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Abstract

®
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We show how two apparently unrelated research areas, namely, strong-field atomic physics
and 22°Th nuclear physics, are connected. The connection is possible due to the existence of a
very low-lying excited state of the 2?*Th nucleus, which is only about 8 eV above the nuclear
ground state. The connection is physically achieved through an electron recollision process,
which is the core process of strong-field atomic physics. The laser-driven recolliding electron
is able to excite the nucleus, and a simple model is presented to explain this
recollision-induced nuclear excitation process. The connection of these two research areas
provides novel opportunities for each area and intriguing possibilities from the direct
three-partite interplay between atomic physics, nuclear physics, and laser physics.
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1. Introduction

Strong-field atomic physics studies the interaction between
intense laser fields and isolated (gas-phase) atoms. It is a
research area driven by intense-laser technologies, especially
after the invention of the chirped pulse amplification tech-
nique [1]. The response of atoms to intense external laser fields
is highly nonlinear and nonperturbative, extending traditional
nonlinear optics into a new regime. Many new phenomena
happen, such as multiphoton ionization [2—4], above-threshold
ionization [5-7], high harmonic generation [8§—10], nonse-
quential double or multiple ionization [11-13], laser-induced
electron diffraction [14—16], etc. One of the most promis-
ing products of strong-field atomic physics is the generation
of attosecond (1 as = 107'3 ) light pulses [17], the short-
est pulses generated currently being around 50 as [18-20].
The prospect is a new ultrafast temporal frontier following
electronic motions inside an atom.

Thorium (Th) is the 90th element on the periodic table
and ?*°Th is one of its isotopes. What is special about this
particular isotope is that the nucleus of >?Th has a unique
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low-lying excited state, called an isomeric state, of energy
around 8 eV above the nuclear ground state [21-25]. This is
the lowest nuclear excite state among all known nuclei. The
existence of this isomeric state has fascinated the scientific
community for its potentiality as a ‘nuclear clock’ [26-29],
which may complement or even outperform currently avail-
able atomic clocks. Other potential applications of this iso-
meric state include nuclear lasers [30], measuring variations
of fundamental constants [31-33], etc.

Strong-field atomic physics and 2*Th nuclear physics, as
briefly introduced above, appear to be two distinct and unre-
lated research areas, one being a subfield of atomic physics
and the other being a subfield of nuclear physics. Yet they are
connected. The essential reason for this connection is the low
energy of the nuclear isomeric state: 8 eV, being a nuclear
energy gap, lies within the energy range of electronic transi-
tions. The connection is physically achieved via an electron
recollision process, which is the core process of strong-field
atomic physics unifying various strong-field phenomena, as
will be explained in the following section.

In this article, we will first give a brief explanation to the
recollision process. Then we will give a more elaborated intro-
duction to the ?°Th nucleus, including its properties, poten-

© 2022 |OP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6455/ac45ce
https://orcid.org/0000-0002-8043-7135
mailto:xwang@gscaep.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ac45ce&domain=pdf&date_stamp=2022-2-11

J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 244001

W Wang et al

(@)

) 450 © 4

360 .
> =)
e 2
3 270 3

1l
1801 j 0
L) 120 150 180 9 120 150 180

wt; (°) wt; (°)

Figure 1. (a) Schematic illustration of the recollision process.

(b) The relationship between the recollision time 7, and the emission
time #;. (¢) The relationship between the recollision energy E, and
the emission time #;. E; is given in units of the ponderomotive
energy U,.

tial applications, and current research status. These materials
are probably needed for the J. Phys. B readers who may not
be familiar with this branch of nuclear physics. Next we will
explain how these two research areas are connected by the rec-
ollision process. We use a simple, physically oriented, model
to estimate the excitation rate of the nuclear isomeric state by
laser-driven recolliding electrons. Outlooks on new opportuni-
ties for both research areas will be followed. A conclusion will
be given at the end.

2. The recollision process and strong-field atomic
physics

The interaction between intense laser fields and isolated atoms
(or molecules) leads to many new phenomena that do not
happen with weak laser fields, as mentioned above. The core
physical process underlying these phenomena is the electron
recollision process [34—37].

The recollision process is schematically illustrated in
figure 1(a). The laser electric field oscillates so the total poten-
tial (atomic Coulomb potential plus laser electric potential)
felt by an electron tilts with time, half cycle to the right and
the other half cycle to the left. Ionization most probably hap-
pens around field peaks when the total potential is most tilted,
via quantum tunneling through the formed potential barrier
[38, 39]. The emitted electron is then driven away by the laser
electric field. When the oscillating electric field reverses its
direction, there are chances that the electron is driven back
to and recollide with its parent ion core. During its excursion
in the continuum, the electron may have gained some energy
from the laser field and this determines how fast the returning
electron will hit the ion core.

