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Highly efficient nuclear excitation via highly nonlinear light-nucleus interaction
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In our recent publication [H. Zhang, T. Li, and X. Wang, Phys. Rev. Lett. 133, 152503 (2024)], we demonstrate
that the interaction between hydrogenlike thorium-229 ions (229Th89+) and contemporary intense lasers can
access a highly nonlinear and nonperturbative regime of light-nucleus interaction. This interaction enables highly
efficient nuclear isomeric excitation of 229Th, achieving an excitation probability exceeding 10% per nucleus per
femtosecond laser pulse. In this paper, we significantly expand on our previous work by providing a detailed
theoretical framework, extended numerical results, and comprehensive analysis. We emphasize that the role of
the electron is crucial in enhancing light-nucleus interactions, particularly through a nuclear hyperfine mixing
effect. We also show that the nuclear isomeric excitation can be further optimized to approximately 90% per
nucleus per pulse.
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I. INTRODUCTION

Efficient excitation of atomic nuclei holds significant
promise for advanced nucleus-based applications, including
nuclear clocks [1–4], nuclear lasers [5–7], nuclear isomer
batteries [8,9], etc. A variety of methods for nuclear excita-
tion have been explored, such as optical excitation [10–16],
Coulomb excitation [17–20], electronic excitation [21–24],
and hybrid optical-electronic excitation techniques [25–32].
However, nearly all existing nuclear excitation methods op-
erate within the linear, perturbative regime. In this regime,
the excitation probability of an individual nucleus is typically
very low, necessitating the presence of large numbers of nuclei
to detect nuclear excitation signals.

Nonlinear nuclear excitation, on the other hand, could sub-
stantially increase the single-nucleus excitation probability.
Over the past few decades, intense lasers have been demon-
strated to induce highly nonlinear responses in atoms, leading
to efficient atomic excitation, ionization, and control [33–35].
For instance, a single femtosecond laser pulse can remove
several or even dozens of electrons from a single atom [36].
Achieving similar control over atomic nuclei could bring
us closer to realizing advanced nucleus-based technologies.
However, initiating nonlinear responses in nuclei has proven
exceptionally difficult, mainly due to the small nuclear transi-
tion moments, which limit the coupling strength between the
nucleus and external laser fields. As a result, the energy of
the laser-nucleus coupling is typically much smaller than the
nuclear transition energy, rendering it a weak perturbation.

Recently, we identified an exception to this limitation. We
predicted that the interaction between hydrogenlike thorium-
229 ions (229Th89+) and currently available intense laser fields
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could enable a highly nonlinear and nonperturbative regime of
light-nucleus interaction [37]. This possibility hinges on three
key elements: (a) the existence of a low-lying excited state
in the 229Th nucleus, with an energy of only 8.36 eV above
the ground state [2–4,38]; (b) a nuclear hyperfine mixing
(NHM) effect that significantly enhances the light-nucleus
coupling strength; and (c) the high intensities achievable
with modern laser systems, with recent records reaching 1023

W/cm2 [39,40]. The resulting highly nonlinear light-nucleus
interaction is predicted to enable highly efficient nuclear
isomeric excitation, with probabilities greater than 10% per
nucleus per femtosecond laser pulse [37]. Additionally, the
laser-driven 229Th89+ system generates secondary radiation in
the form of high-order harmonics of the driving laser.

The goal of the current article is to expand upon our pre-
vious Letter [37] by presenting a more detailed theoretical
framework, extended numerical results, and comprehensive
analyses. Specifically, we provide an in-depth derivation of
the NHM effect and the light-nucleus interaction, introducing
a transition moment that accounts for hyperfine mixing. Our
approach highlights the crucial role of the electron in radiative
transitions and establishes a direct connection between these
transitions and laser-excitation processes. Through numerical
analysis, we demonstrate the breakdown of perturbation the-
ory and emphasize the highly nonlinear effects. The nuclear
isomeric excitation probability is further optimized, reaching
over 90% per nucleus per laser pulse. We also investigate the
impact of laser duration and the dynamics of the 1s electron,
confirming the robustness of our approach.

The article is organized as follows. Section II provides
a detailed explanation of the NHM effect and light-nucleus
interaction. Section III presents numerical results, including
nuclear excitation and population dynamics for both bare nu-
clei and hydrogenlike ions, as well as an analysis of how the
1s electron enhances the light-nucleus interaction. Section IV
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FIG. 1. Energy level diagrams of the 229Th ion. Left: Ground
state and isomeric state of the bare nucleus (229Th90+). Center: Hy-
perfine energy levels of the hydrogenlike ion (229Th89+) without the
NHM effect. Right: Hyperfine energy levels with the NHM effect
included. Note that the energy splittings are not drawn to scale, and
the radiative half-life for each case is indicated in red.

includes further discussions and remarks, and the conclusion
is presented in Sec. V.

