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Nuclear excitation by electron capture (NEEC) is a theoretically envisioned yet experimentally unverified
process that intricately links nuclear and electronic degrees of freedom. For nearly five decades, the experimental

validation of NEEC has remained elusive, primarily hindered by challenges in excitation and detection method-
ologies. This study proposes a laser-based strategy for verifying NEEC, exploiting the isomeric excitation of
the 23U nucleus within a laser-cluster interaction scheme. With proper laser parameters, NEEC overwhelmingly
dominates, constituting over 99.9% of the isomeric excitation yield. The long lifetime of the U isomer allows
detection without interfering atomic background. Additionally, distinctive dependencies of isomeric excitation
yield on laser parameters provide further confirmation for the NEEC mechanism.

DOI: 10.1103/PhysRevC.110.L051601

Introduction. An atomic nucleus can undergo excitation
through the energy released in a downward electronic tran-
sition. This phenomenon is termed nuclear excitation by
electron capture (NEEC) when the electronic transition occurs
from a free state to a bound state [1-6]. For bound-bound
electronic transitions, it is referred to as nuclear excitation by
electron transition (NEET) [7-12], while free-free electronic
transitions are denoted as nuclear excitation by inelastic elec-
tron scattering (NEIES) [13—17]. These processes, facilitating
the interaction of nuclear and electronic degrees of freedom,
play a crucial role in actively controlling nuclear states.

Among these processes, NEEC stands out as the only one
lacking experimental validation, despite theoretical propos-
als spanning nearly half a century [1]. Recent experimental
efforts are based on accelerators and the *Mo nucleus. How-
ever, two similar experiments have yielded conflicting results
(experiments [18,19], calculations and analyses [20-22]). Al-
ternative prospects for NEEC verification using electron beam
ion traps (EBIT) have been suggested [23,24]. The defini-
tive validation of NEEC remains an active area of interest,
representing a significant contemporary challenge in the
field.

Verifying NEEC presents challenges in both the exci-
tation and detection phases. First, in excitation, achieving
exclusive or predominantly NEEC-induced nuclear excitation,
with minimal interference from alternative mechanisms, is
intricate. For example, in the SMo experiments [18,19], cal-
culations reveal that Coulomb excitation from positive ions
can surpass NEEC by several orders of magnitude [18,20-22].
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In plasma environments, NEEC contends with major compe-
tition from NEIES, particularly as NEIES operates across a
broader range of electron energies. Second, in the detection
phase, confirming NEEC occurrences proves nontrivial. Pro-
posals reliant on EBIT encounter challenges discerning weak
nuclear-decay signals amidst the more robust background of
atomic processes [23,24]. Furthermore, the number of trapped
ions in an EBIT is usually insufficient for detectable isomeric
excitation.

In this Letter we propose a viable approach for verifying
NEEC that addresses the existing challenges. Our strategy
is based on laser-matter interaction, instead of accelerators.
Specifically, we exploit the interaction between intense fem-
tosecond laser pulses and >*U clusters, and demonstrate that
under suitable laser parameters the isomeric excitation of
25U nuclei predominantly occurs via NEEC, with minimal
contribution (<0.1%) from alternative mechanisms. The 23U
isomer, with a 26-minute lifetime primarily governed by in-
ternal conversion (IC), allows for efficient detection using
a multichannel plate detector. The long lifetime diminishes
atomic processes disturbing the detection. By scrutinizing the
isomer signal’s dependence on laser parameters, such as in-
tensity, wavelength, and pulse duration, we can unequivocally
confirm NEEC, as distinct mechanisms exhibit unique laser-
parameter dependencies.

This proposal stems from an in-depth comprehension of
two key aspects: (a) the intricacies of the laser-cluster inter-
action process and (b) the processes governing the nuclear
isomeric excitation of 2>*U. Subsequent sections will eluci-
date these two aspects.

