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Abstract: This study considers a principal possibility of creating a nuclear light source of the vacuum ultra violet

(VUV) range based on the 222 Th nucleus. This nuclear light source can help solve two main problems — excitation
of the low-lying 22" Th isomer and precision measurement of the nuclear isomeric transition energy. The thorium
nuclear light source is based on the nuclei implanted in a thin dielectric film with a large bandgap. While passing an
electric current through the sample, the 2% Th nuclei are excited to the low energy isomeric state 3/2+(8.19 +0.12

eV) through the process of inelastic scattering of conduction electrons. The subsequent spontaneous decay of 22" Th

is followed by the emission of y quanta in the VUV range. The luminosity of the thorium nuclear light source is ap-

proximately 10° photons/s per 1 A of current, per 1 ng of 22 Th. The suggested scheme to obtain y radiation from

the 229" Th isomer can be considered as a type of nuclear analogue of the optical radiation from the usual metal-insu-

lator-semiconductor (MIS) junction.
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I. INTRODUCTION

The ?*Th nucleus has a unique low-lying isomeric
state with the energy Ejs, which is equal, according to the
latest data, to 8.19+0.12 eV [1]. The history of Ej; meas-
urements made in the last five decades, from the first val-
ues of Ejx <100 eV [2], Ex=1+4 eV [3], and 3.5+1.0
eV [4] via the values 7.6+0.5 eV [5] and 7.8 0.5 eV [6]
to the currently accepted values Ej; =8.30+0.92 eV [7],
Es=828+0.17 eV [8], E;=8.10+0.17 eV [9], and
8.19+0.12 eV [1], has already been described repeatedly
and in great detail in various works (see, for example, [7,
9, 10] and references therein).

Interest in the isomeric level in ?2°Th lies primarily
with the possibility of creating an ultraprecise nuclear
clock [11-17] and a y-ray laser of optical range [18]
based on the inversion population of the levels in the low-
lying doublet in 22°Th [19, 20]. The nuclear ultra-stable
optical clock is of interest to a number of fields of phys-
ics. With its use, we will be able to conduct research on
the effects of the Einstein Equivalence Principle and loc-
al Lorentz Invariance violations [21], to study the relat-
ive effect of the variation of the fine structure constant e?
and the strong interaction parameter my/Agcp [22-25],
for dark matter searches [26]. Alongside these important
challenges, the low-lying isomer of 22 Th allows us to ex-
plore the exotic process of decay and excitation of the

nucleus via an electron bridge [27—35], accelerate the «
decay of the ?*Th nucleus [36], control the isomeric
level of y decay via the boundary conditions [37], detect
229Th ground state decay into the isomeric level in the
(,ul‘sz”Th)* muonic atom [38], investigate the 2?*"Th
decay through the metal conduction electrons [39], ob-
serve the Zeno effect [20], etc.

The most efficient method of excitation by resonant
laser photons in the process of direct photoexcitation of
229mTh [31] or excitation via the electron bridge [28—41]
is currently impossible. These methods require precise
tuning of laser radiation to an unknown wavelength of the
nuclear transition or stimulation of an atomic M1 trans-
ition close in energy to the nuclear transition in the pro-
cess of nuclear excitation by electron transition (NEET
see in [42—44]), which is the "second stage" of the excita-
tion of 2?"Th via the electron bridge. However, it should
be noted that the excitation of the >?*"Th isomer in the
process of direct photoexcitation of the 29 keV level, first
proposed and theoretically substantiated in Ref. [45], has
already been successfully implemented experimentally
[46].

Registration of photons from the decay of *?*"Th
could immediately determine the energy of nuclear trans-
ition with high accuracy in a low-lying doublet of levels
of the 2 Th nucleus and open the path to resonant pump-
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ing of the isomer. The first successful observation of the
gamma decay of the 2?*"Th isomer accompanying the
beta decay of ??°Ac, implanted into a large-bandgap
dielectric, was reported in Ref. [47]. Another type of ex-
periment to observe the gamma decay of 2*"Th (pro-
duced by the alpha decay of 233U) in an ion trap is de-
scribed in Ref. [48].

In this study, we propose an algorithm for the solu-
tion of one main problem in this field of modern science,
namely, the excitation of the 2> Th isomer in the solid
state (dielectric matrix) by electron current and creating a
source of y quanta of the VUV range, which accompan-
ies isomeric decay of 2> Th.

II. SCHEME OF NUCLEAR LIGHT SOURCE ON
229mTh

The low-energy isomeric transition in *?*"Th has a
high probability of internal conversion [27, 49—51]. It
was the measurements of the conversion electrons en-
ergy in works [8, 52] that gave one of the modern values
for Eis. However, the internal conversion makes registra-
tion of photons almost impossible. The solution to the
problem was described in Refs. [45, 53, 54]. These stud-
ies have shown the decay of ?*"Th in dielectrics with a
large bandgap, A, to occur precisely with the photon
emission and the internal conversion at Ej; < A to be for-
bidden energetically. In a wide-gap dielectric, thorium
participates in chemical bonds by donating electrons. The
described efficient ionization increases the binding ener-
gies of the remaining electrons. It proves to be sufficient
to stop the decay of 2**"Th via the internal conversion
channel.

