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The existing intense laser-based approaches for nuclear excitation offer ultrafast temporal resolution and high
efficiency compared to traditional accelerator probes. However, controlling nuclear properties, such as spin and
magnetic moment, remains an unprecedented challenge. Here, we put forward a novel method for nuclear exci-
tation and control induced by intense vortex laser. We develop the calculation method incorporating the orbital
angular momentum (OAM) of vortex laser within the nuclear hyperfine mixing framework. We find that intense
vortex laser can effectively excite hydrogen-like thorium-229 nucleus and induce three-dimensional rotation of
the nuclear magnetic moment. This rotation arises from the localized electromagnetic field reconfiguring the
population dynamics, and can be reconstructed through radiation spectrum analysis. Moreover, the OAM of
vortex laser enables the chaotic system to exhibit topologically protected periodic patterns in nuclear excitation
and radiation, facilitating precise experimental measurements. Our findings underscore the potential of vortex
laser for high-precision nuclear control and imaging, deepening our understanding of nuclear properties and
hyperfine structures, and advancing quantum information and nuclear technologies.
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I. INTRODUCTION

Efficient excitation and control of nuclei have long
been pursued in nuclear physics, significantly impacting
various applications, including quantum information (en-
hancing qubit coherence) [1,2], medical imaging (improving
magnetic resonance imaging resolution) [3-5], materials
science (developing novel magnetic materials) [6,7], and
fundamental physics (investigating nuclear structure and in-
teractions) [8—13]. Traditional probes for nuclear excitation
and control primarily include nuclear magnetic resonance
probes that combine external magnetic fields and radiofre-
quency pulses [5], as well as relativistic (~MeV) particle
beams from accelerators, such as y rays [14], electrons [15],
neutrons [16], and ions [17]. The former are mainly suit-
able for light nuclei with a spin angular momentum of 1/2
with transition energies typically in the microelectronvolt
(ueV) range, limiting their effectiveness for higher-energy
transitions and heavy nuclei. The latter is constrained by
the limited luminosity of the accelerator beam, which re-
stricts time resolution and excitation efficiency. The rapid
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development of ultraintense, ultrashort laser facilities has
achieved peak intensities of approximately 10> W/cm?
with pulse durations in the tens of femtoseconds [18-20].
This progress has catalyzed the development of laser-based
proposals for nuclear excitation, encompassing both ex-
perimental [21-24] and theoretical [25-27] methodologies
that exhibit ultrafast time resolution and ultrahigh excitation
efficiency. Nevertheless, the excitation cross sections asso-
ciated with these approaches remain relatively small. Very
recently, research [28] predicts that the highly nonlinear
interaction between intense lasers and hydrogenlike thorium-
229 jons (**Th®*) can excite over 10% of these ions
into the isomeric state with a single femtosecond laser
pulse, accompanied by high-order harmonic emission. In
this scenario, with one electron outside the nucleus, the
strong electromagnetic field generated by electrons near the
nucleus induces nuclear hyperfine mixing (NHM) among
states with the same total angular momentum, substan-
tially shortening the isomeric lifetime by several orders of
magnitude and causing slight shifts in hyperfine energy lev-
els [29-32]. Unfortunately, this highly nonlinear interaction
renders the excitation and radiation patterns of the system
chaotic and unpredictable, limiting control over the nucleus.
Overall, current researches are still focused on effectively
exciting nuclei, and controlling properties such as nuclear
spin and nuclear magnetic moment presents unprecedented
challenges.

©2026 American Physical Society
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Meanwhile, recent advancements in the fabrication of
phase masks with nanometer precision has rendered it pos-
sible to control the coherent superposition of matter waves,
which produces typical interference patterns through spa-
tial wave function reshaping [33-36]. Particularly interesting
are vortex photons, described by wave functions with he-
lical phases that carry intrinsic orbital angular momentum
(OAM) along their propagation axis [37,38]. Currently, vor-
tex photons ranging from visible to x ray (eV~keV) have
been experimentally generated via optical mode conversion,
high harmonic techniques, and coherent radiation in he-
lical undulators and contemporary laser facilities [39-43].
Vortex photons, arising from the new degree of freedom,
provide unique advantages in optical manipulation, quan-
tum information, and imaging techniques [39,44], which
have been predicted and demonstrated in atomic [45-49],
molecular [50,51], and larger scales systems [52,53]. The
interaction of nuclei with vortex states has garnered attention,
with theoretical investigations including multipolar nuclear
transitions [54], nuclear clock transitions [55], A baryon pho-
toproduction [56], and deuteron photodisintegration [57]. Our
previous theoretical studies on relativistic vortex particles,
such as y rays [58] and electrons [59], interacting with nu-
clei in the giant resonance regime (tens of MeV), indicate
that vortex particles have the potential to manipulate nuclear
transitions and provide new insights into nuclear structure.
These findings motivate our ongoing exploration of the in-
teractions between contemporary intense vortex lasers and
nuclei exhibiting the NHM effect, which raises questions
about the phenomena of nuclear excitation and radiation that
may emerge, as well as whether vortex lasers can be utilized
for nuclear control.

