
ar
X

iv
:1

91
0.

05
32

6v
2 

 [
ph

ys
ic

s.
pl

as
m

-p
h]

  1
7 

D
ec

 2
01

9

X-ray assisted nuclear excitation by electron capture in optical laser-generated

plasmas

Yuanbin Wu,∗ Christoph H. Keitel, and Adriana Pálffy†

Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
(Dated: December 18, 2019)

X-ray assisted nuclear excitation by electron capture (NEEC) into inner-shell atomic holes in a
plasma environment generated by strong optical lasers is investigated theoretically. The considered
scenario involves the interaction of a strong optical laser with a solid-state nuclear target leading to
the generation of a plasma. In addition, intense x-ray radiation from an X-ray Free Electron Laser
(XFEL) produces inner-shell holes in the plasma ions, into which NEEC may occur. As case study
we consider the 4.85-keV transition starting from the 2.4 MeV long-lived 93mMo isomer that can be
used to release the energy stored in this metastable nuclear state. We find that the recombination
into 2p1/2 inner-shell holes is most efficient in driving the nuclear transition. Already at few hundred
eV plasma temperature, the generation of inner-shell holes can allow optimal conditions for NEEC,
otherwise reached for steady-state plasma conditions in thermodynamical equilibrium only at few
keV. The combination of x-ray and optical lasers presents two advantages: first, NEEC rates can be
maximized at plasma temperatures where the photoexcitation rate remains low. Second, with mJ-
class optical lasers and an XFEL repetition rate of 10 kHz, the NEEC excitation number can reach
∼ 1 depleted isomer per second and is competitive with scenarios recently envisaged at petawatt-
class lasers.

I. INTRODUCTION

Intense coherent light sources available today, cover-
ing a large frequency range from optical to x-ray light,
open unprecedented possibilities for the field of laser-
matter interactions [1]. In particular, not only do they
address the electronic dynamics, but they might also in-
fluence the states of atomic nuclei. Novel X-ray sources
as the X-ray Free Electron Laser (XFEL) can drive, for
instance, low-energy electromagnetic transitions in nuclei
[2]. High-power optical laser systems with up to a few
petawatt power are very efficient in generating plasma
environments [3] that host complex interactions between
photons, electrons, ions, and the atomic nucleus. Nuclear
excitation in hot plasmas generated by optical lasers has
been the subject of numerous works [4–22]. Also nuclear
excitation in cold plasmas generated by XFELs [23] was
shown to be relevant for a number of low-lying nuclear
states [24, 25]. Since plasmas in laser laboratories have
temperatures restricted to few keV, the range of nuclear
transitions that can be efficiently addressed is limited. As
initial state, one can envisage either the nuclear ground
state or long-lived excited states, also known as nuclear
isomers [26]. Isomers are particularly interesting due to
their potential to store large amounts of energy over long
periods of time [27–33]. A typical example is 93mMo at
2.4 MeV, for which an additional excitation of only 4.85
keV could lead to the depletion of the isomer and release
the stored energy on demand.

Nuclear excitation in plasmas may occur via several
mechanisms. Apart from photoexcitation, the coupling
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to the atomic shell via processes such as nuclear excita-
tion by electron capture (NEEC) or electron transition
(NEET) [34, 35] may play an important role. In the reso-
nant process of NEEC, a free electron recombines into an
ion with the simultaneous excitation of the nucleus. The
energy set free by the recombining electron has to be an
exact match for the nuclear transition energy. Theoret-
ical predictions have shown that as a secondary process
in the plasma environment, NEEC may exceed the di-
rect nuclear photoexcitation at the XFEL. For the 4.85
keV transition above the 93mMo isomer, the secondary
NEEC in the plasma exceeds direct XFEL photoexcita-
tion by approximately six orders of magnitude [24, 25].
Just recently, another theoretical work has shown that by
tailoring optical-laser-generated plasmas to harness max-
imum nuclear excitation via NEEC, a further six orders of
magnitude increase in the nuclear excitation and subse-
quent isomer depletion can be reached [36, 37] compared
to the case of cold XFEL-generated plasmas.

