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We report on the nature of *"Mo isomer depletion as a result of nuclear excitation by electron capture in a
resonant transfer process, accounting for highly excited open-shell atomic states to better reflect realistic beam-
based conditions. The improved model provided an enhancement of **"Mo depletion. The new probabilities
for **"Mo isomer depletion are compared with two available experimental results and previous models. The
excited-state configurations provide probabilities that are a factor of about 20 higher than those obtained from
the ground-state-configuration approach without Compton profiles.
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Long-lived excited nuclear states, or isomers, were discov-
ered almost exactly 100 years ago by Hahn while studying
28y decay [1]. Since then, almost 2500 isomeric states have
been found with half-lives ranging from tens of nanoseconds
to well beyond the age of the universe [2]. Isomer excitation
energies can be as small as a few eV (**°"Th) and as large
as several MeV (*®®Pb). They allow insight into nuclear
structure and could play a crucial role in the production of
new superheavy elements [3]. Isomers are also considered for
applications in the fields of nuclear medicine, the design of
superprecise nuclear clocks, and energy storage [4—6]. The ap-
plication of the latter requires effective techniques of induced
release of energy stored in isomers.

One of the mechanisms allowing for release of isomer
energy is nuclear excitation by electron capture (NEEC)
[5-24]. In NEEC, the energy released through the capture of
an unbound electron into an atomic vacancy is transferred
to the nucleus, exciting it to a higher-lying nuclear state.
For over 40 years after its prediction [24], an experimental
demonstration of NEEC remained elusive, despite a variety of
efforts, until the breakthrough beam-based approach finally
provided the first evidence of this phenomenon for **"Mo
in an experiment at the ATLAS facility at Argonne National
Laboratory equipped with the Digital Gammasphere y-ray
spectrometer [25]. In that experiment, the 7i, = 6.85h,
21/2% isomeric state (IS) of **"Mo was populated using the
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"Li(®*Zr, p3n) reaction in inverse kinematics. The depletion
occurred during stopping of **”Mo ions in a 4.2-mg/cm? 2C
target backed with a 33-mg/cm? 2%Pb stopper due to the
isomer excitation into the 17/2% depletion state (DS) that
can subsequently decay to the ground state through a cas-
cade, including the 13/2% first intermediate state (FS). The
process was attributed to NEEC. The depletion probability
obtained in the Argonne experiment was Pyrgc = 0.010(3)
per Mo ion.

Those results were subjected to the discussion of Guo et al.
[26] suggesting a possible overestimation of the **Mo isomer
depletion probability due to residual contamination arising
from chance coincidences or other background. In response, it
was shown that the experimental result was largely supported
by the employed background subtraction [27]. It was also
shown that a potential systematic error arising from chance
coincidences would not reduce the reported Pyggc value by
more than about 0.0008, small compared to the reported un-
certainty of 0.003.

More recently, another experiment was carried out at
Lanzhou [28]. There, >*"Mo isomers were produced in
the '2C(3°Kr, 5n) reaction at a beam energy of 559 MeV.
P3mMo36+ jons were selected from the radioactive ion beam
and transported with an energy of 460 MeV to a detection
station. **"Mo depletion was not observed, and an upper
limit of 2 x 10> was reported for the NEEC probability
[28]. Although modeled after the Argonne experiment [25],
there are notable differences in the Lanzhou experiment setup.
The **"Mo ions had much lower recoil energies and were

©2023 American Physical Society
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FIG. 1. Schematic illustration of the NEEC-RT process in **"Mo
for the atomic ground-state configuration (GSC) and excited-state
configuration (ESC). Energies are not to scale.

ultimately implanted into a plastic detector in [28] instead of
208pp backing used in [25].

The high probability for NEEC deduced from the Argonne
experiment [25] has not been reproduced with existing theo-
retical models. The isomer-depletion probability determined
using the wave-function formalism is much too low (by many
orders of magnitude) to reproduce the experimental result
[29].

The NEEC resonant transfer (NEEC-RT) approach to mod-
eling ™Mo depletion [30] recognized that the assumption
of free electrons does not apply for ions capturing electrons
while traversing a solid medium. Instead, the momentum
distribution (Compton profile) of the electrons bound to the
target atoms results in significant broadening of the energy
overlap so that the energy-matching conditions can be met
over a large, continuous range of projectile energies. Our
previous NEEC-RT predictions shifted the upper theoretical
limit for the **"Mo depletion probability by a factor of about
3 toward the experimental value and showed the importance
of including the Compton profile, in particular for the L shell,
whose probability increases by many orders of magnitude in
comparison to recombination models [30].

