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Abstract. The most likely candidate for the role of a nuclear optical standard is the isomer of the nuclear 
isotope 229mTh with an energy of 8.338 eV. The possibility to specify the value of this energy by resonant 
optical pumping through an electron bridge was discussed. Proper use of the natural atomic linewidths, 
which are many orders of magnitude larger than the natural nuclear isomeric linewidth, is critical. Re-
cent studies have shown that broadening due to internal conversion in neutral thorium atoms leads 
to a gain in scan time of nine orders of magnitude, facilitating the search for electron-nuclear resonance 
to a feasible level. The reverse resonance conversion method proposed in this article is applicable to ion-
ized thorium atoms. It has the potential to improve experimental efficiency by orders of magnitude. The 
implementation of this method requires simultaneous excitation of the nucleus and electron shell in the 
final state. The causal connection between this principle and the solution to the thorium riddle is shown.
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1. INTRODUCTION

The use of spectral lines corresponding to the tran-
sitions of nuclear isomers promises good prospects for 
the creation of a frequency standard and next-genera-
tion clocks. Nuclei, being located in the center of the 
electron shell, are less susceptible to external interfer-
ence and intracrystalline fields than atomic or molec-
ular systems. These lines are narrow and stable. The 
problem is that in most nuclei the transitions have en-
ergies of tens of keV. Such transitions are problematic 
to manipulate with lasers. There is a unique nuclide 
229 Th, whose excited state 3/2 [631]+  has an energy of 

= 8.338(24)nω  eV (see [1]), which is higher than that 
of the ground state 5/2 [633]+ .

The main obstacle to the construction of a frequen-
cy standard is to reduce the uncertainty in the value 
of  the isomeric transition energy down to  the natu-
ral width of the nuclear line, which lies at the level of 

1910−  eV. A possible way to solve this problem is given 
by the method of resonant photoexcitation of the isomer 

(optical pumping). For this purpose, a tunable continu-
ous-time laser with a wavelength near the resonance of 

150λ ≈  nm could be used. The problem is that the nat-
ural linewidth of the isomeric transition proper is too 
narrow for scanning: 19= 0.667 10n

−Γ ⋅  eV ( 510−  Hz), 
which would take too much time.

In this connection, let us repeat that the most effec-
tive, if not the only way to accelerate scanning is to use 
the resonance properties of  the electron shell. And 
it is not only the strengthening of the influence of the 
external field on the nucleus in the case of resonance. 
An even more important property in the application 
to  scanning is  the broadening of  the resonance line 
by many orders of magnitude with respect to the widths 
of atomic and nuclear transitions. The interaction of the 
nucleus with the electron shell is  realized by  inter-
nal conversion (IC), which in the subthreshold region 
turns into discrete or resonance conversion (RC). The 
concept of RC was formulated as early as [2] with re-
spect to the deexcitation of fission fragments in muon 
atoms. In [3], a method of laser-assisted nuclear tran-
sition enhancement using RC was first proposed using 
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the example of the isomer 235U with energy of 76 eV. 
The paper noted the commonality of RC with electron 
bridges (EB) considered by Krutov [4]. Krutov consid-
ered the case when EB is formed in a continuum. EBs 
are especially effective in the case of large ICCs (IC co-
efficients). For example, according to calculations [5], 
EBs increase the probability of radiative decay of the 
235U nucleus isomer with energy of 76 eV by five or-
ders of magnitude. In [6], EB was observed in the de-
cay of the 93 Nb isomeric level with energy of 30.7 eV. 
In  turn, both RC predictions were observed experi-
mentally in [7] in muon atoms and in 125 Te ions [8]. 
Following the work of  [9] and others, the term “in-
verse EB” was widely used to refer to the mechanisms 
of electron-shell-mediated photoexcitation of the 229 Th 
isomer. In further details, the concept of inverse EB has 
been recently reviewed in [10, 11]. It is still worth men-
tioning the important contribution to the RC theory 
construction of [12], in which the crucial role of mixing 
of the electron configurations of the atom’s mean-field 
was demonstrated. In [13], it was shown that the reso-
nance properties of the shell become stronger as elec-
trons are removed from it, up to hydrogen-like ions, 
in which RC can be observed in the absence of attenu-
ation otherwise created by other electrons. In [14], a set 
of RC processes was analyzed in terms of their efficien-
cy for optical pumping of the isomer 229 Th, whose en-
ergy at that time was taken to be 3.5 eV.

