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Abstract: The influence of electromagnetic radiation on nuclear processes is applied to an example
of a neutrinoless double electron capture (0v2ec). For cases with X-ray free-electron lasers (X-ray
FELs) and/or inverse Compton X-ray sources, it was shown that such a decay can be significantly
enhanced by tuning the system to the resonant conditions through the absorption and/or emission
of a photon with the decay resonance defect energy A. In this case, the Ov2ec decay rate I'p, of
nuclide Z grew linearly with field intensity (S/S,) up to the X-ray flux power Sm~Z°, while S,~Z°
(T/A)? with decay width I' of a daughter atom. For the case of 78Kr — 78Se — 0v2el L, capture we
find S,~10° W cm~2 and Sm~10Y W em~2 which indicate a possibility of increasing decay rate to
eight orders of magnitude or even larger.
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1. Introduction

The evidence for physics beyond the Standard Model (SM) includes recent discov-
eries such as neutrino oscillations, adiabatic lepton flavor transformations and neutrino
masses [1-5]. The direct hard probe for the lepton number violation and the Majorana
nature of neutrinos [6] is provided by the neutrinoless double-beta (0v2[3) decay [7] and/or
double electron capture (0v2ec) processes that are forbidden within the SM. The breaking
of global SM laws is illustrated by such phenomena that compel searches for experimental
evidence and theoretical outlines of these effects. The double-beta (23) decay represents an
isobaric transition from a parent nucleus (A,Z) to a daughter nucleus (A,Z + 2), adding two
charges. In the two-neutrino, double-beta (2v2f3) decay mode, (A, Z) = (A, Z+2) +2e™ +
2 ve + Qg g, with the energy released represented by the Q-value Qg g. These SM-allowed,
second-order weak decays correspond to a typical half-life of >10'° years.

The SM-forbidden 0v2f decay (A, Z) — (A, Z + 2)** + e~ + e~, with a doubly ionized
atom (A, Z + 2)** in the final state, was first considered by Furry [8]. In this process of 0v23
decay, the nucleus with mass number A and charge Z is accompanied by the Majorana
neutrino exchange between the nucleons (see Figure 1a in which Z changes by Z + 2 and
Z — 2 changes by Z). There are many models beyond the SM that provide alternative
mechanisms of te 0v2f3 decay, e.g., [9,10] and refs. therein.

Winter suggested [11] a related Ov2ec process, e, + ¢, + (A, Z) = (A, Z — 2)**,
with bound electrons e, excited states of the daughter nucleus and the electron shells
of the neutral atom (A, Z — 2)**. An example of a mechanism related to the Majorana
neutrino exchange is shown in Figure 1a. Subsequent de-excitation of the daughter nucleus
(A, Z — 2) ** proceeds via the Auger electron and/or gamma ray emission cascades with
filling electronic shell vacancies.

The 0v2ec process is several orders of magnitude less sensitive to the Majorana neu-
trino mass than the 0v23 decay. Winter pointed out [12] that the energy degeneracy of
parent (A, Z) and excited daughter (A, Z — 2)** atoms gives rise to resonant enhancement
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of the decay. Although such a possibility of resonant behavior was confirmed by numerous
studies of the 0v2ec process, e.g., [13,14], the resonance-like coincidence in 2ec is considered,
as a doubtful option. Given the decay resonance defect A = Mp z — My, ,, the difference
in mass between the parent and daughter atoms in the decay probability is determined by
the Breit-Wigner factor (see Section 2.1).

(a) (b)

Figure 1. Schematic representation of neutrinoless double electron capture (a) for an isolated nuclide
and (b) under the influence of X-ray flux.

The near-resonant Ov2ec process was analyzed in detail in ref. [15]. The authors
developed a non-relativistic formalism of the resonant Ov2ec in atoms and specified a
dozen nuclide pairs for which degeneracy is not excluded. Detailed theoretical predictions
for a list of near-resonant Ov2ec nuclide pairs are provided in refs. [16-18]. Evidently,
the proper fit of the difference between the masses of the parent and daughter atoms,
i.e., Q-values, and the transition energy can result in a significant enhancement of the
decay rate. Possibilities for an additional tuning of the degeneracy parameter A have
fundamental importance.

