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Novel Approach to >>"Mo Isomer Depletion: Nuclear Excitation by Electron Capture in
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A novel approach for isomer depletion in ion-atom collisions is proposed and considered theoretically.
Analyses are performed for the depletion of the °>"Mo isomer for which an unexpectedly large probability
was measured in the beam-based experiment of Chiara ef al. [Nature (London) 554, 216 (2018)]. The
subsequent attempt at a theoretical description based on state-of-the-art atomic theory did not reproduce the
experimental result [Wu et al., Phys. Rev. Lett. 122, 212501 (2019)] and showed a dramatic disagreement
with the experiment (by many orders of magnitude). This conflict calls for further research on the nature of

isomer depletion mechanisms occurring in atomic processes. Here, we propose to consider the **"Mo
isomer depletion as the nuclear excitation by electron capture in resonant transfer process taking into
account the momentum distribution of the target electrons. Although our results only slightly shift the
upper theoretical limit for the total *>”Mo isomer depletion probability toward the experimental value, they
show the importance of considering the Compton profile in the theoretical description, in particular for the
L shell, for which the depletion probability increases by many orders of magnitude.
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Nuclear isomers can be characterized as excited nuclear
states having reduced wave-function overlap with lower-
lying states. This inhibits their decay and, consequently,
results in their metastability [1]. Probing the properties of
isomers makes possible, for example, improved insight into
exotic nuclear structures, discovery of highly deformed
nuclear shapes, and the study of correlated fermion motions
in the atomic nucleus. Isomers can also significantly
change the effective half-life of nuclei in astrophysical
plasmas and thus modify their abundances in the stellar
environment [2—-4].

In recent years, isomers have been considered as energy
storage materials [5,6]. The use of isomers for efficient
energy storage requires effective methods for isomer
production and advanced understanding of the mechanisms
that release their energy on demand. Studies of isomer
depletion have involved photoabsorption, Coulomb exci-
tation, or thermal neutron capture (see Ref. [7] and
references therein), or atomic processes related to the
electron-nucleus interaction [8,9].

One such mechanism, which may provide energy release
on demand, is nuclear excitation by electron capture
(NEEC). NEEC is the inverse process of nuclear internal
conversion, and is an analog of atomic dielectronic recom-
bination (DR), with the role of the atomic excitation being
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replaced by nuclear excitation. NEEC occurs when a free
electron recombines into an unfilled atomic shell of the ion
at the resonance energy and the energy released from the
capture excites the nucleus.

Inverse internal conversion was originally suggested for
the excitation of the >3°U nucleus by the capture of electrons
from a laser plasma [10]. Since then, considerable effort
has been made to achieve an experimental demonstration
of NEEC and its theoretical description [8]. Such inves-
tigations of NEEC included scenarios for laser plasmas
[11-14], electron beam ion trap [15], storage ring [16,17],
ions channeling in crystals [18-20], and beam-based
scenarios [21-25].

Of those scenarios, to date only the beam-based one has
resulted in an experimental demonstration of NEEC,
resulting in depletion [26] of the Mo isomer at
2425 keV (21/27F, T, /2 = 6.85 h) [27]. In the experiment
[26], the 9.33-MeV /u *’Zr ion beam interacted with the "Li
target and produced the secondary beam (recoil ions)
containing high-spin **Mo nuclei feeding the isomer as
the ions approached the second target '°C. The depletion,
attributed to NEEC occurring in the '’C target, was
confirmed by detailed analysis of coincidence relationships
between y-ray transitions directly feeding the **Mo isomer
and those originating from the isomer excitation into the
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17/2% depletion state (DS) and its subsequent decay to the
ground state [26]. Moreover, the experiment showed an
unexpectedly high probability of the %Mo isomer
depletion of 0.010(3) across the '*C target [26].

