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We present here a comprehensive analysis to understand the optimal atomic conditions for the first experimental
observation of nuclear excitation by electron capture (NEEC) for the 6.85 h **"Mo isomer with spin parity 21/2+.
The NEEC process would provide an excitation from the long-lived isomer to a depletion level with spin parity
17/2%, which lies only 4.85 keV higher in energy, and is itself a shorter-lived isomer that subsequently decays,
releasing a substantial amount of stored energy (2429.8 keV). The depletion level decays to a 13/2" state
through a 267.9-keV transition that offers the opportunity for identification of NEEC because it does not occur
in the natural decay of the long-lived isomer. It has been shown that, for the proposed approach, high-precision
atomic predictions are essential to understanding the proper physical conditions under which the experimental
observation of the NEEC process will be possible using a beam-based scenario.
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I. INTRODUCTION

The ability to manipulate nuclear excitation and de-
excitation, in particular the controlled release of energies
up to a few MeV per nucleus, could open a wide range of
applications such as nuclear batteries and y-ray lasers [1-3].
One of the possible mechanisms for such an energy release
is isomer depletion via nuclear excitation by electron capture
(NEEC) [4-7], which is the inverse of the well-known internal
conversion (IC) process. In the NEEC process, a free electron
is captured into an unfilled atomic subshell of an ion with the
simultaneous excitation of the nucleus. The NEEC process
was predicted many years ago [4] and has been the subject
of detailed theoretical studies (see, e.g., Ref. [5-7]). However,
NEEC has yet to be demonstrated experimentally. Attempts
to observe NEEC in 2*?Am with an electron beam ion trap
[8] or by fully stripped >’Fe ions channeling in a Si crystal
[9] have been unsuccessful. It has been suggested that storage
rings [10] or x-ray free-electron lasers [11] might be useful in
the observation of NEEC.

Recently, in order to achieve a first experimental obser-
vation of the NEEC process, a new challenging approach
was proposed [12]. A long-lived **"Mo isomer (see Fig. 1)
with a half-life of T, = 6.85 h [12] would be produced on
the fly via a reaction performed in inverse kinematics (heavy
projectile nuclei incident on light target nuclei) so that isomeric
nuclei would receive a high recoil energy. Passage of those
recoiling ions through a medium would cause them to become
highly ionized. Also, atomic electrons within the medium
would approach the recoiling ions at a high velocity, as seen
in the reference frame of the ions. Ultimately, the resonance
condition for NEEC could be reached during the slowing of
the recoiling ions within the medium. The long-lived **"Mo
isomer with spin parity 21/2% lies 2425.0 keV above the
ground state and decays slowly via an E4 transition to a state
with spin parity of 13/2%. Its depletion level with spin parity
17/27" lies only 4.85 keV above the **"Mo isomer and is
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itself a shorter-lived isomer (77, = 3.5 ns) that subsequently
decays, releasing a substantial amount of stored nuclear
energy (2429.8 keV). The 17/2% depletion level decays to
a 13/27 state through a 267.9-keV transition offers a unique
opportunity for identification of NEEC because it does not
occur in the natural decay of the long-lived isomer.! The
energy of this transition is much larger than that of photons
produced in radiative recombination, which are necessarily
close in energy to the 4.85-keV y rays that could arise from
the 17/2% — 21/2* decay transition from the depletion level.
The y rays from that transition can only be emitted with very
weak intensity as the decay rate is dominated by many orders
of magnitude by IC and by the highly favored 267.9-keV E2
decay path (based on the E; dependence for the E2 transition
rates).

IL. **"Mo ISOMER PRODUCTION

Figure 2 presents the experimental scheme for occurrence
of the NEEC process proposed in Ref. [12]. A beam of
some suitable higher-Z nucleus reacts with a lower-Z target
to produce the **"Mo isomer ions, which have very similar
kinetic energies to that of the incident beam ions. The **"Mo
ions will then slow down in the stopping medium (solid or
gas), which could be the same material as that serving for
the isomer-producing nuclear reaction. The recently published
Ref. [14] reiterates the approach discussed in Ref. [10], as well
as another approach that is a modification of the beam-based
scenario of Ref. [12], both within the context of storage rings.