The manipulation of nuclear processes using irradiation from powerful X-ray sources,
e.g., inverse Compton scattering X-ray sources [19,20], X-ray free-electron lasers (FELs) [21-23]
and/or others [24], represents an extremely intriguing task of modern physics. For the
purposes of these applications, the respective solutions can be used to trigger the release
of enormous amounts of energy contained in nuclear isomers. In terms of fundamental
research, this task is also of principal interest. The implementation of such a method is
possible only through the involvement of the electronic shell, since the field of the strongest
lasers is much smaller than the Coulomb field of the nucleus near its surface. The investiga-
tion of this fundamental process is of great interest from the point of view of understanding
the nature of neutrinos. The discovery of a phenomenon such as 0v2ec would unambigu-
ously indicate the Majorana nature of neutrinos (e.g., [9-18]). However, these investigations
encounter great difficulties due to the very long lifetimes of the samples, so it would be
difficult to overestimate the possibility of radically accelerating this process by several
orders of magnitude.

This work aims to analyse potential tools to adjust the decay resonance defect A to
the correct zero value by applying an external field. In particular, we consider the effect of
strong X-ray pulses that are relevant for inverse Compton scattering X-ray sources [19,20],
X-ray FELs [21-23] and/or others [24].

2. Environmental Effect of the Neutrinoless Double Electron Capture (0v2ec) Process

Figure 1b represents a schematic diagram of the neutrinoless double electron capture
(0v2ec) decay, which accounts for coupling to external radiation or the environment. Such
an electromagnetic interaction is shown by the line vy, indicating a real or virtual photon.
Hereafter, we consider external X-ray radiation.
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2.1. Resonant Character of the Neutrinoless Double Electron Capture (Ov2ec)

In the case of 0v2e capture, the atom remains generally neutral. Therefore, the energy
release is determined by the difference in the masses of neutral atoms, the initial M; and
the daughter My, including its excitation energy E,, as given by

Q=M; — My — Ex. (1)

Let us recall the formula for the traditional resonant fluorescent mechanism corre-
sponding to the pole approximation. The capture of 0v2ec leads to the formation of a
doorway state. Due to the absence of degeneracy; it is located outside the mass surface,
since its energy differs from the value E5 by the magnitude of the resonance defect A = Q.
Due to the uncertainty principle, a violation of the law of conservation of energy is possible
for a time T = 1/Q); hereafter, we use units with h = 1 to indicate otherwise. Then, a
fluorescent or Auger transition occurs, resulting in a return of the atom to the mass surface.
The energy of A is added to the usual energy of this transition. This whole sequence of
transformations forms a single, fast process. Formally, it is described by multiplying the
square of the amplitude of the capture itself, I';¢, by the Breit-Wigner resonance factor Byy.

T/2n

B iy 2
A% +T2/4 @

I”ze: rze Bw, BW -

In Equation (2), I' denotes the sum of the widths of the doorway state of a daughter

atom with two holes before and after its decay. As seen in Table 1, for typical cases, the

value A varies from a few keV to hundreds keV, while the Breit-Wigner factor drops six or

seven orders of magnitude. Here we draw attention to the way in which we can compensate
the decay resonance defect A.

r2e = 27T| FZe |2/ FZe = <¢2|Hé€|lp1>' (3)

Table 1. Experimental data for nuclides associated with 0v2ec decay. The resonance defect A and the
de-excitation width of the daughter nuclide electron shells I are relevant for the possible resonant
enhancement value A/T.

Transition [Ref.] A (keV) I (eV) AIT 103
36 Ar—365 [25] 427.65 1.04 411.2
40Ca—40Ar [26] 187.10 1.32 141.74
50Cr—30Ti [27] 1159.7 1.78 651.5
78Kr—78Se [28,29] 5.83 7.6 0.773
19 g 19Ppt [30] 661.8 + 3.0 99 6.7
37.6 £3.0 58.3 0.645
132B4—132Xe [31] 774.8 23.0 33.7
54Fe—%4Cr [27] 668.3 2.04 327.6

Here, H)), and F,, are the Hamiltonian and matrix elements of the double electron capture.

2.2. Resonance Tuning Using X-ray Radiation

The method of compensation of the resonance defect in the field of an intense electro-
magnetic wave was proposed in ref. [32] and described in detail in refs. [33,34]. Such a tool
is completely general and can be applied in cases of both positive and negative values of A.
The excess energy of the decay can be transferred to the external field, while the missing
energy can be drawn from the radiation. Such a method is particularly effective in the
presence of an electric dipole junction in the system, preferably close to resonance.