The last missing link, namely, an efficient way of
non-resonant excitation of the 22"Th isomer, was re-
cently proposed in Ref. [10]. The cross sections for in-
elastic scattering of slow electrons with energies of about
10 eV turned out to have reached values (2 —6)x1072°
cm? depending on the value of the nuclear matrix ele-
ment. These are rather large cross sections by nuclear
standards. It is essential that they make it possible to ex-
cite the *Th nucleus even if the exact value of the nuc-
lear transition energy is not known. For comparison, the
typical effective cross section of resonant photoexcita-
tion of the isomer by laser radiation with a linewidth of
As = 10719 eV, calculated from the formula ooy =
(A2 /2m)[T, (M1, gr — is)/Aiss], where A =27/Ejs and T,
denotes the radiative transition width (see below), is
(2-8)x1072° ¢m?. However, as we noted above, for res-
onant photoexcitation, it is necessary to know the
wavelength ;s with high accuracy.

Now let us see how these problems can be circumven-
ted using a relatively simple scheme. We consider the
layout of the device in Fig. 1. Here, ?°Th is implanted
into a thin dielectric layer with a thickness /4 on the order
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Fig. 1.
The left part is a diagram of the device, and the right part is

(color online) Nuclear light source based on 22" Th.

the excitation of 22 Th by the electrons and the emission of y
quantum during the transition of the nucleus to the ground
state. "Metal" designates a sputtered thin metal contact (Pd
and Au were taken for numerical estimates in this work). SiO,
and MgF,were considered as large band gap dielectrics (they
can be replaced by another dielectric with a large band gap).
Doped Si and Au were taken as the substrate.

of 10—20 nm with a large bandgap. Currently, there are
several dielectrics of this type: SiO, [55], CaFs,
L1CaA1F6, LlSI‘AlFﬁ, NazThFﬁ, LIYF4 [12], and MgF2
[56]. Voltage is applied to the dielectric through a metal
contact on one side and a doped semiconductor (Si for
example) or a metal contact on the other side. Note that,
if silicon is used as a semiconductor, it is quite easy to
grow a thin dielectric SiO; film directly on an Si sub-
strate. Depending on the doping material, it is possible to
prepare an n-type or p-type semiconductor with the ap-
propriate current flow direction in the device. To be more
specific, an n-type semiconductor is shown in Fig. 1.

As we already noted, the dielectric film should be thin
enough to allow the passing of electric current. Its optim-
al thickness is no more than a few electron mean free
paths. Thin films of 10-30 nm are convenient for the fol-
lowing reason. The 22°"Th isomer excitation cross sec-
tion for inelastic electron scattering reaches a maximum
at energies of 9—10 eV [10]. Therefore, it is reasonable to
work with an electrical potential difference between the
contacts at a level of several tens of volts (before an elec-
trical breakdown occurs, which leads to material degrada-
tion, the dielectric strength of SiO, is approximately 4
GV m™' [57]; with the film thickness of 10 nm, the
breakdown voltage is 40 V). Under such conditions, the
transport of electrons through a thin dielectric film oc-
curs due to the tunneling process (practically, this is the
process of electric field electron emission). Thicker films
can also be used, but to ensure tunneling, a higher elec-
tric potential difference between the contacts should be
applied. As a result, the region in which the electron en-
ergy is much higher than the optimal one will be signific-
antly increased in size (see below).

Therefore, the applied voltage is selected so that the
electrons scattered by the 2?° Th nuclei have a kinetic en-
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ergy Exn that is sufficient to excite the nucleus. In the
scheme in Fig. 1, Eyi, ~ (¢./n)V(x/h), where V is the ap-
plied voltage in volts, dimension of Ey;, is electronvolts,
x is the depth counted from the electron entry point into
the film, ¢.is the elementary charge in units of electron
charge, and 7 is the refractive index of the dielectric film.
Assuming that, at the initial time, the?? Th nuclei are dis-
tributed over the dielectric layer thickness with a certain
density ng(x), and that the main voltage drops precisely
on the dielectric film, we find the condition necessary for
the excitation of nuclei at depth x: V > (n/q.)(h/x)E;s. In
other words, in order for the excitation reaction of the
nucleus to proceed, for example, in half of the dielectric
layer, it is necessary to apply the voltage in volts
V =2nE;/q., where g, = 1.

