[633](0.0)) > 0.93 x 10~2. This value is at least three
times larger than would have been expected estimating it
from the similar transition in 3*U. Accordingly, interpolation
from the 233U nucleus to the ?*Th nucleus could lead to
similar results. In addition, it is not obvious that measurements
of the nuclear lifetimes, y-ray intensities, the probabilities
of electronic conversion, and other characteristics of this
transition in the 23*U nucleus are more accurate than for the
2Th nucleus, where measurement errors, as we shall see
below, are significant.

For these reasons, we prefer to use the second approach
to determine an estimate of B(M1;3/273/2[631](7.8 eV) —
5/2%5/2[633](0.0)), which relies on available experimental
data for the reduced probability of the M 1 transitions between
the rotational bands K™ [NnzA] = 5/2%[633] and 3/27[631]
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TABLE 1. Calculated reduced probabilities By, [M1;3/2"
(7.8eV) — 5/2%(0.0)] in ***Th based on B(M1;9/2%5/2[633]
(97.14 keV) — 7/2%73/2[631](71.83 ke V)] from given references.
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FIG. 1. (Color online) The experimental values for the reduced
probability of the nuclear (a) 9/2%(97.14 keV) — 7/2%(71.83 keV),
and (b) 9/2%(97.14 keV) — 5/27(29.19 keV) transitions. The rele-
vant level scheme of the **Th nucleus is shown in (c). Data for the
transitions were taken from: 1 [47], 2 [48], 3 [49], and 4 [50].

in the 2 Th nucleus and the Alaga rules. Such a calculation
assumes that the adiabatic condition is fulfilled (see [46] for a
detailed analysis of the use of the adiabatic condition). Here,
we do not consider the effects of nonadiabaticity because of
the relatively large uncertainties and disagreements of the
experimental data (see Fig. 1). Further, the well-expressed
rotational structure of the bands in the *Th nucleus and a
number of other factors [46] allow us to neglect the Coriolis
interaction for a preliminary estimation of the reduced proba-
bility of the isomeric transition from the experimental data for
the 9/2%5/2(633]1(97.14 keV) — 7/2%3/2[631](71.83 keV)
transition in the 22°Th nucleus. In this limit, we can, however,
provide an estimate of the effect of the Coriolis interaction,
which is quite small, on the matrix element [46].

Experimental data for B(M1;9/2%5/2[633](97.14keV)
— 7/2%3/2[631](71.83keV)) are, to our knowledge, avail-
able from four separate experiments [47-50]. As can be
seen in Fig. 1, the reported values for the M1 transition
show considerable spread. For comparison, in the case of
the E?2 transition, there is consensus between three of the
measurements.

Using the Alaga rules, it is straightforward to obtain the
reduced probability of the isomeric nuclear transition in terms
of the measured M 1 reduced probability:

B(M1;3/2%(7.8eV) — 5/27(0.0))

= gB(M1;9/2+(97.14 keV) — 7/27(71.83 keV)).
The results of this calculation are shown in Table I for
each measured value of B(M1;9/2%5/2[633](97.14 keV) —
7/2%73/2[631](71.83 keV)) from Fig. 1(a).

Interestingly, the data of [49] affords another means to
obtain Bw,[M1;3/2%(7.8eV) — 5/27(0.0)]. In that work,
the relative intensities of the transitions from the level
9/2%3/2[631](125.44 keV) were also measured to states
9/2%(97.14 keV) and 7/2%(42.44 keV) of the 5/2%[633]
rotational band. This allows us to calculate the reduced proba-
bilities B(M1;9/2%3/2[631](125.44 keV) — 9/2%5/2[633]
(97.14 keV)) = (0.56+0.25) x IO‘Z;L?V and B(M1;9/2%3/2
[631](125.44 keV) — 7/2%5/2[633](42.44 keV)) = (0.9 +

By (107%) based on
3.83+0.72 Ref. [47]
1.42 £0.30 Ref. [48]
2.41 4+ 0.29 Ref. [49]
4.55+0.48 Ref. [50]

0.4) x 107313 in the frame of the rotational model. Us-
ing the Alaga rules, we can then calculate the reduced
probability of the M1(7.8 eV) isomeric transition. Both of
the reduced probabilities give practically the same value
Bw.,[M1;3/2%(7.8 eV) — 5/27(0.0)] = (0.74 £ 0.33) x
102, This result is shown in Table II along with the reduced
probabilities of similar transitions in 23U at 311.9 keV and
B1Th at 221.4 ke V.

Thus, these estimates lead to a significant, more than
an order of magnitude, range in the values for the reduced
probability of the isomeric transition of the **Th nucleus.
Howeyver, if, for the aforementioned reasons, we restrict the
estimate to those values calculated from the 9/2%5/2[633]
(97.14 keV) — 7/2%3/2[631](71.83keV) transitions the
spread in mean values is within a factor of 3.