In more detail, we consider the example of 0v2eL; L capture in "8Kr at the 2* 2838.49 keV
level 78Se (see Table 1). In an experiment by Gavrilyuk et al. [28], which gives an example
of the calorimetric approach, an indication of the 2v2eK capture in *Kr was obtained
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with a proportional chamber filled with enriched 7Kr. This result was confirmed re-
cently [29] with better statistical accuracy in a study that showed that the half-life of
le)’ZZK = 1.9)3(stat) £ 0.3(syst) x 10?2 yr. A diagram of the atomic levels is shown in
Figure 2. It is convenient to measure the energy using the value for the selenium atom,
assuming that the capture occurs in the ground state of the atomic shell according to
Equation (1) (see Figure 2). In this case, we obtain Q = 9.15 keV. Two remaining L; holes,
according to Figure 2, reduce this value by 3.32 keV to Q¢ = 5.84 keV. Therefore, the
resonance defect A = Qe¢r = 5.84 keV (see Table 1). The state 2pj3/, in the wave field acquires
satellites in the wave function equidistant from the main level by an amount &+ nw;, n=1, 2,
3, ..., and the amplitudes decrease with the growth of n. For our purpose, the component

(+)

with n =1 is essential. In this approximation, the L level forms two satellites, L, ’ and

Lgf), with the L3 state, with energies Ej3 & wj, respectively. Here, E;3 denotes the energy of
the L3 level or the 2p3,, state (Figure 2). At a photon energy of w; = 6.06 keV, it falls exactly
into resonance with the ground level of the parent atom, as shown in Figure 2. Evidently,
such experimental conditions solve the tuning problem, i.e., the Breit-Wigner factor turns
into one, when integrated over energy. The gain reaches a unitary maximum. We estimate
the required radiation power.

. 9.15 “
continuum S— ] A |
Kr "
L1L1
L3 1.4358 1
1112 —————t— 330
L2 1.4762 . ) -
L1 1.6539
ho,
g_;gz;;;L3Ll(')
0 2+
12.6578
A Se
N (b)

Figure 2. (a, left) Atomic level diagram of 78Se (in keV). (b, right) Compensation circuit for a resonance
defect in the laser field. The energies of the two-hole states shown in the figure on the right are set
equal to the sum of the energies of each of the holes shown in panel a. Energies are shown in keV.

The amplitude of the admixture of electronic states in a field reads
B=¢eE (2plri2s)/s, 4)

where E denotes the intensity vector of the electric field of the laser, e is the charge of the
electron, r represents the spatial coordinate vector, and |12s) and |2p) indicate eigenfunc-
tions for the 2s and 2p states, respectively. Here, 6 is equal to the difference between the
energy of the additional component we need and the respective component itself.
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Taking into account the admixture value in Equation (4), the wave function of the L3
electron in the exit channel (state after capture) can be written as

Y2 = (Yrg + B oy exp{—iwt}) exp{—iEf3 1}, (5)

where EEB is the energy of the L3 holes. It is worth noting here that this linear approximation
for state mixing corresponds to the condition B < 1. These limits define the upper values
of the electromagnetic field strength and the photon flux intensity power Sy, for reliable
implementation of the considered approach. Given that in a hydrogen-like model with
nuclide effective charge Z, the dependence for ~Z~3, and the photon flux power linear
approximation limit Sy, grows with Z as Sm~Z°.

Substituting the full wave function into Equation (5), taking into account the time
factor in Equation (3) and leaving only the component L1, we obtain

EY = (o|Hae|g1) exp{—i (Er — Ea — ) t}. (6)

The index 2 here is associated with the state i1 1. Then, squaring the amplitude in
Equation (3) in the usual way (e.g., [35]), we move on to consider the probability of the
process per unit of time:

T/2x
Ey—Ey—w))* +T%/4

I3,(w;) = B? er( S8(Ey — E» — w)) )

Taking into account Equation (7), we write the law of energy conservation in the form
Mi =My — Er1 + Ei3+ wy, (8)

which provide conditions for the resonant frequency of the X-ray (laser) irradiation:
wr=A+Er; — Eps. )

Thus, in the electromagnetic field, the capture of the second electron still occurs from
the 2s subshell, but not just a hole is formed in its orbit: a hole mixed with the 2p3,, same
hole state, with energy E; 3 + w;, was formed. Under the condition given by Equation (9),
this energy just resonates with the mass of the parent atom. Accordingly, from Equation (7),
we obtain
T/2m

(W — wy)* +T2/4

1"58 = er S(wl) dwl, (10)
where S(E) is the spectral density of the X-ray source or laser radiation. Integrating
Equation (10) over the profile of the laser line, and assuming that the spectral width is close
to I' (S(E)~1/T), we write the decay rate in an electromagnetic field as

2

I3 = 1"2,3’6?. (11)

Incorporating the ratio in Equation (11) into Equation (2), we obtain a gain in the
probability of this process in the X-ray radiation field in the following form:

_FJZCe_ 2Az
G—F—ze—an,B(f) (12)

where N = 8 is determined by a statistical weight that takes into account the presence of
two 2s holes and four 2p3/, electrons.