As an example, Fig. 3 presents the production cross sections
predicted using the PACE4 code [15] for reactions resulting

'Other mechanisms, e.g., Coulomb excitation, could also excite
the depletion level and their potential contributions to emission at
267.9 keV should be evaluated in the planning and analysis of any
beam-based experiment.
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FIG. 1. Partial level scheme (not to scale) for the %Mo nucleus
(Z = 42). The gray arrow is the transition excited by NEEC, after
production of the long-lived ®*"Mo isomer, while the solid black
arrows show the natural decay cascade from that isomer. The green
transitions are unique signatures of NEEC that result in decay from
the depletion level, once it is excited from the 6.85-h isomer. The
right side of the figure gives the level energies (in keV) and half-lives,
and the left side gives the angular momenta and parities, taken from
Ref. [13].

from °'Zr projectiles and “He targets [12]. The production
of the isotope **Mo dominates over other nuclides for a wide
range of beam energies, with the desirable **” Mo isomer being
most favored in the energy window from 600 to 700 MeV
(6.6 to 7.7 MeV /nucleon). The **"Mo ions have high recoil
energies as this heavy reaction product takes most of the
kinetic energy from the energetic °'Zr projectiles. For °'Zr
beam ions at about 700 MeV, the mean recoil energy of >Mo
ions produced in He is about 660 MeV (7.1 MeV /nucleon).

III. NEEC RESONANCE WINDOW WIDTHS

According to the approach depicted in Fig. 2, to achieve
the resonance an electron with a specific kinetic energy (EX")
in the reference frame of the **”Mo ion must be captured into
a particular unfilled subshell with quantum numbers » and /.
The energy involved in this process, being the sum of the EX"
and energy released by electron capture into a given subshell
(E™leasedy must correspond, within the NEEC resonance

nl

window width (I‘ZEEC), to the value (i.e., ~4.85 keV) needed
to excite the “>Mo nucleus, from the long-lived isomeric state
(21/27) to the depletion state (17/2%). A particular concern
is that the E™'***d i highly discrete, with values that depend

Stopping medium

Beam

NEECresonance range

FIG. 2. General layout for experimental detection of the NEEC
process as proposed in Ref. [12].
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FIG. 3. Cross section for the *'Zr +*He beam-target reaction,
calculated with the PACE4 code [15]. The total cross section leading
to **Mo (estimated to **"Mo) is plotted with squares and a solid
(dashed) blue line. The (3n), etc. in the legend refer to the
evaporated nucleons from the nucleus due to the fusion-evaporation
reaction modeled. The strongest competing reaction products are also
indicated, with other background summing contributions from *>**Nb
and *°Zr.

on the ionization degree (¢q) and on the specific electronic
configuration of the Mo ion.

In general, as has been shown in Fig. 4, two radically
different situations can be created: (i) an atomic excited state

(a) I'=1.3x107 eV« 17/2%T;/,~3.5 ns
E=4.85keV__L o112+ T, ,=6.85 h
E=267.9 keV
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FIG. 4. Two scenarios for NEEC resonance window width. Panel
(a) describes production, after free electron capture, of a double
(atomic and nuclear) excited intermediate state for the 1522522 p*3d!
excited atomic configuration of **Mo ions (IA™¢ > 0). Panel (b)
describes production, after free electron capture, of an intermediate
state which corresponds only to nuclear excitation. In this case, an
electron has been captured into the 3s subshell of the **Mo ion
atomic ground state with ¢ = 32+ for the 1522522p°® closed-shell
configuration and, therefore, l",;"l“’mic = 0 (see Table I).
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TABLEIL Predicted l";;“,“’mic (ineV) for various M and N subshells
of Mo ions from g = 32+ (i.e., 152522 p® configuration) to g = 36+
(i.e., 1522522 p? configuration).