III. PARAMETERS OF NUCLEAR LIGHT
SOURCE

Let us estimate the y activity of isomeric nuclei ex-
cited according to the given scheme. Let the density of
the 2Th nuclei in the target sample at depth x be
ng:(x,1), and the density of the resulting 2" Th isomers
be nis(x,t). The equations describing the system are as
follows:

dnis(x,0)/dt =opng(x,1) = (Aot (X) + FQ)nis(x, 1),
dngr(x’ H/dt=— Tpng(x, 1) + (Aot(X) + F@)nis(x, 1), (D

where ¢ is the isomer excitation cross section for inelast-
ic electron scattering in the process of 2> Th(e,e’)?*" Th,
g is the cross section of the reverse process (calculated
from the principle of detailed balance and coincides in or-
der of magnitude with ¢ [10]), ¢ = j/S is the electron flux
density through a target with area S when passing the cur-
rent j, and A (x) is the total decay constant or isomeric
state width (with using the unit system 7 =c=1) in the
sample at depth x. The expressions in Eq. (1) are solved
with initial conditions n;s(x,0) = 0 and ng(x,0) = ng(x). It
should also be noted that the electron flux density of a
given energy ¢ is practically independent of x due to the
small thickness of the dielectric layer.

Let us simplify Eq. (1). 1) We neglect the decrease in
the density of the ?*Th nuclei in the ground state with
time, that is, let ng(x,1) = ng(x). 2) We discard the term
—G¢nis(x,1), which describes the inverse process
229mTh(e,e’)?*Th of nuclei deexcitation during inelastic
electron scattering. These simplifications are to be made
as the condition ¢t < 1 is met for the considered cur-
rent density of the order of 1 A ¢cm™? (in this case,
1/(og) 2 10% s) and the expected lifetime of the isomeric
state 7(x) = 1/di(x) =~ 102-10% s (see below). On the one
hand, this condition implies that the main decay channel
for 22 Th is the spontaneous decay of the isomeric level,

and not the transition to the ground state upon inelastic
electron scattering. On the other hand, the density of the
excited 2*"Th nuclei at depth x increases according to
the characteristic law

gy ()
1-e s 2
Ator(x) ( ) ( )

nis(X, 1) = ngr(x)

where o¢/A(x) is the relative equilibrium concentra-
tion of isomeric nuclei at depth x at times ¢ > 7. In order
of magnitude, o¢/A(x)~ 107*, and density ngr(x) does
not change much with time.

Now let us return to the question of the value 7(x).
For this, we first estimate the characteristic radiative
width of the isomeric state I, in vacuum

Ty = 10wy, Bw.o.(M1,is — gr),

where pyis the nuclear magneton, andM1 is the multi-
polarity of isomeric transition.

In order to calculate Ty, it is necessary to know the re-
duced probability of nuclear transition in Weiskopf units
Bw.u.(M1,is — gr). InRef. [58], the value Bw . (M1,is — gr)
=0.03 was obtained based on experimental data [59-62]
for the M1 transitions between the rotation bands
K™[Nn.A] =3/2[631] and 5/2%[633] in the *Th nucle-
us and the Alaga rules [58, 63]. Here, K"[Nn,A] are the
asymptotic quantum numbers for nuclear levels in the
Nilsson model [64]). The other value, Bw, (M1,is — gr)
=0.006—0.008 , was obtained in Ref. [65]. It was the res-
ult of a computer calculation made in compliance with
modern nuclear models. These two values for
Bw.u.(M1,is — gr) give the time interval T, =1n(2)/T, =
20-100 min for the radiative decay of the isomer in thori-
um ions in vacuum at the nuclear transition energy
Wy = Eis = 8.2 eV.

The probability of decay of the 22°"Th isomer in the
sample in Fig. 1 is influenced by two factors — the re-
fractive index of the medium [45, 53] and the presence of
interfaces between the media (the Purcell effect) [37].
The probability of magnetic dipole (M1) y radiation of
229mTh in a medium with a refractive index 7 increases by
n*times compared to the probability of radiation in vacu-
um [45,53]. The Purcell factor, fp(x), that is the ratio of
the probability of emission in a medium with boundaries
to the probability of emission in an infinite medium, af-
fects the decay of ?*"Th more intricately. Figure 2
shows the Purcell factors for the M1 y transition with the
energy of 8.2 eV for the system shown in Fig. 1. The cal-
culation was made within the framework of the approach
developed and described in detail in Ref. [66] (we
provide a graphical representation of the result, since the
analytic expressions for fp(x) for four media are highly
complex). Pd and Au were taken as examples of the de-
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Fig. 2. (color online) The radiative, f(x), nonradiative,

fpf(x), and total, fi"'(x)= fp(x)+ fp'(x) components of the Pur-
cell factors for the M1(8.2 eV) y transition in the scheme in
Fig. 1 with h=15 nm for thickness of the large band gap
dielectric and 10 nm metal layer thickness. The thickness of
the substrate in calculations is assumed to be infinite. Solid
lines — the Si/?* Th:SiO,/Pd sample and dashed lines — the
Au/?»Th:MgF,/Au sample.

posited metal contact. Their characteristics, namely,
n=13 and «=0.9 for Pd and n=1.3 and x=1.5 for Au
at the energy of 8.2 eV, are given in Ref. [67]. The thick-
ness of the Pd or Au layers is estimated to be equal to 10
nm. It is limited by the requirement of contact transpar-
ency for VUV photons. The fraction of the incident
power, propagated through the material with thickness d,
is given by exp(-d/ly), where ly = Ajsk/(4n) and A5 ~ 150
nm. Using the values of x for Pd and Au from Ref. [67]
given earlier, we find that, in a metal layer of thickness
10 nm, the VUV photon flux is attenuated by a factor of
approximately 3 for Pd and 2 for Au.