In this work, we put forward a novel method for nuclear
excitation and control using intense vortex laser. We develop a
theory incorporating the OAM of vortex laser within the NHM
framework. We find that intense vortex laser induces two in-
teresting phenomena in nuclear control Fig. 1(a). (1) Nuclear
magnetic moment rotation: The reconfiguration of the system
population by the localized electromagnetic field results in a
three-dimensional rotation of the nuclear magnetic moment.
The radiation spectra retain signatures of this rotational effect,
enabling the microscopic rotation reconstruction Fig. 1(b),
which enhances our understanding of fundamental nuclear
properties (e.g., magnetic susceptibility and spin dynamics)
and nuclear structures (e.g., hyperfine energy level structures
and populations). (2) Periodic radiation enhancement: When
the light-nucleus interaction deviates from the linear per-
turbation regime, we observe periodic enhancements in the
radiation spectra at various azimuthal angles determined by
the OAM of vortex laser. The peak values of radiation spectra
can be significantly amplified by several orders of magnitude
compared to that in nonvortex case. Correspondingly, the
isomeric excitation probability, while exhibiting some ran-
domness, also displays a periodic pattern. This indicates that
introducing OAM into an otherwise chaotic system leads to
the emergence of topologically protected features, present-
ing ordered and regular patterns that facilitate experimental
measurement. Additionally, position-dependence offers a new
dimension for precise nuclear state control.
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FIG. 1. Interaction scenario between an intense vortex laser and
the 2*Th¥* ion. A linearly polarized (LP) vortex laser in the
x-direction (black arrow) propagates along the z-axis. The ion’s posi-
tion relative to the vortex laser’s central axis is defined by the impact
parameter b, comprising distance b and azimuthal angle ¢,. State
mixing of the two levels with total angular momentum F = 2 arises
from the NHM effect. The transition selection rules for changes
in the magnetic quantum number Amyp are modified from the
previous %1 to 0, =1. (a) New Phenomena in Nuclear Control: Vor-
tex laser-induced high-order harmonic radiation (rainbow-colored
pulses) exhibits periodic enhancement at various azimuthal angles
¢p, with the period determined by OAM projection m;. The average
acceleration (a) of the nuclear magnetic moment rotates during radi-
ation (red arrow). (b) Microscopic Rotation Snapshot: The radiation
spectrum R (w), combined with theoretical calculations, reconstructs
the acceleration’s frequency-domain signal. Here w, I and t de-
note radiation frequency, laser peak intensity, and pulse duration,
respectively. Inverse Fourier transform (IFT) yields the time-domain
rotational signal.

The paper is organized as follows. Section II introduces the
theoretical framework. Section III presents: (1) nuclear mag-
netic moment rotation, (2) topologically protected periodic
patterns, and (3) experimental feasibility. Section IV provides
a brief conclusion.

II. THEORETICAL FRAMEWORK

Traditional photonuclear interaction theory [28,60-62]
does not directly apply to vortex light carrying OAM. Recent
advances in vortex light-nucleus interaction [55,58] primarily
focus on weak-intensity, resonant-absorption regime while
neglecting the NHM effects. Here, we consider the interaction
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between the ?Th®* ion and an intense vortex laser pulse
with a wavelength of 800 nm. The ion is initially in its ground
state |F = 2;down). The Hamiltonian for the 2**Th%* jon
is defined as Hy = H. + H, + Vur, where Vg represents the
hyperfine interaction [63,64], causing minor adjustments in
the energies of hyperfine levels and state mixing between
two F =2 levels, with the NHM coefficient ¢,, & —0.031
in our calculations [61]. The evolution of the four-level
system (|F = 2;down), |F = 3), |F = 2;up), |F = 1)) is de-
termined by the time-dependent Schrédinger equation [65]