To get a more quantitative understanding about the recol-
lision process, let us start from a simplified model (in fact
we will be presenting the so-called ‘simple-man’ model [40]
that has been extremely useful in understanding strong-field
atomic phenomena, especially after the publication of [36]).
We neglect for the time being the atomic Coulomb potential
and consider the effect of the laser electric potential on a free
electron. Suppose the laser field is linearly polarized along the
z direction

E(t) = ZE, sin wt, (D)

where Ej is the amplitude and w is the angular frequency. A
long-wavelength approximation has been made which neglects
spatial dependency of the laser electric field. Suppose an elec-
tron is emitted at some time #; with zero initial velocity v(t;) =
0 and at position z(#;) = 0. Then the velocity of the electron at
a later time ¢ is

1
) E
v(t) = —/ Ey sin wf' df = =2 (cos wt — cos wt).  (2)
4 w

Atomic units have been used with the mass of the electron m =
1 a.u. and the charge of the electron ¢ = —e = —1 a.u. One can
see that the velocity contains an oscillatory part and a drift part.
The subsequent position of the electron can be calculated as

72(1) = / v(t)dt

i

E
= ——O(I — ;) cos wt; + —(2) (sin wt —sin wt).  (3)
w w

We look for time ¢ that fulfills the recollision condition
z(t) = z(t;) = 0, or more explicitly from the previous equation

w(t — t;) cos wt; = sin wt — sin wt;. 4)

This equation does not always have a solution. It turns out
that if the electron is emitted before a field peak, e.g. 0° <
wt; < 90°, the above equation has no solution and the electron
will not recollide. The electron will recollide if it is emitted
on or after a field peak, e.g. 90° < wt; < 180°. The solved
recollision time is noted as f#,. The relationship between f#,
and #; is plotted in figure 1(b). Note that there may be more
than one ¢, for some #; values, corresponding to higher-order
recollisions. These recollisions are usually negligible for the
following two reasons. First, if the ionic Coulomb potential
were considered, the electron would be scattered to other
directions without the chance of a second recollision. Sec-
ond, if the transverse spreading of the electron wavepacket
were considered, then higher-order recollisions would lead to
more severe wavepacket spreading hence less contributions to
recollision-induced processes.

Putting the solved {#,, ; } pairs into equation (2) one gets the
velocity and kinetic energy of the electron at the time of recol-
lision. It can be found numerically that if the electron is emitted
at wt; = 107°, then the recollision energy E; is maximum with
a value of 3.17U,. Here U, = E}/4w* denotes the pondero-
motive energy, which is the cycle-averaged kinetic energy of
a free electron in the laser field. The relationship between E;
and £ is given in figure 1(c).



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 244001

Most strong-field processes are closely related to recol-
lision. The recolliding electron may (1) recombine with its
parent ion core radiatively leading to high harmonic genera-
tion [8—10]; or (2) kick out another bound electron(s) lead-
ing to nonsequential double (multiple) ionization [11-13];
or (3) be scattered elastically leading to laser-induced elec-
tron diffraction [14—16]. With typical laser intensities (10'* to
10'®* W cm~2) in strong-field atomic physics, the recollision
energy of the electron is usually several tens to a few hundreds
of electronvolts. The recolliding electron usually does not have
an effect on the nucleus, the energy scale of which is typically
on the order of 1 MeV. With the 22°Th nucleus, however, a new
possibility is within sight. The recolliding electron has enough
energy to excite the >’Th nucleus from the ground state to the
isomeric state. This possibility, on the one hand, expands the
realm of strong-field atomic physics, and on the other hand,
provides a new approach for the isomeric excitation of the
229Th nucleus. This new approach has unique advantages com-
pared with existing excitation approaches, as will be explained
later.

3. The isomeric state of the 22°Th nucleus

In this section we shall give a more detailed introduction
to the isomeric state of the 2*Th nucleus, as well as the
current status of research. The existence of a low-lying iso-
meric state in >*Th was first proposed in 1976 by Kroger
and Reich by analyzing the y radiation following « decay of
233U [21]. The energy of the isomeric state was identified to
be less than 100 eV. It was then determined to be —1 £4 eV
[22],3.5 £ 1.0eV [23], 7.6 £ 0.5 eV [24], and most recently
8.28 £0.17 eV [25].

The first few energy levels of the ?*Th nucleus are shown
in figure 2. The ground state and the isomeric state belong to
two different rotational bands: the former is the band head
of a 5/2% band (5/2 is the projection of the total angular
momentum on a symmetry axis, and the plus sign means pos-
itive parity of the state), and the latter is the band head of
a 3/27" band [21]. The energies of the two band heads hap-
pen to be very close to each other, which is quite a (fortunate)
coincidence.

