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When Th nuclei are doped in CaF3 crystals, a set of electronic defect states appears in the crystal
bandgap which would otherwise provide complete transparency to vacuum-ultraviolet radiation. The
coupling of these defect states to the 8 €V ?**™Th nuclear isomer in the CaF5 crystal is investigated
theoretically. We show that although previously viewed as a nuisance, the defect states provide a
starting point for nuclear excitation via electronic bridge mechanisms involving stimulated emission
or absorption using an optical laser. The rates of these processes are at least two orders of magnitude
larger than direct photoexcitation of the isomeric state using available light sources. The nuclear
isomer population can also undergo quenching when triggered by the reverse mechanism, leading
to a fast and controlled decay via the electronic shell. These findings are relevant for a possible

solid-state nuclear clock based on the 22 Th isomeric transition.

Recent years have witnessed the increased interest for
a “nuclear anomaly” in the actinide region: the first ex-
cited state of the 229Th isotope lies only 8 eV above the
ground state [1-3]. Due to the small transition energy,
this state is long-lived and termed the nuclear isomer
229mT}h. The narrow transition line and the possible ac-
cess with narrow-band vacuum-ultraviolet (VUV) lasers
renders 222Th the first candidate for a nuclear clock of an
unprecedented accuracy [4-7]. The ??*Th nuclear clock
transition is expected to enable the observation of tem-
poral variations of fundamental constants [8-10] or grav-
itational shift measurements [11, 12]. Furthermore, it is
also a candidate for the first nuclear laser [13, 14]. These
applications require a further improvement in the isomer
energy accuracy, at present reported as F,,, = 8.28+0.17
eV [1]. Furthermore, the development of tunable VUV
lasers that would facilitate the search for the 22°Th iso-
meric transition is at present still challenging.

So far, the isomeric transition has been investigated
in two experimental approaches: (i) using Th ions or
atomic beams (see, for instance, Refs. [1, 15, 16]) or (ii)
in VUV-transparent crystals such as CaFy or LiCaAlFg
doped with ?2°Th [7, 10, 17]. The advantage of the latter
approach is that the crystal environment allows for high
dopant densities up to 10'® — 10'® cm™3, many orders
of magnitude larger than those achievable for trapped
ions [7, 18-20]. This would lead to a larger total exci-
tation and radiative decay signal of the isomer, which is
proportional to the number N of addressed nuclei, and
would increase the stability of the potential clock pro-
portionally to v/N [21]. Nevertheless, all attempts of di-
rect isomer excitation with VUV radiation and detection
of its radiative decay signal have failed so far [17, 22—
25]. A reason could be that the explored nuclear tran-
sition energy range and the expected transition strength
were not accurate, as suggested by more recent results
[1, 26, 27]. Furthermore, the reported parasitic back-

ground present in Th-doped crystals in the UV and VUV
range, such as phosphorescence of crystal defects both in-
trinsic and laser-induced, or Cherenkov radiation stem-
ming from B-radioactive daughter nuclei in the 22Th de-
cay chain [18, 24, 28-31] were also a nuisance. In par-
ticular, theoretical density functional theory (DFT) pre-
dictions confirm the presence of defect states caused by
Th-doping within the crystal bandgap for CaFs in the
vicinity of the nuclear transition energy [30].