IH%I‘I’(I)) = [Ho®) + HY )] 1W(@)), ey
where the interaction Hamiltonian with the vortex laser HlV (1)
incorporates contributions from the current den51ty operators
of the electron and nucleus [63,66]: HY(t) = —1 f e(r) +
Jn()] - AV (r, t)dr. The vector potential of vortex laser AV is

exemplified by the Bessel-Gauss mode [67] and assumed to
be LP in the x direction under the paraxial approximation.
Experiments typically focus on paraxial light beams, where
the transverse photon momentum is much smaller than its
longitudinal counterpart, i.e., s = |k | < k;, such that OAM
projection m; becomes decoupled from helicity A. The LP
vector potential can be composed of two circular polarization

J

(F = 3|E|F = 2;down)

components [68]
\% [ (4BG BG
A" = E(Amyzm,-&-],A 1 Amy =m;—1 Af—l) ()
where m,, is the projection of total photon angular momen-
tum along the propagatlon direction. In momentum space,
the vector potential A%k m,a can be expressed as a coherent

superposition of plane waves,

dsz BG 5 ik-

%k myA( )_ f Wa%myevel r’ (3)
where &, is a spherical unit vector with &y =% and é4+; =
JLE@ =+ i9). The corresponding Fourier amplitude is given by
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where ¢y, wy and In, denote the azimuthal angle of k , the
beam waist and the modified Bessel function, respectively.
When wy is sufficiently large compared to other relevant
length scales (e.g., the wavelength), the modified Bessel func-
tion can be approximated by its asymptotic form, allowing
one to evaluate the integral explicitly. In that limit, the time-
independent interaction matrix element can be expressed as
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FIG. 2. (a) Radiation spectrum of the nonvortex laser-driven

229Th89+

system, with laser wavelength of A, = 800 nm, peak intensity of

Iy = 102 W /cm?, pulse duration of t = 20T, (T, = 2.67 fs as the optical period), and temporal envelope sin’(7r¢ /7). Line styles represent the
contributions from R, 72‘., and R.. The horizontal axis is in units of laser photon energy (1.55 eV). (b) Time evolution of the reconstructed
(a) (atomic units) between 9.57; and 9.557T;, with arrow color deepening to indicate time passage; arrows are spaced by 0.0027;. (c) and
(d) Similar to (a) and (b), but for a vortex laser. Parameters: OAM projection m; = 1, pitch angle 6, = 5°, beam waist wy = 10X, impact

parameter »b = 2, and ¢, = 0°.

Here, &, (e, J,(2), and d 'AmF +1(6r) represent laser electric
field strength, the magnetic dipole moments of electron [31],
the Bessel functions, and Wigner d function at pitch angle
O = »/k;, respectively. mg, (mp,) is the magnetic quantum
number of the initial (final) state. ugs and ;s denote the
nuclear magnetic dipole moments of ground state and isomer
state, with experimental values of 0.360 wy [69] and —0.376
uy [70], where py is the nuclear magneton. B(M1) is the
reduced magnetic dipole transition probability, with the value
0.022 W.u. [9] adopted from experiment. Electric quadrupole
contributions are negligible compared to the dominant mag-
netic dipole terms. The light-nucleus interaction displays two
distinct features due to vortex effects. First, the impact pa-
rameter b provides an additional handle on state populations
via the Bessel-Gauss profile e=?"/*3 J,, (5¢b) and the azimuthal
phase factor ™% Second, the transition selections are mod-
ified, allowing Amp to take arbitrary values (0, £1 for M1
transition) when b £ 0.

By solving the time-dependent Schrodinger equation, we
obtain the population of each state at every time step during
the laser pulse. The radiation source is the laser-induced mag-
netic dipole moment, m(z) = (\W(¢)|th|W(r)). The magnetic
dipole moment operator is m  rYy, [60], with 71, o rYjo,
I’;’lx X \%(VYI_I — rYll), and ﬁ1y X \/Li(rYl_l + rY“). The far-
field radiation is treated within classical electrodynamics.
Given the spatial nonuniformity of the vortex field, we cal-
culate radiation spectra for dipole axes along the x, y, and z

directions as Ry (@) o | [ dt ia(t)e’'|?, where m(t) is the
second time derivative of m(z). The acceleration of the nuclear
magnetic moment (a)(z) oc m(¢) [71] can be reconstructed
from the logic diagram in Fig. 1(b). Different vortex modes
(e.g., Bessel and Laguerre-Gaussian) [46,72] exhibit varying
asymptotic behaviors away from the beam axis, but this does
not alter the qualitative conclusions (see Appendix). Other
polarization states of incident vortex beam are evaluated in
Appendix.