As a general feature of NEEC, capture is most efficient
and the excitation cross sections are highest for electron
recombination into inner-shell vacancies. This holds true
also for the case of 93mMo, for which the largest NEEC
cross section occurs for the capture into the L-shell va-
cancies, while capture into the inner-mostK-shell is ener-
getically forbidden [24, 25, 36, 37]. However, in a plasma
scenario it is difficult to simultaneously facilitate both the
existence of inner-shell vacancies and the corresponding
free electron energies that are allowed by NEEC. In order
to decouple these two requirements, in this work we con-
sider a scenario in which a solid-state nuclear target inter-
acts with both an optical and an x-ray laser. The optical
laser generates the plasma environment and is respon-
sible for the free electron energy distribution, while the
x-ray laser interacts efficiently with inner-shell electrons
producing the optimal atomic vacancies for NEEC. The
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sketch of this two-step scenario is illustrated in Fig. 1. As
a case study we consider again the 4.85-keV nuclear tran-
sition starting from the long-lived excited state of 93mMo
at 2.4 MeV. Apart from allowing for a practical isomer
depletion scenario, 93mMo is also interesting because of
the recently reported observation of isomer depletion of
the 4.85-keV transition attributed to NEEC [38] and the
subsequently raised question marks about the observed
depletion mechanisms [39].

(i)
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nuclear target

generated plasma

(ii)

nuclear target
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FIG. 1. Sketch of x-ray assisted NEEC in an optical laser-
generated plasma. In the first step (i), the optical laser inter-
acts with a nuclear solid-state target generating a plasma. In
the second step (ii), the XFEL interacts with the plasma to
produce inner-shell holes into which NEEC can occur. The
partial level scheme of 93mMo is shown in (ii). The nuclear iso-
meric (IS), triggering (T), intermediate (F), and the ground-
state (GS) levels are labeled by their spin, parity, and energy
in keV, taken from Ref. [40].

Our results show that for low-temperature plasmas,
the XFEL-generated inner-shell holes can substantially
enhance the NEEC rates making them competitive with
the case of high-temperature plasmas in thermodynami-
cal equilibrium (TE). For low plasma temperatures, the
x-ray assisted NEEC process is dominant. This holds
true for electron densities in the range of 1019 − 1021

cm−3, while for high densities of 1023 cm−3, recombina-
tion occurs too fast and substantially reduces the life-
times of the inner-shell holes. The advantages of x-
ray-assisted NEEC in optical laser-generated plasma are
two-fold. First, by requiring only a small plasma tem-
perature, the competing nuclear photoexcitation rate is
kept small and NEEC is dominant. Thus observation
of photons belonging to the isomer decay cascade could
be undoubtedly attributed to NEEC. Second, the iso-
mer depletion signal becomes detectable even when us-
ing a mJ optical laser, the excitation being competitive
with the predicted values for petawatt-class laser facili-
ties. The requirements for optical laser power are there-
fore substantially lowered by the presence of the XFEL.

Allegedly, XFEL facilities are at present more scarce than
petawatt optical laser ones. However, a combination of
optical and X-ray lasers such as the Helmholtz Interna-
tional Beamline for Extreme Fields HIBEF [41] is already
envisaged at the European XFEL [42], rendering possible
in the near future the scenario investigated here.
The paper is structured as follows. In Sec. II, we intro-

duce the scenario of x-ray-assisted NEEC in optical laser-
generated plasmas and discuss the theoretical grounds of
our calculations. Our numerical results for NEEC rates
in plasmas with XFEL-generated inner-shell holes and in
particular for the two-laser setup are presented in Sec. III.
The paper concludes with a brief summary in Sec. IV.

II. THEORETICAL APPROACH

In the following we investigate the scenario of a nu-
clear solid-state target interacting with a strong optical
laser and an XFEL as depicted in Fig. 1. High-power
optical lasers are efficient in generating plasmas over a
broad parameter region as far as both temperature and
density are concerned. In turn, XFELs can interact with
inner-shell electrons efficiently. The process is envisaged
in two stages. At the plasma generation stage, the opti-
cal laser generates and heats the plasma and shortly after
the end of the pulse we assume TE is reached. The mech-
anisms of plasma generation and heating are either the
direct interaction of the laser with the target electrons for
the low density case, or the secondary process of inter-
action of the hot electrons (directly heated by the laser)
with the solid target for the high density case [36, 37].
The time required to reach the TE steady state depends
on the plasma density and temperature. According to
the rate estimates based on the radiative-collisional code
FLYCHK [43, 44], this varies from the order of 10 fs
for solid-state density to the order of 10 ps for low den-
sity ∼ 1019 cm−3 at temperature ∼ 1 keV [37]. This
timescale for reaching the TE steady state with regard
to the atomic process is much shorter than the plasma
lifetime estimated from the hydrodynamic expansion of
the plasma for the considered conditions [37].
In the second stage, the XFEL starts producing inner-