II. METHODS

A. Energy structures of 229Th90+ and 229Th89+

Figure 1 illustrates the energy structures of 229Th90+ and
229Th89+. For the bare nucleus, 229Th90+, the energy of the
isomeric state lies approximately 8.36 eV above the ground
state [2–4]. The ground state has spin-parity Iπ

gs = 5/2+, while
the isomeric state has Iπ

is = 3/2+. The energy structure is
shown in the left part of Fig. 1.

For the 229Th89+ ion, a 1s electron with angular momentum
J = 1/2 couples to the nucleus, leading to a splitting of the
nuclear ground state into |F1 = 2, m1〉 and |F2 = 3, m2〉 states,
and a splitting of the isomeric state into |F3 = 2, m3〉 and
|F4 = 1, m4〉 states. These states are expressed as

|Fn, mn〉 =
∑

mIn ,mJ

CFn,mn
J,mJ ,In,mIn

|J, mJ〉 ⊗ |In, mIn〉, (1)

where CFn,mn
J,mJ ,In,mIn

is a Clebsch-Gordan coefficient. To simplify
notation, the n index is used collectively to encapsulate infor-
mation about I:

In = Igs if n = 1, 2,

In = Iis if n = 3, 4.

This electron-nucleus system is governed by the Hamil-
tonian H0 = He + Hn + VHF, where He and Hn represent the
Hamiltonians for the electron and the nucleus, respectively,
and VHF is the hyperfine interaction between them [41]:

VHF =
∑

τ=E ,M

∑
λμ

4π

2λ + 1
(−1)μM(τλ−μ)

n · N (τλμ)
e , (2)

where M(τλμ)
n acting in the nuclear subspace is the multipole

moment operator of type τ (E for electric, M for magnetic)
and rank λ. N (τλμ)

e acting in the electronic subspace is the

multipole transition operator. They can be written as

M(Eλμ)
n =

∫
ρnrλYλμ(θ, φ) dτ, (3)

M(Mλμ)
n = − i

c(λ + 1)

∫
jn · L[rλYλμ(θ, φ)] dτ, (4)

N (Eλμ)
e =

∫
ρe

rλ+1
Yλμ(θ, φ) dτ, (5)

N (Mλμ)
e = i

cλ

∫
je · L[Yλμ(θ, φ)]

rλ+1
dτ. (6)

Here, ρ, j, and L denote the charge density operator, current
density operator, and angular momentum operator, respec-
tively. Yλμ is spherical harmonics.

Using Eqs. (1)–(6), the energy splitting of each F state can
be determined from the matrix elements of VHF

〈Fm, mm|VHF|Fn, mn〉

= δFnmn,Fmmm (−1)J+In+Fm
∑
τλ

4π

2λ + 1
M(τλ)

ImIn
N (τλ)

JJ

× W (J, Im, J, In; Fm, λ), (7)

where M(τλ)
ImIn

≡ 〈Im||M(τλ)
n ||In〉 and N (τλ)

JJ ≡ 〈J||N (τλ)
e ||J〉

are reduced matrix elements. W is the Racah-Wigner coef-
ficient. The electronic matrix element is evaluated using the
Wigner-Eckart theorem and numerical calculation of electron
wave function [42].

Diagonal nuclear matrix elements are determined by relat-
ing them to established nuclear multipole moments (Eqs. 3–40
in [43]). For example, the magnetic dipole moment is
given by

μI =
√

4π

3(2I + 1)
CI,I

I,I,1,0M(M1)
II . (8)

The experimentally measured nuclear magnetic moments are
μIgs = 0.36μN and μIis = −0.37μN [44,45], with μN being
the nuclear magneton. The diagonal matrix elements cor-
respond to the hyperfine splitting energies. The calculated
hyperfine energy structure, neglecting magnetic quantum
numbers due to degeneracy, is presented in the central part
of Fig. 1.

Beyond the standard hyperfine structure, state mixing
between F states with different I can occur, referred to
as the NHM effect [46–49]. This mixing arises from the
nonzero off-diagonal matrix elements of VHF. In the 229Th89+

system, |F1 = 2, m1〉 and |F3 = 2, m3〉 states correspond to
different nuclear states. When these states share the same
magnetic quantum number (m1 = m3 = m), the matrix ele-
ment 〈F1, m|VHF|F3, m〉 can be nonzero.

