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Fig. 1. Two-dimensional distributions spatial wave functions of the (a) 2pog and (b) 2poy orbitals for Ne, respectively. Panel (a)

shows the positions of the two atomic centres, A and B, with the distance between them marked as Rg . The electronic relative po-

sition vector to atomic centre A is denoted by 74 , and the relative position vector to atomic centre B is denoted by 7rg .
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Fig. 2. Photoelectron momentum distributions (PMD) calculated by the SFA method for the symmetric orbitals 2pog (the first

row) and antisymmetric orbitals 2poy (the second row) in circularly polarized light for Ne,, which includes both the dressing

state (a), (c), (), (g) and the undressing state (b), (d), (f), (h). The molecular axes are aligned along the zaxis, the Ne—Ne bond

length is 5.86 a.u. The left set of panels has the peak laser intensity is 1.8 x 1014 W/cmg, while the right set of panels is

7.3 x 101 W/cm2 , the wavelength of both is 780 nm.
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Fig. 3. The PMD of the symmetry orbital 2pcg of Ne, in circularly polarized light calculated by considering different terms in the
SFA method: (a) The PMD obtained when Vp,, is not considered in Eq. (5); (b) the PMD obtained when V} is included but the

molecular interference term is removed; (c) the PMD with only the undressed state interference term considered in Vp ;

PMD with only the dressed state interference term considered in Vjp, .

wavelength is 780 nm. For details, please refer to the text.

(d) the
The peak laser intensity is 7.3 x 104 W/cm27 the
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0.6 |

e
>

Count/a.u.
Count/a.u.

0.4

N
=

0.2 0.2

p./a.u. p./a.u.

Bl 4 ZHMIAS T B9 Ney XIFR 2pog (a) FURMFR 2poy (b) HLiE 9 HL B AREE p, B934, BREIE] 2(d) FIEL 2(h) T 2346 B9 pg J7 10 214 AR
Fig. 4. Distribution of the ionization rates with p. for the symmetric 2pog (a) and antisymmetric 2poy (b) orbitals of Ne, in the

dressed state, i.e., integrating the z-direction momentum distributions in Fig. 2(d) and Fig. 2(h).

g =
< <
~ ~
Q) )
Y Y
g 2
< <
~ ~
) )
Y Y

p./a.u.

p-/au.

5 SFA J7 i+ 5 M N, 76 16 B 4% Ot T HOMO (a), (b), (c), (d) A1 HOMO-1 (e), (f), (g), (h) KOG F3hidanm, Hif (a),
(c), (e), (g) RAEBMAMEDL, (b), (d), (f), (h) 2L A A BL. 2200 — 20 B A4 0 — 20 1519 o B A 430 R 0° AT 45° . 4r TRl
& 207 S e A O o TR S RO KD e Z A e . NN KO 2,073 aa, BOG 7 W EDEE JE 1.8x
1014 W /em? | K & 800 nm, H i % 42 0.82

Fig. 5. The PMD of N, in elliptical laser fields for HOMO (a), (b), (c), (d) and HOMO-1 (e), (f), (g), (h) calculated by the SFA
method, which (a), (¢), (e), (g) are the case of the undressed state, and (b), (d), (f), (h) are the cases of the dressed state. The left
set of panels and the right set of panels are aligned at angles 0° and 45° , respectively. The molecular axes are aligned along the z
axis direction, the alignment angle is defined as the angle between the molecular axis and the main axis of the laser field. The N—N
bond length is 2.073 a.u., the peak laser intensity is 1.8 x 1014 W/cm? | the wavelength is 800 nm, and the ellipticity is 0.82.
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Fig. 6. Photoelectron momentum distributions of different orbitals in (elliptical) circular polarized light for Ny and Ne, calculated by
the CCSFA. The momentum distributions of HOMO (a) and HOMO-1 (c) for N, in the undressing state, the peak laser intensity is
1.8 x 10'* W/em? | the wavelength is 800 nm, and the ellipticity is 0.82; the momentum distributions of symmetric og orbital

b) and antisymmetric o, orbital (d) for Ne, in the dressing state, respectively, the peak laser intensity is 7.3 x 1014 W/cm?2 | the
2 g

wavelength is 780 nm, and the ellipticity is 1; (e), (f) the results after rotating the distributions in panels (b) and (d) by a given

angle and integrating the momentum in the p, direction, respectively.
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SPECIAL TOPIC—Ultrafast physics in atomic, molecular and optical systems