shell holes via photoionization [23]. In this process, the
actual number of x-ray photons in the XFEL pulse plays a
more important role than the coherence properties of the
latter. The energy of the photons is tuned to the ioniza-
tion threshold energies for producing a hole in the L shell.
This energy is for all considered cases smaller than the
nuclear excitation energy, such that we do not expect any
nuclear photoexcitation directly or via secondary photons
from the XFEL interacting with the solid-state target.
The XFEL pulse will additionally heat the plasma and
shift the temperature by few tens of eV. However, since
this shift is small compared to the plasma temperature
induced by the optical laser, we consider in first approx-
imation for our calculation that the temperature is con-
stant throughout the production of inner-shell holes. The
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additional plasma heating generated by the XFEL is ex-
pected to change the result on the level of a few percent.
For the regions where only the XFEL hits the solid-state
target, a cold plasma will be produced, but the corre-
sponding contribution to the overall NEEC excitation is
expected to be orders of magnitude smaller than from
the optical-laser-generated plasma region.
Since the optical and x-ray lasers are supposed to act

on the same target, it is important that some of their pa-
rameters such as intensity and repetition rate have simi-
lar orders of magnitude. In Refs. [36, 37], parameters of
petawatt-class optical lasers were adopted for the calcu-
lations. However, the two types of facilities do not match
well [45, 46]: (i) Petawatt-class optical lasers are much
stronger than XFELs (i.e., contain a larger number of
photons); (ii) XFELs have higher repetition rates than
petawatt-class lasers. For this reason in the present sce-
nario we focus on the mJ-class optical lasers which could
match XFELs in both power and repetition rate.
Following the studies in Refs. [24, 25, 36, 37], we con-

sider the 4.85-keV nuclear transition starting from a long-
lived excited state of 93mMo at 2.4 MeV, which has a
half-life of 6.85 h. The 93mMo isomer can be depleted
by driving the 4.85 keV electric quadrupole (E2) tran-
sition from the isomer to a triggering level (T), which
subsequently decays via a cascade to the ground state.
The partial level scheme of 93mMo is shown in Fig. 1.
The considered nuclear target is a Niobium target with a
fraction of 93mMo isomer embedded in it. A 93mMo iso-
mer fraction fiso ≈ 10−5 embedded in the Niobium target
can be generated by intense (> 1014 protons/s) proton
beams [24] via the reaction 93

41Nb(p, n)
93m
42 Mo [47].

A. NEEC rates in plasmas

The calculation of NEEC rates in plasma environments
requires three important ingredients: the actual NEEC
cross sections for capture into different atomic orbitals,
the existence of atomic vacancies in the respective or-
bitals and the free electron distribution. At TE the
NEEC rate, free electron flux and the charge state distri-
bution can be written as a function of the plasma tem-
perature. The NEEC rate in the plasma can be obtained
by the summation over all charge states q and all capture
channels αd,

λneec(Te, ne) =
∑

q,αd

Pq(Te, ne)

∫

dEσα
q (E)φe(E, Te, ne),

(1)
where Pq is the probability to find ions of charge state q
in the plasma as a function of electron temperature Te

and density ne, σ
α
q is the NEEC cross section, and φe is

the free-electron flux.
The microscopic NEEC cross sections are calculated

following the formalism in Refs. [24, 25, 48, 49]. The
energy-dependent cross sections exhibit Lorentzian pro-
files centered on the discrete resonance energies which

depend on the exact capture orbital,

σα
q (E) = Sα

q (E)
Γq,α/(2π)