Laser-cluster interaction and cluster expansion. We exam-
ine the interaction between an intense femtosecond laser pulse
and an 2**U atomic cluster. Our analysis assumes a cluster
containing 10° atoms (notably, the discussion and conclusion

©2024 American Physical Society
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FIG. 1. (a) Electron density distribution immediately after irradi-
ating the cluster with an intense laser pulse of 800 nm wavelength, 30
fs duration, and peak intensity 5 x 10'* W /cm?. (b) Electron density
distribution at 2 ps during the cluster expansion. Electron densities
are presented in units of ny, the atomic number density of 2U.
(c) Temporal evolution of the electron kinetic energy distribution
in the cluster. The color bar represents the value of the normalized
energy distribution function f(E,). The black dashed curve indicates
the electron temperature. (d) Comparison of the electron kinetic
energy distribution at 2 ps with a Maxwell-Boltzmann distribution
of temperature 3 eV. (e) Evolution of electron temperature for three
different laser wavelengths, with the laser pulses having the same
duration and peak intensity as specified above. (f) lon charge distri-
butions for different laser wavelengths at 2 ps.

are independent of the cluster size, as shown later). Given
the density of 2°U (19.1 g/cm?, number density ny = 4.69 x
10?? cm™3), the radius of the cluster is 17.2 nm.

The intense laser pulse induces ionization in the con-
stituent atoms, causing the release of electrons from each
atom [25,26]. The degree of ionization is determined by laser
parameters. The liberated electrons predominantly remain
within the cluster, forming a nanoplasma ball with solid-state
density [27]. For instance, Fig. 1(a) illustrates the electron
density distribution immediately after irradiation by a laser
pulse with wavelength 800 nm, pulse duration 30 fs (FWHM
for intensity), and peak intensity 5 x 10'> W/cm?. Subse-
quently, the cluster undergoes expansion due to hydrodynamic
pressure from the electrons and Coulomb repulsion from
the ions. This expansion lasts for a few picoseconds, during
which electrons collide with and excite the nuclei. Figure 1(b)

depicts the electron density distribution at 2 ps during the clus-
ter expansion, revealing a persistent high-density core despite
the cluster’s enlargement. Notably, the majority of electrons
remain confined within the cluster. Eventually (around 10 ps),
the cluster fully dissociates into electrons and ions, which can
be directed toward the detector.

The interaction between the laser and the cluster, as well
as the dynamics of cluster expansion, are calculated using the
standard 2D3V (two dimensions in space and three dimen-
sions in velocity) particle-in-cell (PIC) simulation with the
EPOCH code (version 4.18) [28-30]. The simulation box has
dimensions of 2 um x 2 um, with a mesh size of 1 nm x 1 nm.
Both laser-field ionization and electron collisional ionization
are included.

The electron energies are recorded at each time step. In
Fig. 1(c), the time-dependent electron energy distribution in
the cluster is illustrated. Given the extremely short elec-
tron relaxation time (on the order of 0.1 fs [31,32]), the
electron energy distribution essentially resembles a thermal
distribution at each time, allowing for the extraction of a
temperature. The black dashed curve represents the time-
dependent electron temperature, reaching its highest value
immediately after the laser pulse irradiation (29.5 eV at
0.1 ps) and gradually decreasing as the cluster expands.
Figure 1(d) compares the electron kinetic energy distribu-
tion at 2 ps with a Maxwell-Boltzmann distribution of
temperature 3 eV.

The electron temperature exhibits a sensitive dependence
on laser parameters, especially the wavelength. In Fig. 1(e),
the evolution of the electron temperature is depicted for three
wavelengths—400, 800, and 1600 nm—while maintaining the
pulse duration and peak intensity constant. Notably, shorter
wavelengths result in higher temperatures. The temperatures
for 400 nm (1600 nm) are approximately 2 (0.45) times
those for 800 nm. This phenomenon arises from the enhanced
penetration of shorter wavelengths through the high-density
plasma, leading to increased energy deposition into the clus-
ter. Similar findings have also been reported in the literature
[33-36]. Furthermore, lasers with different wavelengths yield
distinct ion charge distributions, as depicted in Fig. 1(f).
Shorter-wavelength lasers generate higher ion charge states.
(Effects of recombination on ion charge states have been
calculated, as detailed in the Supplemental Material (SM)
[37].) Therefore efficient control of the nanoplasma and the
underlying nuclear excitation mechanism can be achieved by
adjusting the laser parameters, as elucidated in the subsequent
discussion.

Nuclear excitation in the cluster. We investigate the exci-
tation of the 2*>U nucleus from its ground state (spin-parity
1/2%) to the low-lying 76.7-eV isomeric state (spin-parity
7/27) [38-41]. Designated as 23517, this isomeric state is the
second-lowest nuclear excited state among all known nuclei
(the lowest being the isomeric state of 2 Th with an energy of
8.3 eV [42]). The transition between the nuclear ground state
and the isomeric state is of type E3. The isomeric state decays
into the ground state almost solely through IC with a half-life
of 26 minutes. The reason to choose 233U is attributed to its
low isomeric transition energy such that a moderately intense
laser is capable of exciting the nucleus, and to its higher
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abundance compared to >**Th. No other nuclear excited states
are known to have energies below 1 keV.