The off-diagonal nuclear reduced matrix elements can be
expressed in terms of the reduced transition probability as

B(τλ; In → Im) ≡
∣∣M(τλ)

ImIn

∣∣2

2In + 1
. (9)

State mixing is incorporated by diagonalizing the H0 matrix,
producing the eigenstates of the system. These eigenstates,
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denoted with an overline, are expressed as

|Fn, m〉 =
∑

m

Dnm|Fm, m〉, (10)

where D is a coefficient matrix:

D =

⎛
⎜⎜⎝

√
1 − b2 0 −b 0

0 1 0 0
b 0

√
1 − b2 0

0 0 0 1

⎞
⎟⎟⎠. (11)

For 229Th89+, the mixing coefficient b is calculated to be
−0.031. Hyperfine structure with the NHM effect included
is shown in the right part of Fig. 1.

As shown in Fig. 1, the NHM effect manifests in two
primary aspects: (i) a small modification of the energy levels,
and (ii) a significant reduction in the radiative half-life of
the nuclear excited state, with the possibility of a decrease
spanning several orders of magnitude.

Assuming a transition energy 	E , averaging over initial
states and summing over final states, the radiative transition
rate (of type τλ) for a bare nucleus from |In〉 to |Im〉 is given
by [50]


b
mn = 8π (λ + 1)

λ[(2λ + 1)]!!2

(
	E

h̄c

)2λ+1

B(τλ; In → Im). (12)

For the 229Th89+ system with the NHM effect included, the
radiative transition rate from |Fn〉 to |Fm〉 is


NHM
mn = 8π (λ + 1)

λ[(2λ + 1)]!!2

(
	E

h̄c

)2λ+1

|M(τλ; Fn → Fm)|2,
(13)

where M is defined as the reduced multipole transition mo-
ment under mixed F state basis

M(τλ; Fn → Fm) = 〈Fm|∣∣M(τλ)
n + M(τλ)

e

∣∣|Fn〉√
2Fn + 1

=
√

2Fm + 1
∑

kh

DnkDmh(−1)Ik+Ih

× [
δIk ,IhM(τλ)

JJ W (Fn, λ, Ih, J; Fm, J )

+ (−1)Fn+FmM(τλ)
IhIk

W (Fn, λ, J, Ih; Fm, Ik )
]
. (14)

Here, M(τλ)
e involves replacing the nuclear charge density and

current density in Eqs. (3) and (4) with those of the electron.
A comparison between Eqs. (12) and (13) reveals the in-

trinsic reason of the accelerated γ decay. The presence of
the electron introduces a term M(τλ)

JJ , which greatly enhances
the transition moment. A detailed discussion is provided in
Sec. III.

Table I presents the calculated radiative transitions for the
excited states of 229Th90+ and 229Th89+. For the nuclear re-
duced transition probability, we adopt the value B(M1; Iis →
Igs) = 0.008 W.u., as calculated by Minkov and Pálffy [51].
The results reveal a remarkable acceleration of the radiative
decay by 4–5 orders of magnitude due to the presence of the
1s electron, reducing the half-life from ∼103 s to 10 ms. It is
worth noting that the experimentally measured half-life of the
isomeric state ranges from 1400 to 2500 s, in isolated triply

TABLE I. Radiative transitions in 229Th90+ and 229Th89+. For
229Th89+, the NHM effect is included and T1/2 is the half-life of the
initial state.

Initial state Final state 
 (s−1) T1/2

229Th90+ |Iπ
is 〉 |Iπ

gs〉 1.48 × 10−4 4697 s
229Th89+ |F4〉 |F3〉 13.54 21.48 ms

|F1〉 18.73

|F3〉 |F2〉 10.12 20.52 ms

|F1〉 23.66

|F2〉 |F1〉 6.44 107.52 ms

charged ions [52], or in crystal environments with results
adjusted for the free-space situation [2–4,53]. A discrepancy
of 2–3 times between the theoretical B(M1) value and the
experimental measurements is observed. However, this dis-
crepancy does not affect the discussions and conclusions in
this article.

B. Time evolution in a strong laser field

Considering the interaction between a strong laser field and
either 229Th90+ or 229Th89+, the state of the system is governed
by a time-dependent Schrödinger equation (TDSE):

ih̄
∂

∂t
|(t )〉 = [H0 + HI(t )]|(t )〉, (15)

where H0 has been defined above and its eigenstates are given
by Eq. (10). HI(t ) is the interaction Hamiltonian:

HI(t ) = −1

c

∫
[ je(r) + jn(r)] · A(r, t ) dτ, (16)

where A(r, t ) is the vector potential of the laser field, as
described below. To solve the TDSE, we expand |(t )〉 on
the eigenstates of H0:

|(t )〉 =
∑

n

Cn(t )e−iωnt |ψn〉, (17)

where h̄ωn is the energy of state |ψn〉. Left multiplying both
sides by 〈ψm|, we obtain a coupled set of ordinary differential
equations for the coefficients:

ih̄Ċm(t ) =
∑

n

Hmn
I (t )eiωmntCn(t ), (18)

where Hmn
I (t ) = 〈ψm|HI(t )|ψn〉 and ωmn = ωm − ωn. By solv-

ing Eq. (18), the population of each state |Cn(t )|2 at every
time step can be obtained, from which the nuclear excitation
probability (the population of nuclear excited states) can be
determined.