The existence of a nuclear energy gap in the optical regime
(photon energy 8 eV = wavelength 155 nm) is fascinating.
First, the possibility emerges of using lasers to directly manip-
ulate the quantum state of the nucleus. Lasers have been
powerful tools of manipulating quantum states of atoms or
molecules, yet they have not played a similar role in nuclear
physics due to the vast gap between laser photon energies and
(typical) nuclear energy gaps. This possibility is now open with
229Th, at least energetically. Second, the nuclear degree of free-
dom can be efficiently coupled to the electronic degree of free-
dom. Electronic states or energy gaps are also on the 1 eV order
of magnitude. Therefore the 2 Th atom provides a rare plat-
form where atomic physics, nuclear physics, and laser physics
directly interplay. It would be intriguing to see the possibilities
from this three-partite interplay.

The isomeric state has been proposed as a potential
nuclear clock that may outperform current state-of-the-art
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Figure 2. The first few energy levels of the 2**Th nucleus. These
levels belong to two rotational bands, with the ground state the band
head of the 5/2% band (Nilsson quantum numbers [633]) and the
isomeric state the band head of the 3/2* band (Nilsson quantum
numbers [631]). The energy value (in keV) of each state is shown in
red.

electronic-shell-based atomic clocks [26—29]. This is mainly
due to the reason that the linewidth of the isomeric state is
very narrow (AE/E ~ 10~%°) and that the nucleus is much
less affected by environmental perturbations than the elec-
trons. The nuclear clock may perform with a total fractional
inaccuracy on the level of 10719, which is two orders of mag-
nitude better than state-of-the-art atomic clocks [29]. Proposal
has also been made of a nuclear laser exploiting this isomeric
state. Several population inversion schemes are proposed mak-
ing use of level splittings of the isomeric state and the ground
state [30]. The high precision of the nuclear clock may be
used to search for variations of fundamental constants, such
as the fine structure constant & = ¢?/hic and the dimensionless
strong interaction parameter mq. / Aqcp [31-33]. Here Aqcp is
the quantum chromodynamics scale, and mq (m.) is the quark
(electron) mass.

Substantial progresses have been made in the past few years
in characterizing the isomeric state. The energy of the iso-
meric state has been determined using a new approach [25, 41].
Previous determinations of the energy are based on y-ray spec-
troscopy following o decay of >*U [21-24, 42, 43]. The new
approachis based on an internal conversion process [25, 41], in
which the nucleus decays from the isomeric state to the ground
state and transfers the energy to free a bound electron. The
magnetic dipole moment, the electric quadrupole moment, and
the charge radius of the isomeric state have been determined
via hyperfine spectroscopy [44, 45].

To realize the above-mentioned exciting applications, the
first step is to prepare, or generate, the isomeric state, prefer-
ably in a controllable and efficient way. Naturally the isomeric
state can be generated from & decay of 23U (>*3U — 22°Th +
o, half-life 1.592 x 10° years), with 2% of the resultant >>Th
nuclei in the isomeric state. This decay, however, is largely
uncontrollable. The ??°Th nuclei are left with a recoil energy
of 84 keV into random directions and various ionic states.
The efficiency is not high either. One can estimate from the
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half-life and the branching ratio that every 3.6 x 10'4233U
nuclei generate a single >’Th nucleus in the isomeric state per
second.

Direct (vacuum ultraviolet, VUV) light excitation from the
nuclear ground state seems to be the most straightforward
approach. Such VUV light can be generated from synchrotron
facilities or from high harmonic generation with 800 nm
Ti:sapphire lasers. Several attempts have been made to opti-
cally excite the *Th nucleus and detect the subsequent light
emission. However, no evidence has been found for the antic-
ipated transition [46—49]. Possible reasons include inaccurate
knowledge of the isomeric energy, background radiations with
similar frequencies, competition with non-radiative relaxation
processes, etc.

Another excitation approach based on electronic bridge
(EB) processes has been proposed with various ionic states
or doped-crystal systems [50-53]. The idea is to couple the
nuclear degree of freedom to the electronic degree of freedom.
The energy released from an electronic transition (e.g. from
an excited electronic state to the ground state) may transfer
to and excite the nucleus. The energy mismatch between the
electronic transition and the nuclear isomeric transition is com-
pensated by an external laser field with the required frequency.
Although extensively studied theoretically, the EB approach
has not been realized experimentally due to its sophisticated
requirements on experimental conditions. Both the energy of
the isomeric state and the electronic structures of the involved
229Th ions need to be known with high precision.

Up to now the only experimentally demonstrated excitation
of the isomeric state uses an indirect light excitation approach
[54]. The ??°Th nucleus is first pumped to the 29 keV second
excited state (see figure 2) using synchrotron radiation. The
second excited state then decays (half-life about 100 ps) prefer-
ably into the isomeric state. This approach relies on narrow-
band and high-photon-energy synchrotron facilities, which are
not easily accessible.

