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Theoretical evaluation of decay mode of 229mTh in solid samples
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The excitation energy of 229mTh is extremely low at 8.4 eV; thus, this isotope exhibits changes in its decay
modes depending on the chemical state, specifically the outermost electronic states. However, the reported half-
lives of the γ -ray transition are not consistent among the previous experiments. In this study, we investigate
the chemical states of 229mTh by density functional theory calculations. Based on these results, we evaluate the
relationship between the experimental half-life of each sample and the electronic state of Th. The calculation
results indicate that ion trap method, CaF2 model, and MgF2 one decay only via the γ -ray transition, whereas
LiSrAlF6 one decays via the γ -ray transition and has a possibility of decay via internal conversion and electron
bridge.

DOI: 10.1103/hn1b-51yx

I. INTRODUCTION

The decay constant, accordingly the half-life, of an atomic
nucleus is generally considered independent of its electronic
structure such as chemical states. This is because the spatial
extent and energy of the nucleus differ from those of or-
bital electrons by approximately five orders of the magnitude,
allowing them to be treated independently in most cases. Nev-
ertheless, nuclear decay modes involving interactions between
the nucleus and orbital electrons do exist, for instance, internal
conversion (IC) and electron capture (EC), while we do not
discuss EC process in this paper. IC process is a de-excitation
where an excited nucleus transfers its energy to an orbital
electron, which is emitted as an IC electron. Since only inner-
shell electrons, particularly K-shell electrons, participate in
an IC process, chemical states hardly affect an IC property,
leaving the decay constant unchanged. However, there are
some nuclei with low excitation energies (EIS) that can interact
with outer-shell electrons and chemical states may change its
decay constant. For example, 235mU has EIS of 76.7 eV [1],
which decays only via IC process, and up to a 10%
change in half-life has been observed depending on chemical
states [2,3].
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There is another example, that is, 229mTh, the first excited
nuclear state of 229Th. The EIS of 229mTh is reported to be
approximately 8.4 eV (wavelength � 150 nm) [4–8], com-
parable with the energy scale of chemical bonds. Due to its
lowest EIS, 229mTh has been attracted attention for two main
reasons.

First, the decay mode of 229mTh can vary depending on
its chemical state due to the extremely low EIS. The possible
decay modes are known as IC, γ -ray transition, and electron
bridge (EB) [9–11], while EB process has not been reported
yet. EB process involves nuclear de-excitation coupled with
electronic excitation. The ionization potential of the neutral
Th and several Th ions are summarized in Table I. There
are no data of Th4+, because it has the same electron con-
figuration as Rn and thus it is rather stable. The ionization
potential of the neutral Th atom, the binding energy of the
outermost electron (HOMO), is 6.3 eV [12], which is lower
than EIS (8.4 eV); thus, 229mTh can de-excite via IC. Indeed,
IC electron from 229mTh2+ has been observed using the ion
trap method [13] and the IC half-life of 229mTh on the metallic
surface of Ni is reported to be 7 µs [14]. In contrast, the
binding energy of orbital electrons is larger than EIS for Th
ions. Hence, IC energy is not large enough to emit an outer-
most electron and therefore IC does not occur. Consequently,
229mTh ions can decay via the γ -ray transition or EB. Second,
it enables the implementation of a nuclear clock through the
γ -ray transition of 229mTh [15,16]. Such a nuclear clock is
expected to contribute significantly to society, enabling ap-
plications such as earthquake prediction [17] and resource
exploration [18].

We summarize the reported EIS and γ -ray half-lives of
229mTh in Table II. In ion trap experiment, 229mTh

3+
ions,
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TABLE I. Ionization potential of Thn+ (n = 0−3) [12].