The vector potential of the laser field is expressed as

A(r, t ) = A0

2
ε fA(t )ei(k·r−ωt ) + c.c., (19)

where ε is the polarization vector, and k and ω are the wave
vector and angular frequency. A0 and fA(t ) are the amplitude
and envelope function of the vector potential. In this article,
we use fA(t ) = sin2(πt/T ), where T is the total duration of
the laser field.
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The plane wave term can be expanded in multipole se-
ries [50]:

êνeik·r = −ν
√

2π
∑
λμ

√
2λ + 1iλDλ

μν (φ, θ, 0)

× [Aλμ(k; r, M ) + iνAλμ(k; r, E )], (20)

where êν is a spherical vector with ê0 = ẑ, ê±1 = ∓ 1√
2
(x̂ ±

iŷ). Dλ
μν (φ, θ, 0) denotes the Wigner-D function and (θ, φ)

describe the direction of the wave vector k. Aλμ(k; r, τ ) are
transverse vector spherical harmonics:

Aλμ(k; r, M ) = 1

h̄
√

λ(λ + 1)
L[ jλ(kr)Yλμ(r̂)], (21)

Aλμ(k; r, E ) = −i

h̄k
√

λ(λ + 1)
∇ × L[ jλ(kr)Yλμ(r̂)]. (22)

For the long-wavelength limit kr 
 1, the term jλ(kr) can
be approximated as (kr)λ/(2λ + 1)!!. With Eqs. (19)–(22), for
a laser field, linearly polarized along the x̂ axis and propagat-
ing along the ẑ axis, the interaction matrix element can be
written as

Hmn
I (t ) = Emn

I F (t ), (23)

where F (t ) = fA(t ) cos ωt . Emn
I is defined as a time-

independent interaction energy between states m and n. For
229Th89+, we denote Emn

I as Emn
NHM:

Emn
NHM = 2E0

√
π (2Fn + 1)

6(2Fm + 1)

∑
ν=±1

CFmmm
Fnmn1νM(M1; Fn → Fm).

(24)

For the bare nucleus, H0 = Hn and the electronic current den-
sity is zero. We denote Emn

I as Emn
b , which can be derived

similarly:

Emn
b = 2E0

√
π (2In + 1)

6(2Im + 1)

∑
ν=±1

CImmm
Inmn1ν

√
B(M1; In → Im).

(25)
In both cases of 229Th89+ and 229Th90+, the electric

quadrupole (E2) terms can be neglected due to dominance of
the magnetic dipole (M1) terms. With the interaction matrix
elements, one can also calculate the transition probability
using time-dependent perturbation theory (PT):

Pmn(t ) = ∣∣Emn
I

∣∣2
∣∣∣∣
∫ t

t0

dt ′F (t ′)eiωmnt ′
∣∣∣∣
2

, (26)

where the time integral is taken over the duration of the laser
pulse.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present numerical results for nuclear
excitation in both the bare nucleus 229Th90+ and the hydro-
genlike ion 229Th89+. We show that, as the laser intensity
increases, perturbation theory breaks down and a highly non-
linear light-nucleus interaction emerges. This transition to
the nonlinear regime occurs at much lower laser intensities
for 229Th89+ compared to 229Th90+. Additionally, we explore

1022 1023 1024 1025 1026 1027 1028 1029

laser intensity (W/cm2)

10-20

10-15

10-10

10-5

100

ex
ci

ta
ti

o
n

 p
ro

b
ab

ili
ty

b
=0

.0
01

TDSE
PT

FIG. 2. Triangles: isomeric excitation probability of the bare
nucleus 229Th90+ calculated by TDSE. Dashed line: excitation prob-
ability calculated by perturbation theory. The parameter ηb quantifies
the interaction strength (see text for details), as indicated by the
vertical dashed line.

how the presence of the 1s electron in 229Th89+ enhances
the interaction strength, enabling near-unity nuclear excitation
probabilities with currently available intense lasers.

A. Nuclear excitation of the bare nucleus

Figure 2 shows the isomeric excitation probability of a bare
nucleus at the end of the laser pulse as a function of the laser
peak intensity. The laser wavelength is λ0 = 1053 nm. The
intensity FWHM is set to 100 fs, corresponding to a total
(zero-to-zero) pulse duration of approximately 283 fs.