Wu et al., [28] performed a theoretical analysis of the
NEEC probability for the **"Mo isomer depletion using
state-of-the-art atomic models. Their results showed that a
probability in the range of 2.3-2.7 x 107! is in striking
disagreement with the experiment. This motivates further
research on the nature of the isomer depletion in the beam-
based conditions.

In this Letter, we propose a novel theoretical approach
describing the depletion of the **”Mo isomer in the beam-
based conditions. The approach, to the best of our knowl-
edge, is the first profound attempt including the effect of
electron binding in target atoms on depletion of the **Mo
isomer as a result of the NEEC in resonant transfer (RT).
NEEC-RT can be considered as analogous to the atomic
resonant electron transfer and excitation (RTE) leading to
the formation of innershell excited states [29-32]. The only
difference between NEEC-RT and NEEC (as with the
difference between atomic processes RTE and DR) is
the initial state of the target electron. In NEEC-RT, the
ion captures an initially bound electron, while in NEEC, the
electron is unbound. The inclusion of weakly bound
electrons instead of free electrons has fundamental impli-
cations that are related not only to the change of the cross
sections, but also to the change in the nature of the process
from a quasidiscrete to a continuous one as a function of the
projectile energy. This is due to a huge energy broadening
of the resonance as a result of the large momentum
distribution (Compton profile) of the target electrons in
the projectile frame. Moreover, in the NEEC-RT process,
one can expect a resonance shift toward higher projectile
energies due to the binding energy of target electrons.

In the case of the *"Mo ion interacting with a solid *C
target, the electron can be resonantly transferred from the
12C target atom into the L, M, and N shells (or higher) of
the highly ionized **"Mo projectile. The electron transfer
can simultaneously excite the isomeric state (IS) into the
17/2" DS lying 4.85 keV above. The DS can subsequently
decay to the 5/27 ground state through a cascade, includ-
ing the 13/2" first intermediate state (FS). A schematic
representation of the NEEC-RT process in the *"Mo
isomer is shown in Fig. 1.

It was shown that RTE is related to DR through the
Compton profile of electrons in atomic targets [29-32]. In
analogy to RTE and DR, one can obtain the NEEC-RT
cross section from the relationship between NEEC-RT and
NEEC (treated as pure recombination process) within the
impulse approximation (IA) [33]. The approximation
assumes the sudden ion-target atom interaction. The
assumption is met if the velocity of the projectile is much
greater than the orbital velocity of the target electron. As
shown for RTE [33], under such collision conditions one

12C target 93Mo nuclei
I i+ DS 17/2%, 2430 keV
485keV | |
N_ | i
M L 1521/2", 2425 keV
L E
K Y FS13/2*, 2162 keV

93Mo projectile

FIG. 1. Schematic representation of the NEEC-RT process.
Energies are not to scale.

can also assume that the target electrons are characterized
by their momentum distribution, and they populate a
continuous distribution of energies in the rest frame of
the projectile. This opens up the possibility of applying the
IA for the description of the NEEC-RT process. Thus, the
NEEC-RT cross sections were derived from the relation-
ship with the recombination NEEC resonance strengths

I
S%éc:
q.nl; M q.nl;
ONEECRT = Z —2Ep Ji(Q)SxEkc (1)
i )

where M, is the mass of the **”Mo ion with energy E,,
J;(Q) is the Compton profile of the '°C target electrons
(i = Lsy/2, 251)2, and 2p;)5), and Q is the momentum
component of the target electron along the direction of the
incident projectile.