This work develops a model for the NEEC process in
beam-based conditions by taking into account the effect of
the electron resonant transfer into highly excited open-shell
atomic states. Recently, the importance of excited electron
configurations was demonstrated [31], showing that the open-
ing of new NEEC channels for excited states of "*Ge ions
could bring gains of several orders of magnitude for the NEEC
resonance strengths. Here, we implemented excited electron
configurations in **"Mo ions into our previous NEEC-RT
model [30]. A schematic illustration of the NEEC-RT pro-
cess in the Mo isomer for the ground-state configurations
(GSC) and excited-state configurations (ESC) is shown in
Fig. 1.

As a first step, we determined the averaged electron con-
figurations in **"Mo ions interacting with the '?C target using
the most sophisticated version of the ETACHA code (ETACHA4)
[32,33]. The ionization and excitation cross sections obtained
from the continuum distorted-wave-eikonal initial state ap-
proximation [34,35] and the symmetric eikonal model [36,37]
were used in the code. The nonradiative and radiative electron-
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FIG. 2. Average occupancy of 1s, 2s, 2p, M, and N (sub)shells
in %Mo ions interacting with the '2C target as a function of the
projectile energy, from ETACHA4.

capture cross sections were calculated using the relativistic
eikonal approximation [38] and Bethe-Salpeter formula [39],
respectively.

Figure 2 shows average occupancy of specific atomic or-
bitals of **Mo ions interacting with a '>C target as a function
of the projectile energy, calculated with ETACHA4. The average
occupancy of all atomic orbitals increases as the projectile’s
energy decreases, reducing the availability of appropriate va-
cancies for the NEEC-RT process. Nevertheless, even for
relatively low kinetic energies of ions, there is still nonzero
availability of vacancies in the 2p subshell. This feature opens
up new inner-shell NEEC-RT channels for low charge states
of ®*"Mo ions not available in the GSC model.

In the second step, the average electron configurations of
%mMo ions from ETACHA4 were assigned to initial and final
configurations before and after electron capture for specific
charge states (see Table I). As it is not possible to calculate
resonance strengths for atomic orbitals with the fractional
occupancy, we used the ‘representative’ electronic configura-
tions that assume only integer values for a given charge state.
We calculated the energies released in the electron capture
process, i.e., energy differences between all considered initial
and final excited atomic states for a given ion charge state.

The NEEC-RT cross sections for electron capture into the
nl; orbital of the **"Mo ion being in a given charge state g
within the impulse approximation [40] can be derived from
the NEEC resonance strengths S,‘(,’Zlé’g’” folded with the Comp-
ton profile J; (Q) with the momentum component Q of the '2C
target electrons (k = 1sy,2, 2512, and 2p; ») [30]:

.nl; 1 nlj,w; Mp
ONEEC—RT = o Z Sneie Je(Q) 2B (1)
P

! w,-f.k

where the summation is over all resonance transfer channels
w;y from the initial excited atomic state i (before electron
capture) into final state f (after electron capture) averaged
over all considered initial states (n;). The M), is the mass of
the **"Mo ion with kinetic energy E D
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TABLE I. Maxima of NEEC-RT cross sections for capture of an electron from the '>C target into np;, orbitals for selected excited
electron configurations of **Mo ions from ETACHA4. The n; and n; indicate the number of atomic states considered for initial and final electron

configurations for a given charge state g. Maxima of NEEC-RT cross sections obtained in the GSC approach are also presented.