II1. RESULTS

A. Nuclear magnetic moment rotation

To directly compare the OAM effect, we also calculate
the same polarization condition (LP in the x direction) using
a nonvortex laser with a uniform transverse distribution as
in [28], for the Gaussian beam is discussed in the Appendix.
As shown in Fig. 2(a), high-order harmonic radiation from
229Th#* jon induced by the nonvortex laser results from the
dipole axis contribution in the y direction. Based on the ra-
diation spectrum, the theoretically reconstructed acceleration
(a) oscillates temporally along the laser’s magnetic field di-
rection, which is the y axis [see Fig. 2(b)]. For the radiation
spectrum of **Th%* ion induced by LP vortex laser, con-
tributions are observed not only along the dipole axis in the
y direction but also result in high-order harmonics in the x
and z directions [see Fig. 2(c)]. The appearance of noninteger

044315-4



NUCLEAR EXCITATION AND CONTROL INDUCED BY ...

PHYSICAL REVIEW C 113, 044315 (2026)

F=2;u F=1 F=3
0.5 .l.p> 1 0.1 .|.> T |.>
—nonvortex (a) (b)
L m=1¢,=0° ]
L 0.4 _V____'___m;:2,¢j::900 0.08
2 03f
=
2 02F
£
0.1F
OI
0
o
% em=Lgp=0" " ()
e 5 —m=2,¢,=90 1
s I
= i
[S]
oot
=
=
g -5t
[a¥ ;
0 5 10 15 20 e T 0 5 10 15 20
time(T) time(7) time(7) time(7)

FIG. 3. (a)~(d) Time evolution of populations of |F = 2;up), |F = 1), |F = 2;down), and |F = 3) at I, = 1022 W/cm? and T = 207T;.
Parameters for the vortex laser: 6; = 5°, wy = 104y and b = 2. (e)—(h) Population changes resulting from manually switching off the

Amyp = 0 transitions.

harmonic orders arises from the extreme nonlinearity of the
system. The reconstructed acceleration (a) exhibits temporal
rotation [see Fig. 2(d)], stemming from the reconfiguration
of the system population by the vortex laser. The proposed
method for reconstructing microscopic rotation exhibits ro-
bustness to relative random noise in the radiation spectrum
under simulated experimental conditions. This stability arises
from the crucial phase information [provided by theoretical
calculation, see Fig. 1(b)], which encodes the essential rota-
tional details and remains resilient to noise-induced amplitude
fluctuations, thereby ensuring reliable reconstruction [73].
The two lowest-lying energy levels of the >>°Th nucleus corre-
spond to the band heads of two rotational bands. The rotation
discussed here is that of the total magnetic moment arising
from vortex-laser-driven superpositions of the system’s wave
function, and is distinct from nuclear vibrational and rota-
tional excitations [74].

To elucidate why nuclear magnetic moment rotation oc-
curs and why radiation signals differ significantly between
nonvortex and vortex lasers (i.e., distinct 7~€x and 7~€Z), we
calculate the time evolution of the system populations for
both nonvortex and vortex laser cases and examine the pop-
ulation changes resulting from manually switching off the
Amyp = 0 transitions Fig. 3. When the light-nucleus interac-
tion enters a highly nonlinear and nonperturbative regime,
the reconfiguration of the system population in a vortex
laser primarily stems from two factors. First, the primary
factor affecting the system population arises from the lo-
calized electromagnetic field of the vortex laser, including
the OAM and the introduction of an additional degree of
control through the impact parameter b. These effects are
also reflected in how the interaction matrix elements are
influenced by the Bessel-Gauss beam flux [e~?"/%0J, (scb)]
and the azimuthal angle e™?%. Consequently, significant

changes in the population dynamics Figs. 3(a)-3(d). Second,
the transition selection rule is modified, and the channels
Amp = 0 increase the diversity of energy states in excita-
tion and de-excitation processes, resulting in a quantitative
impact of approximately 1072 to 10~ on the time evolu-
tion of the population Figs. 3(e)-3(h). The influence of these
new transition channels on the formation of microscopic
rotation cannot be overlooked: when the new transition chan-
nels induced by the vortex laser are manually turned off,
the radiation spectrum components R, and R, decrease by
several orders of magnitude, causing the nuclear magnetic
moment to dominate oscillations along the y direction (see
Appendix). Consequently, OAM of vortex laser reshapes the
behavior of nuclear magnetic moments, transforming their
motion from unidirectional oscillations to three-dimensional
rotations. The extraction of the radiation spectrum of-
fers a unique snapshot of microscopic rotation, yielding
richer dynamic information about fundamental nuclear prop-
erties and structure, potentially improving measurement
precision.