(E − Eq,α)2 +
1

4
Γ2
q,α

, (2)

where Sα
q (E) is the NEEC resonance strength, only

slowly varying with respect to the electron energy, and
Eq,α and Γq,α are the recombining electron energy and
the natural width of the resonant state, respectively. The
resonant continuum electron energy Eq,α is given by the
difference between the nuclear transition energy 4.85 keV
and the electronic energy transferred to the bound atomic
shell in the recombination process. For NEEC into the
electronic ground state, the Lorentzian width is given by
the nuclear state width and is 10−7 eV for the 2429.80
keV level T above the isomer [40]. The Lorentz pro-
file can then be approximated by a Dirac-delta function.
However, if the electron recombination occurs into an ex-
cited electronic configuration, the width of the Lorentz
profile is determined by the electronic width, typically on
the order of 1 eV [50]. This value is still small compared
to the continuum electron energies of few keV.
The resonance strength Sα

q (E) depends on the matrix
elements of the Hamiltonian coupling the electronic and
nuclear degrees of freedom, which can be separated into
an electronic and a nuclear part. The occurring nuclear
matrix elements can be related to the reduced transi-
tion probability B(E2) for which the calculated value of
3.5 W.u. (Weisskopf units) [51] has been adopted. The
electronic matrix element is calculated using relativistic
electronic wave functions. The bound atomic wave func-
tions are obtained from the multi-configurational Dirac-
Fock method implemented in the GRASP92 package [52],
while for the continuum wave functions solutions of the
Dirac equation with Zeff = q were used. Following the
analysis in Ref. [37], we do not consider for the electronic
wave functions the effects of the plasma temperature and
density, which are sufficiently small to be neglected in the
final result of the nuclear excitation.
The free-electron flux φe(E, Te, ne) is obtained by mod-

elling the plasma by a relativistic Fermi-Dirac distribu-
tion. This approximation based on TE is appropriate
starting shortly after the end of the optical laser pulse,
since thermalization occurs on a much shorter timescale
much than the plasma lifetime over which NEEC takes
place [37]. As already mentioned, we neglect here the
shift in electron temperature induced by the XFEL which
is expected to be few tens of eV for the case under con-
sideration.
The charge state distribution Pq(Te, ne) after the opti-

cal laser pulse is computed using the radiative-collisional
code FLYCHK [43, 44] assuming the plasma to be in its
nonlocal TE steady state. For the case of x-ray assisted
NEEC, we additionally assume the presence of inner-shell
holes in the 2s and 2p orbitals of Mo. We note that
FLYCHK uses scaled hydrogenic wave functions, which
is expected to lead to errors for cold plasmas with con-
stituents of mid- and high atomic number Z. However,
the comparison with experimental data in Ref. [43] shows



4

that for the region of interest for our study, the devia-
tions of the charge-state distributions are on the level of
10%.

B. Number of depleted isomers

In order to obtain the NEEC excitation number Nexc,
we integrate the NEEC rate λneec over the plasma vol-
ume Vp and the approximate plasma lifetime. In the
present work, we assume in a first approximation ho-
mogeneous plasma conditions (density, temperature, and
charge-state distribution) over the plasma lifetime τp.
This assumption will most likely not be fulfilled in real-
istic laser-generated plasmas. However, the comparison
with the more detailed hydrodynamic expansion model
in Ref. [37] has shown that this lifetime approximation
provides reasonable NEEC results, with a ∼ 50% of devi-
ation for the case of low temperatures and ∼ 5% for high
temperatures (> 6 keV). In addition, our calculations
here predict that both the NEEC rate and the resulting
number of excited nuclei have a smooth dependence on
density and temperature. We therefore expect that real-
istic spatial density and temperature gradients will not
change the order of magnitude of our results.
For homogeneous plasma conditions, the total number

of excited nuclei can be written as

Nexc = Nisoλ
TE

neecτp +Nh
isoλ

h
neecτh, (3)

where Niso is the number of isomers in the plasma, and
λTE
neec is the total NEEC rate assuming the plasma is in

TE steady state [36, 37]. Here, Nh
iso

is the number of
isomers with an x-ray generated inner-shell h hole in the
atomic shell (h: 2s, 2p1/2, or 2p3/2) in the plasma, λh

neec

is the NEEC rate for the capture into the inner-shell h
hole, and τh is the lifetime of the h hole. The number
of isomers can be estimated by Niso = fisoniVp, where
ni is the ion number density in the plasma. Assuming a
spherical plasma, the plasma lifetime is approximatively
given by [25, 36, 37, 53]