At the SiO,/Metal interface, there are surface states
whose levels are located inside the SiO, band gap. The
presence of these levels can lead to an increase in the
probability of the isomeric decay of 22" Th through the
internal conversion or electron bridge for the thorium
atoms located within 2—3 monolayers from the interface.
Additional losses in the photo output can be avoided by
lowering the concentration of thorium atoms in the near-
surface layer so that the doping profile reaches a maxim-
um at a depth of approximately 1 nm (of the order of 3
coordination radii). In the case of a uniform distribution
of 22Th, this problem will affect 10-15% of the nuclei,
reducing the optical output by the same amount.

Figure 2 shows the probability of radiative decay de-
termined by fj(x) to decrease due to the interfaces
Pd/Si0; (x=0) — SiO,/Si (x = h) and Au/MgF, (x=0)
— MgF,/Au (x = h). However, the total decay probabil-
ity increases significantly due to the factor fp'(x). It char-
acterizes the nonradiative decay of 22" Th, which arises
from the imaginary part of the dielectric constants of Si,
Pd, and Au [66]. As for the silicon oxide, the imaginary
part of the dielectric constants of SiO; lies in the range of
0.02-0.03 at the energy of 8.2 eV [68, 69]. Thus, « is

very small for SiO,, and it can be neglected in calcula-
tions. For MgF, k ~3x 1077 at 8.2 eV [68].

With respect to these factors, it is possible to derive
the formula for the total y activity caused by an electric
current in the entire sample

! A®
Oy(1) = opS fo dxngr(x)]%(l_e A >r)’

where Ai(x) = 1 fU(0T,.

Figure 3 shows the graphs of induced activity. Q, for
the sample from Fig. 1 is seen to behave much more dif-
ferently than the y activity of an equivalent target of
229Th***~ jons in vacuum or in an infinite medium of
SiO, or MgF,. Both the emissivity and the observed ef-
fective half-life of the entire set of isomeric nuclei change
significantly.

As can be seen from Fig. 3, gamma activity in the
sample upon reaching equilibrium at times 7~ T}/2/2 is
approximately 10° photons/s per 1 A of electric current
and 1 ng of 2 Th.

2Th is an a emitter with T;, =7880 yr. Alpha
particles, decelerated in SiO, (MgF,), produce a back-
ground radiation. Alpha activity of 1 ng of 2 Th is 7 Bk.
The mean free path of a particles with the energy 4-5
MeV in SiO, (MgF,) is approximately 20 pm. With a
dielectric layer thickness of 15 nm, only 1073« particles
lose energy in the dielectric and contribute to the back-
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Fig. 3.
electric current and per 1 ng of 22°Th as a function of the irra-

(color online) The y-activity of the sample per 1 A of

diation time. 1 — the 22 Th*+*- ion target in vacuum, 2 (2')
— the same target in the infinite medium of SiO, (MgF,), 3
(3") — the 2 Th target in the Si/Th:SiO,/Pd (Aw/Th:MgF,/Au)
sample in Fig. 1 with a uniform distribution of nuclei in depth
ngr(x) = Const = Ngr/(hS) (Ng is the total number of 22 Th nuc-
lei implanted in a dielectric layer), 4 (4') — all the 22° Th nuc-
lei located in a thin layer inside SiO, (MgF,) at a depth of
x~6 nm, where the functions f3"(x) have a minimum value
(this is a type of upper limit for the y-activity for the sample in
Fig. 1).
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ground (alpha particles in the Si (Au) substrate and metal
contacts do not produce an optical background). Assum-
ing that the ionization potential is 10 eV, and that all en-
ergy of the alpha particles is converted into photons, we
get a background of approximately 10° photons per
second, per 1 ng of ?*Th purified from daughter nuc-
lides. This means that we can secure two orders of mag-
nitude for current, until the signal falls to the background
level.

Let us compare this estimate with the background
from ?$U. To have the same number of the 8.2 eV y
quanta as from 1 ng of 2?Th, the a activity of 23U
should be at the level of 10°x50 (taking into account the
2% isomer population). This requires approximately 140
mg 233U. In this case, the host crystal will have a volume
of at least 107! cm?. Alpha particles will be completely
decelerated in such a crystal and leave all their energy in
it. Thus, other things being equal, the background for
23U exceeds the estimate obtained for 1 ng 2 Th by 8
orders of magnitude. This underlies the advantage of us-
ing the proposed scheme with thorium.