III. RADIATIVE LIFETIME OF THE ISOMERIC LEVEL

Currently, the generally accepted value for the energy of the
isomeric state 3/273/2[631] is 7.8 & 0.5 eV [23,42]. Since
the energy of the isomeric level exceeds, for example, the
ionization potential of the isolated thorium atom, 6.08 eV,
the radiative lifetime of the >Th isomeric state is highly
dependent on the chemical environment and electronic con-
version is the dominant decay channel [3]. It is very difficult
to directly observe the transition in such environments, as
both the excitation radiation is absorbed by the electrons and
the energy of any conversion electron is very small (only a
few electron volts), making it difficult to detect. Similarly, it is
difficult to predict the lifetime of the isomeric state for thorium
ions in the Th"", m < 4 charge state. Here, for example, the
process of decay via the electronic bridge [3—5] can dominate,
which cannot be calculated without precise knowledge of the
nuclear transition energy and the wave functions of the valence
electrons.

TABLE 1II. Reduced probabilities Bw., (M1;3/273/2[631] —
5/2+5/2[633]) for other nuclei or, for the case of >**Th, calculated
from reduced probabilities of other transitions (see text).

Bw. (1072) nucleus from/based on
0.33 +0.05 23y Ref. [43]
>0.93 21Th Ref. [45]
0.74 £0.33 229Th Ref. [49]
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In the following, we only estimate the radiative half-
life of the thorium isomeric state in the absence of any
chemical effects based on the reduced probabilities discussed
in Sec. II. As discussed previously, we prefer the four reduced
probabilities calculated from the four measurements for the
M19/275/2[633](97.14keV) — 7/2%3/2[631](72.83 keV)
transition in *°Th (see Table I), which appears most de-
fensible, as this technique has shown to be accurate to
within experimental error in cases where data exists [46].
Radiative half-lives based on the reduced probabilities from
other transitions in 2>Th or the similar transition in **U are
only given for completeness (see Table II). These results are
directly applicable to trapped Th™* ions with m > 4 and, with
a minor modification, to Th in a large band gap crystal. The
modification in the latter case is due to the polarization of the
dielectric medium and leads to a reduction of the half-life by
a factor of 1/ n3 [27,51], where n denotes the refractive index.
The calculated half-lives can further be used in the trapped
ion approach with m < 4 to calculate, e.g., the electron bridge
process once the electronic spectra of the ions are known.

The results are shown in Fig. 2, first row, for v = 7.8 eV.
The range of half-lives including one standard deviation in both
the reduced probabilities and the currently accepted transition
energy is given in the second row. The calculations for the case
of a large band gap crystal with a typical refractive index n ~
1.5 is shown in the third row. Lastly, the additional inclusion of
the Coriolis interaction leads to only a small correction (fourth
row).

Using these results, we construct a favored region for the
radiative half-life as a function of transition energy based

wtAw =7.8x0.5eV
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FIG. 2. (Color online) The range of possible radiative linewidths
I'raq (upper scale) and half-lives T;,, (lower scale) of the isomeric
state 3/2+3/2[631](7.8 & 0.5eV) in the >*Th nucleus. Calculations
are based on values for By, (M1;3/273/2[631] — 5/275/2[633])
from Table I (calculated from: 1 [47], 2 [48], 3 [49], 4 [50]) and, for
completeness, Table II (5 [43]; 6 [49]). The refractive index n ~ 1.5
increases the probability of the M1 transition by a factor n* (third

row). The Coriolis interaction can lead to a slight increase of the
linewidth by a factor of 1.2-1.3 [13] (fourth row).
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only on the values for the reduced probabilities from Table I
(see also Fig. 5 in Sec. VI). The center of this favored
region is defined by the weighted average of the reduced
probabilities. The bounds of the favored region are constructed
as 1.96 standard deviations around the center of the favored
region, which corresponds to roughly a 95% confidence level,
however, considering that the individual reduced transition
probabilities are not consistent within their errors, we increase
the standard deviation by the Birge ratio of 3.4 [52]:

0.46 x 10°s eV?/w® < Tijp < 1.5 x 10%s eV? /0.

Here, we did not include a crystal environment, as the inclusion
of the refractive index n is straightforward. However, the small
correction due to Coriolis interaction is included leading to an
increase of the linewidth of the transition by a factor of 1.2—1.3
[46]. (These bounds are similar to those of Ref. [2], but we
consider them more accurate as they include, e.g., the Birge
ratio.)