Mo oNgec—rr (D)
Average Final configuration
q initial configuration Initial configuration (bold the capturing subshell)  n;/n ESC GSC
!
36+ 15200240667 201 [0-81N0-51 1s22312p%/23p%/2 1s22312p%/23p%/24p§/2 2/4 475 x 1077 1.18 x 1077
1s22512p%/23p§/2 1s22512p%/23p§/2 2/4 1.24 x 107 3.17 x 1077
1s22312p}/22p§/23p}/2 1s22s12p}/22p§/23p11/2 8/9 5.75 x 1073 1.78 x 1074
33+ 15200251172 p3 36 2NO-TE 1s22512p%/22p§/23p%/2 1S22Sl2[)%/22p§/23p%/24p;/2 3/10  9.75x 1077 9.53 x 1078
1s22s12p%/22p§/23p%/2 1s22sl2pf/22p§/23p%/23pé/2 3/10  230x 107 2.41 x 1077
1s22512p%/22p§/23p%/2 1s22512p%/22p§/23p%/2 3/2 834 x107% 1.08 x 107¢
314 15200241460 padpf218N0-93 [C]2p§/23p21/24p}/2 [C]2p§/23p21/24p}/24p§/2 3/10 870 x 1077 837 x 1078
[C121323p1 %P1 2 (C12773 )31 1,3p3,241 12 3/10 1.93x107°  2.07 x 1077
1s22s1Zp%/22p§/23p%/24p}/2 1s22s1pr/22pg/23p%/24p}/2 4/2 2.77 x 107%  Not allowed
28+ 15200251772 p> MNP OINT-28 [C]2p3/23sz/23p§/24pi/2 [C]2p§/23sz/23pz/24pi/24p%/2 2/7 5.01 x IO*Z 6.90 x 10*j
[C12p3,,351,3P124P1 2 [C12p3,,351,3P123P324P1 2 2/7 9.98 x 10~ 1.68 x 10~
[C]2p§/23s%/23p%/24p}/2 [C]2p§/23s%/23p%/24p}/2 2/1 3.04 x 107 Not allowed

The NEEC resonance strengths S,‘i,';lég"f for excited atomic
states of Mo ions were calculated for all L, M, and N (I
up to 3) subshells and charge states in the range 26 < g < 42
by means of the recombination approach described in detail
in [11,21,30]. The resonance strength for a given resonance-
transfer channel w;; and fully ionized subshell n/; is expressed
in a generalized form

gty _ 2l (DS — I)T, (DS — 1)
NEEC 04 L1 (DS)
x [1 4 «f=(DS — FS)IT, (DS — FS),

@

where g is a function of the nuclear spins and the total
angular momentum of the captured electron and X, is the
electron wavelength. The I'), are widths of the electromag-
netic nuclear transitions from the DS and I, (DS) is the
total width of the DS. The internal conversion coefficients
(ICCs) alqén (DS — IS) were estimated from those of neu-
tral atoms [41,42] by means of a linear (quadratic for nsy/»
orbitals) scaling dependence between ICCs and binding en-
ergies (see [11,21,30,31,43]). For partially ionized subshells
these coefficients are proportional to the number of available
vacancies oz;]énlj “(DS — IS)n, /N, where n,, is the number of
available vacancies for the specific initial electron configura-
tion and N is the subshell capacity. The binding energies for
a given atomic subshell n/; were calculated for the considered
excited atomic states of **"Mo ions using the multiconfigura-
tional Dirac-Fock method [44-47].

Figure 3 compares the resonance strengths calculated
within the ESC and GSC approaches for selected NEEC chan-
nels (for electron capture into npsz,, orbitals). In the GSC
approach, the resonance strengths increase with the increase
of the charge state (SI7 . > 420> > $7=> etc.) and with
the decrease of the principal quantum number of the orbital
into which the electron is captured [Syzzc(2p32) > Strpc
Bp3p) > S]‘{,E rc(4p32)]. Both features are a direct result of

an increase in the electron binding energy in **"Mo ions. For
the GSC approach, the number of available electron-capture
channels is strongly limited by the initial GSC for a given
charge state g. The limitation is overcome in the ESC ap-
proach, which opens up new NEEC channels due to highly
excited open-shell atomic configurations. When the ESC ap-
proach is applied, instead of individual resonance strengths
for a given charge state, their numerous groups appear. The
open-shell character of the initial excited electron configu-
rations allows the formation of numerous atomic states for
final configurations after electron capture resulting from many
possible couplings.

The NEEC-RT cross sections were determined from the
NEEC resonance strengths folded with the Compton pro-
file [48] [see Eq. (1)]. Table I shows the maxima of cross
sections for the electron transfer from the '>C target into

10'2:? 2p,,

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

FIG. 3. NEEC resonance strengths Syggc for electron captures
into 2p3;2, 3p3j2, and 4ps3, orbitals for GSC (top panel) and ESC
(bottom panel) as a function of the kinetic energy of **"Mo ions
(26 < g < 42). The leftmost points (lowest energies) correspond to
the highest g considered for each subshell.
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FIG. 4. Selected NEEC-RT cross sections (30 < ¢ < 36) for
electron transfers from the carbon target into 2ps, (blue), 3p3/, (red),
and 4p3,, subshells (green) of 9SmMo? jons for ESC (solid) and GSC
(dashed) as a function of the projectile energy. The leftmost curves
(lowest energies) correspond to the highest ¢ considered for each
subshell.