In this letter, we consider a different route to excite
the isomeric transition in the VUV-transparent crystal
environment exploiting the strong nuclear coupling to
the atomic shell. We show that excitation of the de-
fect states in the bandgap of CaFs, together with optical
laser pumping can lead to an efficient transfer of energy
from the crystal electronic shell to the nuclear isomer via
a virtual electronic state. This process is a solid-state
version of the electronic bridge (EB) [32-37] studied the-
oretically so far only for single ions, typically in ion traps.
Our results demonstrate the advantages of this approach:
(i) it exploits the electronic states of the crystal defects
previously viewed as a nuisance, (ii) the requirements
on the VUV radiation are much reduced and finally (iii)
the EB nuclear excitation rates are at least two orders
of magnitude larger than direct photoexcitation of the
isomer. Depending on the exact energies of the nuclear
transition and of the defect states, we consider both an
EB mechanism involving stimulated emission as well as
a mechanism based on absorption of an optical laser, as
illustrated in Fig. 1. We also show that the inverse EB
process in the crystal can quench the isomeric popula-
tion producing a three orders of magnitude stronger sig-
nal than from the mere radiative decay of the nucleus,
thus facilitating experimental observation. Controlled
quenching could also be relevant for the operation of a
solid-state nuclear clock based on the 22" Th isomeric
transition.
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FIG. 1: EB process for the excitation of 2 Th from the
ground state |g) to the isomeric state |m) (right graph). The
initially populated electronic defect states |d) lie in the crys-
tal bandgap (between the ground state |o) and the conduction
band |c¢)) above or below the isomer energy. The EB process
occurs either spontaneously (left graph) or assisted by an op-
tical laser in the stimulated or absorption schemes (middle
graphs). In all cases, EB proceeds via a virtual electronic
state |v). See text for further explanations.

In a typical EB process in an ion, the nuclear excita-
tion is accompanied by a decay transition of a different
energy in the electronic shell. Due to the energy mis-
match, the process involves a virtual electronic level and
the emission or absorption of a photon to ensure energy
conservation. The EB process in the crystal environment
is fundamentally more complicated as it involves the en-
tire crystal electronic shell. We consider in the following
the host crystal CaFs which has an experimentally mea-
sured bandgap in the region of 11 — 12 eV [38-40]. CaFs
displays a cubic lattice structure, in which the dopant
thorium in charge state Th** replaces one of the cal-
cium ions introducing two more interstitial fluorine ions
for charge compensation [30]. DFT calculations using the
Vienna Ab initio Simulation Package VASP [41, 42] show
that there should be 8 spin-degenerate defect states {|d)}
within the 22 Th:CaF, crystal transparency gap, with en-
ergies close in value to the isomer energy. These states
are localized on the Th dopant and its 5f orbital, while
the transition from the crystal ground state |o) to the set
{|d)} is reminiscent of a 2p orbital electron of an inter-
stitial fluorine ion migrating to the Th ion. We envisage
using these {|d)} — |o) transitions as electronic counter-
parts to drive the isomer excitation in the EB scheme.
The radiative width of the defect states {|d)} modelled
by electric dipole (E1) decay is I'¥, (|d) — |o)) ~ 106 s*
and 10 orders of magnitude larger than the isomer width.
The defect states are thus much easier to excite by broad-
band VUV sources. To this end, we consider an initial
electronic state with a uniform population distribution
over the defect states {|d)}, and the final electronic state
as the highest energy single spin-degenerate ground state
at the Fermi edge corresponding to the ground state |o).

DFT underestimates the experimentally known

bandgap of CaFs. In order to match the calculated
bandgap of the undoped CaFy crystal with the exper-
imentally measured value of 11.5 eV, a scaling proce-
dure via the scissors operator is applied in the calcula-
tion [43, 44]. As a result, the defect states lie in a 0.5 eV
interval at approx. 10.5 eV. The act of scaling introduces
uncertainties on the exact energies of the defect states,
which thus cannot be undoubtedly assigned above or be-
low the isomer. In the following we will consider both
possibilities, as depicted in Fig. 1. The corresponding
energy difference E = hi|wmg — Wdo| between the nuclear
isomeric transition (fuw,,y) and the electronic decay tran-
sition of one defect state (Fiwg,) lies for both cases in the
optical domain. In this region, tunable lasers with spec-
tral intensities on the order of I, ~ 1 W/(m?s™1) or
more are available to induce or stimulate the EB pro-
cess. If wgo > wmyg, a laser photon with energy E can
assist via a stimulated emission transition to the virtual
state leading to subsequent EB excitation of the isomeric
state. In the opposite case where wq, < wWp,g, absorption
of an optical laser photon with energy E would render
possible the EB process.