State of Th Ionization potential (eV)

Th 6.3
Th+ 12.1
Th2+ 18.3
Th3+ 28.8

expected to decay via the γ -ray transition in a vacuum, were
selectively trapped and observed with a reported half-life
of 1400+600

−300 s [5]. Additionally, γ ray has been observed
from 229mTh doped into crystals, such as CaF2, MgF2, and
LiSrAlF6 [4,6–8]. The half-lives measured in crystals were
consistently shorter than the ion trap method (“In crystal”
in Table II). It is indispensable to convert the half-life in
crystal to those in vacuum by multiplying by the cube of the
refractive index, whose values are shown as “In vacuum” in
Table II [19]. These values are inconsistent with each other,
while all of them are consistent with ion trap method. One
possible reason is that the refractive-index corrections are
inaccurate [19] since doping Th into crystals may change the
refractive index near the Th atoms locally. The other possible
reason is that the outer-shell electronic structure of Th in a
crystal could be different and thus change the decay modes of
229mTh.

The theoretical calculation of the decay and half-life of
229mTh based on the density functional theory (DFT) and
configuration interaction method had been reported [11,20–
22]. However, these calculations had focused on Th in an
isolated atomic state, with emphasizing nuclear properties.
Recently, there has been a report that performed DFT calcula-
tions on 229mTh-doped CaF2 and LiSrAlF6 crystals, analyzed
the density of states, and carried out a quantitative discussion
on IC [23], while they did not perform the systematic study on
the decay modes.

In this study, we calculated the electronic structure of the
Th atom that mimics the condition of ion trap method and Th
doped in crystal. We selected CaF2, MgF2, and LiSrAlF6 as
examples. To investigate the electronic structure around Th,
consisting of Th and its neighboring atoms were extracted
from optimized structure, and the natural orbital analysis was
performed with the relativistic correlation. By focusing on
changes in the electronic state of Th, we explored possible
reasons for variations in the half-life.

Gap space Gap space Gap space(a) (c)(b)

FIG. 1. Crystal structure with 3 × 3 × 3 supercell model of
(a) CaF2, (b) MgF2, and (c) LiSrAlF6. The white-filled sphericals
indicate the gap spaces.

II. IDENTIFICATION OF CRYSTAL STRUCTURE

We calculated crystals (CaF2, MgF2, and LiSrAlF6) in
which a Th atom was doped. We considered two models of
the placement of Th. One model was a Th atom in the gap
space of the crystals. The other was a replacing of a Ca2+,
Mg2+, Al3+, or Sr2+ ion with Th. Hereinafter, the former and
latter models are, respectively, abbreviated as “X gap” and
“X-Y replaced,” where X is CaF2, MgF2, or LiSrAlF6, and
Y is Ca, Mg, Sr, or Al. In both cases, the doped Th causes
structural distortion, which was considered in structural opti-
mization. The initial charges of Th were considered from 0
to +4 and structural optimizations were performed for each
initial charge. These models were calculated using a 3 × 3 × 3
supercell with 4 × 4 × 4 K points. These calculations were
preformed using the periodic boundary condition.

The initial crystal structures of CaF2, MgF2, and LiSrAlF6

were assumed as the space group of Fm3m (225) [24], Pa3
(205) [25], and P31c (163) [26], respectively. Their crystal
structures are shown in Fig. 1. The lattice constants were
optimized through DFT [27–29] using the open-source code
QUANTUM ESPRESSO version 7.0.3 [30] with employing the
PBE exchange-correlation functional [31,32] with projector
augmented wave pseudopotentials [33] generated by PSLI-
BRARY [34].

The lattice constants obtained without embedding a Th
atom are summarized in Table III. Tables IV and V summarize
the bond lengths around the Th atom obtained by the structural
optimization, which would be used for a further calculation

TABLE II. Observed γ decay of 229mTh in different samples. The excitation energy EIS, the half-life of 229mTh in vacuum, and that in
crystal are listed, where no reported case is indicated as “—.” The previous work of LiSrAlF6 reported its lifetime [7], which is converted to
the half-life here.

Half-life (s)

Sample EIS (eV) In vacuum In crystal Reference

Ion trap — 1400+600
−300 — [5]

CaF2 8.355 74 1740(50) 630(15) [6]
CaF2 8.367(24) 1790(64)stat (80)sys 447(25) [8]
MgF2 8.338(24) 2210(304) 670(102) [4]
LiSrAlF6 8.355 733(2)stat (10)sys 1289(30)stat(45)sys 394(9)stat(14)sys [7]
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TABLE III. Optimal lattice constant of each crystal obtained by
DFT. The detail is shown in the text.