τp = Rp

√

mi/(TeZ̄), (4)

where mi is the ion mass, Z̄ is the average charge state,
and Rp is the plasma radius.
We now proceed to estimate the number of isomers

Nh
iso

with a hole in the L shell. To this end we use the
photon absorption cross section values from Ref. [54] con-
sidered at the ionization threshold energy. Depending on
the particular charge state, the latter spans between ap-
prox. 2 keV and 4.8 keV for generating holes in the three
orbitals of the L shell. Over this interval, the absorption
cross sections have a smooth dependence on the incom-
ing photon energy and in particular vary insignificantly
over the XFEL pulse energy width of approx. 20 eV
[42]. For an order of magnitude estimate we neglect the
complicated XFEL pulse coherence properties and con-
sider just the total x-ray photon number of approx. 1012

photons/pulse [42]. The corresponding flux of incoherent
photons together with the absorption cross section values
that can reach a few times of 105 barns for the considered
2s and 2p orbitals [54] result in a hole production fraction
of approx. 70% for the 2p3/2 hole and slightly smaller for
the other two orbitals. It is likely that by taking into
account the effect of the XFEL coherence properties on
photoionization in a similar manner as in Refs. [55, 56],
these fractions of plasma ions with L-shell holes will in-
crease. In the following, for an order of magnitude esti-
mate of the isomer depletion in the x-ray assisted NEEC
in optical-laser-generated plasmas, we will assume that
Nh

iso
= Niso.

The hole lifetime τh is estimated based on the timescale
τrh of recombination of the generated hole computed with
the FLYCHK code [43, 44], i.e., τh = τxfel if τ

r
h < τxfel,

τh = τrh if τxfel < τrh < τp, and τh = τp if τrh > τp. Here,
τxfel is the duration of XFEL pulse. In the following
we assume an XFEL pulse duration of 100 fs [25, 42,
46]. We note that the plasma lifetime τp is on the order
of 10 ps or even longer for the plasma conditions under
consideration. Thus the XFEL pulse duration is a few
orders of magnitude shorter than the plasma lifetime.

III. NUMERICAL RESULTS

We calculate NEEC rates as function of plasma tem-
perature for selected electron densities, for both TE con-
ditions as previously discussed in Refs. [36, 37] and for
capture into vacant inner-shell holes in the x-ray assisted
process. For the latter we consider in first approxima-
tion the TE free electron flux and charge distribution
with an additional inner-shell hole as the capture state.
For the TE case, we consider 333 NEEC capture channels
[36, 37]. The main capture channels involve recombina-
tion into the L shell and M shell, depending on den-
sity and temperature [36, 37]. The NEEC resonance
strengths Sα

q (E) at the resonance energies for capture

into L shell lie between approx. 10−3 b eV and 10−5 b
eV, while the NEEC resonance strength for capture into
other shells is . 10−5 b eV [37]. The resonance energy
for L-shell capture requires free electron energies between
52 eV and 597 eV [37], which should be well available at
plasma temperatures of a few hundred eV. However, with
such low temperatures, under the TE steady state L-shell
vacancies are inexistent, thus allowing only for the cap-
ture into M shell or further outer shells [36, 37]. The
inner-shell hole created by the XFEL could optimise the
NEEC by decoupling the free electron energy condition
from the capture state generation condition. The results
for NEEC rates in the TE and the x-ray assisted scenarios
are presented and compared in Fig. 2. The capture into
a 2p1/2 hole is the most efficient one, and the maximal
NEEC rate for the capture into the 2p1/2 hole is com-
parable with the maximal total NEEC rate for plasmas
in the TE steady state. As an advantage, the optimal
conditions for NEEC into the inner-shell hole occur at
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much lower temperatures than for the case of TE con-
ditions where the temperature governs the charge state
distribution and population of the capture orbitals.
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FIG. 2. NEEC rates as function of plasma temperature, for
selected electron densities (a) ne = 1019 cm−3, (b) ne = 1021

cm−3, and (c) ne = 1023 cm−3. NEEC occurs considering the
TE steady state of the optical-laser generated plasma only
(orange dotted curve) or in the x-ray assisted process by cap-
ture into an inner-shell 2s (black dashed curve), 2p1/2 (red
dash-dotted) or 2p3/2 hole (blue solid curve).