Another source of the background radiation could be
the electron flux through the carrier substrate. In this
case, the radiation in the vacuum ultraviolet range comes
from the processes of exciton recombination. In experi-
ments specifically carried out in 2021, it has been found
that, in the Si substrate and SiO, matrix, the emerging
background in the wavelength region around 150 nm is
very small and only slightly exceeds the intrinsic noise of
the detector [70].

The emission line from the isomeric decay of 2?*"Th
is planned to be registered using the same setup that was
used to measure the background. The setup device is as
follows. A converging short-focus lens made of a materi-
al transparent in the VUV range (MgF») is placed in front
of the sample. A focused beam of light falls on the slit of
a diffraction spectrometer. The spectrometer is made ac-
cording to the Paschen-Runge optical scheme, in which
the entrance slit of the spectrometer and the spherical dif-
fraction grating are located on the Rowland circle, and
the radiation from the entrance slit falls almost normal to
the diffraction grating. This scheme has the following ad-
vantages: 1 - only one reflection is used, which makes it
possible to minimize the loss of incoming radiation; 2 - it
is possible to change the grating tilt to capture the de-
sired part of the spectrum, which allows us to measure
spectra in a wide range.

The background spectrum and the ?*"Th radiation
wavelength are determined from the diffraction pattern
using a charged-coupled device (CCD) matrix cooled to a
temperature of -20 °C under vacuum conditions no worse
than 10~® Torr. With the CCD matrix, we can accumu-
late the signal simultaneously (without scanning) over all
channels of the selected region of the spectrum, which in
turn allows for measuring the emission spectrum with a

high decay rate over time. The maximum luminosity of
the spectrometer reaches 10* (i.e., one photon is re-
gistered out of every 10* photons arriving at the spectro-
meter input).

The experiment can be carried out in two modes. (1)
Registration and measurement of the spectrum occur dir-
ectly during the passage of electric current through the
sample. (2) Registration occurs after the electron current
is turned off and after the completion of the relaxation of
electron-hole pairs and other transient processes — the
background sources. In both modes of operation, to take
into account the background correctly, it is necessary to
carry out measurements on samples without??° Th. Such a
scheme allows us to separate photons originating during
the decay of the 22" Th isomer from the contributions of
all other possible electronic transitions in the Th shell.
The background accumulation time is required to corres-
pond to the useful signal accumulation time (see Fig. 3),
i.e., approximately 10° s. The described sequential consid-
eration of the signal from samples with 2 Th and >*>Th
will single out the desired emission line of the 2> Th iso-
mer.

Consider the size of the sample in Fig. 1 in terms of
the allowable concentration of the thorium atoms. Let us
take SiO, as an example, since we have all necessary
data for it. According to the results of Ref. [71], where
thorium ions are implanted into SiO,, thorium is oxid-
ized to the ThO, form. The ThO, band gap is approxim-
ately 6.5 eV. Therefore, the appearance of the ThO, im-
purity in SiO; leads to a decrease in the band gap of the
sample as a whole. It was theoretically and experiment-
ally established in Ref. [71] that, up to a thorium concen-
tration of 20%, the band gap in such SiO,+ThO, dielec-
trics exceeds 8.5 eV. Thus, in a dielectric matrix of the
size 1 cm?x 15 nm, approximately 10 ng of ?*Th can be
placed (note that, in the theoretical work of a group from
the Vienna University of Technology, it has been found
that the band gap of thorium-doped MgF, decreases with
the concentration of thorium [56].)

As a result, we obtain the following estimate: at a
moderate current of 1 A, detector quantum efficiency
> 107!, and photon collection angle ~ 27, the y radiation
detector registers approximately10*— 10° counts/s from
such a matrix, which is sufficient for the effect to be reli-
ably detected above the background level.

IV. REMARKS ON THE ROLE OF CRYSTAL
DEFECTS

The described scenario is plausible only if there are
no additional electron levels in the band gap of the dielec-
tric matrix containing 22° Th. These can be impurity levels
or lattice defects, formed in processes such as thorium
implantation or « decay of the?”Th nuclei. Such addi-
tional electron states of different nature formed inside the
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band gap in the process of target fabrication can cause a
rapid decay of the 2> Th isomer through an internal con-
version channel or via the electron bridge. This can neg-
atively affect the yield of the nuclear light source. The is-
sue of such additional levels was studied in Refs. [12, 47,
54, 71-76]. In particular, as shown theoretically in Ref]
[76], a set of electronic defect states in the 22°Th:CaF,
crystal band gap (**° Th-doped CaF,) leads to excitations
via the electronic bridge mechanism, which proceed at a
rate 2 orders of magnitude larger than the direct photoex-
citation of the isomeric state.