B. Topologically protected periodic patterns

When the light-nucleus interaction deviates from the lin-
ear perturbative regime, we observe periodic patterns in the
azimuthal angular dependence of nuclear radiation and excita-
tion. The periodicity is determined by the OAM projection my;
and exhibits topological protection as the laser intensity, pulse
duration, and impact parameter vary. This represents a distinc-
tive nonlinear signature of the nucleus induced by OAM. As
the laser intensity decreases below the relativistic threshold,
the light-nucleus interaction gradually returns to the linear
perturbative regime, where the periodic patterns progressively
disappear, consistent with previous studies [55,58].
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FIG. 4. (a) Distribution of radiation spectrum loglo[’ﬁ,‘m] on the
impact parameter b for the vortex laser-driven **Th%* system,
where R = 7~€x + 7~2y + ’fQZ. The radial component is »zb, and the
azimuthal component is ¢,. Results correspond to the 27th harmonic
order with laser parameters similar to those in Fig. 2(c). (b) Similar
to (a), but for m; = 2 and the 17th harmonic order.

Figures 4(a) and 4(b) show the radiation spectra in the
impact parameter b plane for m; =1 and m; = 2, respec-
tively. A periodic enhancement appears as a function of the
azimuthal angle ¢;, determined by the OAM projection my
and primarily arising from the contribution of 7~3y. This phe-
nomenon occurs in every harmonic order of the radiation
spectrum, illustrated here with an example from the radia-
tion platform region. Specifically, across the entire azimuthal
angle, there are 2m; radiation maxima and minima, with the
radiation enhancement quantitatively increasing by several
orders of magnitude. In contrast, the radiation in the nonvortex
case is Ry ~ 107 [see Fig. 2(a)], comparable to the min-
ima observed here, indicating that vortex laser substantially
enhances the radiation from 2*Th%"* ion. Since periodic ra-
diation enhancement arises from nonlinear effects induced by
the topological charge of vortex laser when the strength of
light-nucleus interaction deviates from the linear perturbative
regime, the radiation pattern exhibits topological protection,
where the azimuthal angles of the maxima and minima remain
invariant regardless of the initial parameters (y, 7, b), showing
only quantitative variations in magnitude. As the laser inten-
sity decreases into the perturbative regime, the enhancement
magnitude diminishes and the periodic structure eventually
disappears. Therefore, the use of vortex laser has the po-
tential to significantly enhance high-order harmonic signals,
thereby improving the precision of nuclear radiation measure-
ments. Additionally, the spatial periodicity of radiation signals
may serve as a spectroscopic method for extracting nuclear
transition parameters [B(M1), wis, [Lgs], while also providing
experimental evidence of the nonlinear effects induced by
OAM.

At relatively low intensities of 10!7 W /cm?, the excitation
probabilities exhibit a linear relationship with the flux of vor-
tex laser, consistent with the intuition that higher photon flux
leads to increased excitation probabilities [see Fig. 5(a)]. In
contrast to nonvortex laser, the effective peak intensity experi-
enced by the > Th®* ion is reduced when using vortex laser,
resulting in suppressed excitation probabilities (8 < 1). With
further increases in laser peak intensity, such as 10> W /cm?
[see Fig. 5(b)], the light-nucleus interaction enters a highly
nonlinear and nonperturbative regime. This is evidenced by

(@) 10" W/em?,m; = 1
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(b) 102 W/em?, m; = 1
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io.z
0.1
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B
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FIG. 5. Nuclear excitation probability of *Th%* from the
ground state to the isomeric state |F' = 2;up) at the end of the
laser pulse. (a)—(c) Distribution of excitation probability ratio (8 =
PY /PNV) between vortex and nonvortex lasers on the impact pa-
rameter b for various Iy and m,. (d) Excitation probability versus
Iy with pulse duration of v = 107;. The average excitation proba-
bility for the vortex laser, PY_, is calculated over b < by as PY =
fobo PY (b :ZT%’, where |bg| = 3/s. Other laser parameters match

those in Fig. 2(c).