Crystal a (Å) b (Å) c (Å)

CaF2 4.72 4.72 4.72
MgF2 4.34 4.34 2.91
LiSrAlF6 5.08 5.08 10.21

shown in Sec. III. For all the cases, regardless of whether the
Th atom was in a gap or replaced site, the nearest neighbor
atoms to the Th atom were a F atom. The distance between the
Th atom and the F one varied depending on the initial charge
of Th. This trend indicates that the distance decreases as the
charge of the Th atom increases, suggesting that the Th–F
interaction becomes stronger with increasing the Th charge.

III. BAND ANALYSIS

A. Calculation setup

To investigate the electronic structure of the Th atom em-
bedded in a crystal, the code named AMSTERDAM DENSITY

FUNCTIONAL version 2023.1 [35] was used with employing
the QZ4P [36] basis set and the B3LYP exchange-correlation
functional [37] without a frozen core. The zeroth-order rela-
tivistic approximation (ZORA) [38] was used to consider the
relativistic effect to obtain the binding energy of stabilized
charge of Th and HOMO. At the scalar ZORA level, elec-
tronic state analysis was performed using the natural bond
orbital (NBO). The assumed systems are shown in Fig. 2.
These structures were extracted from the optimized structure
to include all the types of the elements inside the first coordi-
nation sphere of Th performed in Sec. II. In all the cases, the
charge of Th is considered as 0, +1, +2, +3, and +4.

B. Result and discussion

The stabilized charge, the number of valence electrons, and
the NBOs constituting the valence electrons of the Th atom
obtained from band analysis are summarized in Table VI. The
stabilized charge is determined by the Bader charge [39] and
the number of the valence electrons are calculated by sum
of the NBO. It is found that the stabilized charge and the
number of valence electrons of Th vary depending on the
system. All the calculations for the initial charge of Th show
the same stabilized charge. Thus, we performed the following

(b)

(g)(f)

(e)(d)

(c)

(h)

: Th

(a)

FIG. 2. Considered structure for (a) a Th atom simulating ion
trap method, (b) CaF2 gap model, (c) CaF2-Ca replaced model,
(d) MgF2 gap model, (e) MgF2-Mg replaced model, (f) LiSrAlF6

gap model, (g) LiSrAlF6-Al replaced model, and (h) LiSrAlF6-Sr
replaced model. The same structures were adopted for all the initial
charges of Th. Except for Th, the colors are the same as shown in
Fig. 1.

analysis only for cases whose initial charge was identical to
the stabilized one. Here, the initial charge corresponds to the
initial state of the charge of Th ion before embedding to the
sample, while the stabilized charge does the final state after
embedding. The difference of initial and stabilized charge
originates from the interactions between the Th ion and the
other ions surrounding.

The gap model tends to have a larger number of va-
lence electrons than the replaced model in each crystal. This
trend may originate from the fact that the Th–F distance in
the gap model is generally shorter than that in the replaced
model; consequently, the Th–F interaction in the gap model
is stronger, leading to more valence electrons than in the
replaced model. Additionally, the atomic orbitals contributing
to the valence electrons in gap models differ from replaced
models. In the gap model, the contribution from the 6d or-
bital is significant, whereas no such a trend was observed
in the replaced model. However, this result does not affect
the following discussion, since this study focuses on HOMO
and s ones. In particular, the energy of the HOMO is of the
primary importance no matter what orbitals the HOMO is
composed of.

Next, we focus on the binding energy of HOMO and s
electron of Th, as IC is a process that ejects the outermost

TABLE IV. Distance between the Th atom and the nearest metallic or F atom in the gap model. All the results are shown in Å. The detail
can be found in the text.