It is important to note that, depending on the thorium
concentration, dielectrics seem to behave differently. The
band gaps of thorium-doped CaF, and MgF, decrease
with the concentration of thorium [56, 71]. Nevertheless,
the experimental results of Refs. [12, 47, 71, 74, 75] are
promising. These studies developed dielectric matrices
LiCaAlFg, CaF,, SiO,, and MgF,with thorium without
additional states in the band gap. This means that the
presence of a thorium dopant in the proper concentration
in these crystals does not lead to the appearance of addi-
tional electronic levels inside the bandgap, and that the
bandgap width, A, remains quite large, exceeding the en-
ergy of the isomeric nuclear transitionE;,. This important

issue should always be focused on during sample prepar-
ation.

Another problem with thin films on substrates is the
mismatch between crystal structures and lattice constants
of the film and the substrate. For the MgF,/Si system,
this effect should be taken into account. However, this is
a separate technological problem, which we do not con-
sider here. As for the SiO,/Si system, it is convenient to
use the amorphous SiO; film obtained by the thermal ox-
idation of silicon. This technology is well established in
microelectronics, and it can be used to obtain thin silicon
oxide films of high dielectric quality with a large band
gap (=29 eV) [77].

V. CONCLUSION

The proposed scheme can be considered as a nuclear
counterpart of a conventional light source. Nuclei are ex-
cited as a result of inelastic scattering of electrons. This is
a non-resonant threshold process, which, most import-
antly, does not require precise tuning to an unknown nuc-
lear transition energy, but at the same time, produces a
sufficiently large number of excited nuclei. As a result,
there is a real possibility of detecting y quanta from the
nuclear isomeric transition in 22° Th.

References

[1T E. Peik, T. Schumm, M. Safronova et al., Quantum Sci.
Technol. 6, 034002 (2021)
[2] L. A. Kroger and C. W. Reich, Nucl. Phys. A 259, 29

(1976)

[3] C. W. Reich and R. G. Helmer, Phys. Rev. Lett. 64, 271
(1990)

[4] R. G. Helmer and C. W. Reich, Phys. Rev. C 49, 1845
(1994)

[5] B.R. Beck, J. A. Becker, P. Beiersdorfer et al., Phys. Rev.
Lett. 98, 142501 (2007)

[6] B. R. Beck, J. A. Becker, P. Beiersdorfer et al, Report
LLNL-PROC-415170 (2009), https://ereports-
ext.Inl.gov/pdf/375773.pdf

[71 A. Yamaguchi, H. Muramatsu, T. Hayashi et al., Phys. Rev.
Lett. 123, 222501 (2019)

[8] B. Seiferle, L. von der Wense, P. V. Bilous et al., Nature
573,243 (2019)

[91 T. Sikorsky, J. Geist, D. Hengstler et al., Phys. Rev. Lett.
125, 142503 (2020)

[10] E. V. Tkalya, Phys. Rev. Lett. 124, 242501 (2020)

[11]  E. Peik and C. Tamm, Europhys. Lett. 61, 181 (2003)

[12]  W.G. Rellergert, D. DeMille, R. R. Greco ef al., Phys. Rev.
Lett. 104, 200802 (2010)

[13] C. J. Campbell, A. G. Radnaev, A. Kuzmich et al., Phys.
Rev. Lett. 108, 120802 (2012)

[14] G. A. Kazakov, A. N. Litvinov, V. I. Romanenko et al.,
New J. Phys. 14, 083019 (2012)

[15]  E. Peik and M. Okhapkin, C. R. Phys. 16, 516 (2015)

[16] P.G. Thirolf, B. Seiferle, and L. v. d. Wense, J. Phys. B: At.
Mol. Opt. Phys. 52, 203001 (2019)

[17] K. Beeks, T. Sikorsky, T. Schumm et al., Nature Rev. Phys.
3,238 (2021)
[18] E. V. Tkalya, Phys. Rev. Lett. 106, 162501 (2011)
[19] E. V. Tkalya and L. P. Yatsenko, Laser Phys. Lett. 10,
105808 (2013)
] E.V.Tkalya, Nucl. Phys. A 1022, 122428 (2022)
1 V. V.Flambaum, Phys. Rev. Lett. 117, 072501 (2016)
[22] V. V.Flambaum, Phys. Rev. Lett. 97, 092502 (2006)
1 E. Litvinova, H. Feldmeier, J. Dobaczewski et al., Phys.
Rev. C 79, 064303 (2009)
[24] P. Fadeev, J. C. Berengut, and V. V. Flambaum, Phys. Rev.
A 102, 052833 (2020)
[25] P. G. Thirolf, B. Seiferle, and L. v. d. Wense, Ann. Phys.
(Berlin) 20, 1800381 (2019)
[26] M. S. Safronova, D. Budker, D. DeMille et al., Rev. Mod.
Phys. 90, 025008 (2018)
[27] V. F. Strizhov and E. V. Tkalya, Sov. Phys. JETP 72, 387
(1991), http://www jetp.ras.ru/cgi-
bin/dn/e_072_03 0387.pdf
1 E.V.Tkalya, JETP Lett. 55, 211 (1992a)
1 E. V. Tkalya, Sov. J. Nucl. Phys. 55, 1611 (1992b)
[30] P.Kalman and T. Keszthelyi, Phys. Rev. C 49, 324 (1994)
] E. V. Tkalya, V. O. Varlamov, V. V. Lomonosov et al.,
Phys. Scr. 53, 296 (1996)
[32] S. G. Porsev, V. V. Flambaum, E. Peik ef al., Phys. Rev.
Lett. 105, 182501 (2010)
[33] R. A.Muller, A. V. Volotka, and A. Surzhykov, Phys. Rev.
A 99,042517 (2019)
[34] P. V. Borisyuk, N. N. Kolachevsky, A. V. Taichenachev et
al., Phys. Rev. C 100, 044306 (2019)
[35] A.Y.Dzyublik, Phys. Rev. C 102, 024604 (2020)