Dressed-state and undressed-state during molecular ionization
induced by elliptically polarized laser field"

LIU Jie HAO Xiaoleif

(Institute of Theoretical Physics, State Key Laboratory of Quantum Optics Technologies and Devices,
Shanzi University, Taiyuan 030006, China)

( Received 15 January 2025; revised manuscript received 24 February 2025 )

Abstract

Despite the molecular strong-field approximation (SFA) theory has made remarkable achievements in
describing the ultrafast dynamics of molecules in intense laser fields, there are basic inconsistencies in the theory
itself. On the one hand, the basic principle of SFA requires that the initial state be an eigenstate of the system
in the absence of the field, and on the other hand, the spatial translation invariance of the physical process
requires that the initial state of the system be a laser-field-dressed state. These two conflicting requirements
correspond to the two forms of molecular SFA theories, namely, the undressed state and the dressed state. The
two theoretical validity and applicability conditions are widely disputed. In this paper, we investigate the
ionization processes of Ny and Ne, molecules in an elliptically polarized laser field and a circularly polarized
laser field, aiming to solve the above-mentioned controversies. Elliptically polarized laser can efficiently suppress
the re-scattering process and the influence of various interference effects, which makes the ionization process
cleaner, and thus can effectively screen the applicable conditions for the dressed and undressed states. We
calculate the photoelectron momentum distributions corresponding to different molecular orbitals in the dressed
and undressed states by using the SFA and the Coulomb-corrected strong-field approximation and compare
them with previous experimental results. For molecules with large nuclear spacing such as Ne,, we find that the
dressed state is necessary to accurately characterise their ionization, however, for molecules with small nuclear
spacing such as Ny, the dressed state description is inapplicable. The conclusions of this work provide a
reference for accurately describing laser-induced molecular ultrafast processes and further developing

corresponding theories and molecular ultrafast imaging schemes.

Keywords: elliptically polarized laser field, molecule ionization, dressing, photoelectron momentum distribution
PACS: 32.80.Rm, 33.20.Xx, 33.80.Rv, 33.80.—b DOI: 10.7498 /aps.74.20250064
CSTR: 32037.14.aps.74.20250064
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SPECIAL TOPIC—Ultrafast physics in atomic, molecular and optical systems

Geometric phase in molecular dynamics®

YANG Huan ZHENG Yujunf

(School of Physics, Shandong University, Jinan 250100, China)
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Abstract

The geometric phase effect of molecules, also known as the molecular Aharonov-Bohm effect, arises from
the study of the conical intersections of potential energy surfaces. When encircling a conical intersection in the
nuclear configuration space, the adiabatic electronic wave function acquires a w phase, leading to a change in
sign. Consequently, the nuclear wave function must also change its sign to maintain the single-valued nature of
the total wave function. This phase is topologically related to the conical intersection structure. Only by
appropriately introducing the molecular geometric phase can the quantum dynamical behavior in the adiabatic
representation be accurately described. In the diabatic representation, both the geometric phase effects and the
non-adiabatic couplings between nuclei and electrons can be implicitly handled.

In this paper, according to the quantum kinematic approach to the geometric phase, we propose a method
for directly extracting the geometric phase in molecular dynamics. To demonstrate the unique features of this
method, we adopt the E ® e Jahn-Teller model, which is a standard model that includes a cone intersection
point. This model comprises two diabatic electronic states coupled with two vibrational modes. The initial wave
function is designed in such a way that it can circumnavigate the conical intersection in an almost adiabatic
manner within approximately 2.4 ms. Subsequently, the quantum kinematic approach is utilized to extract the
geometric phase during the evolution. In contrast to the typical topological effect of a quantized geometric
phase of m, this extracted geometric phase in this case varies in a continuous manner. When a quantum system
performs a path in its projected Hilbert space, it is a representation-independent and gauge-invariant formula of
the geometric phase. This research provides a new perspective for exploring molecular geometric phases and the
geometric phase effects. It may also provide a possible observable for experimentally studying geometric phases
in molecular dynamics.
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Fig. 1. Wavelength and double-differential probability spec-
tra of Compton scattering for hydrogen-like ions with differ-
ent nuclear charge numbers Z. Incident photon energy
w1 = 17.4 keV , scattering angles 6 = 133.75°. The solid
curves represent results calculated using QED theory, while
the hollow curves are those obtained by Eisenberger using