Model Bond Th Th+ Th2+ Th3+ Th4+

CaF2 gap Th–Ca 2.99 3.03 2.99 3.06 3.05
Th–F 2.48 2.44 2.48 2.35 2.36

MgF2 gap Th–Mg 2.51 2.51 2.51 2.51 2.51
Th–F 2.34 2.31 2.26 2.22 2.22

LiSrAlF6 gap Th–Sr 2.91 2.99 2.94 2.76 2.87
Th–Al 3.16 3.13 3.15 2.94 3.07
Th–Li 2.87 3.00 2.95 2.94 2.94
Th–F 2.27 2.29 2.27 2.25 2.24
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TABLE V. Same as Table IV but for the replaced model.

Model Bond Th Th+ Th2+ Th3+ Th4+

CaF2-Ca replaced Th–Ca 3.90 3.90 3.90 3.90 3.90
Th–F 2.63 2.55 2.51 2.49 2.40

MgF2-Mg replaced Th–Mg 2.51 2.51 2.51 2.51 2.51
Th–F 2.49 2.43 2.37 2.31 2.30

LiSrAlF6-Al replaced Th–Sr 4.00 4.08 4.08 4.08 4.08
Th–Al 5.85 5.88 5.88 5.88 5.88
Th–Li 3.20 3.20 3.20 3.20 3.19
Th–F 2.27 2.22 2.22 2.22 2.28

LiSrAlF6-Sr replaced Th–Sr 5.15 5.19 5.20 5.21 5.14
Th–Al 3.99 3.91 3.91 3.98 3.93
Th–Li 3.99 3.97 3.98 3.95 3.95
Th–F 2.41 2.26 2.27 2.27 2.26

electron, and EB is a process that involved the excitation
of s electron into an unoccupied s orbital [11] (see Fig. 3).
Table VII and Fig. 4, respectively, show the binding energies
of HOMO and the number of electrons that can be emitted as
an IC electron and their constituent orbitals in each system. By
comparing the binding energy of HOMO with EIS of 229mTh
(8.4 eV), we determine IC can occur or not. In this study,
the discussion is carried out under the assumption that only
electrons bound to the Th atom are allowed to be emitted.

In case of EB process, as the overlap between an s orbital
and the nucleus is large, this decay mode predominantly in-
volves s electron from Th. Figure 5 shows the total number
of s electrons of Th that involved in EB, which indicates that
if s electrons are present, EB is possible. This is calculated as
follows, which is schematically shown in Fig. 6:

(1) The highest-energy initial state that can contribute to
EB is HOMO (the yellow arrow in Fig. 6).

(2) The final state should include the s orbital and be be-
tween the lowest unoccupied molecular orbital and the orbital
with Ehighest = EHOMO + 8.4 eV, where EHOMO denotes the
energy of HOMO (the orange frame in Fig. 6).

(3) We determine the lowest-energy initial state by sub-
tracting 8.4 eV from the lowest-energy final state (the red
arrow in Fig. 6).

(4) We count the number of s electrons of Th between the
lowest initial state and the HOMO (the blue frame in Fig. 6).

In this analysis, the possibility of EB is discussed based on
the number of s electrons in the initial state. Therefore, the

transition probability is not considered, and a larger number
of s electrons does not necessarily mean a higher probability
of EB.

The decay constant λ of 229mTh in crystals was inferred
from the reported vacuum half-lives as

λLiSrAlF6 > λCaF2 > λMgF2 . (1)

In general, the decay constant is expressed as the sum of
the partial decay constants of all the possible decay modes.
We evaluate decay modes of each case by calculation results.
We summarized the calculation results about decay modes in
Table VIII.

1. 229mTh atom and ions

In case of the neutral 229mTh, the binding energy of HOMO
is lower than EIS; thus, IC can occur. There is no electron
involved in EB; thus, EB is forbidden. On the other hand,
in case of 229mTh

+, 2+, 3+, 4+
, the binding energy of HOMO

is lager than the EIS = 8.4 eV, and therefore IC is forbidden.
In addition, according to Fig. 5, 229mTh

3+, 4+
do not have s

electrons, which can be involved in EB, while 229mTh
+, 2+

do.
Therefore, the decay constant is expressed as

λTh = λγ + λIC, (2a)

λTh+, 2+ = λγ + λEB, (2b)

λTh3+, 4+ = λγ , (2c)

TABLE VI. Stabilized charge, the number of valence electrons, and the natural orbital configuration of the Th atom in the systems
calculated. We calculated by varying the initial charge of Th from 0 to +4 and conducted Bader charge analysis for each case. In all the
calculations, the Bader charge of Th remained constant, and this value is presented as stabilized charge.