From the above summary one can see that new approaches
are still highly desirable that can generate the isomeric state
controllably and efficiently. The new approaches should be
easy to implement experimentally and preferably without the
requirement of big facilities like synchrotron. Interestingly, the
combination of **Th nuclear physics and strong-field atomic
physics leads to a new excitation approach that satisfies these
conditions.

4. Using recollision to excite the isomeric state of
229Th

The idea is inspired to use laser-driven recolliding electrons
to excite the *Th nucleus. Let us call this new approach
recollision-induced nuclear excitation (RINE) [55]. One can
see that the RINE approach also exploits on the coupling
between the electronic degree of freedom and the nuclear
degree of freedom. It is to be noted that the electronic states
involved are mostly continuum states instead of discrete states.
This is also one of the major differences between strong-field
atomic physics and other branches of atomic physics.

In this section we will present a simple, physically oriented,
model of the RINE process and estimate the efficiency. The
model incorporates electronic excitation cross sections of the
nucleus, calculated quantum mechanically with approxima-
tions, and the flux density of the recolliding electrons, calcu-
lated from a classical-trajectory simulation. The advantages of
this semi-classical model include a clear physical picture and a
simple theoretical formalism. A full quantum mechanical cal-
culation is desirable, which, however, would be much more
complicated in both formalism and computation.

Consider a neutral ??°Th atom in the presence of a fem-
tosecond laser pulse. As the laser pulse turning on, an elec-
tron is pulled out from the atom at time # and later driven
back to recollide with the remaining ion core and excite the
nucleus at time #,. The nuclear excitation rate is the product
of the electronic excitation cross section and the recolliding
electron flux

L'(t) = o(Ey) j(t). &)

Recall that the dependencies of the recollision time # and
the recollision energy E; on the emission time #; have been
shown in figure 1. The cross section o(E;) is a property of the
229Th nucleus, and the recolliding-electron flux j(z,) is deter-
mined by the interaction between the ?>*Th atom and the laser
field. Therefore the above equation tells exactly the combi-
nation between *?*Th nuclear physics and strong-field atomic
physics.

4.1. The electronic excitation cross section

The electronic excitation cross section of nuclei has been
treated in the literature, e.g. in the classic article of Alder et al
[56]. Without repeating the derivations, we only list some final
formulas here. For the 2*Th nucleus, the electric dipole (E1)
transition is forbidden due to a parity consideration. The lead-
ing terms are the electric quadrupole (E2) and the magnetic
dipole (M1) transitions. The differential cross section for the
E?2 transition is given as

dog, 27 K* (

2
a0 @B(Ez)kj Vr + VL) ) (6)

3

and the differential cross section for the M1 transition is given

as
2

d 8 K
oM _ —WB(Ml)pVT. 7

dQ 92
In the above formulas, c is the speed of light, k; (k) is the ini-
tial (final) wave vector of the electron, and K = k; — k¢ is the
momentum transfer in the collision. B(E2) and B(M1) are the
so-called reduced transition probabilities of the correspond-
ing channel, the values of which are determined experimen-

tally or through theoretical calculations. V1 and V| are wave
vector-dependent functions given by

(k2 + k2 — k*)K* — 2(k; - K) (k¢ - K)

Vi = kike N

= kiks et ®)
2 + 23 + 4 — K — K2

Vi = kb T+K§ A )
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Figure 3. Excitation cross section of the isomeric state of >*Th by
electrons, for the E2 channel (dashed) and the M1 channel (dotted).
The sum of these two channels is shown as the solid curve.

where k = AE/c with AE the energy transfer (i.e. the energy
difference between the isomeric state and the ground state).

The total cross section o, and oy can be obtained by
integrating over the solid angle d€). Figure 3 shows the total
cross section for these two channels as a function of the elec-
tron energy. The following points are noted: (1) we have used
the reduced transition probabilities B(E2) = 27 W.u. (Weis-
skopf units) and B(M1) = 0.0076 W.u. as suggested theoret-
ically in [57], although newer values have been suggested
by the same authors [58]. The newer values of B(E2) are
between 30 and 50 W.u. and those of B(M1) are between
0.005 and 0.008 W.u. If these values were used, the total
E2 + M1 cross sections would be somewhat higher than the
results presented in figure 3. (2) The cross section formu-
las given above are based on the Born approximation, which
assumes plane waves for the spatial part of the electronic
wave function. Experiences from quantum mechanical calcu-
lations usually find the Born approximation underestimating
the cross sections. More accurate cross sections are of course
highly desirable.