the impulse approximation.
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Fig. 2. (a) Geometric diagram of wave vectors and polarization states of incident and scattered light. The zoz plane is defined by

the polarization (€1)and wave vector (k) of the incident laser, while the direction of the scattered photon is characterized by

spherical coordinates (6, ¢) . (b)-(d) The double-differential cross-section of Compton scattering as a function of scattered photon

energy and scattering angle, with white dots indicating predictions from the free-electron model. (e)-(g) Solid and hollow curves

represent differential probability distributions of Compton scattering versus scattering angle, calculated using frequency-domain the-
ory and the Klein-Nishina formula, respectively. The incident photon energies are 500 eV (b), (e) , 1 keV (c), (f) and 10 keV (d),

(g) with laser intensity I =4 x 1020 W/cm? .
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Fig. 3. Variation of the electron density distribution in momentum space for ground-state electrons as a function of scattered

photon energy and scattering angle with laser intensity I =4 x 1020 W/cm?: (a) w; = 1 keV; (b) w; = 10 keV . Dashed lines in-

dicate the scattered photon energy versus scattering angle predicted by the free-electron model in Eq. (19).
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Fig. 4. Dependence of the double-differential probability of
Compton scattering on scattering angle, calculated using
frequency-domain theory (solid curve). wi = 1keV,5 keV,
10 keV, wa = w1 — Ip. The hollow curve shows the differ-
ential cross-section derived from the Thomson scattering

formula as a function of the scattering angle.
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SPECIAL TOPIC—Ultrafast physics in atomic, molecular and optical systems

Study of single-photon Compton scattering process of bound
electrons in intense laser fields by using
frequency-domain theory”

QIU Yuanyuan?  YANG YujunY® GUO Yingchun?
WEI Zhiyi24%  WANG Bingbing 24
1) (Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China)
2) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)
3) (School of Physics and Electronic Science, East China Normal University, Shanghai 200241, China)
4) (University of Chinese Academy of Sciences, Beijing 100049, China)
5) (Songshan Lake Materials Laboratory, Dongguan 523808, China)

( Received 15 April 2025; revised manuscript received 23 May 2025 )

Abstract

Compton scattering is defined as an inelastic scattering process in which the interaction between strong
laser fields and electrons in matter leads to photon emission. In recent years, with the rapid development of
X-ray free-electron lasers, the intensity of X-ray lasers has steadily increased, and the photon energy in
Compton scattering process has risen correspondingly. Previous studies focus on single-photon Compton
scattering of free electrons. However, the mechanism of non-relativistic X-ray photon scattering by bound
electrons remains to be elucidated. Therefore, we develop a frequency-domain theory based on non-perturbative
quantum electrodynamics to investigate single-photon Compton scattering of bound electrons in strong X-ray
laser fields. Our results show that the double-differential probability of Compton backscattering decreases with
the increase of incident photon energy. This work establishes a relationship between Compton scattering and
atomic ionization in high-frequency intense laser fields, thereby providing a platform for studying atomic

structure dynamics under high-intensity laser conditions.
Keywords: Compton scattering, frequency-domain theory, bound electron
PACS: 03.65.—w, 31.30.J— DOI: 10.7498 /aps.74.20250483
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Fig. 1. Potential function curves obtained at different laser and molecular parameters . (a) Sketch of the laser-dressed potential
V' (r) =V (r) — Eox (solid curves) and laser-free potential V (r) (dash-dotted line) for H;’ with R =2 a.u. (red curves) and
the model atom (black curves) at y = 0. The horizontal line indicates the energy of —I, = —1.11 a.u. The inset shows a close-up
of the results for the difference in exit position between the molecule and the atom. (b) Sketch of the laser-dressed potential
V' (r) =V (r) — Eoz (solid curves) and laser-free potential V () (dash-dotted lines) H;r with R =16 a.u. at y =0. Two ho-
rizontal lines represent the energy Ef =~ — [I, — Eo (R/2)] = —0.09 a.u. and the energy FEj ~ —[I, + Eo (R/2)] = —2.13 a.u.,
respectively. The coordinate x2 (z4) corresponds to the exit position of electrons tunneling out of the dressed-up (down) potential
barrier neighboring the left (right) nucleus. The coordinates z1 and x3 represent the positions of the left and right nuclei of the
molecule. The horizontal pink arrows indicate the direction of tunneling and r{ = |z2 — x1| (r{ = |4 — x3]) represents the abso-