Alternatively, a more conservative region can be con-
structed which is bound by the extreme values of the individual
radiative lifetimes deduced from Table I £1.96 standard
deviations (see Fig. 5). Its functional form is given as (again
including correction due to Coriolis interaction, but without
crystal environment)

0.31 x 10% eV?/w® < Ty < 2.1 x 10% eV? /o,

IV. IMPORTANCE OF THE ELECTRONIC CONVERSION
DECAY CHANNEL

As mentioned in Sec. III, the chemical environment can
significantly affect the half-life of the isomeric state [3]. It most
likely explains why, given the currently accepted value for the
isomeric transition energy, that many previous experiments
performed in powders, solids, and solutions produced null
results [53-57]; similarly, non-VUYV sensitive measurements
could have been affected by internal conversion [58,59]. The
internal conversion process could also have strong implications
for the experiments reported in Refs. [26] and [37]. Though
crystalline material is used as host in these experiments, the
charge state of the thorium atom is not known, since the
thorium atoms are either implanted into [26] or chemically
adsorbed onto the surface of [37] the crystal. Therefore, it
is likely that some, if not all, of the thorium atoms are
in a local chemical environment that experiences electronic
conversion. As we will see in the following, it is unlikely
the isomeric transition can be detected in such a system, if
internal conversion is present. Thus, as aptly pointed out in
Ref. [37], any conclusions drawn from experiments of this type
should be considered preliminary until the thorium chemical
environment is known.

If the energy of the isomeric level 3/273/2[631] in the
229Th exceeds the binding energy of electrons in the local
chemical environment, the main channel of decay is electronic
conversion [3]. Therefore, the lifetime of the isomeric state
can be significantly reduced compared to the radiative lifetime
only. In the following, we consider electronic conversion of
the isomeric state in the neutral Th atom as an example to give
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FIG. 3. (Color online) The ranges of possible conversion widths
(upper scale) and lifetimes (lower scale) of the isomeric nuclear state
in a neutral isolated Th atom. The designations are identical with
designations in Fig. 2.

a rough estimate of the lifetime for the 2>Th isomeric state in
such a chemical environment.

Electronic M1 and E2 conversion from the valence 6d
and 7s shells of the thorium atom is possible for the nuclear
isomeric transition. The ratio of radiation widths of the E2 and
M1 transitions with energy of 7.8 eV in the > Th nucleus is
Faa(W3 E2)/ Tiag(W; M 1) =~ 10~"3 in the Weisskopf model,
i.e., when the nuclear reduced probabilities are By, (M1) =
1 and Bw,.(E2) = 1. Therefore, we can neglect the E2
contribution to the radiation width of the level for true
values in the ranges Bw ., [M1;3/2%(7.8eV) — 5/27(0.0)] ~
107'-1073 and Bw.,[E2;3/2*(7.8eV) — 5/2+(0.0)] ~ 1-
10, respectively. As for the conversion decay channel,
our calculations for the thorium atom give the relation
Ceonv(W; E2)/ Teony(W; M1) >~ 10~% in the Weisskopf model.
Accordingly, for the true range of values for the reduced
probabilities we find Teony(E2)/ Teon(M1) < 1073 for a
transition with energy of 7.8 eV in the Th nucleus. Thus,
we neglect the contribution of electronic E2 conversion to the
isomeric state conversion lifetime.

The calculation of the probability I'cony Was performed
using code developed in [60] on the basis of known code in
[61], and then advanced in [3]. The calculated electronic M1
conversion probability for the energy range 7.3 eV-8.3 eV,
using the reduced probabilities from Tables I and II, are
presented in Fig. 3. Taking into account the uncertainties on the
magnitude of the nuclear matrix element of the transition, the
characteristic lifetime of the isomer in an atom is ~10 us. As a
result, electronic conversion completely quenches the isomeric
state nonradiatively. Thus, experiments looking for the emitted
photons as a signal of the isomeric transition must ensure that
the local chemical environment of the thorium atom does not
support electronic conversion.

However, this is only one side of the issue. The M | isomeric
transition like the other M1 transitions between states of
the bands K*[NnzA] = 5/27[633] and 3/27[631], is first-
order forbidden by the asymptotic quantum numbers of the
Nilsson model [62]. Indeed, we are considering M 1 transitions
where AK =1, AN =0, Anz =0, and AA = 2, while the
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selection rules for the M1 transition allow the following
change for the asymptotic quantum numbers for the case
AK =1: AN, =0,£2, Anz, =0,£1, and AA, =0,%£1
[62] (the index a means “allowed”). Thus, the interband
M1 transitions K™ [NnzA]=5/2"[633] < 3/21[631] are
weakly forbidden transitions by the number A. Phenomenol-
ogy shows that the intensity of such M1 interband transitions
are weakened by a factor 1072, where n = |AN, — AN| +
|Anz, — Angz| + |AA, — AA| for K-allowed transitions. In
our case n = 1 and we can expect that such transitions have
reduzced probabilities Bw.,.(M1;5/27[633] <> 3/27[631]) =~
107=.