Across the range of laser intensities, the PT results show a
linear dependence, while the TDSE results can be categorized
into three regions: the linear region, which closely follows PT;
the surge region, characterized by a steep increase; and the
saturation region, where the excitation probability maintains
at high values. From 1022 to 1024 W/cm2, the laser inten-
sity increases by two orders of magnitude, and the excitation
probability similarly increases by two orders of magnitude. In
this region, PT closely matches the TDSE results. However,
from 1024 to 1026 W/cm2, deviations appear, indicating the
breakdown of PT and the onset of nonlinear effects. In this
range, PT either overestimates or underestimates the exci-
tation probability. For laser intensities above 1026 W/cm2,
nonlinear effects dominate, and the excitation probability
increases much more rapidly than in the linear regime. A
two-order-of-magnitude increase in intensity (from 1026 to
1028 W/cm2) results in a 14-order-of-magnitude increase in
excitation probability, reaching 10%–100%. In this nonlinear
regime, nuclear excitation is significantly enhanced, and PT
no longer provides accurate predictions.

Figure 3 shows the time-dependent population of the nu-
clear isomeric state during the laser pulse at different laser
intensities. At laser intensities of 1024 and 1026 W/cm2, the
population peaks at the midpoint of the pulse, when the
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FIG. 3. Time evolution of the isomeric state population during
the laser pulse for the bare nucleus 229Th90+, calculated by TDSE at
three different laser intensities.

laser field is strongest. However, the population subsequently
decreases to a small value by the end of the pulse (Fig. 2
shows the end-of-pulse excitation probability). In the highly
nonlinear regime, at 1028 W/cm2, the nuclear states are signif-
icantly perturbed, and the final excitation probability remains
significant, approximately 10%.

B. Nuclear excitation of 229Th89+

Figure 4 shows the excitation probabilities of the |F3〉 and
|F4〉 states, calculated using TDSE, as a function of laser peak
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FIG. 4. Circles: Excitation probability of the |F3〉 state at the end
of laser pulse. Squares: Excitation probability of the |F4〉 state at the
end of laser pulse. Triangles: Excitation probability of 229Th90+ from
|Igs〉 to |Iis〉. ηNHM quantifies the interaction strength of 229Th89+, as
indicated by the vertical dashed line.
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FIG. 5. Time evolution of the total isomeric excitation probabil-
ity for 229Th89+ at three different laser intensities, as indicated.

intensity. The laser pulse duration and wavelength are the
same as those in Fig. 2. For intensities below 1017 W/cm2,
the excitation probabilities for both 229Th90+ and 229Th89+

follow linear, perturbative dependencies on intensity, with the
excitation probability for 229Th89+ being approximately five
orders of magnitude higher than that of 229Th90+, consistent
with the difference in the γ decay rates.

As in the case of the bare nucleus, the excitation probabil-
ities can be categorized into three intensity regions: the linear
region, the surge region, and the saturation region. Compared
to the bare-nucleus case, the surge region appears at much
lower intensities, beginning between 1018 and 1019 W/cm2.

For the |F3〉 state, a three-order-of-magnitude increase in
intensity from 1018 to 1021 W/cm2 results in a 17-order-
of-magnitude surge in excitation probability, from 10−17 to
nearly 100. For the |F4〉 state, a two-order-of-magnitude in-
crease in intensity from 1019 to 1021 W/cm2 leads to a
16-order-of-magnitude surge, from 10−17 to 10−1. The ex-
citation probability approaches unity at intensities around
3 × 1020 W/cm2.

For 229Th89+, the total nuclear excitation probability is the
sum of the probabilities for the |F3〉 and |F4〉 states. Figure 5
shows the time evolution of the total isomeric excitation prob-
ability at three different laser intensities. At a laser intensity
of 5 × 1020 W/cm2, the excitation probability at the end of
the pulse is approximately 60%. At 3 × 1021 W/cm2, the
end-of-pulse excitation probability increases to around 90%.
At 6 × 1021 W/cm2, the excitation probability at the end of
the pulse is approximately 70%.

C. The interaction strength

To describe the onset of nonlinear effects more quan-
titatively, we introduce a dimensionless parameter, η, that
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indicates the light-nucleus interaction strength:

η = Emn
I

	Emn
, (27)

where the interaction energy Emn
I is defined in Eqs. (23)–(25),

and 	Emn > 0 is the transition energy between the two states
|ψm〉 and |ψn〉. Thus, η represents the ratio of the light-nucleus
interaction energy to the nuclear transition energy. We use ηb

for the bare nucleus case and ηNHM for the case including the
NHM effect.