np3sp orbitals of BmMo ions for selected ESC and GSC.
Comparing the maxima of NEEC-RT cross sections ob-
tained from the GSC and ESC models, the higher values
of the latter are clearly visible. The differences are particu-
larly striking for the configurations having many final atomic
states. In the case of electron capture into the 2p3/, orbital
for charge state ¢ = 36 the maximum value of the NEEC-
RT cross section increases from oy 5_pr(g = 36) = 1.78 x
107* b for GSC (1s22s22p%/2) to 5.75 x 1073 b for ESC

(15°25'2p} ,2p} ,3p] ). Such a large difference between the
values obtained from both models is the result of a large
number of final atomic states for the ESC approach, as well as
a nonlinear increase in the cross section for the lowest kinetic
energies of the projectile.

The ESC approach reveals the essential role of electron
capture into the 2ps3 , orbital for the initial charge state ¢ = 36
for the entire NEEC-RT process. All np3/, orbitals give the
dominant contributions to the NEEC-RT cross sections in the
beam-based conditions. However, for comprehensive results,
complementary analyses were performed for the nsy 2, npy,2,
np3 2, hdsyp, and nds;, orbitals for n < 4 and for all consid-
ered **"Mo ion charge states.

Figure 4 shows the NEEC-RT cross sections for the elec-
tron capture into 2p3/2, 3p3,2, and 4p3,, subshells of Bmp\o
ions being in the excited-state electron configuration vs. pro-
jectile energy. The corresponding cross sections calculated in
the GSC model are also shown. One can see the enhanced role
of electron capture into the 2p3/, orbital of the B\t jon
for the ESC in comparison with GSC. The cross section cal-
culated for ESC is an order of magnitude higher than the
corresponding one calculated for GSC in the entire range of
the projectile’s kinetic energy. Differences between NEEC-RT
cross sections for ESC and GSC obtained for the electron
capture into the 2p3,, orbital for other charge states (g < 36)
and into 3p3,, and 4p3,, orbitals for all charge states are

i : . . T T T T
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FIG. 5. The **"Mo isomer-depletion function including the elec-
tron transfer from a carbon target into L (blue), M (red), and N
(green) shells of **"Mo? (26 < g < 42) ions and the total depletion
function (grey) as a function of the projectile energy. The dashed
lines show the corresponding predictions obtained from the GSC
approach.

smaller, but still the ESC approach gives values significantly
higher than the GSC one (up to a factor of a few). The same is
true for the ns1/2, NP2, nd3/2, and nd5/2 orbitals.

Summing over the products of the NEEC-RT cross sec-
tions for ESC and charge-state fractions (f¢q) (see Ref. [30]),
one can obtain the total and partial **"Mo isomer-depletion
functions (IDF) for L, M, and N shells (see Fig. 5). The
use of the ESC approach increases the values of the IDFs in
comparison with the GSC values in the entire range of the
projectile energy. The global maximum of the IDF related to
electron capture into the M shell increases from ~ 0.3 ub to
~ 2 ub and shifts slightly towards lower projectile kinetic
energies. Similar statements can be applied to local maxima
related to electron capture into the N shell. The ESC approach
also reveals the low-energy maximum of IDF (at &~ 2 MeV /u)
related to L-shell capture for low ion charge states, which is
hidden in the GSC approach. Figure 5 also shows the energy
probing range for the experiments conducted at Argonne [25]
and Lanzhou [28]. It is clear that the Argonne experiment
probed the NEEC-RT process much more broadly than the
Lanzhou experiment.

The probabilities for NEEC-RT occurring in a **"Mo ion
being in ESC and interacting with a carbon target of thickness
x were calculated as the sum of the integrals of the IDF
values divided by the stopping power dE /dx (see Eq. (5) in
Ref. [30]). For comparison, additional probability calculations
were performed for GSC on the basis of the appropriate cross
sections obtained in our previous work [30]. In both ESC and
GSC models, the stopping powers were determined using the
CASP code [49,50].

Tables II and IIT show total and partial probabilities for L,
M, and N shells obtained for ESC and GSC for the Argonne
(initial E, = 8.18 MeV/u) and Lanzhou (initial E, = 4.95
MeV /u) experiments, respectively. The experimental values
and other theoretical predictions based on the GSC models
are also shown. One should note that, in previous theoretical
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TABLEII. Partial and total probabilities for °*"Mo isomer deple-
tion for the Argonne experiment (initial £, = 8.18 MeV /u).

TABLE III. Partial and total probabilities for **"Mo isomer de-
pletion for the Lanzhou experiment (initial £, = 4.95 MeV /u).