4.2. The flux density of the recolliding electron

To estimate the excitation rate given in equation (5), we also
need to know the flux density of the recolliding electron(s)
at each time. The quantum mechanical approach would be to
solve a time-dependent Schrodinger equation describing the
interaction between the 22°Th atom and the laser field, and
to extract carefully the wave packet and the flux density of
the recolliding electron. This approach is rather tedious and
the computational load is high. Here, we use a much sim-
pler approach. We estimate the flux density using a classical
trajectory simulation that is widely employed in strong-field
atomic physics to describe the evolution of an emitted electron
[59-69].

At each time, there is a chance that an electron is emit-
ted via quantum tunneling. The rate of tunneling ionization
can be estimated using an Ammosov—Delone—Krainov (ADK)
tunneling formula [39]

f,m) [ 23
K22 /r—1 ‘E(t)‘

27 /k—|m|—1
w(r) = ) e—2n3/3\E(t)\. (10)

Here / and m are the angular quantum numbers of the ionized
atomic state, k = /21, with I, the ionization potential, Z_ is
the charge of the ion core seen by the emitted electron, and E(¢)
is the laser electric field. The coefficient f (I, m) is given by

C; QL+ DI+ |m))!

FEm) = S 20— Dl

(1)

where C; is a constant on the order of unity in atomic units.
There has been no study reporting the values of C; particularly
for 22°Th, so we take C; = 1 a.u. for the time being. Reported
values of C; are mostly between 1 and 3 a.u. for rare gas atoms
(which are the commonly used targets in strong-field atomic
physics) [39]. The ionization probability is then given as

t
Pion(f) = 1 —exp [—/ w(t’)dt’] , (12)
fo
where 1y is the time when the laser pulse starts.

After the electron is emitted, we assume that it propagates
according to classical mechanics. The emitted electron feels
a potential from the nucleus and from the remaining elec-
trons. If the electron is the first- (second-, third-, ...) emit-
ted electron, it sees 89 (88, 87, ...) remaining electrons. We
use an effective potential to describe the potential seen by the
emitted electron

N

@i —nert) 1

Vi =1 |-z N -
where Z = 90 is the charge number of the nucleus, and N
(=89, 88,87, ...)1s the number of the remaining electrons. The
two parameters d and ¢ take values 0.927 and 5.58 a.u., respec-
tively. This form of effective potentials was given by Green,
Sellin, and Zachor in reference [70] and has been widely
used in atomic physics with the abbreviated name the GSZ
potential.

To propagate the trajectory of the emitted electron, one also
needs initial conditions, including the position and the momen-
tum (velocity) at the time of emission. The initial position
of the electron, i.e. the tunneling-exit point, is determined by
equating the total potential of the electron to the negative of
the ionization energy

V(r) + E(t)z = —1,. (14)

In writing the above equation, we have assumed that the
laser field is linearly polarized along the z axis. V(r) is the
GSZ potential and f is the time of ionization. I, could be
Iy (6.3 eV), I, (12.1 eV), I3 (18.3 eV),..., depending on
the number of remaining electrons. Assuming that the elec-
tron is emitted on the polarization axis, i.e. r = |z, the above
equation (14) can be solved numerically which gives the initial
position of the electron at the emission time .

The longitudinal momentum (i.e. momentum along the
laser polarization direction) of the electron at the tunneling exit
is usually assumed to be zero from a classical argument: the
tunneling exit is the position where the kinetic energy, hence
the momentum, vanishes, although some studies also argue
for slightly nonzero longitudinal momenta [71-76]. The trans-
verse momentum (i.e. momentum perpendicular to the laser
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polarization direction) of the electron at the tunneling exit is
shown to have a Gaussian distribution [77]

2

P(v)) o< exp (—:;é)

with n? = [E(0)|/ /21,

With the initial conditions given, the subsequent trajectory
of an emitted electron is determined classically via integrating
the Hamiltonian equations of motion

5)

dri BH
@ apy (16)
dpi o OH
o~ on’ a7

where i = x,y,z, and H = (p2 + p2 + p2)/2 + V(r) + ZE(D).
We integrate the above equations using the Livermore solver
for ordinary differential equations [78]. In our calculation we
launch many trajectories to simulate a single emitted elec-
tron. The laser pulse is divided into small time steps with
At = 0.1 a.u. (For 800 nm, one laser cycle is about 110 a.u.)
At each time step 10 trajectories are initiated at the tunneling
exit point (which changes from time to time) with zero lon-
gitudinal velocities but randomly assigned transverse veloc-
ities (Convergence has been checked by doubling the num-
ber of trajectories). A weight is assigned to each trajectory,
according to the ADK rate of equation (10) and the Gaus-
sian transverse-velocity distribution of equation (15). The total
weight of the 10° trajectories initiated at time £ is set to be
w(t)At[1 — Pion(t;)], the value in the square bracket being the
probability of survival at the time.