Taking into account the current energy value of the 
isomer, the dominant channel of its decay in neutral 
atoms becomes IC with ICC 

9( 1) = 0.987 10 .Mα ⋅

The observed lifetime of the isomer in neutral at-
oms was found to be10 μs [15]. Taking into account 
the IC leads to an increase in the natural width of the 
isomeric line to the value of 

10= 0.7 10 eV(10kHz).a
−Γ ⋅

In practice, the application of the scanning method 
encounters great difficulties. Lasers in the vacuum vio-
let range with a wavelength of about 150 nm are practi-
cally absent. To overcome this problem, the two-pho-
ton absorption method was used at  the PTB  – the 
Physikalisch-Technische Bundesanstalt, the National 
Metrology Institute of Germany (Braunschweig) [16]. 
A unique laser was used to pump the isomer at  the 
University of California Los Angeles (UCLA) in the 
group of  Prof. E.  Hudson. Several years of  unsuc-
cessful attempts, however, encourage the search for 
new ways. The project [17] based on  the use of  the 
IC channel in neutral isomeric atoms seems to be the 
most promising at present. Similar developments are 

underway at the Petersburg Nuclear Physics Institute 
(PNPI) of the National Research Center “Kurchatov 
Institute” [18]. Let us consider this project in more de-
tail in order to outline ways to further improve the effi-
ciency of the research based on it as an example of the 
current state of the experiment.

2. ESTIMATION OF  THE REQUIRED 
SCANNING TIME BY  THE IC  MECHANISM 

IN  NEUTRAL ATOMS 229 Th

For resonance excitation of some system, it is nat-
ural to use a light beam with a spectral width approx-
imately equal to the resonance width. Then the cross 
section of photoexcitation of a level with energy ω1 can 
be estimated by the formula [14]  
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where Sω is the spectral density of the beam, 0I , Iω are 
the spins of the system in the initial and excited states, 
respectively, ( 0)γΓ ω →  is the radiative width of the 
back transition. Putting 1/Sω ω≈ Γ , where ωΓ  is the 
total state width ω, and considering ( 0)γ ωΓ ω → ≈ Γ , 
we obtain a universal formula for the estimations
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applicable equally to both nuclear and atomic systems. 
This generality is extremely important when consider-
ing the phenomena of electron-nuclear resonance.

1  We use the relativistic system of units  = =c me = 1.

Fig. 1. Frequency comb proposed for isomer energy determination 
[15]. It consists of  ⋅ 51.2 10  comb-like modes (spikes) with variable 
frequency, centered around 8.3  eV. The width of  each mode is 
490 Hz, and the power is 10  nW in the center region of the comb. 
The position of the nuclear line is conventionally shown by a wide 
vertical line. During the scanning process of the comb teeth fre-
quency, a resonance search is performed.
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The project [17] proposes to use the seventh har-
monic of  the reference beam of  a  fiber laser with 
a wavelength of 1070 nm. In the path of the thus ob-
tained continuously generated beam with a power of 
1.2 mW, a  rotating flap with holes is  placed, which 
produces its cyclic opening and interruption at regular 
time intervals 100 μs. As a result, the Fourier spectrum 
of the transformed beam takes the form of a frequen-
cy comb located near the target energy and consisting 
of  51.2 10⋅  equidistant teeth. The target is a thin circle 
with a diameter of 0.3 mm. On its surface, 131.6 10⋅  at-
oms 229 Th are applied by sputtering or otherwise. The 
light beam thus obtained is  focused onto this target 
in the form of a frequency comb. The fact of resonance 
absorption is established by recording the conversion 
electrons arising from the deexcitation of the isomer. 
The equipment for recording conversion electrons 
is developed on the basis of detectors previously used 
by the authors to detect the decay of the isomer [15] 
and the first direct measurement of its energy [19].