The vertical line in Fig. 2 marks the laser intensity where
ηb = 0.001, averaged over all mI substate transition channels.
The corresponding laser intensity is 9 × 1023 W/cm2, above
which the PT begins to lose validity. The vertical line in Fig. 4
marks the laser intensity where ηNHM = 0.001 for the tran-
sition between |F1〉 and |F3〉 in 229Th89+. The corresponding
laser intensity is 4 × 1018 W/cm2, which is five orders of
magnitude lower than in the bare-nucleus case. In other words,
the presence of the 1s electron reduces the laser intensity
needed to induce highly nonlinear responses by five orders
of magnitude.

Next, we express the magnetic dipole transition moment
between |F1〉 and |F3〉 as

M(M1; F1 → F3)

= (
1 − 2b2

)√B(M1; Iis → Igs)

15

+ b
√

1 − b2

(
5

2
√

2π
μe − 7

5
√

2π
μIgs + 3

2
√

2π
μIis

)
.

(28)

In atomic units, the approximate values are
√

B ∼ 10−7,
μIgs ∼ 10−6, μIis ∼ 10−6, and μe ∼ 10−2. Because |b| =
0.031 
 1, the dominant term is bμe, which is on the order
of 10−4 a.u. This term arises from the 1s electron. In contrast,
the remaining purely nuclear terms, including

√
B, bμIgs , and

bμIis , are on the order of 10−7 or 10−8 a.u. The interaction
energy can be approximated as

ENHM
I ≈ E0bμe, Eb

I ≈ E0

√
B, (29)

where E0 is the laser field amplitude. Under the same laser
intensity, ENHM

I is about three orders of magnitude larger than
Eb

I . Since the transition energies in both systems are similar,
to achieve the same η value, the laser field amplitude E0 must
be about three orders of magnitude larger for the bare nucleus,
or the laser intensity must be five to six orders of magnitude
greater. This accounts for the intensity difference needed in
the two systems to get the same η value of 0.001.

It is important to note that η = 0.001 serves as a rough
indicator, rather than a precise threshold, for the emergence
of nonlinear responses and the breakdown of the PT [54–60].
For 229Th90+, nonlinear effects begin to manifest when ηb =
0.001, while for 229Th89+, these effects appear even before
reaching ηNHM = 0.001. Nevertheless, η remains a useful and
intuitive parameter for making semiquantitative estimates.

IV. FURTHER REMARKS

A. Nonresonant excitation

The laser wavelength of 1053 nm (infrared) used in this
study corresponds to Nd-doped intense laser systems. The
corresponding photon energy is 1.17 eV, which does not res-
onate with any specific level transition in either 229Th90+ or
229Th89+. From the energy level diagrams in Fig. 1, it is evi-
dent that the photon energy is higher than the hyperfine level
splittings (which are approximately 0.7 to 0.8 eV) but much
smaller than the 8.4-eV energy gap between the two nuclear
levels. Consequently, the excitation scheme explored here dif-
fers significantly from typical resonant excitation schemes.
This scheme leverages the high intensity of the laser field to
initiate highly nonlinear responses in the target.

B. Reliability of the numerical results

In the highly nonlinear interaction regime, the behavior of
the driven system is often complex and lacks simple, intuitive
explanations. For instance, the time evolution of the popula-
tion in the nuclear excited state, as shown in Figs. 3 and 5,
exhibits intricate dynamics. Similarly, the nuclear excitation
probabilities in the saturation region, shown in Figs. 2 and 4,
also fluctuate. These fluctuations are not due to numerical
errors or uncertainties. In fact, the reliability and convergence
of the numerical results are well assured, as the size of the
Hilbert space is relatively small (10 states for the bare nu-
cleus case and 20 states for 229Th89+, including degenerate
states with different magnetic quantum numbers), and the
computational load is moderate. The observed fluctuations
and complexities arise from the fundamental nature of intense
light-matter interactions. Even for a two-level system inter-
acting with light, the dynamics can become intricate when the
interaction is strong and the detuning is large enough that the
rotating wave approximation no longer holds [61–64].

While the fine details of the numerical results may be
difficult to predict, the general trends are highly reliable and
exhibit minimal sensitivity to variations in laser parameters.
For example, Fig. 6(a) shows the excitation probability of
the |F3〉 state for different laser pulse durations. Although the
specific details vary, the overarching trends remain consistent,
including the onset of the surge region and the subsequent
saturation region.

In our previous Letter, we employed 800-nm lasers, typical
of Ti:sapphire laser systems [37]. In the current article, we
deliberately use 1053-nm lasers, characteristic of Nd-doped
laser systems. The pulse duration for the former laser is
typically on the order of 10 fs, while for the latter it is on
the order of 100 fs. This difference in pulse duration is also
considered in our calculations. Despite this variation, we find
that the nonlinear responses for the two intense laser sources
are overall very similar.