In a laser-heated cluster nanoplasma, multiple nuclear
excitation mechanisms are possible. Electronic excitation pro-
cesses include NEEC, NEIES, and NEET. Optical excitations
can occur through blackbody radiation, bremsstrahlung, and
the intense laser pulse itself. Notably, NEEC and NEIES
significantly surpass NEET and optical excitations, exhibiting
magnitudes higher. Calculation results for the latter, weaker,
processes are provided in the SM [37]. The distinguishing
factor in laser-heated clusters is the solid-state high electron
density, a key difference from conventional laser-generated
plasmas with substantially lower electron densities, where
NEET might dominate [43]. This distinction is evident in
the following analysis: under identical temperatures, if the
plasma density increases by a factor of N (electron density
n, — Nn, and ion density n; — Nn;), then the probability
of NEEC or NEIES increases by N? times (the electron flux
becoming N times and the number of nuclei becoming N
times), whereas NEET increases only by N times (relevant
to the number of nuclei but not to the electron flux). Optical
excitation from blackbody radiation scales linearly with N,
and from bremsstrahlung as N 2. however, optical excitation is
a comparatively weak process and can be disregarded. Conse-
quently, the laser-cluster approach strongly favors NEEC and
NEIES over competing mechanisms, especially NEET.

To accentuate NEEC over its main competitor NEIES,
proper laser parameters must be used such that the electron
temperature in the cluster nanoplasma favors NEEC over
NEIES. As NEEC operates at electron energies below the
isomeric energy of 76.7 eV, while NEIES operates at higher
energies, the strategy involves maintaining a low electron
temperature. This typically implies using lower-intensity and
longer-wavelength laser pulses, as shown above. However, the
situation is a little more complicated.

Low-intensity lasers yield relatively low ion charge states,
requiring higher electron energies to initiate NEEC. For
instance, with U3, NEEC initiation demands an electron
kinetic energy of at least 56.9 eV, given the ionization po-
tential of the third electron (19.8 eV). However, a thermal
distribution reaching 56.9 eV also extends noticeably above
76.7 eV, contributing significantly to NEIES. Higher charge
states (e.g., UT) are necessary to provide recombining en-
ergy levels deep enough for efficient utilization of low-energy
electrons, requiring however higher laser intensities. Thus, a
meticulous exploration is essential to identify a laser intensity
range high enough to create relatively highly charged ions
while concurrently maintaining the electron temperature sig-
nificantly below 76.7 eV. Fortunately, such a laser intensity
range exists for 2°U.

Now, let us elucidate the procedure for calculating nuclear
isomeric excitation. The isomer production yield per cluster is
expressed as
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FIG. 2. (a) NEEC resonant strength Sxggc for U3+ and U+, The
30 most significant NEEC channels are displayed for each ionic state.
U3 requires higher electron energies to initiate NEEC due to less
deeply bound levels. (b) NEIES cross section onggs for the same
U3 and U+ ionic states. Note that NEEC occurs below the isomeric
energy of 76.7 eV, while NEIES occurs above this energy.

where n;(r, t) and n,.(r, t) denote the time-dependent density
of %3V ions and electrons, respectively. P,(¢) represents the
time-dependent probability of the charge state U9+, oﬁIEEC
(UIZEIES) denotes the NEEC (NEIES) cross section for U4,
(UﬁEECv) (t) is the NEEC reaction rate, obtained by averaging

over the electron velocity distribution at time #:
(O]\quECU)(t) = / dEef(Ee ,Du(E, )a]i]]EEC (E.) 2

= > f(Ex, Y0(E)Skppc (Er). 3)
k

The NEEC cross section is integrated over energy, giving the
resonant strength Sy under an isolated resonance approx-
imation. NEEC channels are labeled by k, and E; represents
the corresponding energy of the free electron. v(E,) denotes
the electron velocity corresponding to the kinetic energy E,.
The NEIES reaction rate (GIZEIESU)(I) follows an expression
similar to Eq. (2).