The so-called anomalous internal conversion or the dy-
namic nuclear volume effect in internal conversion [63] is
possible in transitions forbidden by the asymptotic selection
rules. Its essence is as follows. Amplitudes of the electron
wave functions for the msy» (m =1,2,3...) and Ip;» (I =
2,3,4...) (or K, Ly 1, My yy,...) shells inside the nucleus
differ from zero: |V, ,,.1p,,,(0)| > 0. In internal conversion
via these shells, the electron current effectively penetrates into
the nucleus, and an “intranuclear” internal conversion becomes
possible. The new phenomenon arises if the coordinates of the
electron current j.(r) and nuclear one Jy(R) satisfy the con-
ditionr < R < Ry (where Ry is a nuclear radius). In this case,
the intranuclear matrix element is changed. The new nuclear
matrix element is not forbidden by the asymptotic quantum
numbers [64], and the intranuclear anomalous conversion
becomes possible. Usually, intranuclear electron conversion
is very small and amounts to (Rp /ag)?, where ap is the Bohr
radius, as compared with the usual internal conversion that
is gained in the atomic shell outside the nucleus. But, in the
case where the normal nuclear matrix element is forbidden
by the asymptotic quantum numbers of the Nilsson model
and anomalous intranuclear matrix element is allowed by the
asymptotic quantum numbers, the smallness introduced by the
function (R, /a3)3 is compensated since the factor 1072 is
absent for the anomaly, and anomalous internal conversion
becomes observable.

In this sense, significant difference in the internal conver-
sion coefficients with the M shell for the M1(29.19 keV)
transitions in the ?°Th nucleus, if they really exists, may
indicate a strong anomaly. As aforementioned, the interband
transition provides less than 10% of the total intensity of the
29.19 keV transitions. If this transition provides the observed
difference in the internal conversion coefficients, the anomaly
probably exists. And in this case, it will manifest itself in the
conversion decay of the isomeric state 3/2% (7.8 eV), because
the 751, shell is involved to the process. The amplitudes of
course obey the condition V75, ,(0) K Y25, , 35,,,(0). However,
the factor (A;;/ag)?, where A;; = 21/ Ejq, is included in the
formula for the probability of the dynamic effect of penetration
[65], compensates the smallness of the amplitude of the 7sy,»
wave function inside the nucleus. Thus, if the dynamic effect
of penetration really exists in the M1 interband transitions, it
can also have an impact on the range of the lifetimes of the
3/2%(7.8 eV) isomer in the conversion decay.

Currently, we can only speculate of the possibility of
anomalous internal conversion, since the accuracy of the
measurements [48] were not sufficient. Therefore, it would
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be extremely useful if precise measurements of the internal
conversion coefficients for interband magnetic dipole tran-
sitions between the bands K*[NnzA] = 5/2%[633] and
3/2%[631] especially at the K and L atomic shells were
performed.

V. ENERGY OF THE NUCLEAR ISOMERIC LEVEL

The isomeric transition energy is equally as important as the
isomeric transition radiative lifetime to current experiments.
There have been several attempts [21,22,66] to infer the
isomeric transition energy from indirect measurements of y-
ray transitions in the 2?*Th nucleus. Though the recommended
value for the isomeric transition energy has changed consid-
erably over the last 40 years, the consensus in the field is to
accept the value put forward in Ref. [42] of E;; = 7.8 £ 0.5¢€V,
which updates a previous measurement by the same group
[23] of E;; =7.6£0.5 eV. In the following, we detail the
dependence of this value on the assumed branching ratios of
interband E?2 transitions in the >*Th nucleus. We find there is
considerable spread in the available experimental data, which
could have significant affect on the interpretation of the data
of Ref. [23].

In Beck et al.’s original publication [23], y-ray energies of
four transitions consisting of a doublet at 29 keV and a doublet
at 42 keV, respectively, were measured with a state-of-the-art
microcalorimeter (see Fig. 4, solid arrows). In their analysis,
they made use of the relation E;; = AE,9 — AEy,, where
AE> and AE4 are the differences between the transition
energies in the corresponding doublets, which reduces the
dependency of the measurement on the absolute calibration
of the detector. The authors accounted for an admixture of the
low-intensity 5/2%73/2[631](29 keV) — 5/2%5/2(633](0.0)
transition (see Fig. 4, green dashed arrow) to their measured
signal of the transition, which could not be resolved due to the
energy resolution of the detector (26 eV). This admixture lead
to a correction of AEy — AE4 = 7.0 £ 0.5 eV to the value
of the isomeric transition of E;; = 7.6 & 0.5 eV [23]. Later,
the authors included another unresolved weak interband tran-
sition, 7/2%5/2[633](42.435keV) — 3/2%3/2[631](7.8eV)
(see Fig. 4, blue dashed arrow), in their analysis, which shifted
the isomeric transition energy to the currently accepted value
of E;s =7.8£0.5¢eV [42].