System Stabilized charge The number of valence electrons Natural orbital configuration

CaF2 gap +2 5.03 7s0.93 5 f 0.80 6d3.30

CaF2-Ca replaced +3 1.63 7s0.19 5 f 0.61 6d0.80

MgF2 gap +2 5.54 7s0.63 5 f 0.91 6d3.99

MgF2-Mg replaced +3 3.24 7s1.88 5 f 0.43 6d0.89

LiSrAlF6 gap +1 3.73 7s0.75 5 f 0.42 6d2.53

LiSrAlF6-Al replaced +3 2.68 7s0.75 5 f 0.65 6d1.09

LiSrAlF6-Sr replaced +2 3.05 7s0.61 5 f 0.62 6d1.81
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EIS

Nucleus Orbital

γ EIS

Nucleus Orbital

γ
γExcited state

Ground state

(b)(a)

: Orbital electron

Internal Conversion Electron Bridge

Excited state

Ground state

FIG. 3. Feynman and schematic diagrams of (a) the internal conversion and (b) electron bridge.

where we assume that the neutral 229mTh atom can decay
via the γ decay as well, since the γ decay is, in principle,
independent from the environment.

In the reported experiment based on the ion trap, 229mTh
3+

was kept. It is known that IC has shorter half-life than the
γ -ray transition [14], and a calculation predicts that EB has
shorter half-life than the γ -ray transition [11]. Thus, the decay
constant of the ion trap method is expected to be the smallest
among the decay constants in vacuum, which agrees with
experimental results within the error. This indicates that ion
trap method, 229mTh

3+
, decays only via the γ -ray transition.

Focusing the calculation results of 229mTh
+, 2+, 4+

, it is
indicated that the half-lives of 229mTh

+, 2+
may be shorter

than that of 229mTh
3+

. It was reported that the half-lives of
229mTh

+, 2+
is longer than 60 s [13], and this reported value is

consistent with calculation results. The half-life of 229mTh
4+

FIG. 4. The number of electrons of Th that can be involved in IC
process and their constituent orbital for each sample.

is comparable to 229mTh
3+

. In case of the neutral 229mTh, the
half-life is experimentally reported to be 7 µs, and the decay
constant λIC is nine orders of magnitude larger than λγ [5,13].
Thus, it is considered that IC is the dominating decay mode.
A detailed discussion requires the probabilities of IC through
comparison with experimental data, which is left for future
work.

2. CaF2

The binding energy of the HOMO is lower than EIS =
8.4 eV in both gap and replaced models, indicating that IC can
occur. Focusing on the replaced model, electrons that can be
emitted do not exist in the Th orbital (see Fig. 4). Hence, IC is
energetically possible based on the binding energy of HOMO,
but there is no electron involved in IC. Therefore, this sample
is considered as IC forbidden. There is no electron involved in
EB in both models (see Fig. 5); thus, it cannot decay via EB.
Thus, the decay constants for each case are expressed as

λCaF2 gap = λγ + λIC, (3a)

λCaF2 replaced = λγ . (3b)

Previous study has reported that the experiment was con-
ducted in replaced model [40]. This suggests that 229mTh
in CaF2 decays only via the γ -ray transition. Our analysis
supports the experimental result, as the reported half-life is

TABLE VII. Binding energy of HOMO of the Th atom in the
systems calculated.