We follow each trajectory and determine whether it recol-
lides, i.e. whether it passes through the z = 0 plane. If it does,
we record its collision distance defined as Ry = (x3 + y2)'/?
on the z = 0 plane. The recolliding electron flux is not uni-
formly distributed on the z = 0 plane. The range of Ry can
be estimated using the Gaussian transverse-velocity distribu-
tion and the excursion time (#, — #;) of the recolliding elec-
tron. Obviously if Ry is large, the corresponding trajectory
interacts with the nucleus so slightly that nuclear excitation
cannot happen. There exists a critical radius beyond which
the recolliding trajectories do not contribute to the nuclear
excitation. This critical radius of effective excitation can be
estimated using the following procedure [56]: (1) each tra-
jectory is followed with r(r) = [x(£)> + y(r)> + z(t)*]'/?> which
provides a time-dependent interaction potential V(¢) = V[r(?)]
using equation (13); (2) a Fourier transformation is performed
on V(#) and one looks particularly for the component V(wy) =
f fooc V(t)e ™' dt with wy = 8.3 eV the energy of the isomeric
state. This Fourier transformation comes from first-order per-
turbation theory, from the perspective of which the poten-
tial V(7) is the time-dependent perturbation Hamiltonian that
excites the nucleus. It follows that the temporal duration of
a potential V(¢), noted d¢, and the possible energy range of
excitation, noted dw, satisfy an uncertainty relation §tdw ~ 1.
V(#) must change fast enough to have a substantial component
at wy. A trajectory with a large Ry changes too slowly to have
the required component. The dependency of |‘7(w0)|2 on Ry is

123 456 7 8 910
Ro(a.u.)

Figure 4. \V(wo)|2 as a function of the recollision distance Ry,
where wy = 8.3 eV is the energy of the isomeric state.

shown in figure 4. This result is obtained for a single time step,
but results from other time steps are quite similar. One sees that
trajectories with Ry > 5 a.u. do not contribute to the nuclear
excitation. Trajectories with Ry < 1 a.u. are most effective to
the nuclear excitation.

The recolliding-electron flux density j(#;) in equation (5)
can thus be estimated by summing over the weights of all tra-
jectories that recollide at time #, with Ry < 1 a.u., then dividing
the area of 7 a.u. With the excitation cross section o (E;) and the
recolliding-electron flux density j(z;), the instantaneous exci-
tation rate I'(#;) can be estimated at each recollision time f,.
Accumulating all the recollision times one can get the total
excitation probability during the laser pulse.

4.3. The probability of nuclear excitation

Figure 5 shows the ionization probabilities and the nuclear iso-
meric excitation probabilities for a neutral 2 Th atom exposed
to a laser pulse with peak intensity 10'* W cm~? (top row)
and 10" W ¢cm~2 (bottom row). Accumulated probabilities
are shown during the laser pulse. The lower intensity is able
to pull out three electrons from the ??°Th atom, as shown
in figure 5(a). Ionizations of the first two electrons are com-
plete and that of the third electron is partial. Ionization of the
fourth electron is negligible. Each of the three electrons has
chances to be pulled back to recollide with the ion core and
excite the nucleus, and the contribution from each electron to
the nuclear isomeric excitation can be calculated separately
using the method explained in the previous section. The iso-
meric excitation probabilities are shown in figure 5(b). Note
that only the second and the third electrons contribute to the
isomeric excitation. This is because the first electron has a very
low ionization potential (/,; = 6.3 eV), and it is emitted too
early during the laser pulse and does not have enough rec-
ollision energy to excite the nucleus. In contrast, the second
and the third electrons do have enough recollision energy to
excite the nucleus. The nuclear isomeric excitation probability
is estimated to be on the order of 1078,

With the higher intensity of 10'> W ¢cm 2, the laser is able
to pull out four electrons, as shown in figure 5(c). Ionization of
the fifth electron is negligible with this intensity. Similarly the
first electron does not contribute to the nuclear excitation. The
second, third, and fourth electrons contribute to the nuclear
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Figure 5. Tonization probabilities (left column) and nuclear isomeric excitation probabilities (right column) for a neutral > Th atom
exposed to a laser pulse of peak intensity 10'* W cm~2 (top row) and 10'> W cm~2 (bottom row). Probabilities from each individual electron
are separately labeled. The laser pulses are assumed to have a Gaussian temporal shape with duration 30 fs. The temporal shape of the laser

electric field is shown in each figure as background.

excitation as shown in figure 5(d). The contributions from the
third electron and the fourth electron are similar in amount,
higher than the contribution from the second electron. This is
mainly due to higher recollision energies hence higher exci-
tation cross sections from these electrons. The total excitation
probability is on the order of 10~!7, about six times higher than
the lower-intensity case.