712 — 71.826
29391~ pE -
N 42.633
7/2"— 42.435 (42.427)
by sl 29.193
42.435 T
(29.193) > P29 |29.185
sp———%90 32" —0.0078
5/2[633] 3/2[631]

FIG. 4. (Color online) Relevant part of the level scheme of >*Th
with transitions and branching ratios b*, b,9, and b4, used in the works
[23,42] to determine the energy of the isomeric level. Energies of the
levels and transitions are given in keV.
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Specifically, the authors showed that the value of the
isomeric transition energy is shifted due to the unresolved
transitions by [42]

AEy — AE
Ey=—2——"2 ©))
1 — by — by
where the branching ratio byg is given as [23]
[19(29.193 keV)
by = [tot tot ’ &)
21(29.193keV) + ' 24(29.185 keV)
and the branching ratio by, is given as [42]
[ (42.427 keV)
by 4)

T T9(42.427keV) + 942435 keV)

In order to determine by, the authors of Ref. [23] conducted
additional measurements of the branching ratio
*

. I'°(29.391 keV) 1
T T9(29.391 keV) 4+ % (42.633keV) 37

&)

with a quoted measurement accuracy of 8%. [Here, I'ioy =
ag(M1) + T'q(E2) and the designations of the transition
energies correspond to those in Fig. 4.] Using the Alaga
rules (see Appendix B) the authors obtained by9 ~ 1/13. This
led to the aforementioned increase of the energy of isomeric
transition by 0.6 eV in accordance with the Eq. (2). In Ref. [42],
the authors performed an estimation of the value of the b4
coefficient, which is several times smaller (seen in Table III)
than byg, leading to a smaller shift of 0.2 eV and the currently
accepted value of E;;, = 7.8 £0.5eV.

Interestingly, the same branching ratios can be obtained
from the experimental data [47-50] for parameters of interband
[see in Fig. 1(a) and (b)] and in-band transitions in the
rotational bands 5/2%[633] and 3/27[631] in the **°Th
nucleus. The corresponding results are given in Table III,
where the probabilities of the in-band transitions were cal-
culated using the internal quadrupole moment Q,y and the
difference of the rotational and internal gyromagnetic ratio
gr and g, respectively (for the rotational band 5/2%[633]—
0 =7.1 eb, |gx — gr| = 0.176; for the rotational band
3/2%[631]—Q20 = 7.1 b, |gx — gr| = 0.56, see [49]).

From Table III, it is obvious that the branching ratios
calculated by the Alaga rules show considerable spread. This
fact is relatively unimportant for the coefficient by,, as the
relatively small value given in [42] is the largest of the available
in Table III. Thus, if, for example, by, = 1/439 the isomeric
transition energy would effectively shift back to the previous
result of E;; =7.6£0.5 eV [23]. The situation is more
dramatic for the coefficient byg. In the scenario byg =~ 1/3.1,
the energy of the isomer level would rise up to ~10.5 eV.

TABLE III. Branching ratios by9 and bs,. Results are based on
the data of the given references.

Ref.  [23]  [42] [47] [48] [49] [50]
bao 1/13 135 1/7.8  1/50  1/3.1
bi 150  1/324 17439 17214 1/123
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TABLE IV. Coefficients b* and b,y obtained from the data for the by9 = 1/5 £ 1/10 and the isomeric transition energy becomes

relative intensities of transitions in [49]. E;s =934+ 1.0 eV. Despite this disagreement, we cannot

reject the value of by9 = 1/13 found in Ref. [23], since
Decaying level 7/27(71.826 keV) 5/27(29.193keV)  p* is given directly from their experimental data and there
b 1/17.5 is no proof this experiment, which used a state-of-the-art
bao 1/6.4 1/3.9 microcalorimeter, is less reliable than the other measurements.