The rate I'**(a — b) of a stimulated generic process
|a) — |b) can be related to the rate of the corresponding
spontaneous process I'*P(a — b) in SI units as [45, 46]
m2c?h?
B3
where the spectral intensity of the laser source is I in
W/(m?s™1), with the required photon energy E = fiw,p,
and c¢ stands for the speed of light. Via detailed balance,
the stimulated rate I'*!(a — b) can be related to the in-
verse absorption process rate via I'**(b — a) = I'**(a —
b)d(a — b), with é(a — b) = N,/N, the ratio of multi-
plicities {|a)} versus {|b)}.

We now address the considered case of spontaneous EB
in the solid-state environment as illustrated in Fig. 1,
adapting the standard theoretical approach for single
ions [32-35]. The EB process is described by the am-
plitude of an electric dipole transition for the emission
of a photon, occurring together with an electronic tran-
sition, both via a set of intermediate states around the
virtual state. These processes are simultaneously accom-
panied by nuclear excitation in the transition |g) — |m).
Photon emission and electronic transition can occur in
either order, with only one of them being depicted in
Fig. 1. The spontaneous EB rate I'Z5(|g,d) — |m,o0))
starting from the set of defect states {|d)} can be written
in atomic units as

I'gg(lg,d) = m,0)) =

4 1

3
= Wdo — Wmyg ~ 2
s 2 (2 ) YmolDrile. . @)

¢ m,g,
d,o

[ (a — b) = I*P(a — b) I, (1)

where the states |m, 0) = |m)|o) are characterized by the
quantum numbers defining the nuclear state, in this case



the isomer m and the quantum numbers of the electronic
state, namely the electronic ground state o. The number
of initial nuclear and participating electronic states in
the sets {|g)} and {|d)} are N, and N, respectively. In
the crystal environment, we average over the transitions
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between sets of non-degenerate electronic levels in the
ground state and defect bands. This is accounted for by
the summations over the sets {|d)} and {|o)} in Eq. (2).

The effective E1 bridge operator matrix element for
the crystal environment reads

AK,q n

Here, AK represent the multipolarities of the electronic
and nuclear spherical tensors Thk q and Mg, _q and ¢ =
(=K, —K+1,...,K—1, K) are the spherical basis vector
components thereof [47, 48]. Due to the presence of the
virtual state, the matrix element contains summations
over intermediate electronic states denoted by |n) and
|k) in Eq. (3) which include all neighbouring unoccupied
electronic states.

The electric dipole operator in Eq. (3) describes the
emission or absorption of a photon and is given by
Dpg; = —r, where r is the position relative to the tho-
rium nucleus which is considered the origin. The isomeric
transition in 22Th is a magnetic dipole (M1) transition
with an electric quadrupole (E2) admixture [49]. This
restricts the sum over AK to these two multipolarities.
In the non-relativistic limit, the magnetic-dipole coupling
operator reads [50]

ly oy re(o-r) 8w

73 93 9,5 + 60115(7')} ;4
where I the orbital angular momentum of the electron
and o (o,) are the Pauli matrices (in spherical basis).
The electric-quadrupole coupling operator is given by [48]

1 /4
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where Y5, are the spherical harmonics. Lastly,
(m|Mik,—qlg) are the matrix elements of the nu-
clear transition operators which are obtained via the
Wigner-Eckart theorem [51] using the theoretical reduced
transition probabilities B in Weisskopf units (W.u.)
Bw(M1,m — g) = 0.0076 W.u., By (E2,m — g) =
27.04 W.u. [26].