Model The binding energy of the HOMO (eV)

CaF2 gap 4.0
CaF2-Ca replaced 3.0
MgF2 gap 5.9
MgF2-Mg replaced 24.7
LiSrAlF6 gap 15.5
LiSrAlF6-Al replaced 4.1
LiSrAlF6-Sr replaced 4.3
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TABLE VIII. Possibility of γ -ray transition, IC, and EB for each
system. The circle (©) and cross (×) symbols correspond to possible
and impossible decay mode, respectively.

Our work

Condition Previous experiments γ IC EB

Ion trap γ -ray transition © × ×
CaF2 gap γ -ray transition © © ×
CaF2-Ca replaced γ -ray transition © × ×
MgF2 gap γ -ray transition © © ©
MgF2-Mg replaced γ -ray transition © × ×
LiSrAlF6 gap γ -ray transition © × ©
LiSrAlF6-Al replaced γ -ray transition © © ©
LiSrAlF6-Sr replaced γ -ray transition © © ©

consistent with that obtained by the ion trap method within
the error.

3. MgF2

In the gap model, the binding energy of HOMO is lower
than EIS = 8.4 eV, leading to IC being possible, and from
Fig. 5, there are electrons involved in EB. On the other hand,
in the replaced model, the binding energy of HOMO is larger
than EIS, leading to IC being forbidden, and from Fig. 5, there
is no electron involved in EB. Thus, the decay constants for
each model are expressed as

λMgF2 gap = λγ + λIC + λEB, (4a)

λMgF2 replaced = λγ . (4b)

The structure of experimental sample, whether gap or
replaced model, remains unclear. Considering the reported
half-lives relationship TCaF2 < TMgF2 , MgF2 model does not
decay via IC and EB as such decay modes would result
in a significantly shorter half-life. Hence, we conclude that
the replaced model is appropriate and the decay constant
is λMgF2 = λγ . However, there is a difference in half-lives
between CaF2 and MgF2, which may originate the incorrect

FIG. 5. The total number of s electrons in the levels that are
potential initial states for EB.

HOMO

8.4 eV

8.4 eV

LUMO

Fermi level

: containing s electron from Th
: not containing s electron from Th

Ehighest

FIG. 6. Method for determining the number of s electrons in the
levels involved in EB.

refractive index multiplied in the conversion process from the
half-life in crystal to that in vacuum.

4. LiSrAlF6

In the gap model, the binding energy of HOMO is larger
than EIS, leading to IC being forbidden, and from Fig. 5,
there are electrons involved EB. On the other hand, in the
replaced model, the binding energy of HOMO is lower than
EIS, leading to IC being possible, and from Fig. 5, there are
electrons involved in EB. Thus, the decay constant for each
model is expressed as

λLiSrAlF6 gap = λγ + λEB, (5a)

λLiSrAlF6 replaced = λγ + λIC + λEB. (5b)

Similar to the MgF2 case, it is unclear whether the chemical
structure is the gap or replaced model. In both models, the
γ -ray transition is not the unique decay mode. Therefore, the
half-life should be shorter than ion trap. These results are con-
sistent with the reported relationship of half-lives (TLiSrAlF6 <

TCaF2 ).

IV. SUMMARY

We performed electronic structure analysis of Th using
ab initio calculations to understand the discrepancies among
the reported half-lives of 229mTh of the γ -ray transition. We
successfully conducted, for the first time, the qualitative eval-
uation of the decay mode of 229mTh. This achievement is
expected to contribute determining the most suitable can-
didate of implementing a nuclear clock and estimate the
placement of Th in each crystal.

The decay modes are different depending on the systems
due to the differences of electronic state. In cases of the ion
trap method, CaF2, and MgF2, the decay mode is only the
γ -ray transition. On the other hand, in case of LiSrAlF6, the
decay modes are not only the γ -ray transition but also internal
conversion and electron bridge. These results suggest that the
half-life of LiSrAlF6 is shorter than the half-lives of the other
systems discussed, but do not explain the discrepancies among
the half-lives of the other cases. The reaming discrepancies
may originate from the changing refractive index around the
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Th ion, which is left for a future perspective. The probability
of the internal conversion should also be estimated toward
quantitative discussion; we plan to analyze it quantitatively
with a microscopic calculation of the nuclear structure.
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