Capturing q

nl subshell 32+ 33+ 34+ 35+ 36+
3s 0.0000 0.0045 0.0067 0.0094 0.0116
3p 0.00002 0.00003 0.00003 0.00003 0.00004
3d 0.00003 0.11 0.11 0.11 0.11

4s 0.0025 0.0033 0.0043  0.0054 0.0067
4p 0.0026  0.0026  0.0027  0.0029  0.0033
4d 0.0048  0.042 0.042 0.042 0.042

resulting from electron capture into a vacancy in a subshell
other than the lowest one with an available vacancy, with the
simultaneous excitation of the nucleus [Fig. 4(a)] or (ii) the
atomic ground state resulting from electron capture into the
lowest available vacant subshell, also with the simultaneous
excitation of the nucleus [Fig. 4(b)]. In both cases, the nucleus
can decay by the signature 267.9-keV transition after electron
capture, while in case (i) the atomic system can also decay by x-
ray emission. In either case, the width of the NEEC resonance
window is given by the sum of the atomic state width and
the nuclear excited state width: FI\ﬂEEC = Ff}omic + INuclear-
However, the magnitude of I'N*EC is strongly affected by
which case occurs. Table I presents the atomic level widths,
evaluated using the relativistic multiconfiguration Dirac-Fock
(MCDF) method with the inclusion of Breit interaction and
QED corrections [16—19], for electron capture into various M
and N subshells (I'A°™i¢) of Mo ions.

Figure 4(a) describes the production of a double (atomic and
nuclear) excited intermediate state for the **Mo ion. Starting in
the 1s%2s%2p* configuration with ¢ = 34+, electron capture
into the 3d subshell leads to the 15225>2p*3d! configuration
and ¢ = 33+, with the simultaneous excitation of the nucleus.
As described above, when the atomic excited state can decay
via x-ray emission, which is most often several orders of
magnitude faster than low-energy nuclear transitions, the
width of the NEEC resonance window can be approximated
as TNEEC ~ patmic — patomic — () 11eV. This provides
an enhancement to occurrence of the NEEC process. Such
enhancement was previously noted [10] in the analysis of
the potential observation for NEEC with U and Th nuclides.
Moreover, in Ref. [10] the acronym NEECX was introduced
to emphasize the role of a particularly fast subsequent atomic
decay, which would under some circumstances prevent an
IC channel for the slower nuclear decay from a depletion
level. Generally, this IC blocking could enhance the overall y
emission from a depletion level (although leaving the intrinsic
y-decay rate constant). However, for **Mo the conversion
coefficient for the 267.9-keV transition is relatively small
(~0.0355) and, furthermore, its value is not significantly
changed by IC blocking by decay of the 3d subshell.

Figure 4(b) describes the capture of an electron into
the lowest precapture subshell (3s), for a **Mo ion in the
1522522 p® closed-shell configuration (g = 32+). In this case,
the atomic ground state with the 1522522 p®3s! configuration is

created and ['2°™¢ = 0 (see Table I), and therefore, INFEC =
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FIG. 5. The resonance conditions for **"Mo ion energy release
via the NEEC process with a schematic depiction of the discrete but
varying steps (A EX") for ions slowing down in a medium near the
NEEC resonance. Two cases are shown: (a) T4emic > AEX™ and
(b) T§o™e & AEYN™ (see Table I). The A EX™ do not represent actual
calculated steps.

INuctear = 1.3 x 1077 eV, due to the half-life of 3.5 ns for the
nuclear depletion level in Fig. 4(b).

IV. ION KINETIC ENERGY DECREASE NEAR
THE NEEC RESONANCE

It is worth noting that the decrease of the **"Mo ion
kinetic energy as a result of collisions with the stopping
medium occurs in discrete steps, further complicating the
fulfillment of the NEEC resonance conditions during the
stopping process. It is estimated that for a Mo ion at about
500 MeV (i.e., 5.4 MeV /nucleon) kinetic energy, the loss of
energy in subsequent collisions occurs in small energy steps on
the order of ~1 keV per ion, which corresponds to changes on
the order of A EX™ ~ 0.005 eV in the apparent kinetic energies
of the incident electrons, as seen in the reference frame of the
%3mMo ion.