the transformation of the radial impact parameter b distribu-
tion from a single peak to a multi-peak structure, along with
periodic variations in the azimuthal angle ¢,. At the maxima,
excitation probabilities may increase several times compared
to the nonvortex laser case. The topological periodicity is de-
termined by the OAM of vortex laser [see Figs. 5(b) and 5(c)],
specifically P (¢p) = P.(¢» + 180°/m;), as the interaction
energy EY o ™. In the linear perturbative regime, the
excitation probability P, o |E}|? is independent of ¢,. How-
ever, as laser intensity increases, nonlinear non-perturbative
effects become significant, particularly in their dependence
on ¢,. Differing from the radiation spectrum (see Fig. 4),
the maxima and minima of the excitation probability spec-
trum vary with changes in laser parameters (ly, ) and impact
parameters b. Because the excitation probability at the end
of the laser pulse exhibits strong randomness, resulting from
substantial temporal oscillations in the population of isomeric
states. The probabilities of the upper level |F = 1) exhibit
a similar pattern. In practice, we also consider the collision
of the vortex laser with a target where ions are randomly
distributed across the incident beam. For such a macroscopic
target we average the excitation probability over the impact
parameters b < bg. As shown in Fig. 5(d), for the case of
nonvortex laser, the excitation probability begins to saturate
after the peak intensity reaches 10?! W/cm?, subsequently
entering a plateau oscillation region characterized by strong
disorder and unpredictability. In contrast, for the vortex laser,
saturation is delayed until approximately 10*> W/cm?, and
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the plateau region exhibits stability and predictability because
averaging over the impact parameter b suppresses stochastic
fluctuations.

C. Experimental feasibility

Topological physics has been widely studied in fields such
as condensed matter physics [75], quantum computing [76],
photonics [77], and acoustics [ 78], primarily at atomic, molec-
ular, and macroscopic scales. Here, we predict topological
protection patterns at the nuclear scale, expanding conven-
tional topological physics. These patterns manifest as distinct
structures in excitation and radiation spectra across the b
plane. Experimental validation relies on configurations such
as ion storage rings [79,80] and Penning traps [81], which
have reportedly integrated intense lasers or x-ray free-electron
lasers [81-85]. However, experiments utilizing vortex lasers
remain scarce but promising [86]. Current PW laser systems,
including PHELIX at GSI [87] and SULF at SIOM [88], have
already achieved vortex laser intensities in the range of 10!
to 102° W/cm?, and potentially even higher [49]. The vortex-
laser wavelength, focal spot, and impact-parameter range
used here match experimental studies [47,89]; the effects of
ion’s thermal position spread are evaluated in the Appendix.
We propose potential experimental avenues: measuring the
radiation spectrum of specific harmonic orders at different
azimuthal angles centered around the vortex laser beam axis.
Specifically, for a laser intensity of 10'® (10?°) W/cm?, the
third (fifth) harmonic exhibits a periodic enhancement by one
order (two orders) of magnitude in the azimuthal radiation
spectrum signal. With forthcoming 10-100 PW lasers [90,91],
the analysis and reconstruction of radiation signals induced
by stronger laser intensities should provide a snapshot of
microrotation in nuclear magnetic moments.

IV. CONCLUSION

In conclusion, through an examination of the interaction
between intense vortex lasers and 22°Th3%* ions, our method
could effectively excite and induce three-dimensional ro-
tation of the nuclear magnetic moment on a femtosecond
timescale, enabling unprecedented control over its behavior.
Furthermore, introducing the OAM of vortex lasers into a
chaotic system reveals topologically protected periodic pat-
terns in nuclear excitation and radiation, serving as distinctive
experimental signals. These findings suggest a valuable ex-
perimental probe for laser nuclear physics with vortex lasers,
creating opportunities for high-precision nuclear control and
imaging, and paving the way for innovative applications

J

(F =2; up|ELVP_y|F = 2;down)

in fundamental physics, quantum information science, and
advanced nuclear technologies, despite the challenges of
thorium scarcity.
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APPENDIX: ADDITIONAL DISCUSSION

Benchmark. We benchmarked the excitation Fig. 6(a) and
radiation Fig. 6(b) of **Th%* ions in the vortex limit and
verified that these processes revert to the nonvortex scenario.
We also evaluated how different vortex modes (e.g., Bessel,
Bessel-Gauss, Laguerre-Gaussian) affect the interaction en-
ergies. Although their asymptotic behavior differs far from
the beam axis, the qualitative conclusions remain unchanged
Fig. 6(c).