The above estimations consider the probability of nuclear
excitation for a single *Th atom exposed to a single laser
pulse. The production rate of our RINE approach depends
on the number of >*Th atoms that are effectively radiated
by each pulse, noted as Ny, and the laser repetition rate. The
state-of-the-art repetition rate that can be achieved by current
intense laser systems is about 100 kHz [79-82]. The number
N depends on the number density of 2> Th atoms and the laser
focal volume. In the following we give an estimation to these
two qualities.

Consider ?*’Th in the gas phase, with which the atomic
physics discussed above is valid. Laser pulses ionize the atoms
and turn the gas into a plasma. For continuous operation the
density of the freed electrons must be below the critical den-
sity n, otherwise the laser will crease to propagate. This sets
an upper limit of the number density of the 2°Th atoms. Since
each atom may be ionized 3 or 4 times as shown in figure 5,
the maximum number density of the atoms is n. /4. To be
safer let us use n. /10 as an estimation of the atom density.
From plasma physics ne, = megw?/e* = 1.7 x 10*! ecm~3 for
800 nm lasers (m: electron mass; €p: vacuum permittivity; w:
laser angular frequency; e: electron charge), so the maximum

atom density is estimated to be 1.7 x 10%° cm 3.

The focal volume can be estimated using a Gaussian beam
profile with Vi, = mu% x 27r, where wy is the beam waist on
the focal plane and Zg = 7w/ is the Rayleigh length. For a
Gaussian temporal dependency the focal volume can also be
written as
16E?

VfOC )
TAZTE

(18)

where E is the pulse energy, I, is the peak intensity, and 7,
is the (1/¢?) pulse duration. For example, for 800 nm wave-
length, 30 fs pulse duration, and 0.1 mJ pulse energy, the focal
volume is roughly 7 x 10~7 cm™ for 10'> W cm 2, and 7 x
107° cm 3 for 10'* W ecm~2. Using the above-obtained atom
density, we can estimate the number of effectively radiated
atoms Ny to be 1.2 x 10" for 10> W cm™2, and 1.2 x 10'°
for 10 W cm™2.

The production rate per second of the excited nuclei can be
estimated by Nyx [excitation probability per pulse] x [laser
repetition rate, using 10> here]. For 10'> W cm~2, let us use
107 as the excitation probability per pulse, and we get a pro-
duction rate of 1.2 x 10? per second. For 10'* W cm™2, let us
use 1078 as the excitation probability per pulse, and we get a
production rate of 1.2 x 10° per second.

For a laser pulse with a certain energy, there exists an opti-
mal focal size for nuclear excitation, due to the competition
between the laser intensity and the focal volume. A smaller
focal volume leads to higher intensities (hence higher excita-
tion probabilities per pulse) but less radiated atoms, while a
larger focal volume leads to lower intensities but more radi-
ated atoms. The optimal focal size yields the best compromise
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between the two. In the current case 10'* W cm~? leads to
a better compromise than 10'> W cm™2. Further optimiza-
tions will not be pursued here, which merely require similar
calculations with many laser intensities.

Our RINE approach only requires table-top laser systems
[79-82]. Nevertheless we mention that much more energetic
laser pulses (pulse energy > 1 mJ) can be generated with the
same repetition rate on big light facilities such as ELI-ALPS
[83]. The nuclear excitation rate can be much higher using
these energetic pulses.

4.4. Further remarks

We have explained the RINE process and estimated its effi-
ciency using a simple semi-classical model. The model pro-
vides a clear physical picture of the RINE process and a sim-
ple theoretical formalism with very moderate computational
loads. Nevertheless we want to reminder the readers about the
approximations used in the model.

(a) We have used an electronic excitation cross section based
on the Born approximation [56]. Although it is adequate
for the current article to explain the physical process and
provide a first estimate, the Born approximation is known
to work better for high collision energies than for low
collision energies. Further works are needed to obtain
more precise electronic excitation cross sections for >>Th
beyond the Born approximation. With more precise cross
sections the efficiency of the RINE method should be
re-evaluated.

(b) We have estimated the recolliding-electron flux density
using a classical trajectory simulation. Quantum mechan-
ically one can solve a time-dependent Schrodinger
equation describing the interaction between a >*Th atom
or ion and an external laser pulse, with the aid of a sim-
ilar single-active-electron approximation that has been
adopted in the classical simulation, treating the remain-
ing ion core by an effective potential. The flux density
can be extracted from the wave packet of the recolliding
electron.

(c) We have neglected electron correlation effects in the
classical trajectory simulation. When the trajectory of
an emitted electron is propagated, the remaining elec-
trons are modeled by an effective static potential. How
would dynamical electron correlations affect the recolli-
sion process and the recolliding flux density remains to be
studied.

5. New opportunities for each research area

The connection between strong-field atomic physics and >Th
nuclear physics, through the electron recollision process, leads
to new research opportunities for each area.