The estimation of the resonance strength for NEEC
occurring in the *Mo nucleus was based on the approach
originally presented in Ref. [11] and developed in [8,23].
The NEEC resonance strength for a given atomic state n/;
of the Mo ion—that is, the integral of the NEEC
cross sections over incident electron energies—can be
expressed as

gy _ R ! (DS — IS)I', (DS — IS)
NEECT T T (DS)
x 1+ al="(DS — FS)|T, (DS — FS), (2)

where 4, is the wavelength of the capture electrons with
the relative kinetic energy required for NEEC to occur, the
factor g is a function of the nuclear spins and the

total angular momentum of the captured -electron,
nl; L. .
afC”’(DS — IS) are the partial internal conversion coef-

ficients (ICC) for the n/; subshell and charge state g, while
i’ (DS — FS) is the total ICC. The I,(DS — IS) and
I, (DS — FS) are radiative widths and correspond to the
intensities of the y transitions from the DS, and T, (DS) is
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FIG. 2. NEEC resonance strength S%IIE’C for captures into L, M,
and N subshells as a function of the kinetic energy and charge
state of **"Mo ions.

the total width of the DS. The reduced transition proba-
bilities from the DS and the corresponding nuclear level
widths were taken from Ref. [34].

The ICCs were calculated for a neutral atom (°°Mo9=9)
with the frozen orbital approximation based on Dirac-Fock
calculations [35,36]. The coefficients for *>"Mo ions (up to
q = 40) were obtained from the linear (quadratic for ns; ,
orbitals) scaling dependence between ICCs and binding
energies of a specific subshell n/; for ions and neutral
atoms. The binding energies for neutral atoms were taken
from tables [37], while those for ions were calculated by
means of the multiconfigurational Dirac-Fock method

[38—41]. The final af(':nlj (DS — IS) obtained in this way
can only be used for a fully ionized subshell. For partially
ionized subshells these coefficients must be reduced in
proportion to the number of available vacancies n, for the
specific ¢ in a given subshell that can accommodate up to N

electrons, i.e., afénlj (DS - IS)n, /N [23].

Figure 2 shows resonance strengths of NEEC for L, M,
and N subshells calculated as a function of the projectile
energy and g of *"Mo ions (28 < g < 40). The range of
charge states in the case of electron capture into the L shell
is limited from below to ¢ = 33 if one assumes the L-shell
vacancies are available only for ¢ > 32 and limited from
above to g =36 (¢ = 35 for 2p;/,) due to the binding
energy limit (4.85 keV). The NEEC resonance strengths
increase for higher ¢ as a result of an increase in binding
energies. The highest values of resonance strengths occur
for captures into the L shell. However, in the NEEC
recombination theory, the contribution of the L shell to
the total NEEC probability is strongly suppressed by a
highly limited number of charge states with available
L-shell vacancies for low projectile energies. As a result,

the contribution of the L shell to the whole NEEC process
is many orders of magnitude smaller than those of higher
shells [28].

Because of the interaction of ions with the bound target
electrons, a correct model should reflect how the electron
momentum distribution contributes to the resonant transfer
process. The Compton profile is related to the momentum
density of an electron in a given carbon atom orbital with
momentum p. The Compton profile formula that was
originally derived for analyzing the Compton scattering
of x rays by bound target electrons [42,43] can be written as

1

1) =5 [~ plvin(p)Fa. o)

where y,,;(p) is the Fourier transform of the spatial wave
function [44] and Q is the projection of the initial target
electron momentum p along the incident projectile axis. In
the rest frame of the ion, the momentum component of the
target electron along the ion-projectile axis can be obtained
from the conservation law:

M m
S(AEbe + Ea(2C) =€ B, (4)
2Ep exc in Mp P

0=
where AEL = AE . — Epin(**™Mo), AE.. = 4.85 keV
is the energy needed to excite the **Mo nucleus from IS
(21/2%) to DS (17/2%), Epin(°*™Mo) is the binding energy
for the capture orbital in **Mo, Ey;,('’C) is the binding
energy of the target electron (can be neglected for low-Z
targets such as carbon), M, and E, are the projectile mass
and energy, and m, is electron mass.