Vortex laser polarization. For the various polarization
states of incident vortex light, the vector potential of vortex
light for LP in y direction, radially polarized (RP) and az-
imuthally polarized (AP) can be written as [68]

1
AE]Pfy = E(A§1?=;m+1,A=1 +AZ?=m171,A=71)7 (6a)
v _ ~lBG BG
Ar - ﬁ(AmV:O,A:I +Amy:0,A:—l)7 (6b)
1
Ay = —= (A5 o aei — AL o am1)- (6¢)

V2

Consider the transition between |F = 2;down) and |F =
2;up) with the magnetic quantum numbers of the two states
being {Mgown, Mup}. The time-independent interaction matrix
element for various polarization states, can be expressed as
follows:

6 e 2 18

e [VERE =) o (sS  UE1 \]
= (=1 /Eo[f BM1) + cpy/1 — 2, e + ;L;—\/B,ugs e b/

x (_l-)ZmIAirqul( 2 1 2

Miown Amp  —Myy

+ ei(mlflfAmF)¢bdimF71 Ok oy —1— Ay (%b)],

) [ 1A d O 1 sme (52D)

(7a)
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FIG. 6. (a) Excitation probabilities for |FF = 2;up) and |F = 1) versus laser intensity in nonvortex and vortex limits. The parameters for
the “vortex limits case” are specified as m; = 0, 6, = 0.1°, b = 0, and the pulse duration is T = 207j. (b) Radiation spectra in nonvortex and
vortex limits at peak intensity of I, = 10> W /cm?. The horizontal axis is in units of laser photon energy (1.55 eV). (c) The amplitude of the
interaction energies between |F = 2;down) and |F = 2;up) (with mgown = —2 and my, = —1) for BB, BG, and LG beams versus sb. The
pitch angle is 6y = 5°, the LG radial node is p = 0 and the beam waist is 41,. Other parameters are similar to (b).
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We have evaluated the effects of other polarization states
Fig. 7. We find that for an LP vortex laser, regardless of
whether the polarization is along the x or y axis, key results
including rotation of the nuclear magnetic moment and the
topological protection pattern in nuclear excitation and ra-
diation remain unchanged. However, for RP and AP beams,
which are superpositions of specific vortex states (i.e., lin-
ear combinations of two vortex beams with helicity A = %1
and OAM m; = F1), the OAM is canceled by the helicity,
leading to results similar to the non-vortex case. Specifically,
as shown in Figs. 7(al) and 7(a2), for the nonvortex laser
(LP in the y direction), high-order harmonic radiation from
29Th%* ion results from the dipole axis contribution in the
x direction, and the reconstructed acceleration (a) oscillates
temporally along the laser’s magnetic field direction (x axis).
In contrast, for the vortex laser under the same polarization
condition, the multidimensional radiation signal corresponds
to the temporal rotation of the reconstructed acceleration (a)
Figs. 7(b1) and 7(b2). Furthermore, the ¢, dependence of the
radiation and absorption spectra shows a periodic structure,
which disappears for RP and AP lasers Figs. 7(c) and 7(d).

Gaussian beam. We have evaluated the nonvortex case
using a Gaussian beam. Our main conclusions hold for both

—Myp

)e"’A'"F%JAmF (eb)[d gy (O1) + d 1 (00)]. (7b)
6 2 Mis — \/l—sl‘lfgs
)e"A’"F%J_AmF (5b)[d Ay (O6) — d 1 (B0)]. (7¢)

(

plane waves and Gaussian beams. No topological protec-
tion pattern emerges in the nuclear excitation or radiation
spectra with a Gaussian beam Fig. 8(a). However, a Gaus-
sian beam, owing to its transverse intensity profile, the
excitation probability exhibits impact parameter dependence,
and shows nonlinear effects as peak intensity increases
Fig. 8(b).