024101-6


https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
 https://ereports-ext.llnl.gov/pdf/375773.pdf
 https://ereports-ext.llnl.gov/pdf/375773.pdf
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
 https://ereports-ext.llnl.gov/pdf/375773.pdf
 https://ereports-ext.llnl.gov/pdf/375773.pdf
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
 https://ereports-ext.llnl.gov/pdf/375773.pdf
 https://ereports-ext.llnl.gov/pdf/375773.pdf
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1016/0375-9474(76)90494-2
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevLett.64.271
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevC.49.1845
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
https://doi.org/10.1103/PhysRevLett.98.142501
 https://ereports-ext.llnl.gov/pdf/375773.pdf
 https://ereports-ext.llnl.gov/pdf/375773.pdf
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1103/PhysRevLett.123.222501
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.125.142503
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1103/PhysRevLett.124.242501
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.104.200802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1088/1367-2630/14/8/083019
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1016/j.crhy.2015.02.007
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1088/1361-6455/ab29b8
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1038/s42254-021-00286-6
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1103/PhysRevLett.106.162501
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1088/1612-2011/10/10/105808
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1016/j.nuclphysa.2022.122428
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.117.072501
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevC.79.064303
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/PhysRevA.102.052833
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
 http://www.jetp.ras.ru/cgi-bin/dn/e_072_03_0387.pdf
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1103/PhysRevC.49.324
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1088/0031-8949/53/3/003
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevLett.105.182501
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevA.99.042517
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.100.044306
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604
https://doi.org/10.1103/PhysRevC.102.024604

Proposal for a nuclear light source

Chin. Phys. C 47, 024101 (2023)

[36]

(48]
[49]

[50]
[51]
[52]

[53]
[54]

[55]
[56]

[57]

A. M. Dykhne, N. V. Eremin, and E. V. Tkalya, JETP Lett.
64, 345 (1996)

E. V. Tkalya, Phys. Rev. Lett. 120, 122501 (2018)

E. V. Tkalya, Phys. Rev. A 94, 012510 (2016)

E. V. Tkalya, JETP Lett. 70, 371 (1999)

P. V. Bilous, E. Peik, and A. Palffy, New J. Phys. 20,
013016 (2018)

P. V. Bilous, H. Bekker, J. C. Berengut et al., Phys. Rev.
Lett. 124, 192502 (2020)

M. Morita, Progr. Theor. Phys. 49, 1574 (1973)

E. V. Tkalya, Nucl. Phys. A 539, 209 (1992c¢)

F. F. Karpeshin and M. B. Trzhaskovskaya, Phys. Rev. C
95, 034310 (2017)

E. V. Tkalya, A. N. Zherikhin, and V. I. Zhudov, Phys. Rev.
C 61, 064308 (2000)

T. Masuda, A. Yoshimi, A. Fujieda ef al., Nature 573, 238
(2019)

S. Kraemer, M. Athanasakis, S. Bara et al. Ultraviolet
Spectroscopy of the Actinium-229 beta decay: On the way
to the first observation of ™ Th's radiative decay? (2022),
https://indico.gsi.de/event/13014/contributions/60845/

B. Seiferle, D. Moritz, K. Scharl ef al., Atoms 10, 24 (2022)
P. V. Bilous, G. A. Kazakov, I. D. Moore et al., Phys. Rev.
A 95, 032503 (2017)

E. V. Tkalya, Phys. Rev. C 100, 054316 (2019)

E. V. Tkalya and R. Si, Phys. Rev. C 101, 054602 (2020)

L. von der Wense, B. Seiferle, M. Laatiaoui et al., Nature
533,47 (2016)

E. V. Tkalya, JETP Lett. 71, 311 (2000)

P. Dessovic, P. Mohn, R. Jackson et al., J. Phys.: Condens.
Matter 26, 105402 (2014)

Y. Y. Lebedinskii, P. V. Borisyuk, E. V. Chubunova et al.,
Phys. Status Solidi A 217, 1900551 (2020)

M. Pimon, J. Gugler, P. Mohn et al., J. Phys.: Condens.
Matter 32, 255503 (2020)

C. Sire, S. Blonkowski, M. J. Gordon et al., Appl. Phys.
Lett. 91, 242905 (2007)

(58]
[59]
[60]
(61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

[70]
[71]