Finally, we have performed Monte Carlo simulations of the
Beck et al. experiments and if by9 = 1/3, an asymmetry in the
29 keV peak should be visible. Unfortunately, the size of this
asymmetry is smaller than be confirmed by simply viewing

The data from Ref. [49] allow for two additional estimates . . ;
of the coefficient ba. Specifically, Table VI of Ref. [49] Fhe presented date in Ref. [23]. .In this regard, it would be
presents the intensities of gamma transitions from the levels interesting to reanalyze the experimental data.
7/27(71.826 keV) and 5/2%(29.193 keV); some of these data
are experimental results, while others (namely, the relative VI. DEFINING A FAVORED AREA
intensities of the interband transitions) were calculated from AND CURRENT EXCLUSIONS
the strong coupling rotational model. The branching ratios
calculated from these data are presented in Table IV. In the
case of the data for decays from the 7/2%(71.826 keV) level,
we calculated the branching ratio by9 by the formula (B4) using
the coefficient b*.

These branching ratios are in rough agreement with those

As described in Sec. 111, the measurements of Refs. [47-50]
can be used to bound the isomeric level half-life. In this section
we will use the radiation lifetime instead of half-life, which
is traditionally used in atomic spectroscopy. The radiative
transition lifetime 7 is bounded by (roughly 95% confidence

calculated for Table ITI, but differ significantly from the  \©veD

measurement of Ref. [23]. The resolution of this tension 0.66 x 10%s eV?3 /a)3 <7<22% 10%s eV3 / 3.
between experiments is of the upmost importance. This can

be seen by, for example, taking by to be given by the In Fig. 5, the bound is plotted as a function of isomeric

statistical average of the values calculated here. In that case transition energy (blue dash-dotted lines). For completeness,

wavelength A (nm)

120 140 160 200 240 320 480 159
108 T T T T T T T 1078
Jeet (2015) N . o o =
107 L 4t = 41077
o Moore (2004) S
0 N =~
106 L Beck (2009) 1Lz g g 3 1106
—— favored region o 2 s £ =
= 10° | : 5 8 4107 &
= .\ C:é . F
i _
2 10* L P S T =
R - EE ey i s
Ao Lo T \ . —~ o~ =
£ 10° FT 0 _AEEEEE =S =3 8 1107%
R =t ; : ° ° ° ° 8 g S’
102 | : ; | [calculated based ~— ; 1102 -
- »78eV+20 on given Refs.; "5 &
b . =
10' | 4L 95 % CL !:‘3 ?n 4107t
10° I e I I I I 10°
10 9 8 7 6 5 4 3 7.8

transition energy w (eV)

FIG. 5. (Color online) Favored region and experimentally excluded regions for the nuclear isomeric transition as a function of transition
energy (wavelength) and radiative lifetime. (Left) The favored region (dash-dotted blue line; 95% confidence level; see text) and currently
accepted energy of the isomeric transition (dotted blue lines) according to Ref. [24] [label: Beck (2009); 2 standard deviations ~95% confidence
level] are recommended as primary region of interest for current searches (blue shaded area). Experimentally excluded areas according to
Ref. [67] (green shaded area between circles; label: Moore (2004); 99.7% confidence level; adopted from [67, Fig. 4]) and Ref. [2] [red shaded
area between solid red lines; label: Jeet (2015); 90% confidence level] exclude parts of the favored region. Also shown are the more conservative
bounds (outer dash-dotted yellow lines; see text). The point at 7.8 eV (blue circle) shows exemplarily the weighted average of the radiative
lifetimes from reduced transition probabilities in Table I with 1.96 standard deviations including a Birge ratio of 3.4. (Right) Radiative lifetimes
at 7.8 eV for individual values of the reduced transition probability with 1.96 standard deviations (corresponding to a 95% confidence level)
according to Table I (circles, blue; labels: Bemis (1988): [47]; Gulda (2002): [48]; Barci (2003): [49]; Ruchowska (2006): [50]) and Table II
(squares, red; labels: Barci* (2003): [49]; Singh (2005): [43]). (The latter are only shown for completeness and do not enter into the construction
of the favored region.)
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the energy ranges from 2.5 eV, which includes the now-rejected
value of the transition energy from Ref. [21] with one standard
deviation towards lower energies, up to 10.5 eV, which is
expected to be the largest possible value for the transition
energy based on Sec. V. Further, the energy range for the
currently accepted value of the transition energy of Ref. [42]
including two standard deviations is highlighted (see Fig. 5,
blue dotted lines). The intersection of these two bounds, each at
roughly the 95% confidence level, is marked as as blue shaded
area and gives the primary region of interest. The energy and
lifetime of the isomeric transition should be found at roughly
the 90% confidence level in this region.

It is very likely that this region is somewhat conservative
in its upper lifetime bound for two reasons. First, reduced
transition probabilities calculated from the Alaga rules are typ-
ically smaller than actual values when the spin of the nucleus
increases during the transition, as is the case here [68]. Second,
the measurements of the B(M1;9/2%5/2[633](97.14keV) —
7/2%73/2[631](71.83 keV)) reduced transition probability rely
on calculated values of the internal conversion coefficient, and
there is evidence [69] that these calculated internal conversion
coefficients may lead to an underestimate of the reduced
probabilities by a factor of ~2.