Effects of new transition channels. In the nonvortex case,
where Amyp = 0 transitions are naturally absent, a strong
suppression of the x and z components is already observed.
For the vortex laser, when we manually block the Amp =
0 transitions, we observe a similar trend: a suppression of
the radiation spectrum components R, and R. by several
orders of magnitude, causing the nuclear magnetic moment
to dominate oscillations along the y direction Fig. 9. This
suppression stems from the relatively small changes in pop-
ulation discussed in Fig. 3. Therefore, the influence of these
new transition channels on the formation of microscopic ro-
tation cannot be overlooked. Here, we select the parameters
m =1, ¢, =0° and m; = 2, ¢, = 90° as examples, as these
correspond to conditions where the effect of nuclear magnetic
moment rotation is relatively pronounced. Since the 7~€y com-
ponent exhibits periodic radiation enhancement in response
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FIG. 7. (al) Radiation spectrum of ?Th®** ion driven by a nonvortex laser (LP in y direction) with [, = 1022 W/cm? and t = 207;. Line
styles represent the contributions from R., 7~2y, and R.. (a2) Time evolution of (a) in xy plane from 10.007; to 10.047;; arrow color darkens
with time. (bl), (b2) Same as (al), (a2) but for a vortex laser with m; = 1, 6, = 5°, wg = 10Aq, b = 2, and ¢, = 0°. Radiation of the 27th
harmonic (c) and excitation spectra (d) versus ¢,, with other parameters as in (b1). Line styles correspond to various polarization states.

to the OAM, the magnitude of the nuclear magnetic moment
rotation effect also displays periodicity.

Effects of ion’s thermal position spread. In practice, it is
necessary to consider the overlap between the beam’s field
profile and the ion’s thermal position spread. For instance,
in the experiment on the modification of transition selection
rules with light OAM [47], the employed “’Ca* ion has a

Bt aranaas T T T 0.2
10 @ ]
E J0.15
£ ]
= ]
= 1071 J0.1
& 1
& 10.05
10—6 ’I ........ T [T Livsasiss 1
0 90 180 270 360
¢p (deg)

thermal position spread of approximately 60 nm. The scale
of thermal position fluctuations can be estimated using a
classical physics model given by (x?) ~ kgT/k, where kg
is Boltzmann’s constant, 7 is the absolute temperature, and
k is the effective spring constant related to the shape and
depth of the potential well that the ion occupies. For the
highly charged thorium ion ?*Th®"  its larger mass yields a

T T g : I gk

L (b) _ !
1 A :
9' T Q9 g
= \V o
= N '3
g 10 g
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: Q.
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= 10** W/em J0 g
1 L I | 9-/
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FIG. 8. Response of 29Th%+* jon to a Gaussian laser pulse (t = 207y, wo = 104¢). (a) Radiation of the 37th harmonic (left axis) and
excitation spectra (right axis) versus ¢, at peak intensity Iy = 10°*W/cm? and impact parameter b = 5. (b) Excitation probability versus b

for various peak intensities at ¢, = 0°.
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FIG. 9. (a) Radiation spectrum of the vortex laser-driven **Th%" ion. Parameters: Iy = 102 W/cm?, T = 20Ty, m; = 1, 6, = 5°, wy =
10X, 2¢b = 2 and ¢, = 0°. Line styles represent contributions from R, R,, and R.. (b) Same as (a), but with the Amy = 0 transition manually
switched off. (c) and (d) Same as (a) and (b), but with m; = 2 and ¢, = 90°.

relatively high effective spring constant k, resulting in smaller thermal position fluctuations compared to the lighter “°Ca*
ion, approximately on the order of 1-10 nm. The exact values may further depend on experimental conditions, such as
temperature and potential electromagnetic field interference. We calculate and validate our theoretical findings (periodic radiation
enhancement) in the presence of position uncertainties Ab = 10, 60 nm Fig. 10. Therefore, the nonlinear response of the nucleus
induced by the OAM of vortex laser could be verified by measuring the radiation spectrum of specific harmonic orders at different
azimuthal angles centered around the vortex laser beam axis. Specifically, for a laser intensity of 10'® (102°) W /cm?, the third
(fifth) harmonic exhibits a periodic enhancement by one order (two orders) of magnitude in the azimuthal radiation spectrum
signal.

10'® W/cm?, 3rd harmonic 102 W/cm?, 5th harmonic

—e— Ab=60 nm
1 —x-- Ab=10 nm
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=

H
<
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|
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FIG. 10. (a) and (b) Radiation spectra of the vortex laser-driven 22*Th®* ion as a function of ¢, for peak intensities of 10'® W/cm? and
10%° W /cm?. The y axis represents the integrated radiation intensity over the impact parameter, with by = 2/¢ (>~ 2.9 um). Circles and squares
indicate integration ranges of by £ 60 nm and by &= 10 nm, respectively. Parameters: t = 20Ty, m; = 1, 6, = 5°, and wy = 10A,.
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