For the electronic wave functions, ab-initio calculations
were carried out in VASP [41, 42] using Perdew-Burke-
Ernzerhof [52] and Heyd-Scuseria-Ernzerhof [53] func-
tionals where we reconstructed the all-electron Kohn-
Sham wave functions from the projector augmented wave
method [54]. Eq. (3) requires the knowledge of energies
and wave functions for the ground state, defect and con-
duction bands. Some of these electronic states are local-
ized tightly around thorium and others have their origin

Te2,q =

Wen — wmg

oon (m|Mik,—qlg) - (3)
& o mg

elsewhere in the crystal’s unit cell or are delocalized. We
have used a unit cell of 66 fluorine, 31 calcium and a sin-
gle thorium atom for the VASP calculations. Compared
to atomic EB calculations, the wave functions of electrons
in the crystal environment are not necessarily eigenstates
of either angular momentum or parity. The spatial parts
of the wave functions are therefore only defined by their
energy. This raises additional numerical challenges as
selection rules cannot be used for analytical simplifica-
tions of the computation. Wave functions were calcu-
lated on a spherical grid where the number of points is
(N, No, Ny) = (353,29,60), the spacing in angular com-
ponents is constant and the spacing in the radial compo-
nent follows r, = e™/* - ry with ry = 0.000135 ag, ag is
the Bohr radius, and k = 31.25. Spherical grids as large
as (N, Ny, Ng) = (353,44,90) were tested but did not
improve the accuracy of the result significantly.

Our numerical results for the spontaneous EB rate con-
sidering the DFT defect states energies around 10.5 eV
yield I'F5(lg,d) — |m,0)) ~ 2.5 x 1078 s71. We have
tested the rate convergence by increasing the number of
included intermediate spin-degenerate conduction band
states up to 230. The conduction band {|c)} offers an in-
finite intermediate-state set for the n and k£ summations
in Eq. (3), and the corresponding denominators are only
slowly suppressing their contributions. Our test shows
that convergence is achieved and the order of magnitude
of the rate is stable throughout the entire tested range.

The EB nuclear excitation schemes require initial pop-
ulation of the defect, i.e., prior excitation of an elec-
tron from the ground state to one of the defect states
lo) = {|d)}. This initial excitation can be achieved with
VUV sources, for instance, available VUV lamps [18] with
N =~ 3 photons/(s-Hz), a focus of f = 0.5 mm? which
gives I = Nhwg,/(27f) ~ 1.6 x 10712 W/(m? s71) and
a FWHM linewidth of ~ 0.5 eV, or alternatively with
the Advanced Light Source (ALS) in Berkeley, USA, de-
scribed in Ref. [10] with spectral intensity I ~ 0.5 x 1078
W/(m? s71). The steady-state total defect population
pa can be calculated considering the stimulated (st) and
spontaneous (sp) E1 decay rates and the VUV-photon



absorption (ab) processes for the process |o) <> {|d)}
— Pd (FSEpl + FSEtl) ) (6)

where p, is the occupation probability of the ground
state, p, = 1 — pg ~ 1. The steady state solution pg = 0
gives the approximate occupation probability of the de-
fect, which yields pg ~ 2.7 x 10~8 for the VUV lamp and
pq =~ 107 for ALS parameters.

We now turn to the total rate of isomer excitation
starting from the electronic shell in one of the defect
states via both spontaneous and laser-induced channels.
When the defect states have higher energy than the iso-
mer Wy, > Wmyg, the total rate of the isomer excitation
for both stimulated and spontaneous EB processes can
be written as

pa = POFaEbl

F;fw = PgPd [FéEpB(|g7d> - ‘ma 0>)
+ TEp(lg. d) — m,0))] , (7)

where p, is the occupation probability of the nuclear
ground state, which we consider initially to be unity. In
the opposite case wgo < wmg, the EB process requires
laser absorption and the total nuclear excitation rate can
be written as

2 252
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x 6(lg,d) — |m,o0)).

Using the last two expressions we obtain the rates for
both stimulated and absorption EB processes as a func-
tion of the defect energy illustrated in Fig. 2. For the
calculation we have used I, = 1 W/(m?s™1) for the op-
tical laser and Iypy = 1.6 x 10712 W/(m?2s~!) for the
VUV source that originally excites the defect states. We
obtain EB rates I't,, = 1071% s7! for both the stimulated
and absorption schemes.