Using the NEEC resonance strengths determined from
Eq. (2) and Compton profiles implemented from Ref. [44],
we have obtained the corresponding NEEC-RT cross
sections (ag]’ggc_RT). The cross sections include the con-
tributions from all target electrons. Figure 3 shows three
groups of the NEEC-RT cross sections including electron
transfer from the carbon target into the 2p3/,, 3p3/,, and
4p;), subshells of **"Mo?" jons as a function of the
projectile energy. The npjz,, orbitals give the largest
contribution to the total NEEC-RT cross section for all
considered shells of Mo ions. The energy positions of
the NEEC-RT cross-section maxima and their peak values
reflect the resonance (discrete) NEEC energies and
strengths (see Figs. 2 and 3). The broadenings of the
NEEC-RT cross-section structures reveal the momentum
distributions of the carbon-target electrons. These features
extend the contributions of specific orbitals into the NEEC-
RT process over the entire projectile energy range. The
broadening is particularly striking for 2p;,, orbitals of
9mMo ions, significantly increasing their role in NEEC-RT
in comparison with the recombination NEEC process.
Similar considerations were performed for the resonance
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FIG. 3. NEEC-RT cross sections for the electron transfers from

carbon target into 2p3, (blue lines), 3p3,, (red lines), and 4ps/»
subshells (green lines) of *>"Mo?" ions as a function of the
projectile energy. The topmost curve corresponds to the highest ¢
for each subshell.

electron transfers into all considered subshells for which
analogous conclusions may be formulated.

Next, we estimated the ion charge states appearing in
different stages of the stopping process. Figure 4 shows
charge-state distributions for **Mo ions colliding with a
carbon target as a function of the projectile energy. The
Gaussian distributions with width defined as d(g) =
[>,(a—4)*F(q)]'/* [45], where § is an average charge
state of Mo ions, were employed for an estimation of the
charge-state fractions. The mean equilibrium charge states
were predicted by means of the Schiwietz and Grande
formula [46], and widths of charge distributions from the
formula of Nikolaev and Dmitriev [47]. In Ref. [28],
different models of the mean charge state and distribution
width, including the model we used in this work, were
examined and found to produce similar results.

0.3

28<q<30  3150<33
25<q<27

0.2+ 4

0.1+

Charge state fraction

0.0

1 2 3 4 5 6 7 8 9
Projectile energy (MeV/u)

FIG. 4. Evolution of charge state fraction (f,) for **"Mo ions
colliding with carbon target as a function of the projectile energy.

After obtaining the NEEC-RT cross sections (6Nggc-rT)
and charge-state fractions (f,), we determined the Mo
isomer depletion function, i.e., the total sum of the products
of the two (see Fig. 5). The total *”Mo isomer depletion
function has a two-hump structure corresponding to the
maxima of the partial depletion functions for the M and N
shells. One can also see a broad structure from the L shell
giving a significant contribution to the total **"Mo isomer
depletion function. This is fundamentally different from the
NEEC recombination model.

To determine the probability for the NEEC-RT process
occurring in a **”Mo ion interacting with a carbon target of
thickness x, we used the relation

0 Gq,nlj
Pypecrr = N(1C) FLNEECRT g, (5)
q%:l_/- E, dE/dx

where E, = 9.33 MeV /u is the upper limit for the **"Mo
ion energy taken as an initial preliminary beam energy used
in the Argonne experiment (the mean energy of °*"Mo
recoil ions produced in fusion-evaporation reactions was
somewhat lower), dE/dx is the stopping power, and
N('>C) is the '’C target atom density. The stopping power
as a function of energy of **"Mo ions interacting with a
carbon target were determined using the CASP code [48,49].
We employed the unitary convolution approximation with
shell, binding, and the projectile nuclear charge screening
corrections.

Our theoretical predictions for the total and partial (for L,
M, and N shells) probabilities of the NEEC-RT process for
the Mo isomer are presented in Table I. Previous
theoretical predictions based on the recombination
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FIG. 5. The Mo isomer depletion function (sum of the

products of the NEEC-RT cross sections and charge-state
fractions) including the electron transfer from a carbon target
into L (blue line), M (red line), and N (green line) shells of
SmMo4t (28 < g < 40) ions and the total depletion function
(black line) as a function of the projectile energy.
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TABLE 1.
and N shells of the ion projectile.