Exemplary S{ppc and oy are illustrated in Fig. 2
for two ionic states, U3t and U®t. The NEEC resonant
strength exhibits discrete energies below the isomeric energy
of 76.7 eV, whereas the NEIES cross section is defined on
continuous energies above the isomeric energy. While St
differs significantly for each ionic state due to specific bound
levels, oy ks is generally very similar for different ionic states
[17]. These cross-section calculations are based on a Dirac
distorted wave Born approximation, and the electron wave
functions are computed using the openly accessible code RA-
DIAL [44]. The reduced nuclear transition probability is taken
to be B(E3, g — is) = 0.009 W.u. (equivalently 0.036 W.u.
is — g) [45]. Using this B value the half-life of the isomeric
state is calculated to be 3.4 x 10° s, roughly within a factor
of two compared to the experimental value of 1.6 x 10° s
[38]. The calculated IC coefficient is 1.9 x 10%°, which is
approximately half the value of 4.4 x 10?° from Ref. [45], and
it is also consistent to an early estimation [46] and experiment
[40]. The difference is mainly from the calculation of multi-
electron wave functions. For more details on the theoretical
framework and additional results for different ionic states,
refer to the SM [37].

We calculated the isomer production yield per cluster un-
der varying laser parameters. Figure 3(a) shows the isomer
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FIG. 3. (a) Isomer production yield per cluster as a function of
laser intensity. The laser wavelength is 800 nm and the pulse duration
is 30 fs. Note that the NEIES yield has been multiplied by 100 for
the purpose of display. (b) Isomer production yield per cluster for
different laser wavelengths. The laser intensity is fixed at 5 x 10'3
W /cm? and the pulse duration is 30 fs. (c) Isomer production yield
per cluster for a fixed laser pulse energy but different pulse durations.
The laser wavelength is 800 nm. A shorter (longer) pulse duration
corresponds to a higher (lower) peak intensity. (d) Isomer production
yield per cluster for various cluster sizes. The laser wavelength is
800 nm, peak intensity is 5 x 10'> W/cm?, and pulse duration is
30 fs.

production yield (at 5 ps when the cluster expansion and
nuclear excitation process is mostly over) as a function of
laser intensity for NEEC and NEIES, with laser wavelength
800 nm and pulse duration 30 fs. Note that the NEIES yield
has been multiplied by 100 for clarity, so the NEEC yield
is much (two or three orders of magnitude) higher than the
NEIES yield. Around an intensity of 3 x 10> W/cm?, the
NEEC yield exceeds the NEIES yield by over 1000 times,
signifying that NEEC accounts for over 99.9% of the isomeric
excitation. Additionally, NEEC and NEIES exhibit distinct in-
tensity dependencies: NEEC exhibits a peak around 3 x 10'°
W/ cm?, while NEIES shows a monotonic increase with laser
intensity. This distinctive behavior can serve as an additional
confirmation of the NEEC mechanism in experiments.

In Fig. 3(b), the isomer production yield is presented as a
function of laser wavelength, with a fixed laser intensity of
5 x 10" W/cm? and a pulse duration of 30 fs. Across the
entire wavelength range from 400 to 2000 nm, the NEEC
yield consistently surpasses the NEIES yield by two to three
orders of magnitude. Furthermore, NEEC and NEIES exhibit
distinctive dependencies on laser wavelength. NEEC reaches
a peak around 1200 nm, while NEIES decreases steadily with
increasing wavelength.

In Fig. 3(c), the isomer production yield is depicted as a
function of laser pulse duration, while keeping the laser pulse
energy constant. Such a pulse compression or stretching can
be performed in experiments. The laser wavelength is set to

800 nm. The laser peak intensity is higher (lower) for a shorter
(longer) pulse duration. For this illustration, the peak intensity
is 2 x 10" W/cm? for a duration of 30 fs and 1.2 x 10"
W /cm? for a duration of 500 fs. Notably, across almost all
pulse durations, the NEEC yield consistently exceeds the
NEIES yield by over 1000 times. Additionally, NEEC and
NEIES display distinctive dependencies on the laser pulse
duration. The NEEC yield remains relatively insensitive to
pulse duration, while the NEIES yield increases with longer
pulse durations.

In Fig. 3(d), the dependence of NEEC and NEIES on the
cluster radius is demonstrated. With a fixed laser wavelength
of 800 nm, peak intensity of 5 x 10> W/cm?, and pulse
duration of 30 fs, it is evident that the NEEC yield consistently
exceeds the NEIES yield by over two orders of magnitude
across varying cluster radii. Importantly, the ratio between
NEEC and NEIES remains relatively constant for different
cluster sizes.