The irradiation power in each tooth of the comb is 
10 nW, half-width 490 Hz ( 122 10−⋅  eV), distance be-
tween the teeth is 77 MHz ( 83 10−⋅  eV). From formu-
la (2), it follows that if the irradiation frequency falls 
in resonance with the nuclear transition, approximate-
ly 60 atoms will transition to the isomeric state during 
each exposure time of 100 μs. The scanning frequency 
is changed every second. The step of frequency change 
is equal to the width of the desired line, i.e., 1010−  eV. 
Then it would take 5000 steps to scan the interval be-
tween the teeth of the comb, which would take 5000 
seconds. To  more accurately determine the ener-
gy of the isomer, the interval between the tines must 
be changed. Therefore, several more scanning cycles 
will be required to refine the isomer energy.

3. RESONANT PUMPING OF  THE ISOMER 
THROUGH THE ELECTRON SHELL

We  have dwelt in  such detail on  the description 
of the project with Th I to give the best idea of the level 
of development of the modern experiment, its prob-
lems and aims. The main purpose of the present work 
is to draw attention once again to the fact that one can 
significantly reduce the time of the experiment if one 
takes advantage of  the resonance properties of  the 
electron shell to enhance the effect of the external field 
on the nucleus. The example discussed above already 
utilizes the enhancement of  the isomeric transition 
by the IC channel by 9 orders of magnitude. However, 
this mechanism can be attributed to the factors of ki-
nematic amplification that passively utilize the broad-
ening of the spectral line of the isomer due to the IC. 

Resonance with the electron shell as such is not ex-
ploited. However, already in single ions, the electron 
detachment energy becomes larger than the isomer en-
ergy, which turns off the IC channel. At the same time, 
most projects assume the use of exactly ions 229 Th.

A suitable dynamic broadening mechanism for ions 
was presented in [14]. Let us consider its application 
on the example of single ions 229 Th.

In the initial state of  the atom, both the nucleus 
and the valence electron are in the ground state. The 
shell configuration is  27 6s d  with angular momentum 

= 3/2j  [20]. In the virtual discrete conversion process 
7s-electron transfers to the nucleus the energy nω  re-
quired for isomer formation. In the spectral decompo-
sition of the Green’s function (Fig. 2), we can, to a first 
approximation, restrict ourselves to the same 7s-state, 
since 8s- and other levels are much farther away in en-
ergy. The Warsaw effect is  that it opens up the pos-
sibility of mixing by means of RC of the ground and 
isomeric nuclear states, despite the fact that they have 
different spins, while preserving the total angular mo-
mentum of the F  atom [21]. This leads to accelerated 
decay of the isomer by hundreds of times in the case 
of hydrogen-like ions 229 Thm . If hydrogen-like ions 
are considered instead of single ions in the diagram 
in Fig. 2, the full moments = 2F  and 3, with the level 
with = 2F  being the ground state, would be possible 
in the initial state. Similarly, the isomer could form 
states with the electron with = 1F  and 2. A virtual 
transition to an isomeric state is possible with = 2F ,  
but with an initial state with = 3F  a process like the 
one shown in Fig. 2 would be impossible. The IC selec-
tion rules automatically take these combinations into 
account in the formulas for calculating discrete ICCs 

( 1)d Mα . In  the considered case of  single ions, due 
to the even larger electron shell momentum, = 3/2j , 
a number of combinations are all the more possible for 
the total momentum F  in both initial and final states. 
All of them are still accounted for by the selection rules 
for ( 1;7 7 )d M s sα − . 

The energy balance is  restored by  absorption 
of an external photon with frequency (and energy) ω. 
Having absorbed the energy of the photon, the electron 
passes to the final 7 p-state. The frequency of the beam 
is determined from the energy conservation condition:   

	 7= ,n pω ω + ε 	 (3)

where 7 pε  is the energy of 7 p-level. At this frequency, 
the amplitude passes through a resonance with a width 

7=a pΓ Γ , equal to the width of 7 p-level. Therefore, 
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for scanning purposes it is reasonable to use a beam 
with resonance frequency ω and with spectral width 
equal to the resonance width aΓ .