Figure 5 illustrates the resonance conditions for **"Mo
ion energy release via the NEEC process with the size of
the steps by which the ion kinetic energy decreases in the
medium and for two different atomic NEEC resonance widths
(T4°™e > T4ome). The ES (E5) means the contribution
of electron kinetic energy to the total energy necessary to
excite the nucleus as a result of electron capture into the 3d
(3p) subshell for a particular ¢ of the **"Mo isomer. The
EX value must be higher than EX" because the E5;***! is

significantly lower than EX*° (even for higher ¢ values).
As can be seen from Fig. 5(a), only a sufficiently wide NEEC
width (TNEEC a patomic — patomic s, A Fkiny can ensure
that the resonance conditions are achieved. Stated another way,
if the TNFEC is considerably smaller than AEXM ~ 0.005eV
[F?;"mic <& AEN" as shown in Fig. 5(b)], the slowing ion
could completely hop over the required energy, eliminating
the possibility of NEEC. Therefore, the most promising for
the NEEC process in **"Mo ions is the 3d subshell, which
has the largest TNFEC (see Table I). Also promising seems to
be capture into the 4d subshell. For the other subshells, the
widths are a few orders of magnitude lower and are, hence,
much less likely to find themselves at a NEEC resonance.

V. NEEC RESONANCE CONDITIONS FOR DIFFERENT
STOPPING MEDIA

A precise evaluation of the conditions necessary for the
occurrence of the NEEC process in this beam-based scenario
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FIG. 6. Predicted gpean of a 93mMo ion as a function of its kinetic
energy for He gas (top) and C solid (bottom) stopping media. The
vertical bars present the potential positions of the **"Mo ion NEEC
resonance kinetic energies, which can occur for g (vertical axis),
from ¢ = 32+ to ¢ = 36+ as indicated when the tops of the bars
are within the g range. Each set of three bars represents, from left to
right, electron capture into the d, p, and s subshells.

has to include consideration of the **”Mo ion beam energy
that can be achieved experimentally and the kind of stopping
medium. A **"Mo ion, after production in a nuclear reaction,
travels through a material and loses energy. At the same time,
the ¢ value of the °*"Mo ion significantly changes as a function
of kinetic energy. For the energies relevant to the NEEC
process for **"Mo ions, Fig. 6 shows the mean equilibrium
charge state (gmean) Of the 9mMo recoil ion as a function
of its kinetic energy in two stopping media, predicted using
Schiwietz and Grande formulas [20] for gas (He) and solid (C)
targets. The absolute uncertainties Agmean are 0.48 for He gas
and 0.54 for C solid targets [20], and this range is shown in
Fig. 6 by the dashed lines near the solid ones. Moreover, we
have estimated the widths of the ¢ distribution (FWHM) to be
1.81 for He gas target [21] and 1.50 for C solid target [22,23].
They are presented in Fig. 6 as the short dashed lines with the
descriptions: gmean-FWHM/2 and gpe,n +FWHM/2.
Demanding that the cross section for the production of
%mMo ions in a “He gas target exceeds that of any other
nucleus produced in this reaction sets the incident °'Zr beam
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energy (see Fig. 3) and limits the maximum recoil energy of
a ™Mo ion to ~7.7MeV /nucleon. Figure 6 clearly shows
that the line representing the predicted gme,n monotonically
decreases during the stopping process in both media. As can
be seen, higher gmean have been produced in the case of BmMo
ions passing through a C solid target than a He gas target. For
recoil energies around 7 MeV /nucleon, the gpean ~ 32.8 and
gmean ™~ 34.5 for He and C targets, respectively.

The discrete E™***d energies as a function of g, for
different M and N subshells of a **"Mo ion, have been
obtained using the relativistic MCDF method [16—19]. Then all
potentially possible NEEC resonance energies, i.e., the specific
electron kinetic energy, Eﬁl‘}“, for g = 32+ up to g = 36+ of
%"Mo ions have been evaluated (using values of Erelcssed).
From the left to right sides of Fig. 6, the positions of the
vertical bars indicate the potential **”Mo ion kinetic energies
(obtained on the basis of El;}“) for which the NEEC resonance
could occur for electrons captured to the 4d, 4 p, and 4s, and the
3d, 3p, and 3s subshells. The heights of the bars indicate the
value of ¢ for which the capture could occur into the specific
subshell.