lute value of the exit position relative to the position of the left (right) nucleus. The laser amplitude used here is Eg = 0.13 a.u.
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2 R EEH (a)—(d)BERFE T (e)—(h) R=2 auwh HI . LK (1)—() R=16 a.w.hy H AGHE T 314 A 10
(a), (e), (i) TDSE; (b), (f) SFA; (j) DSFA; (c) A-TRCM J7 i ; (g) S-TRCM J5 % ; (k) L-TRCM J5 % ; (d), (h) MSFA; (1) U*-
MDSFA. {HA3TERE ML, (1) i) USMDSFA SR 5 [ 1 25 1 45 42 B JIE 0 1 097 8 4 B 55 091 8 26 ik 0 40, (R4 26 4
AL, IR R ARG AL EEIER v (to)| =1y =|rol —ra, P rg=m, — 1l , r{f = |z2 —x1|. PMD 4k
ElmFf 0 WAEHAN TR P FRR. BOLSE N T =1 x 1015 W/em?, A\ =800 nm, ¢ = 0.87

Fig. 2. PMDs of (a)—-(d) the model atom, (e)—(h) H;‘ with R =2 a.u., and (i)—(1) H; with R =16 a.u., obtained with different
methods*’: (a), (e), () The TDSE; (b), (f) the SFA; (j) the DSFA; (c) the A-TRCM method; (g) the SS-TRCM method; (k) the L-
TRCM method; (d), (h) the MSFA; (1) the U-MDSFA. It is noteworthy that the U~MDSFA simulation in (1) assumes taking the
position of the atomic nucleus near the dressed-up potential barrier as the starting point of the tunneling position vector (the end-
point of this vector is the position of the tunnel exit), and modifies the initial position for post-tunneling electron evolution to
[’ (to)| = r) = |ro| —ra, with 74 =rp — 7§ and r{ = |z2 —z1|. The nonzero offset angle 6 of the PMD is also indicated in
each panel. The laser parameters are I =1 x 10'® W/cm?, A\ =800 nm and & = 0.87.
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Fig. 3. The PMDs of H;’ with R = 16 a.u. calculated by MDSFA and different modified MDSFA models. (a) MDSFA model stip-
ulates that the origin of the coordinate system is taken as the starting point of the tunneling position vector (the endpoint of this
vector is the position of the tunnel exit). (b), (¢) U(D)-MDSFA model stipulates that the position of the atomic nucleus near the
dressed-up (dressed-down) barrier is defined as the starting point of the tunneling position vector. (d) D-MDSFA model which
modifies the initial position for post-tunneling electron evolution to |v/(to)| =r( = |ro| —r4, with rq =7, —r{ and
ry = |za — x3], based on the D-MDSFA model. The nonzero offset angle ¢ of the PMD is also indicated in each panel. The laser

parameters are I = 1 x 101> W/cm? A\ =800 nm and ¢ = 0.87.
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Fig. 4. Offset angles of H; predicted by the TDSE, the L-
TRCM model, the U-MDSFA model, the U-MDSFA mod-
el, the D-MDSFA model, and the D-MDSFA model for dif-
ferent R. The laser parameters are I =1 x 10 W/em?,
A =800 nm and € = 0.87.
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Fig. 5. Research on tunneling ionization of H;r with intermediate R. (a) Sketch of the laser-dressed potential V' (r) =
V (r) — Eoz (solid curves) and laser-free potential V () (dash-dotted line) for H2+ with R =4 a.u. at y =0. The horizontal
line indicates the energy of —I, = —1.11 a.u. (b), (c) PMDs of H;’ with (b) R =4 a.u. and (¢) R=6 a.u. The offset angle 6
of the PMD is also indicated in each panel. The ionization energy are both I, = 1.11 a.u. To satisfy the ionization rate require-
ments of different systems, the electric field strength used in (b) is I =4 x 10'* W/em? and in (c) is I =3 x 10 W/cm?. Oth-

er laser parameters are A = 800 nm, ¢ = 0.87.
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Abstract