The 229Th89+ ion is highly stable against intense laser
fields. The energy gap between the 1s1/2 state and the nearest
allowed electric dipole transition, the 2p1/2 state, is ap-
proximately 93 keV. Figure 6(b) shows the time-dependent
population of the 2p1/2 state under a laser pulse with a
peak intensity of 1022 W/cm2. (The NHM effect holds little
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FIG. 6. (a) Excitation probability of the |F3〉 state for different
laser durations as a function of laser intensity. (b) Time evolution of
the electronic 2p1/2 state population under a laser intensity of 1022

W/cm2.

significance as it does not influence the electric dipole tran-
sition in this case). The excitation probability to this state is
on the order of 10−6 during the laser pulse, but drops to a
much lower value at the end of the pulse. Excitation to other
electronic states is even less probable.

C. Potential experiment

The results presented in this article highlight the poten-
tial for manipulating single-nucleus states, which could be
experimentally validated using various existing facilities. Hy-
drogenlike highly charged ions (HCIs) can be generated and
stored in ion storage rings [65–67] or electron beam ion traps
(EBIT) [68–70]. Penning traps, as auxiliary equipment, offer
the capability to cool and confine single ions or ion bunches
for extended periods, exceeding 1 s [71,72]. These facilities
can be integrated with superintense lasers to enable advanced
research [71–74]. Below, we outline potential experimental
scenarios:

(i) Laser intensities above 1020 W/cm2 are achievable with
petawatt (PW) lasers. For instance, a 1 PW laser focused
to a beam waist of w0 = 15 µm produces a focal depth of
d = 2πw2

0/λ0 = 1.3 mm and a peak intensity of 4.4 × 1020

W/cm2. A 10 PW laser focused to w0 = 30 µm results in a
focus depth of 5 mm and a peak intensity of 1021 W/cm2.
These sizes are compatible with Penning traps such as HILITE
and ALPHATRAP, which can confine 103 to 107 229Th89+

ions at low temperatures (around 4 K) [71,72]. Moreover,
HILITE is a mobile trap, enabling integration with an EBIT
that generates HCIs and a strong laser for comprehensive
experiments [72].
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FIG. 7. (a) Energy-level structure of 205Pb77+. I represents the
spin of the nucleus and J is the angular momentum of the valence
electron. The energy levels are not drawn to scale. (b) End-of-pulse
excitation probability of 205Pb77+ from |Feg = 1〉 to |Fge = 1〉 as a
function of laser intensity. The laser is assumed to be linearly polar-
ized with a wavelength of 1053 nm and a pulse duration of 100 fs
(FWHM in intensity).

(ii) Ion storage rings also provide excellent experimen-
tal platforms. For example, ESR in Germany and CSRe in
China can generate low-energy HCI bunches containing up
to 108 ions [65,66]. Notably, the HIAF facility in China, cur-
rently under construction, aims to achieve up to 1011 ions per
bunch [67]. These ion bunches can interact with superintense
lasers at experimental stations within the accelerator. Systems
like PHELIX (Petawatt High-Energy Laser for Heavy-Ion Ex-
periments), integrated with ESR’s ion beams, combine high-
energy laser pulses and heavy-ion beams [75–77]. PHELIX
generates strong lasers at 1053 nm, with intensities ranging
from 1020 to 1021 W/cm2 and durations on the order of
100 fs.

D. Excitation of 205Pb77+

The highly nonlinear effect presented above for 229Th can
also be expected in other systems, such as boronlike 205Pb
(205Pb77+), which also exhibits substantial NHM [78]. The
nuclear ground and isomeric states of 205Pb have spin-parity
values Iπ

g = 5/2− and Iπ
e = 1/2−, respectively, with the iso-

meric state located 2329 eV above the ground state. In the
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boronlike charge state, a valence 2p1/2 electron (Jg = 1/2) is
present, and the first electronic excited state 2p3/2 (Je = 3/2)
lies 2356 eV above. Figure 7(a) shows a partial energy-level
structure of 205Pb77+. For simplicity, the hyperfine splittings
(on the order of 10−2 eV) of each level are not shown.
Due to the proximity of the nuclear isomeric and electronic
excited states, the energy difference between the nucleus-
electron coupled states |Feg〉 and |Fge〉 is only 27 eV. This
leads to a significant NHM effect between the two states
with the same total angular momentum F = 1. The calculated
mixing coefficient is b′ = −1.97 × 10−5. It was found that
the inclusion of NHM opens a new M1 transition, dramat-
ically reducing the nuclear radiative half-life from 15 min
to 32 ms [78].