One of the important criteria that precisely establishes in
Fig. 6 the optimal conditions for the NEEC process in the
case of electron capture to a given (N or M) subshell is the
location of the tops of the bars (for specific charge state of
the **Mo ion) relative to the central line corresponding to
the predicted gmean Of the * Mo ion projectile as a function of
its kinetic energy in the stopping medium. For a He gas target,
the potential positions of the **"Mo ion NEEC resonance
kinetic energies can mostly be achieved in the case of electron
capture into the N subshells. This can be seen in Fig. 6(a) by
the proximity of the bar tops of the 4d, 4p, and 4s subshells
for g = 33+ to the line representing the SmMo ion Gmean»
with the energy for the 4d subshell falling closest to the line.
However, for the He gas target, electron capture into the M
shell is barely possible [see Fig. 6(a)]. It is worth underlining
that the most probable case seems to be electron capture into
the 4d subshell because of the large NEEC window width, i.e.,
['NEEC ~ pjiomic — (0,042 eV (see Table I).

For a solid C target, the potential positions of the **"Mo
ion NEEC resonance kinetic energies seem to be achievable in
the case of electron capture into the M subshells (i.e., 3d, 3 p,
or 3s) for ¢ = 33+ because of the proximity of the bar tops
to the line representing the P3MMo 10N Gmean [s€€ Fig. 6(b)].
Moreover, we can suppose (see Fig. 6) that for the C solid
target the electron capture to the N shell seems to be less
likely. We can also see for ¢ = 33+ that the top of the bar
for electron capture to the 3d subshell is located slightly
farther from the line representing the gueqn than for the 3p
and 3s subshells. Therefore, for electron capture to the 3d
subshell, fewer ions (than for electron capture to 3p or 3s)
may participate in the NEEC resonance process. It should be
noted that, in order to estimate the NEEC process probability
for electron capture to any M or N subshells, we also have to
take into consideration the resonance window widths which
are more fundamental than the energetic condition discussed
above. Therefore, the most probable scenario for the C solid
target seems to be electron capture to the 3d subshell, despite
fewer ions participating in the process, because the resonance
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window is much larger for the 3d subshell (~0.11 eV) than for
the 3p (~0.00003 eV) or the 35 (0.0045-0.0116 eV) subshells.

VI. SUMMARY AND CONCLUSIONS

The detailed study presented above has shown the crucial
role of complex atomic processes in ensuring that resonance
conditions would be satisfied in an experimental demonstration
of the NEEC process. In order to observe the NEEC process
for the first time, an approach has been proposed here, adapting
that introduced in Ref. [12] with detailed quantitative analysis
of atomic conditions for gas and solid stopping media, for
the long-lived **"Mo isomer with spin parity 21/2%. Its
depletion level with spin parity 17/2" lies only 4.85 keV
above the **"Mo isomer and is itself a shorter lived isomer
that subsequently decays, releasing a substantial amount of
stored nuclear energy (2429.8 keV). The 17/2t — 13/2%
decay path offers a unique opportunity for identification of
NEEC because it does not occur in the natural decay of the
long-lived isomer.

As presented in Sec. III, an atomic excited state, created as
a result of electron capture into a vacancy in a subshell higher
in energy than the lowest possible one (with the simultaneous
excitation of the nucleus), can decay via x-ray emission, which
is most often several orders of magnitude faster than the low-
lying nuclear states. However, also crucial for understanding
the resonance conditions for **Mo ion energy release via the
NEEC process is a detailed analysis of the decreasing steps in
kinetic energy near the NEEC resonance energy. As has been
explained in Sec. IV, the resonance conditions can be achieved
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only if a NEEC resonance window width is sufficiently wide.
We have found, for the first time, that the most promising
atomic subshells into which an electron can be captured for
the NEEC process in %Mo ions are the 3d; /2,52 states (because
of the largest atomic level widths). Also promising seems to
be capture into the 4d3, 5> states.

A fundamental step in designing the optimal conditions
for the first observation of the NEEC process in beam-based
scenarios is to take into account a beam of some suitable
higher-Z nucleus reacting with a lower-Z target to produce
the **"Mo isomer (with the initial recoil kinetic energy of
ions which exceed the NEEC resonance energy). The most
probable case seems to be the choice of C solid target and the
electron capture into the 3d subshell because of the largest
NEEC resonance window.

Finally, one can expect that the results of a successful search
for evidence of the NEEC process would not only provide
identification of a new physical phenomenon, but also would
be a starting point for applied research into the controlled
release of energy stored in certain nuclear isomers, which
would provide an important step towards the development of
a new, unconventional nuclear battery.
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