Also shown in Fig. 5, are the results from both an indirect
[67] and direct [2] search for the low energy isomeric transition
in the 22 Th nucleus; a similar measurement to [67] was also
performed by [70]. In Ref. [67], 2> Th produced in the o decay
of 233U, with an estimated 2% of the *?*Th populating the
isomeric state, is chemically isolated from the 2*U and any
resulting fluorescence monitored with a photomultiplier tube.
The initial photon count rate, based on a x-squared analysis
of binned photon counts, is then compared to what is expected
from the known starting amount of 233U which then sets limits
on the isomer lifetime. From these results, a 99.7% confidence
interval can be constructed that excludes the possibility of the
transition existing with a certain lifetime in a given energy
range, as depicted by the green shading in Fig. 5.

In the recent direct search [2], tunable, broadband, syn-
chrotron radiation is used to illuminate a 2*Th*" doped
LiSrAlFg crystal. A photomultiplier tube is used to detect
fluorescence subsequent to illumination of the crystal with
the synchrotron beam. Applying a Feldman-Cousins analysis
[71] to the binned photon counts, and comparing this to what
is expected from experimental parameters, an exclusion region
is created, depicted by the red shading between red solid lines
in Fig. 5. This exclusion region represents a 90% confidence
level for the absence of the isomeric transition.

VII. RESULTS, DISCUSSION, AND REQUEST
FOR FUTURE MEASUREMENTS

Even a cursory look at the results presented here reveals that
the current situation is far from desirable. There is considerable
scatter in the experimental data leading to a large range of pre-
dictions for the 3/21(7.8 eV) 229Th isomer radiative lifetime.
Likewise, though the basic value of AEyy — AEyH =7.0+
0.5 eV obtained in [23] is not currently in question, there is sig-
nificant spread in the branching ratio of two unresolved transi-
tions, which systematically shift the value of the isomeric state.

PHYSICAL REVIEW C 92, 054324 (2015)

Of course, the situation could be made much less ambiguous
with an improved measurement of the intensities of the y
transitions and internal conversion coefficients between the ro-
tational bands 5/2%[633] and 3/2%[631] in the 22°Th nucleus.
Such an experiment would ideally resolve the tension between
the current results of Refs. [47-50]. This would allow accurate
values of by9 and bs, to be calculated. Using these values
in Eq. (2) and the value of AEyy — AEgp» =7.0£0.5 eV
obtained in [23], which so far is not in question, the isomeric
state energy could be found with greater certainty. Further,
these same experiments would give a definitive means to
calculate the nuclear matrix element of the isomeric transition,
and thus the radiative lifetime of the isomeric state.

Ideally, the measurements should be conducted for tran-
sitions from the rotational band 5/27[633] to the band
3/2%[631], and vice versa, in the decay of states of the
rotational band 3/2%[631]. Comparison of the data in Tables I
and Il indicates a systematic excess of the reduced probabilities
obtained from the analysis of the decay data for the levels of the
5/2%[633] rotational band. Reduced probabilities of interband
transitions from the rotational band 3/27[631] to the band
5/2%[633] are considerably less. This may indicate an error of
measurements, as well as the inapplicability of the adiabatic
approximation in the calculation using the Alaga rules.

If performed, these measurements would considerably
sharpen the region of interest that must be scanned in the search
for the isomeric transition. Given the challenges faced by these
searches, this sharpening of the search space may prove to be
a prerequisite for the completion of this decades old quest.
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APPENDIX A: WEISSKOPF UNITS

In modern nuclear spectroscopy a value of the reduced
probability of transition between the nuclear states with the
spins I;M; and Iy M

B(E/ML;i — f)=Y_ [(I;Mg My 1I:M;)?
MM
LA IMG ™M) 12

- , Al
20 + 1 (AD

where (If||/\>lf/ M||I,~) is the reduced matrix element of

the transition operator MILSI/WM, usually is expressed in the
Weisskopf units; see Eq. (1) and Ref. [44]. The nuclear wave
functions are as a rule so complex that an exact calculation
of the nuclear matrix elements becomes very difficult. The
simplified single-particle Weisskopf model is convenient
because it makes it easy to evaluate the nuclear matrix element
of the electromagnetic transition. For this purpose the model
uses the proton single-particle radial wave functions of the
form ¢ = const. inside the nucleus (R < Rp) and ¢(R) =0
outside the nucleus (R > Rg). The normalization condition
f0R° le(R)|?R%dR =1 gives const. =,/3/R8. Thus the total
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wave function of the proton has the form [44]

3
VY(R) = FYLM(QR)XI/Z for R< Ry, (A2)
\ Ro

where i, is the spin part, and W(R) = 0 for R > R.