Figure 7(b) presents the end-of-pulse excitation probabil-
ity from |Feg = 1〉 to |Fge = 1〉 under a linearly polarized
laser with a wavelength of 1053 nm and a pulse duration of
100 fs. This calculation is also performed using the TDSE
described above. It can be seen that the highly nonlinear
excitation also appears in this case, which can be catego-
rized into similar three regions. In the surge region, where
the laser intensity increases from 1020 to 1021 W/cm2, the
excitation probability rises by 20 orders of magnitude. In this
case, the excitation probability saturates around 10−5. This
limitation arises from the small mixing coefficient and the
intrinsic magnetic dipole moment of the system. 205Pb77+

is stable under the laser intensity presented in Fig. 7(b).
The energy gap between the 2p1/2 state and the nearest al-
lowed electric-dipole destination, the 3s1/2 state, is about
13.6 keV. The excitation probability to this state during
the pulse is only on the order of 10−5 under an intensity
of 1022 W/cm2.

V. CONCLUSION

Through a detailed investigation of the NHM effect and
the interaction between an intense laser pulse and the 229Th
nucleus, we have conducted an in-depth analysis of the nu-
clear excitation phenomenon in both the bare nucleus and
the hydrogenlike ion. Our study explores the highly nonlin-
ear nature of the excitation process, yielding several notable
findings. Specifically, we have demonstrated highly efficient
nuclear isomeric excitation within this nonlinear light-nucleus
interaction regime. Our analysis underscores the critical role
of the NHM-enhanced transition moment, thereby lowering
the intensity requirements compared to the bare nucleus. No-
tably, we show that such remarkable excitation efficiency can
be consistently achieved across a broad range of laser param-
eters.

The high excitation efficiency achieved in our study has
profound implications for manipulating atomic nuclei with
light. It paves the way for quantum state control of individ-
ual nuclei or collective excitation within an ion bunch. The
results of our work can be readily implemented in existing
experimental setups, highlighting their practical significance
and immediate applicability.
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et al., An unexpectedly low oscillator strength as the origin
of the Fe XVII emission problem, Nature (London) 492, 225
(2012).

[74] S. Ringleb, M. Kiffer, N. Stallkamp, S. Kumar, J. Hofbrucker,
B. Reich, B. Arndt, G. Brenner, M. Ruiz-Lopéz, S. Düsterer
et al., High-intensity laser experiments with highly charged ions
in a Penning trap, Phys. Scr. 97, 084002 (2022).

[75] Zs. Major, U. Eisenbarth, B. Zielbauer, C. Brabetz, J. B.
Ohland, Y. Zobus, S. Roeder, D. Reemts, S. Kunzer, S. Götte
et al., High-energy laser facility PHELIX at GSI: Latest ad-
vances and extended capabilities, High Power Laser Sci. Eng.
12, e39 (2024).

[76] M. G. Kozlov, M. S. Safronova, J. R. Crespo López-urrutia, and
P. O. Schmidt, Highly charged ions: Optical clocks and appli-
cations in fundamental physics, Rev. Mod. Phys. 90, 045005
(2018).

[77] M. Steck and Y. A. Litvinov, Heavy-ion storage rings and their
use in precision experiments with highly charged ions, Prog.
Part. Nucl. Phys. 115, 103811 (2020).

[78] W. Wang and X. Wang, Substantial nuclear hyperfine mixing
effect in boronlike 205Pb ions, Phys. Rev. Lett. 133, 032501
(2024).

[79] H. Zhang, Highli nonlinear nuclear excitation. figshare. Figure.
(2024), https://doi.org/10.6084/m9.figshare.28106618.v1.

044614-10

https://doi.org/10.1021/ph500266d
https://doi.org/10.1021/acs.nanolett.7b03103
https://doi.org/10.1038/nphys3905
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1103/RevModPhys.91.025005
https://doi.org/10.1038/s41467-023-36611-z
https://doi.org/10.1070/PU1975v018n09ABEH005223
https://doi.org/10.1103/PhysRevA.56.3093
https://doi.org/10.1103/PhysRevLett.98.013601
https://doi.org/10.1016/j.physleta.2010.11.009
https://doi.org/10.1016/j.nima.2013.01.058
https://doi.org/10.1088/0031-8949/2015/T166/014012
https://doi.org/10.1016/j.nimb.2013.08.046
https://doi.org/10.1103/PhysRevLett.72.4082
https://doi.org/10.1088/1742-6596/72/1/012001
https://doi.org/10.1063/1.5026961
https://doi.org/10.1140/epjst/e2018-800225-2
https://doi.org/10.1016/j.nimb.2012.05.001
https://doi.org/10.1038/nature11627
https://doi.org/10.1088/1402-4896/ac7a69
https://doi.org/10.1017/hpl.2024.17
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1016/j.ppnp.2020.103811
https://doi.org/10.1103/PhysRevLett.133.032501
https://doi.org/10.6084/m9.figshare.28106618.v1