Varying the average energy of the defect states in the
range 6-10.5 eV reveals a clear resonance of the form
Thp o 1/ (Wimg — Wao)? that can be expected from the
denominators of Egs. (2) and (3). The excitation rate
increases proportionally to the occupation probability of
the defect state and thus the spectral intensity of the
VUV source used for initial excitation. Our averaging
over all 8 defect states covering 0.5 eV does not allow us
to approach more closely the 8.28 eV isomer energy value
from the left (via the absorption scheme) or the right (via
stimulated emission). This would require a more accu-
rate treatment of each defect state separately. For the
defect average energies considered in Fig. 2, both EB
schemes are upwards of two orders of magnitude faster
than directly driving the isomeric transition with the
VUV source alone. This is a significant improvement for
the isomer excitation in Th:CaFs. A first experimental
step in this direction would be to precisely determine the
defect states’ energies. This search can be performed in
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FIG. 2: EB excitation rates via absorption process (triangles)
and stimulated process (circles) as a function of the average
energy of the defect states. The isomeric energy is shown as
a vertical dotted line at 8.28 eV.

Z32Th:CaF, crystals with the advantage of less radioac-
tive background.

The laser-assisted bridge mechanisms can also be used
to quench an already generated isomeric state popula-
tion. Quenching refers here to the conversion of nu-
clear isomeric population into electronic defect popula-
tion. The subsequent defect decay is 10 orders of magni-
tude faster than the radiative decay of the nuclear isomer.
Considering the case wgo > Wy, the optical laser induces
a 0.07 s~! de-excitation of the isomer via the stimulated
EB process, which is nearly three orders of magnitude
faster than the spontaneous radiative decay of the isomer
estimated to be I', &~ 107 s7! [26]. With occupation
probabilities calculated for initial excitation of the iso-
meric state via the above outlined stimulated EB method,
the quenching process has a rate of I'j,,, ~ 1070 s~
The total number of decay photons one would measure
is of the order NT'j,, where N is the total number of
nuclei in the crystal exposed to the initial stimulated EB
excitation scheme. For a 1 cm?® crystal one could have
N > 10 thorium nuclei giving a signal of ~ 10* decay
photons per second, with the emitted photon energy co-
inciding with the electronic defect energies. This signal is
three orders of magnitude larger than the radiative decay
of the nucleus considering the same excitation parame-
ters. Quenching could therefore be advantageous for a
faster clock interrogation scheme in the crystal environ-
ment.

In conclusion, we have presented a new method for
isomer excitation in the crystal environment via the
coupling to the electronic states using a defect in
229Th:CaF,. Our calculations show that excitation rates
via both stimulated and absorption EB processes start-
ing from previously excited defect states are at least two
orders of magnitude larger than direct photoexcitation
using the same VUV source. In addition, the isomer
coupling to the defect states could be used for an effi-
cient quenching of the nuclear transition and controlled



isomer decay. Our findings support experimental efforts
towards a solid-state nuclear clock employing Th-doped
VUV-transparent crystals.

We gratefully acknowledge funding from the Euro-
pean Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement No 664732 “nuClock”.
This work is part of the ThoriumNuclearClock project
that has received funding from the European Research
Council (ERC) under the European Unions Horizon 2020
research and innovation programme (Grant agreement
No. 856415). The project has also received funding from
the EMPIR programme co-financed by the Participat-
ing States and from the European Union’s Horizon 2020
research and innovation programme

* brenden.nickerson@mpi-hd.mpg.de
t Palffy@mpi-hd.mpg.de

[1] B. Seiferle, L. von der Wense, P. V. Bilous, I. Amersdorf-
fer, C. Lemell, F. Libisch, S. Stellmer, T. Schumm, C.E.
Diillmann, Adriana Palffy, and P.G. Thirolf. Energy of
the 22%th nuclear clock transition. Nature, 573:243-246,
2019.