[72]
(73]
[74]
[75]
[76]

[77]

024101-7

E. V. Tkalya, C. Schneider, J. Jeet ef al., Phys. Rev. C 92,
054324 (2015)

C. E. Bemis, F. K. McGowan, J. L. C. Ford et al., Phys. Scr.
38, 657 (1988)

K. Gulda, W. Kurcewicz, A. J. Aas et al., Nucl. Phys. A
703, 45 (2002)

V. Barci, G. Ardisson, G. Barci-Funel et al., Phys. Rev. C
68, 034329 (2003)

E. Ruchowska, W. A. Plociennik, J. Zylicz et al., Phys. Rev.
C 73, 044326 (2006)

A. M. Dykhne and E. V. Tkalya, JETP Lett. 67, 251 (1998)
S. G. Nilsson, Mat.-fus. Medd. 29, 1 (1955)

N. Minkov and A. Palffy, Phys. Rev. Lett. 118, 212501
(2017)

R. R. Chance, A. Prock, and R. Silbey, Adv. Chem. Phys.
37,1 (1978)

W. S. M. Werner, K. Glantschnig, and C. Ambrosch-Draxl,
J. Phys. Chem. Ref. Data 38, 1013 (2009)

M. Zukic, D. G. Torr, J. F. Spann et al., Appl. Opt. 29, 4284
(1990)

L. V. Rodrigues-de Marcos, J. I. Larruquert, J. A. Mendez
et al., Optical Materials Express 6, 3622 (2016)

Yu. Yu. Lebedinskii. Private Communication. June, 2022.
P. V. Borisyuk, E. V. Chubunova, Y. Y. Lebedinskii et al.,
Laser Phys. Lett. 15, 056101 (2018)

R. A. Jackson, J. B. Amaral, M. E. G. Valerio et al., J.
Phys.: Condens. Matter 21, 325403 (2009)

M. P. Hehlen, R. R. Greco, W. G. Rellergert et al., J.
Luminescence 133, 91 (2013)

J. Jeet, C. Schneider, S. T. Sullivan et al., Phys. Rev. Lett.
114, 253001 (2015)

S. Stellmer, M. Schreitl, and T. Schumm, Sci. Rep. 5, 15580
(2015)

B. S. Nickerson, M. Pimon, P. V. Bilous ef a/., Phys. Rev.
Lett. 125, 032501 (2020)

T. H. DiStefano and D. E. Eastman, Solid State Comm. 9,
2259 (1971)


https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1134/1.567201
https://doi.org/10.1134/1.567201
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevLett.120.122501
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1103/PhysRevA.94.012510
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1134/1.568182
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1088/1367-2630/aa9cd9
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1103/PhysRevLett.124.192502
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1143/PTP.49.1574
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1016/0375-9474(92)90267-N
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.95.034310
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1103/PhysRevC.61.064308
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://doi.org/10.1038/s41586-019-1542-3
https://indico.gsi.de/event/13014/contributions/60845/
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.3390/atoms10010024
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevA.95.032503
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.100.054316
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1103/PhysRevC.101.054602
https://doi.org/10.1038/nature17669
https://doi.org/10.1038/nature17669
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1134/1.568349
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1088/0953-8984/26/10/105402
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1002/pssa.201900551
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1088/1361-648X/ab7c90
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1063/1.2822420
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1103/PhysRevC.92.054324
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1088/0031-8949/38/5/004
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1016/S0375-9474(01)01456-7
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.68.034329
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1103/PhysRevC.73.044326
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1134/1.567659
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://doi.org/10.1103/PhysRevLett.118.212501
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://xs2.zidianzhan.net/books?hl=zh-CN&lr=&id=HlPB-WopREwC&oi=fnd&pg=PA1&dq=R.%C2%A0R.%C2%A0Chance,%C2%A0A.%C2%A0Prock,%C2%A0and%C2%A0R.%C2%A0Silbey,%C2%A0Adv.%C2%A0Chem.%C2%A0Phys.37,%C2%A01%C2%A0(1978)&ots=kF1CweE4Fe&sig=N9oCVX7xvSGeGXF0qzx6xznhTc8
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1063/1.3243762
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/AO.29.004284
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1364/OME.6.003622
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/1612-202X/aaacf8
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1088/0953-8984/21/32/325403
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1016/j.jlumin.2011.09.037
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1103/PhysRevLett.114.253001
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1038/srep15580
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1103/PhysRevLett.125.032501
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0
https://doi.org/10.1016/0038-1098(71)90643-0

	I INTRODUCTION
	II SCHEME OF NUCLEAR LIGHT SOURCE ON $ ^{229m} $Th
	III PARAMETERS OF NUCLEAR LIGHT SOURCE
	IV REMARKS ON THE ROLE OF CRYSTAL DEFECTS
	V CONCLUSION
	References