The realm of strong-field atomic physics is expanded to
include the nuclear degree of freedom. It is therefore desir-
able to see how this new degree of freedom can be controlled.
For example, what laser wavelength would be better for the
purpose of nuclear excitation? A longer wavelength leads to

a higher recollision energy, which corresponds to a higher
excitation cross section. Yet it also leads to a more severe
wave packet spreading along the transverse direction hence
a lower recollision flux density. There should be a range of
wavelengths that work better for nuclear excitation compro-
mising these two factors. For another example, going beyond
the single-color sinusoidal wave, would a superposition of
two or three colors (with appropriate relative intensity and
relative phase) work better for nuclear excitation? Similar
waveform optimizations have been successful in optimizing
or controlling high harmonic generation [84—-87].

The RINE approach discussed here is a non-radiative pro-
cess, the recolliding electron transferring energy to and excit-
ing the nucleus without radiating photons. In fact, there exists a
possible radiative-coupling channel [88]: the recolliding elec-
tron radiates high harmonic photons which then excite the
nucleus. If the fundamental laser has a wavelength of 800 nm
(photon energy 1.55 eV), the most relevant photons are the
fifth harmonics with photon energies around 7.75 eV. Studies
are needed to compare which type of electron—nucleus cou-
pling, non-radiative or radiative, is more efficient in exciting
the nucleus.

It would also be interesting to see possible correlations
between the nuclear excitation process and other strong-field
atomic processes, such as high harmonic generation, non-
sequential double ionization, elastic electron scattering, etc.
These processes are, after all, based on the same recolli-
sion process. If correlations could be found between nuclear
excitation and atomic processes, then one might infer informa-
tion about the nuclear excitation from observations of better-
understood strong-field atomic processes.

In recent years, strong-field physics has also been extended
to study the interaction between strong laser fields and solid-
state targets. For example, generation of high harmonics is pos-
sible from this interaction [89-94]. Since *?°Th is naturally in
the solid state, it would be interesting to see whether isomeric
nuclear excitation can be achieved via the interaction between
a strong laser field and solid-state >Th.

From the *?°Th nuclear physics point of view, the connec-
tion with strong-field atomic physics leads to an excitation
approach with the following advantages, some of which are
unique. (1) The new RINE approach does not require precise
knowledge of the energy of the isomeric state, which is still
uncertain by about 0.5 eV. This uncertainty in energy imposes
a major difficulty for other excitation approaches that require
a precise resonant condition, such as the EB approach, which
has not been experimentally realized. In contrast, the property
of the recolliding electron is that it has a wide energy range
which certainly covers the (uncertain) energy of the isomeric
state. (2) The new RINE approach does not require big facili-
ties like synchrotron radiations. Instead, it only needs table-top
laser systems which are much readily available. This makes
the new approach much easier to implement and the avail-
able working time is much longer than the limited beam time
from big facilities. (3) The nuclear excitation is very well
timed which happens only within a fraction of a femtosec-
ond laser pulse (see figure 5). This property may be essential
for future coherent operations on the isomeric state. (4) After
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the RINE process, the excited nuclei are accompanied with
well controlled ionic states without subsequent decay via inter-
nal conversion. And the excited nuclei are left with negligible
recoil energies.

The RINE scheme may also be applied to the >>3U nucleus,
which has an isomeric state of energy 76 eV [95]. This energy
is also within reach by laser-driven recolliding electrons. ?2°Th
and 2*>U are the only two known nuclei with an excited state
below 1 keV.

6. Conclusion

In this special issue article we have considered connections
between two apparently unrelated research areas, namely
strong-field atomic physics and *?*Th nuclear physics. These
connections between a subfield of atomic physics and a sub-
field of nuclear physics are due to the existence of a very
low-lying excited state of the 22°Th nucleus. The 8 eV nuclear
energy gap lies within reach of electronic transitions, which
can be efficiently manipulated by external laser fields. The
229Th atom is a rare platform on which nuclear physics, atomic
physics, and laser physics directly interplay.

Recollision is the physical process that connects these two
research areas. It is the core process of strong-field atomic
physics, unifying various strong-field phenomena, such as
high harmonic generation, attosecond pulse generation, nonse-
quential double or multiple ionization, laser-induced electron
diffraction, etc. With the 22°Th nucleus, the new RINE channel
is energetically open, which adds a completely new degree of
freedom to strong-field atomic physics. We have used a sim-
ple, physically oriented, model to explain the RINE process
and estimate its efficiency.

The combination between strong-field atomic physics and
229Th nuclear physics leads to novel opportunities for each
research area, as we briefly envisaged in the previous section.
It will be exciting to see new research results from this combi-
nation, and possible surprises from the three-partite interplay
between nuclear physics, atomic physics, and laser physics.
There is certainly much to be expected.
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