[2] B. R. Beck, J. A. Becker, P. Beiersdorfer, G.V. Brown,
K.J. Moody, J.B. Wilhelmy, F.S. Porter, C.A. Kil-
bourne, and R.L. Kelley. Energy splitting of the ground-
state doublet in the nucleus ?**Th. Phys. Rev. Lett.,
98(14):142501, 2007.

[3] B. R. Beck, C. Y. Wu, P. Beiersdorfer, G. Brown,
J A Becker, K J Moody, J B Wilhelmy, F S Porter,
C A Kilbourne, and R L Kelley. Improved value for
the energy splitting of the ground-state doublet in the
nucleus 229Th. CERN-Proceedings, 1, 2010.

[4] C. J. Campbell, A. G. Radnaev, A. Kuzmich, V. A.
Dzuba, V. V. Flambaum, and A. Derevianko. Single-ion
nuclear clock for metrology at the 19th decimal place.
Phys. Rev. Lett., 108(12):120802, 2012.

[5] E. Peik and C. Tamm. Nuclear laser spectroscopy of the
3.5 eV transition in Th-229. Furophys. Lett., 61(2):181—
186, 2003.

[6] E. Peik and M. Okhapkin. Nuclear clocks based on
resonant excitation of ~-transitions. Comptes Rendus
Physique, 16(5):516 — 523, 2015. The measurement of
time / La mesure du temps.

[7] G. A. Kazakov, A. N. Litvinov, V. I. Romanenko, L. P.
Yatsenko, A. V. Romanenko, M. Schreitl, G. Winkler,
and T. Schumm. Performance of a ?**Thorium solid-
state nuclear clock. New Journal of Physics, 14:083019,
2012.

[8] V. V. Flambaum. Enhanced effect of temporal variation
of the fine structure constant and the strong interaction
in 22°Th. Phys. Rev. Lett., 97(9):092502, 2006.

[9] J. C. Berengut, V. A. Dzuba, V. V. Flambaum, and S. G.
Porsev. Proposed experimental method to determine «
sensitivity of splitting between ground and 7.6 eV iso-
meric states in *2°Th. Phys. Rev. Lett., 102(21):210801,
2009.

[10] W. G. Rellergert, D. DeMille, R. R. Greco, M. P. Hehlen,
J. R. Torgerson, and E. R. Hudson. Constraining the

Evolution of the Fundamental Constants with a Solid-
State Optical Frequency Reference Based on the ??°Th
Nucleus. Phys. Rev. Lett., 104:200802, 2010.

[11] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O.
Schmidt. Optical atomic clocks. Rev. Mod. Phys.,
87(2):637-701, 2015.

[12] M. Safronova. Elusive transition spotted in thorium. Na-
ture, 533(7601):44-45, 2016.

[13] E. V. Tkalya. Proposal for a nuclear gamma-ray laser of
optical range. Phys. Rev. Lett., 106(16):162501, 2011.

[14] E. V. Tkalya and L. P. Yatsenko. Creation of inverse pop-
ulation in the 229Th ground-state doublet by means of a
narrowband laser. Laser Physics Letters, 10(10):105808,
2013.

[15] L. von der Wense, B. Seiferle, M. Laatiaoui, J. B. Neu-
mayr, H. J. Maier, H. F. Wirth, C. Mokry, J. Runke,
K. Eberhardt, C. E. Diillmann, N. G. Trautmann, and
P. G. Thirolf. Direct detection of the 229Th nuclear clock
transition. Nature, 533(7601):47-51, 2016.

[16] J. Thielking, M. V. Okhapkin, P. Glowacki, D. M. Meier,
Lars von der Wense, B. Seiferle, C. E. Dillmann, P. G.
Thirolf, and P. Peik. Laser spectroscopic characteriza-
tion of the nuclear-clock isomer 22°™Th. Nature, 556:321,
2018.