Total Total
Model L shell M shell N shell (L+M+N) Model L shell M shell N shell (L+M+N)
GSC* 5.68 x 107'8 1.53 x 10" 7.54 x 10~'2 2.28 x 107! GSC?* - - - 2.30 x 1072
GSC* 1.48 x 1071 1.47 x 107" 7.34 x 10712 2.20 x 107! GSC® 121 x 10712 4.83 x 1072 5.11 x 10713 6.55 x 102
GScb - - - 2.80 x 1071 ESC® 2.14 x 107" 324 x 10™"" 3.40 x 10712 5.70 x 10~
GSC® 1.49 x 107" 3.58 x 1071 1.90 x 1011 6.98 x 107! Expt.* <2.0 x 10-5
GSC! 1.06 x 107" 3.45 x 107" 1.73 x 1071 6.24 x 10!
ESC! 1.52 x 10719 2.00 x 1071 8.75 x 10~ 4.39 x 10710 *Guo et al. [28].

b

Expt.t 1.0(3) x 1072 Present.

*Wu et al. [29].

5Guo et al. [28].
‘Rzadkiewicz et al. [30].
dPresent.

¢Chiara et al. [25].

predictions for GSC (see Table II), the initial projectile ener-
gies were assumed to be in a range 8.8-9.3 MeV /u as an upper
limit. In the present calculations for the Argonne experiment
we have assumed the initial projectile energy of 8.18 MeV /u
that takes into account the recoil and ion stopping process
in the "Li target. The total probability obtained for NEEC-
RT using the ESC model (PESS_gr = 4.39 x 1071%) pushes
the upper limit of the theoretical estimates for the Argonne
experiment by a factor of &~ 7 compared to the corresponding
NEEC-RT model for GSC and by factor of 16-20 compared
to other GSC predictions (see Table II). An even more pro-
nounced enhancement of the NEEC-RT ESC probability can
be seen for the L shell, for which the obtained theoretical
value (PESC. pr = 1.52 x 10710) is greater than any other
total probabilities obtained so far by any GSC model.

For the Lanzhou experiment (see Table III), the theoretical
limit on the total probability was increased by the ESC ap-
proach (PESC_rr = 5.70 x 1071 by a factor of ~ 9 over
the corresponding estimate for GSC here and by factor of
~ 25 over the only prior estimate available [28]. For the
Lanzhou experiment, the probability enhancement for the
L shell is also striking (an increase from the 1.21 x 107!
in GSC to 2.14 x 10! in ESC approach). The increase is
mainly the result of the opening new L-shell NEEC-RT chan-
nels for low charge states of *>”Mo ions not available in the
GSC model.

A theoretical model describing the NEEC process in beam-
based conditions by taking into account the electron resonant
transfer into highly excited open-shell atomic states has been

proposed. Thanks to the use of the ESC approach, an en-
hancement of IDF was demonstrated. The ESC model also
revealed a low-energy structure that is a clear signature of the
contribution of lower **"Mo ion charge states in the NEEC-
RT process occurring through capture into the L shell. The
new theoretical probabilities for Mo depletion via NEEC in
resonant transfer into highly excited open-shell atomic states
were determined for beam-based conditions present in the Ar-
gonne and Lanzhou experiments. Both theoretical predictions
based in the ESC approach are a factor of 7-9 higher than the
corresponding ones from the GSC model including Compton
profiles, and a factor of about 20 higher than models excluding
both excited state configurations and Compton profiles.

While this work advances the state-of-the-art theory for
NEEC-RT, there are some limitations of the presented model
that one could consider. Although the ETACHA code should
provide rather reliable data, as it was recently validated in the
low projectile energy range (below 10 MeV /u) [32], some un-
certainty may potentially influence the estimation of the 2p3»
subshell ionization. To estimate this uncertainty we arbitrarily
assume that the ionization of the 2p3,, subshell would be up
to two times higher than that calculated by ETACHA for charge
states (¢ < 36). With that assumption we estimate that the
enhancement would increase by an additional factor of up
to 1.5. This factor can be regarded as an upper limit to the
accuracy of the NEEC-RT probability calculations related to
the uncertainty of the ETACHA estimations. Lastly, regardless
of the presented model of the NEEC-RT process the roles of
low-energy Coulomb excitation, inelastic electron scattering,
or higher-order processes have yet to be considered.

The authors thank Simone Gargiulo for fruitful discus-
sions. This work is supported by the National Science Centre,
Poland under Grant No. 2017/25/B/ST2/00901.
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