We proceed to calculate the number of depleted iso-
mers in Eq. (3) considering a spherical plasma of 10 µm
radius. The results are shown in Fig. 3. For the low-
density cases ne = 1019 cm−3 and ne = 1021 cm−3, the
presence of an XFEL-produced inner-shell hole leads to
a great enhancement of the excitation number Nexc com-
pared to TE conditions. In the x-ray assisted scenario, al-
ready for small plasma temperatures we obtain excitation
values which are comparable with the optimal Nexc in the
TE plasma steady state which occurs only at tempera-
tures of a few keV. This lowers the requirements on the
optical laser power that generates and heats the plasma.
For higher densities, the effects of the inner-shell hole

become negligible. This happens because for high densi-
ties, the electron recombination (via other processes than
NEEC) becomes very fast, such that the lifetime of the
inner-shell hole τh is significantly decreased. This re-

duces the importance of the second term in the sum of
Eq. (3) such that the total excitation is determined pre-
dominantly by the TE term. We note that the timescale
of recombination of the generated hole through atomic
processes varies from the order of 10 fs for solid-state
density to the order of 10 ps for low density, and the
plasma lifetime τp is on the order of 10 ps or even longer
for the plasma conditions under consideration. Thus for
high density case, the lifetime τh of the inner-shell hole
is determined by the XFEL duration, which is also a few
orders of magnitude shorter than the plasma lifetime as
discussed in Sec. II B.
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FIG. 3. NEEC excitation numberNexc in spherical plasmas as
function of plasma temperature for selected electron densities
(a) ne = 1019 cm−3, (b) ne = 1021 cm−3, and (c) ne =
1023 cm−3. The considered spherical plasma radius is 10 µm.
NEEC occurs considering the TE steady state of the optical-
laser generated plasma only (black solid line) or in the x-
ray assisted process by capture into an inner-shell 2s (orange
dashed line), 2p1/2 (brown dash-dotted line) or 2p3/2 hole
(blue dotted line).

As discussed in Refs. [36, 37], nuclear photoexcitation
from the thermal photons in the plasma dominates over
NEEC starting with temperatures of a few keV (Te > 1.6
keV for the density of ne = 1021 cm−3). While photoex-
citation enhances the total number of depleted isomers,
it does not allow for an unambiguous identification of



6

the nuclear excitation mechanism that led to isomer de-
pletion. Thus, the x-ray assisted process which leads to
an enhancement of the excitation at low temperatures,
where photoexcitation is not yet dominant, may be help-
ful to clearly identify the nuclear excitation mechanism
in the plasma.
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FIG. 4. Nexc as function of the laser parameter product Iλ.
The electron density of the plasma is ne = 1021 cm−3. (a)
The results for a laser pulse with energy Elaser = 100 mJ.
NEEC occurs considering the TE steady state of the optical-
laser generated plasma only (black solid line) or in the x-
ray assisted process by capture into an inner-shell 2s (orange
dashed line), 2p1/2 (brown dash-dotted line) or 2p3/2 hole
(blue dotted line). (b) comparison of TE and 2p1/2 inner-
shell hole cases for a 100 mJ laser (black solid line and orange
dashed line, respectively) and a 10 mJ laser (brown dash-
dotted line and blue dotted line, respectively).

In the following, we proceed to determine the required
optical laser parameters to generate the plasma condi-
tions optimal for NEEC. We focus on the case of low-
density plasma since it is here that the x-ray assisted
scenario presents its advantages. In the case of low den-
sity (underdense) plasma, the plasma generation can be
modelled with the help of the so-called scaling law, fol-
lowing the discussion in Refs. [36, 37]. We adopt here
the widely used ponderomotive scaling law in the nonrel-
ativistic limit [57–59],

Te ≈ 3.6I16λ
2

µ keV, (5)

to connect the electron temperature to the laser parame-
ters. Here I16 is the laser intensity in units of 1016 W/cm2

and λµ is the wavelength in microns. The total number of
electrons in the plasma can be estimated by the absorbed
laser energy,

Ne = fabsElaser/Te, (6)

where fabs is the laser absorption coefficient, and Elaser

is the energy of the laser pulse. Then the realistic plasma
volume can be found by Vp = Ne/ne. Since experimental
results in Refs. [60, 61] show that the laser absorption is
almost independent of the target material and thickness,
we adopt here a universal absorption coefficient, which is
an interpolation to theoretical results based on a Vlasov-
Fokker-Planck code presented in Ref. [60]. For the con-
sidered intensity range of interest, the laser absorption
coefficient fabs lies between 0.1 and 0.2 [36, 37].