The radial part of the matrix element of the EL proton
transition operator M £y = eRLY () is easily calculated
with the wave functions (A2):

R)|R"|pi(R)) = RS .
(@r(R)IR|pi(R)) 31k
From the angular part of the reduced matrix element in
Eq. (A1), (fIIYL(2)|li), only a factor «/1/4m is left, because
JQL; + DQRL + l)Cfl,fOOLO with the factor 1/4/(21; + 1) from
(A1) gives a value of about 1. (Here Cjicd is the Clebsch-
Gordan coefficient [72].) As a result, the following expression
is obtained in the Weisskopf model for the reduced probability

of the E'L single-particle transition:

e? 3 2 2L
B(W;EL)= —|-—) R;
dr \3+ L

2 2
= e_<_3 ) 1.22L AL fm?L
47 \3+ L
Here, the value of Ry = 1.2A'/ fm was used for the radius
of the nucleus with the atomic number A.
For the magnetic M L transition the orbital (/) and the spin
(o) contributions leads to the relation

o0 + MY 10
IME, 2 (M, Ry)?
between multipole moments of transition [44]. [M, in Eq. (A3)

is the proton mass.] This allows to write for the reduced
probability of magnetic transitions in the Weisskopf model:

(A3)

B(W; ML) = B(W;EL).

(1‘417R())2

Now, one can express the real reduced probability of a nu-
clear transition, B(M/EL;i — f), through the single particle
reduced probability of the Weisskopf model B(W; M/EL)
according to

B(E/ML;i — f)=BW;E/ML)Bw.u(E/ML;i — f),

where Bw,. is the reduced probability in Weisskopf units,
which is commonly used in tables of nuclear transitions.
The y emission probability in the Weisskopf model [44]
8 L+1
[QL+ DU L
satisfies the condition
Craa(W; L + 1 Ro\’
ad( .+ ) (@R ~ (20
Frad(Ws L) A

for the emission of E(L + 1) and EL (or M(L + 1) and ML)
multipoles. This approximation is true if the nuclear radius Ry
is small compared to the wavelength of nuclear transition A.

[a(W,E/ML) = o' B(W,E/ML)
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The latter condition is certainly satisfied for nuclear transitions
with the energies up to several MeV.

APPENDIX B: BRANCHING RATIOS

This appendix discussed the relation of the coefficients b*
and by9. Simple algebraic transformation of the Eq. (5) enables
us to express the ratio of the widths of the transitions with
energies of 42.627 keV and 29.391 keV through coefficient b*:

I0a(42.627keV) 1 —b*

rad

r'°.(29.391 keV)  b*

(B1)

Using the rotational model, we can express the radiation
widths of the 29.185 keV transitions through the widths of
the 42.627 keV transitions:

Tra(M1;29.185keV)

CI3 10\ (25.185\°
:< 5/23/210) ( ) X Taa(M1;42.627 ke V)

5/23/2
C32310 42.627

= 0.240T"pq(M1;42.627 keV)

and

Tra(E2;29.185 keV)

Caa 0\ (25.185\°
=( 5/23/220>< - ) x Traa(E2;42.627 keV)

5/23/2
C7//23//220 42.627

= 0.241T,q(E2;42.627 keV).

Due to the coincidental equality of the transformation
coefficients for the M1 and E2 components we obtain

(29.185 keV) = 0.24 T

rad

(42.627 keV). (B2)

Using the rotational model once again, we obtain the
following relations:

[Mad(M1;29.193 keV) = 0.735 Taa(M 1;29.391 keV)
and
IMad(E£2;29.193keV) = 1.36 I'10a(E2;29.391 ke V),
or, for the total linewidth,
[12(29.193 keV) = 0.735 (F:§3(29.391 keV)
+ 0.85 IM'aa(E£2;29.391 keV)).

Let us estimate the additional part 0.850,q(E2;
29.391keV) to the width I'12(29.391keV) using the mean
values B(M 1) and B(E?2) for the interband transitions in Fig. 1
(a) and (b). The result is

Tra(E2:29.391keV) ~ 2 x 1073 Tpa(M1;29.391 ke V),

i.e., we really can neglect by the “extra” part 0.85T
(E2;29.391keV) in the width I';%(29.391keV) and use the
estimation

Ftot

rad

(29.193keV) & 0.735"%,(29.391 keV). (B3)
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Substituting expression (B2), (B3), and (B1) in Eq. (3) we finally obtain

0.24 T4 (42.627 ke V)
b29 =(1+ rad
0.735T91(29.193 keV)

(B4)

024 1—b*\"!
0.735 b*

)'=(
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