Partial and total probabilities for °*’Mo isomer depletion as a result of the electron capture into L, M,

L shell M shell N shell Total (L +M + N)
Model (i)* 5.68 x 10718 1.53 x 1071 7.54 x 10712 2.28 x 107!
Model (ii)* 1.48 x 10717 1.47 x 10711 7.34 x 10~12 2.20 x 10711
Present 1.49 x 107! 3.58 x 1071 1.90 x 101! 6.98 x 101
Experiment ° 1.0(3) x 1072

*Wu et al. [28].
°Chiara et al. [26].

NEEC approach with two different models of **”Mo mean
ion charge states [28] and the experimental value [26] are
also shown.

The NEEC-RT probability we obtained for the L shell is
many orders of magnitude higher than that obtained from
the previous predictions [28]. In the case of M and N shells,
the increase in NEEC-RT probabilities is much weaker. To
recognize what part of the gain is due to the recombination
model difference and what part is from the Compton profile
effect itself, we estimated the recombination NEEC prob-
abilities on the basis of our NEEC resonance strengths (as
described above and in Ref. [23]) and exactly the same ion
charge distributions and stopping power calculations as
those used in Ref. [28].

The absolute values obtained in our recombination
estimation are higher for the M and N shell by a factor
of 2.4-2.7, and a factor of 1.1 or 43.9 for the L shell
depending on the model, with respect to the NEEC
recombination probabilities obtained in Ref. [28].
Although the understanding of the observed differences
between our and Wu et al.’s recombination models requires
further research, one essential point can be clearly stated:
taking into account the Compton profile greatly enhances
the NEEC probability for the L shell of **Mo ions, while
there is no enhancement for M and N shells. The excep-
tionally large enhancement for the L shell is the result of the
extremely wide structure of the isomer depletion function,
thanks to which all ion charge states can contribute to the
NEEC-RT process even for ground-state atomic configu-
rations. This feature restores the important role of the L
shell in the isomer depletion process which is suppressed
by many orders of magnitude in the recombination models.
The probability obtained for the L shell from the resonant
transfer (NEEC-RT) approach, being 6-8 orders of mag-
nitude larger than those obtained from the NEEC recombi-
nation models, most clearly shows the fundamental
difference between the resonant transfer and recombination
approaches. Thus, the probability for the L shell gives a
comparable contribution to the total NEEC-RT probability
as that of M and N shells and in this way raises the upper
theoretical limit for the isomer depletion. The interesting
role of the L shell is also suggested by the large difference
for the L shell between the models of Wu ef al., and by the

apparent suppression of the contribution of the L shell to
the depletion probability for ground-state configurations.
Including excited-state configurations in the future model
can further enhance the role of the L shell of the **"Mo ions
in the NEEC-RT process [50]. Note in Fig. 4 that the mean
charge distribution for a ground-state configuration gives
fq~0near 1 MeV /u for the L shell. Even a small but non-
negligible effective f, for the L shell, due to excited-state
configurations, would tap into the extremely large NEEC-
RT cross section at that energy.

In summary, a novel theoretical approach for isomer
depletion in beam-based conditions has been proposed. We
considered the **"Mo isomer excitation as a result of the
resonant electron transfer from the carbon target into highly
charged °*"Mo ions taking into account the Compton
profile of target electrons. Our analyses provided informa-
tion on the shape of the **Mo isomer depletion function.
The exceptionally large role of the L shell of the *>"Mo ions
in the NEEC-RT process has been shown. New predictions
for the probability of the **Mo isomer depletion based on
the resonant transfer approach slightly move the upper
theoretical limit toward the still distant experimental value.

This work is supported by the National Science Centre,
Poland under Grant No. 2017/25/B/ST2/00901.

Note added.—Recently, we found a paper which attempted
to note the distinction that in NEEC-RT, the ion captures an
initially bound electron, while in NEEC, the electron is
unbound [51].
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