[17] J. Jeet, C. Schneider, S. T. Sullivan, W. G. Rellergert,
S. Mirzadeh, A. Cassanho, H. P. Jenssen, E. V. Tkalya,
and E. R. Hudson. Results of a direct search using syn-
chrotron radiation for the low-energy 22°Th nuclear iso-
meric transition. Phys. Rev. Lett., 114(25):253001, 2015.

[18] S. Stellmer, G. Kazakov, M. Schreitl, H. Kaser, M. Kolbe,
and T. Schumm. Attempt to optically excite the nuclear
isomer in ***Th. Phys. Rev. A, 97:062506, 2018.

[19] C.J. Campbell, A. G. Radnaev, and A. Kuzmich. Wigner
crystals of 22°Th for optical excitation of the nuclear iso-
mer. Phys. Rev. Lett., 106(22):223001, 2011.

[20] R. C. Thompson. Ion coulomb crystals. Contemporary
Physics, 56(1):63-79, 2015.

[21] W. M. Itano, J. C. Bergquist, J. J. Bollinger, J. M. Gilli-
gan, D. J. Heinzen, F. L. Moore, M. G. Raizen, and D. J.
Wineland. Quantum projection noise: Population fluc-
tuations in two-level systems. Phys. Rev. A, 47(5):3554—
3570, 1993.

[22] X. Zhao, Y. N. Martinez de Escobar, R. Rundberg, E. M.
Bond, A. Moody, and D. J. Vieira. Observation of the
deexcitation of the ??"Th nuclear isomer. Phys. Rev.
Lett., 109:160801, 2012.

[23] E. Peik and K. Zimmermann. Comment on “observation
of the deexcitation of the 2" Th nuclear isomer”. Phys.
Rev. Lett., 111(1):018901, 2013.

[24] K. Zimmermann. Ezperiments Towards Optical Nuclear
Spectroscopy With Thorium-229. PhD thesis, Gottfried
Wilhelm Leibniz Universitat Hannover, 2010.

[25] P. Bilous and L. Yatsenko. Analysis of parasitic signals
in the method of recoil nuclei applied to direct observa-
tion of the 22 Th isomeric state. Ukrainian Journal of
Physics, 60(4):371, 2019.

[26] N. Minkov and A. P4lffy. Reduced Transition Probabili-
ties for the Gamma Decay of the 7.8 eV Isomer in ?*Th.
Phys. Rev. Lett., 118:212501, 2017.

[27] N. Minkov and A. P4lffy. Theoretical Predictions for the
Magnetic Dipole Moment of 22 Th. Phys. Rev. Lett.,
122(16):162502, 2019.

[28] W. G. Rellergert, S. T. Sullivan, D. DeMille, R. R. Greco,
M. P. Hehlen, R. A. Jackson, J. R. Torgerson, and E. R.


mailto:brenden.nickerson@mpi-hd.mpg.de
mailto:Palffy@mpi-hd.mpg.de

Hudson. Progress towards fabrication of 22°Th-doped
high energy band-gap crystals for use as a solid-state op-
tical frequency reference. IOP Conf. Series: Materials
Science and Engineering, 15:012005, 2019.

S. Stellmer, M. Schreitl, and T. Schumm. Radiolumines-
cence and photoluminescence of Th:CaF crystals. Sci.
Rep., 5:15580, 2015.

P. Dessovic, P. Mohn, R. A. Jackson, G. Winkler,
M. Schreitl, G. Kazakov, and T. Schumm. ??°Thorium-
doped calcium fluoride for nuclear laser spectroscopy. J.
Phys.: Condens. Matter, 26:105402, 2014.

S. Rix. Radiation-induced Defects in Calcium Fluoride
and Their Influence on Material Properties under 193
nm Laser Irradiation. PhD thesis, Johannes Gutenberg-
Universitat, Mainz, 2011.

E. V. Tkalya. Excitation of low-lying isomer level of the
nucleus ?2*Th by optical photons. JETP Lett., 55:211,
1992.

S. G. Porsev and V. V. Flambaum. Effect of atomic
electrons on the 7.6-eV nuclear transition in 22°Th3*.
Phys. Rev. A, 81(3):032504, 2010.