Conventionally, let us  call this method the first 
one and compare it with another method, which uses 
a beam with the same flux but with frequency nω  and 
with spectral width equal to the half-width of the iso-
meric line nΓ , and which can be used to pump a bare 
nucleus. For the ratio of  the average cross sections 
of such two processes – the acceleration factor R, the 
following formula was obtained in [14]
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2
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2
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ù

Fig. 2. Feynman plot of the resonant optical pumping of an isomer 
based on  the principle of oscillation of  the ground and isomeric 
states.

g is

7s 8p 7p

ù

Fig. 3. Feynman plot of the resonant optical pumping of the isomer 
by the direct mechanism. 

where ( 1;7 7 )d M s sα −  is the dimensional analog of the 
ICC for 1M -transition with energy nω , ( )( ;7 7 )a s pγΓ ω −  
is the radiation width of the transition 7 7s p−  with fre-
quency ω (outside the mass surface). It is related to the 
usual width by the detailed balance relation

	 ( ) ( )2

1

2 1
( ;1 2) = ( ; 2 1),

2 1
a aj

jγ γ
+

Γ ω − Γ ω −
+
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where the numbers 1 2−  and 2 1−  denote the direction 
of  the process in the general case, and 2 1ij +  is  the 
statistical weight of the i-state. We emphasize that the 
acceleration factor (4) is achieved on a wider beam but 
with the same photon flux. However, the resonance 
energy, according to  (4), will be  somewhat higher. 
Correspondingly, the beam power will be also high-
er – in proportion to the ratio / nω ω .

Fig. 4. Resonance picture taking into account fragmentation of 
7 p-levels according to [20]; R-factor is given in relative intensity 
units.

The diagram in Fig. 2 interferes with the diagram 
in Fig. 3a  from [14], in which the order of  interac-
tion of the 7s-electron with the nucleus and the beam 
is reversed and the intermediate state 7s is replaced 
by 8p. The Feynman diagram thus obtained is shown 
in Fig. 3. Qualitatively, it carries the same physical 
meaning [22]. A laser photon with frequency ω is ab-
sorbed by 7s-electron, which goes into a virtual state. 
Near the resonance, the main contribution is made by 
8p-electron. It transfers a part of the received energy 
to the nucleus, transferring it to the isomeric state. The 
electron remains in the excited state 7 p with energy 

7 pε . The resonance condition is still given by formula 
(3). The acceleration factor can be calculated by the 
formula [14], similar to (4):
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Summarizing this section, we recap that the gain 
in cross section can be used to reduce the scanning 
time of the first technique by R times. Spectral beam 
broadening can also reduce the scanning time by 

/a nΓ Γ  times compared to the second scheme.

4. CALCULATION RESULTS

At  the time of publication of  [14], another value 
of the isomer energy was considered the most probable: 
3.5 eV. Therefore, the calculations were performed with 
this value. The present calculations were performed 
within the framework of the Dirac-Fock method using 
the RAINE utility suite for the calculation of atomic 
structures [23]. As a result, the following values were 
obtained:

10( ; 7 7 ) = 1.95 10 eV,d n s sα ω − ⋅

The ICC for 1M -transition with energy 
= 8.338nω  eV in Th I is equal to  9( 1) = 0.987 10Mα ⋅ . 

If we put the lifetime in neutral atoms 10 μs [15], then 
the intrinsic width of the isomer follows from here

19= 0.667 10 eV.n
−Γ ⋅

Within the framework of the method, the resonance 
cross section consists of two components correspond-
ing to the final levels 1/27 p  and 3/27 p , with the intensity 
of the second component twice as high as the first. For 
the energy of the level 3/27 p  the value 3.52 eV is ob-
tained, hence = 11.86ω   eV. The energy of  the le
vel  1/27 p  is obtained 2.49 eV, hence = 10.83ω  eV for 
this level. Further, the radiation width of the atomic 
transition

( ) 6( ; 7 7 ) = 3.30 10 eV,a s p −
γΓ ω − ⋅

which is thirteen orders of magnitude larger than the 
natural width of the isomeric line Гn. Substituting these 
values into formula (4), we find the value of the accel-
eration factor = 147R .

The contr ibution shown in  the diagram 
in Fig. 3 in [14] was 20 times smaller. It becomes rela-
tively even smaller with the present value of the isomer 
energy. Therefore, we can limit ourselves to consider-
ing the diagram in Fig. 2.