From the condition G =~ 1, we can estimate the value of 3 at which the probability
of stimulated decay is compared with the natural one: Bx ~ 10~*. Bearing in mind the
parameters of the gamma factory at CERN [25] for estimation, we set the photon flux power
with energy w; = 5 keV equal to 4 MW cm 2. This power corresponds to a field strength of
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60 kV/cm. The calculated value of the matrix element (2p I112s) ~22keV~! ~4 x 1077 s.
From Figure 2 on the right (b), we find that A ~ 5.84 keV. Using Equation (4), we estimate
the real admixture that occurs in such a field: 8~ 0.5 x 10~°. Thus, the entire order of
intensity is missing, or three orders of magnitude in the power of the gamma ray flux of
Swiss X-ray FELs.

3. Discussion

We analyse the effect of an intense electromagnetic field relevant for X-ray FELs,
inverse Compton X-ray sources, etc., in the Ov2ec radioactive decay process. As was illus-
trated, the emission and/or absorption of X-ray photons can result in significant increases
in the decay rate. Such strengthening of the beta-decay channel associated with the double
electron capture process originates from tuning the resonance defect A to zero and the
system to the resonance conditions. A crucial requirement for an efficient photon absorp-
tion/emission is associated with a significant dipole coupling of substates in the electronic
shell. The L-shell is well suited for this case. As was seen in Equations (4) and (5) and the
discussion therein, the treatment of state mixing within perturbation theory is well justified
up to an X-ray flux intensity of S ~ Z% x 108 W cm~2. We employ here a hydrogen-like
description of electronic states with an effective charge Z, which is rather reliable for the
internal shells. In this range, the decay rate grows linearly with the electromagnetic field in-
tensity G ~ S/S, with S, & 7% (T /A)? x 10> W cm~2. At the upper limit of the application
of perturbation theory with Sp, the enhancement factor is Gm ~ Sm /S, ~ (A/ I)? x 10%2.
Such a feature shows that in the case of relatively weak X-ray flux power, the maximum
factor for an increasing Ov2ec decay rate is determined by the ratio A/T" and amounts to
about eight orders of magnitude.

To this end, let us estimate the rate of induced 0v2eL;L; capture in 7®Kr at the 2*
2838.49 keV level 78S when the sample is irradiated by the X-ray flux with resonance
frequency and an effective intensity Sef close to the value Sy. The total number of decays
per unit time is dN/dt =~ N, I'¢f, with the total number of atoms in a sample N, and
an effective X-ray assisted transition width Tef = Sef T'pe & T'es ~ 10720 yr~1. For a case
in which N ~ 10285, i.e., 3 tons of the material (e.g., the Gran Sasso experiment), the
decay rate rises to 10 per second. Alternatively, to enhance the effect, one can imagine an
ampoule of liquid 78Kr, 1 m long with a 1 cm? cross-section, positioned along the beam.
In this case, the counting rate would be four orders of magnitude lower, which, however,
is quite sufficient for experimental observations. Evidently, additional evidence for the
considered events are provided by subsequent I' decays of the daughter nucleus and
radiative transitions due to relaxation of the L-shell holes. Such an accompanying emission
of photons and Auger electrons is very favorable for detection and ensures a registration
probability of tens percent.

It is worth noting that although the intensity electromagnetic field, Sy, considered
here is much less than the upper power limit due to, e.g., the vacuum short circuit, the
present intensities of gamma ray sources are still very small compared to the Sy, value.
However, very strong X-ray fluxes arise during astrophysical phenomena, e.g., supernova
explosions, which have an important role in neutrino nuclear reactions [36].

4. Conclusions

In this study, we performed evaluations of the electromagnetic field effects for the
possible acceleration of the neutrinoless double electron capture process. Unfortunately,
the example discussed above suggests that the power of the gamma factory flow is not
yet sufficient to radically manipulate this process. In conjunction with the present status
of X-ray source intensities, we employed perturbation theory for the evaluation of the
respective effects of the decay rate acceleration. As a result, we found that the decay rate
grew linearly with increasing X-ray flux intensity up to ten orders of magnitude. Evidently,
the design of X-ray fabrics such as X-ray FELs, inverse Compton X-ray sources, etc., has
developed rapidly over the last two decades (see refs. [19-24]), which gives hope for a
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reassessment of possibilities in the future. The results obtained above should be perceived
as an assessment of the parameters necessary to achieve the goals stated in this work.
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