S. G. Porsev, V. V. Flambaum, E. Peik, and Chr. Tamm.
Excitation of the isomeric 2 Th nuclear state via an
electronic bridge process in *?Th™. Phys. Rev. Lett.,
105(18):182501, 2010.

P. V. Bilous, E. Peik, and A. Palffy. Laser-induced elec-
tronic bridge for characterization of the 22 Th — 2299Th
nuclear transition with a tunable optical laser. New Jour-
nal of Physics, 20(1):013016, 2018.

J. C. Berengut. Resonant electronic-bridge excitation of
the 235U nuclear transition in ions with chaotic spectra.
Phys. Rev. Lett., 121(25):253002, 2018.

P. V. Bilous, H. Bekker, J. Berengut, B. Seiferle,
L. von der Wense, P. G. Thirolf, T. Pfeifer, J. R. Cre-
spo Loépez-Urrutia, and A. Pélffy. Electronic bridge ex-
citation in highly charged ?°Th ions. arXiw:2001.06421,
2020.

G.W. Rubloff. Far-ultraviolet reflectance spectra and the
electronic structure of ionic crystals. Phys. Rev. B, 5:662,
1972.

J. Barth, R. L. Johnson, M. Cardona, D. Fuchs, and A.M.
Bradshaw. Dielectric function of CaFs between 10 and
35 eV. Phys. Rev. B, 41:3291, 1990.

[40] T. Tsujibayashi and K. Toyoda. Spectral profile of the
two-photon absorption coefficients in CaF2 and BaFs.
Appl. Phys. Lett., 80:2883, 2002.

[41] P. E. Blochl, C. J. Forst, and J. Schimpl. Projector
augmented wave method : Ab initio molecular dynamics
with full wave functions. Bulletin of Materials Science,
26(1):33-41, 2003,

[42] G. Kresse and D. Joubert. From ultrasoft pseudopoten-
tials to the projector augmented-wave method. Phys.
Rev. B, 59(3):1758-1775, 1999.

[43] R. W. Godby, M. Schliiter, and L. J. Sham. Self-energy
operators and exchange-correlation potentials in semi-
conductors. Phys. Rev. B, 37(17):10159-10175, 1988.

[44] Z. H. Levine and D. C. Allan. Linear optical response
in silicon and germanium including self-energy effects.
Phys. Rev. Lett., 63(16):1719-1722, 1989.

[45] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii.
Quantum Electrodynamics, volume 4 of Course of Theo-
retical Physics. Pergamon Press, 2 edition, 1982.

[46] I. I. Sobelman. Atomic Spectra And Radiative Transi-
tions. Springer-Verlag, Berlin, 1979.

[47] A. 1. Akhiezer and V. B. Berestetski. Quantum Electro-
dynamics. Interscience Publishers, 1965.

[48] D. A. Varshalovich, A. N. Moskalev, and V. K. Kher-
sonskii. Quantum theory of angular momentum. World
Scientific, 1988.

[49] P. V. Bilous, N. Minkov, and A. Pélffy. The electric
quadrupole channel of the 7.8 eV 22°Th transition. Phys.
Rev. C, 97:044320, 2018.

[60] A. Abragam. The principles of nuclear magnetism. Ox-
ford University Press, 1961.

[51] A. R. Edmonds. Angular momentum in Quantum Me-
chanics. Princeton University Press, 1957.

[52] J. P. Perdew, M. Ernzerhof, and K. Burke. Rationale for
mixing exact exchange with density functional approxi-
mations. J. Chem. Phys., 105:9982, 1996.

[63] J. Heyd, G. E. Scuseria, and M. Ernzerhof. Hybrid func-
tionals based on a screened coulomb potential. J. Chem.
Phys., 118(18):8207, 2003.

[54] P. E. Blochl. Projector augmented-wave method. Phys.
Rev. B, 50(24):17953-17979, 1994.



	 References