Interelectron interaction leads to  fragmentation 
of atomic levels and the strength of transitions between 

them. Considering that the cross section of the process 
is proportional to the intensity of the corresponding 
transition line from the ground state 7s to the excit-
ed state 7 p in accordance with formula (4), we can 
estimate the relative intensities of the corresponding 
components in the cross section of resonant photo-
excitation. For this purpose, we use the experimen-
tal relative intensities of  the atomic lines of  the ab-
sorption spectrum of Th II given in [20]. According 
to [20], a low-fragmentation component corresponding 
to the transition from the ground state to the 7 7 6s p d  
level with = 5/2j  and 3.08398  eV  energy is  high-
lighted. The relative estimates for the strongest lines 
obtained in this way are presented in Fig. 4. As can 
be seen, in addition to the main component with ener-
gy 11.422 eV, there are intense satellites with energies 
11.371, 11.365, 11.236 eV and others. They can be used 
as benchmarks, the detection of which will help to re-
liably identify the energies of these components in the 
experiment and, accordingly, to determine the isomer 
energy according to (3) with an accuracy correspond-
ing to laser measurement methods. 

5. DISCUSSION OF  THE RESULTS

Let us note the peculiarities of the resonance exci-
tation of the nucleus according to Fig. 2, 3 in compar-
ison with the photon absorption by a bare nucleus. The 
cross section by the resonance mechanism, accord-
ing to the calculation, was amplified approximately 
by a factor of  150R ≈ . This shows the dynamical prop-
erties of the electron shell as a resonator. 

The most important difference for the present 
work is the width of the resonance. If for a bare nu-
cleus this width is given by  the intrinsic half-width 
(in the absence of IC) of the isomeric level of the nu-
cleus nΓ , then by the mechanism presented in Fig. 2, 
3, it is equal to the sum of all widths – electronic and 
nuclear. Usually, as in this case, the sum of the widths 
of the intermediate 8p- and final 7 p-states of the ex-
cited atom dominates. Let us denote it as  aΓ . There 
is a correlation a nΓ Γ , so scanning by the mecha-
nism shown in Fig. 2 requires /a nΓ Γ  times less time. 

For effective realization of this mechanism it is ex-
tremely important that the final atomic level, in this 
case 7 p, is  not the ground state, but has a  typical 
atomic width. If instead of 7 p-level the atom returns 
to the ground 7s-state, the resonance would have a nu-
clear width nΓ  due to  the absence of atomic widths 
as a consequence of the law of conservation of energy. 
The amplification factor = 150R  could be preserved 
in the case of a monochromatic laser beam of photons 
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with frequency = nω ω  and spectral width nωΓ ≈ Γ , 
but the most important advantage of optical pumping 
of an isomer by a beam with spectral width of a typical 
atomic line would be lost.

In particular, this refers to the two-photon scheme 
of excitation of the isomer proposed in [24], in which 
the energy of two consecutive photons absorbed by the 
electron shell is completely transferred to the nucle-
us. At the same time, the electron shell returns to the 
ground state. In  view of  what has been said above, 
this scheme does not seem viable at present: the shell 
must remain in the excited state. Other shortcomings 
of [24] are discussed in [25, 26]. In due course, they led 
to a paradox called the “thorium enigma”. The argu-
ments given above summarize its solution. 

6. CONCLUSIONS

We  are on  the threshold of  the birth of  new la-
ser-nucleus technologies. They will be based on res-
onant interaction of light beams with nuclei: resonant 
absorption and scattering, elastic and inelastic, non-
linear effects such as generation of higher harmonics 
and others. To realize these manipulations with bare 
nuclei, it is necessary to use spectroscopically narrow 
almost monochromatic beams with spectral width 
in the range of the nuclear line width. The develop-
ment of such technologies requires knowledge of the 
energies of nuclear transitions and isomers. It is such 
light beams that will form the basis of future nuclear 
optical clocks. 

At the same time, it is possible to use the electron 
shell as an effective resonator that enhances the effect 
of light on the nucleus. The tool for constructing such 
a resonator is internal and resonant conversion. The 
above examples further demonstrate how effectively 
resonance can be used to optically pump an isomeric 
state of 229 Thm . Resonance can be used in two dimen-
sions: in terms of gain and to reduce the requirements 
for the degree of monochromaticity of the light beam. 
In the above example with optical pumping of ThI, 
a gain of nine orders of magnitude in line broaden-
ing due to IC can be obtained. In ThII ions it is pos-
sible to realize resonance, which will give an effective 
gain both in  the interaction strength  – by  a  factor 
of 150, and in  the broadening of  the resonance line 
by  two or  three orders of  magnitude as  compared 
to IC in neutral atoms.
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