We focus on mJ-class optical lasers and consider two
cases with 100 mJ and 10 mJ energies, respectively. For
the electron density we adopt the value of ne = 1021

cm−3. The NEEC excitation numbers Nexc as function
of the laser parameter product Iλ are shown in Fig. 4
for both TE conditions and the x-ray assisted scenario.
Our results show that for low laser intensity, Nexc is en-
hanced by almost one order of magnitude compared to
the case of the plasma in TE steady state. Assuming a
repetition rate of 10 kHz, which is in principle available
for both mJ-class optical lasers and XFELs, the NEEC
excitation number can reach as much as ∼ 1 per second.
This is at the same level as the one we can obtain from
plasmas generated by petawatt-class lasers [36, 37], with
the advantage that mJ laser facilities have much better
availability.

The experimental signature of the nuclear excitation
would be a γ-ray photon of approximately 1 MeV re-
leased in the decay cascade of the triggering level in 93Mo.
Evaluations of the plasma blackbody and bremsstrahlung
radiation spectra at this photon energy show that the
signal-to-background ratio is very high [36, 37]. As the
emitted γ-rays are isotropic, ideally the detector should
cover a large solid angle. In this case, as the NEEC exci-
tation numbers can reach ∼ 1 per second, we expect that
with a mJ-class optical laser and XFEL with a repetition
rate of 10 kHz, thousands of counts could be collected per
hour.

At the European XFEL [42] a combination of optical
and XFEL lasers the will be soon available under the user
consortium HIBEF [41]. A commercial terawatt laser has
been already installed at the European XFEL, and a high
energy (100 J per pulse) laser is further planned. HIBEF
may soon provide the chance to investigate experimen-
tally in the near future the scenario studied here. Al-
ternatively, other XFEL facilities already operational or
at present under construction such as LCLS (LCLS II)
[62], SACLA [63], and SwissFEL [64] in combination with
commercially available mJ-class optical lasers [65, 66],
will open new opportunities to explore the role of inner-
shell holes for NEEC. Furthermore, since the coherence
properties of the x-ray source are less relevant for pho-
toionization than for instance for x-ray quantum optics
applications, one can also envisage the use of the optical-
laser-driven x-ray sources [67–71] as the one under con-
struction at the Extreme Light Infrastructure (ELI) [72]
as a further laser facility option for investigating the x-
ray assisted NEEC in plasma scenario.
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IV. CONCLUSION

We have investigated theoretically the scenario of x-ray
assisted NEEC in the plasmas generated by mJ optical
lasers. The role of the x-ray photons from an XFEL pulse
is to produce L-shell holes which are available for elec-
tron recombination and therefore facilitate NEEC. Our
results show that capture into a 2p1/2 inner-shell hole
is the most efficient one, and the maximal NEEC rate
here is comparable with the maximal total NEEC rate
for plasmas in TE steady state. The advantage is how-
ever that the optimal condition for the NEEC into the
inner-shell hole happens at temperatures of a few hun-
dred eV, much lower than the few keV defining the op-
timal condition for the total NEEC rate for plasmas in
TE steady state. The enhancement at low temperatures
(few hundred eV) is helpful to avoid nuclear photoexci-

tation from the thermal photons in the plasma discussed
in Refs. [36, 37], possibly leading to a clear NEEC signal.
Our results also show that the effect of inner-shell holes is
negligible for the high density case (ne = 1023 cm−3), as
the recombination of the inner-shell hole is here too fast.
Considering mJ-class optical lasers and XFELs with a
repetition rate of 10 kHz, the NEEC excitation number
can reach ∼ 1 per second, which is competitive with the
NEEC in the plasmas generated by petawatt-class lasers
[36, 37]. Our results would be interesting for the envis-
aged facilities with a combination of optical and X-ray
lasers such as HIBEF [41] at the European XFEL [42].
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