Discussions.

(a) While experimentally it is more convenient to gener-
ate plasmas through direct laser ablation on a solid
surface [43,47,48], cluster nanoplasmas offer essential
advantages for NEEC verification. As detailed ear-
lier, cluster nanoplasmas exhibit a high, solid-state
electron density crucial for emphasizing NEEC and
NEIES over competing mechanisms. In contrast, laser-
ablated plasma manifests a complex, spatially varying
electron density distribution originating from the solid
surface. This complexity extends to the electron tem-
perature, a critical factor in distinguishing NEEC from
NEIES. In essence, cluster nanoplasma is a “simpler”
system compared to surface plasma, and this sim-
plicity is precisely what facilitates the verification of
NEEC.

(b) Consider a Gaussian beam profile for a laser
pulse, where the focal volume is given by Vi =
16E2 /m AI?T2. Here, E represents the pulse energy, A
is the wavelength, I is the peak intensity, and t is the
pulse duration. Using the values E =3 J, A = 800
nm, [ =3 x 101 W/cmz, and T = 30 fs, the result-
ing focal volume is Vi, = 72 cm?, which is large
enough to contain a sufficient number of >>U clus-
ters. Assuming the delivery of 50 ug of 23U clusters
(equivalent to 1.3 x 10'7 atoms or 1.3 x 10'!" clus-
ters) to the laser focus via a buffer gas, the number
of excited *>U nuclei would be approximately 1.3 x
10" x 2 x 10710 ~ 26 after the interaction. Assum-
ing a laser repetition rate of 10 Hz and a data collection
time of 1 min, the number of isomers would be 26 x
10 x 60 = 15600. The >*3U ions can be guided to a
multichannel plate detector, where they are neutralized
by the detector electrons. The neutralization occurs
rapidly (much less than 1 s). Then the IC process will
happen for those nuclei in the isomeric state, releasing
electrons and generating currents that can be registered
with high efficiency, indicating the number of excited
nuclei. Given that the half-life of the excited nuclei
via IC is on the order of 10° s, approximately ten IC
electrons are anticipated every second.
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This laser excitation and detection process can
be repeated with varying laser parameters to ex-
amine parameter dependencies, as anticipated in
Figs. 3(a)-3(c). The estimated total quantity of 2°U
required for these experiments is on the order of
1 g. Despite the anticipated low isomeric excitation
probability owing to the E£3 nature of the transition, the
primary criterion for verifying NEEC is the “purity”
rather than the excitation efficiency.

(c) Metal clusters can be synthesized using various tech-
niques, including physical, chemical, or biological
methods [49,50]. Besides, high-pressure gas jets are
employed in the formation of clusters from gases [35].
As illustrated in Fig. 3(d), the ratio between NEEC
and NEIES exhibits minimal sensitivity to cluster size,
eliminating the requirement for identical cluster sizes.

(d) The potential application of other nuclei, preferably
nonradiative ones [51], remains open. As elucidated
earlier, the critical factor lies in identifying a suitable
synergy between nuclear levels and laser parameters
that establishes NEEC as the predominant nuclear ex-
citation mechanism. For nuclear levels with higher
energies, x-ray free-electron lasers present a prospec-
tive path forward.

(e) Recombination processes are not implemented in the
PIC simulations in the current work. We use the corre-
sponding cross sections and the plasma conditions to
estimate their effects, which turn out to be minimal
for nuclear excitations of 2*°U, as shown in Sec. 4
of the SM [37]. However, for different nuclei requir-
ing higher plasma temperatures for excitation, these
processes might become significant and need to be
implemented in the PIC code.

Conclusion. Our proposed laser-cluster interaction method
offers a promising route to validate NEEC. The high
electron density within the cluster nanoplasma accentuates
NEEC and NEIES over other nuclear excitation mechanisms.
By adjusting laser parameters, we demonstrate that NEEC
overwhelmingly dominates, contributing over 99.9% of the
nuclear isomer yield. The distinct dependencies of NEEC
on various laser parameters provide a robust foundation for
experimental confirmation. Our study not only advances the
understanding of nuclear excitation mechanisms but also
provides a viable experimental roadmap, offering broader im-
plications for nuclear physics research.
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