The attosecond technology provides a powerful tool for studying the ultrafast dynamics of electrons during

the strong-field ionization of atoms and molecules. This technology relies on quantitative theoretical models to

invert the ultrafast time-domain information of the system in the ionization process from the photoelectron

spectra obtained through experimental measurements. One of the key issues in constructing quantitative strong-

field theoretical models is the theoretical description of the Coulomb effect. The Coulomb potential of

molecules, compared with the single-center Coulomb potential of atoms, exhibits a multi-center distribution.
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This fundamental geometric structure feature results in many new effects of molecules in the external field, such
as orientation effect, charge resonance effect, intrinsic dipole effect, and vibration effect. Therefore, it can be
expected that the tunneling ionization process of molecules contains more phenomena than that of atoms, which
is worthy of in-depth study in experiment and theory. Especially for stretched molecular ions, such as Hj ,
those exhibiting charge resonance effects in external fields, the difference between near-nucleus and far-nucleus
Coulomb effects, which is of great significance for constructing quantitative theoretical models, becomes more
complex, providing a platform for testing the applicability of quantitative theoretical models.

This work systematically compares the predictions of different theoretical models for the attoclock
characteristic observables in molecular systems with large internuclear distances. Through comparative analysis,
it is found that the recently proposed semiclassical response time theory, which incorporates near-nucleus
Coulomb corrections, shows better agreement with numerical experimental results than the developed strong-
field approximation models that consider far-nucleus Coulomb corrections. The semiclassical response time
theory establishes a theoretical framework for describing strong-field ultrafast ionization dynamics of stretched
molecular systems by considering dual-center Coulomb potential corrections and excited-state contributions.
Specifically, it approximates the complex four-body interactions (electron-laser-dual nuclei) in stretched
molecular systems to a three-body interaction (electron-laser-dressed-up barrier-proximal nucleus), while using
the influence of the other nucleus on the potential barrier as a correction term for the tunnel-exit position. This
framework highlights the significant influence of quantum-property-dominated near-nucleus Coulomb effects on
molecular tunneling ionization. Furthermore, the theory provides an explicit formula for the response time
determined by fundamental laser and molecular parameters. By calculating this response time, the values of
attoclock observables are deduced from the theory, thus enabling a clear discussion of ionization time delays in
stretched molecular tunneling ionization and revealing that such delays reflect the timescale of strong four-body
interactions between the laser, electron, and molecular nucleus. In contrast, the developed strong-field
approximation model that simultaneously considers excited-state effects and numerically solves Newton’s
equations to describe far-nucleus Coulomb effects cannot fully describe the above-mentioned four-body
interaction, making it difficult to quantitatively describe the complex tunneling ionization dynamics under the
combined action of coulomb and excited states. Additionally, since this model cannot clearly define the
ionization time, the related ionization time delay issues cannot be well discussed. Computational results show
that the semi-classical response time theoretical model has improved in terms of calculation accuracy and
efficiency, thereby verifying the applicability of this theoretical model in the study of molecular ultrafast
ionization dynamics.

Moreover, for H with intermediate internuclear distances, the charge resonance effect induces a significant
ionization enhancement effect. We present relevant numerical experimental attoclock results and explore the
potential applications of the response time theory in such systems. We also envision the extension of this theory
to strong-field tunneling ionization in polar molecules, multi-center linear molecules, planar and three-
dimensional molecules, and oriented molecules, where interference and Coulomb-acceleration effects compete

with each other.
Keywords: molecular tunneling ionization, attoclock, ultrafast detection, semiclassical theory
PACS: 33.80.Rv, 31.70.Hq, 42.65.Ky DOI: 10.7498 /aps.74.20250459

CSTR: 32037.14.aps.74.20250459
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Fig. 1. Composition of the experimental system: (a) Pump-probe optical path; (b) intensity variation of pump light with different

group delay dispersion in the simulation; (c) intensity variation of pump light with different group delay dispersion in the experi-

ment.
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Fig. 2. Time domain signal when the pump light power is consistent: (a)-(c) THz signals generated by different dispersion pump

lights and their relative peak intensity changes in the experiment; (d)—(f) THz signals generated by pump lights with different dis-

persions and their relative peak intensity changes in the simulation.
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Fig. 3. Frequency domain signal when the pump light power is consistent: (a), (b) THz signals generated by pump lights with differ-
ent dispersion in the experiment; (c), (d) THz signals generated by pump lights with different dispersion in the simulation.
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Fig. 4. Gaussian pulse simulates pumping to generate THz waves: (a)-(c) THz signals generated by pump lights with the
same pulse width but different intensities; (d)-(f) THz signals generated by pump lights with different pulse widths but the same

intensity.
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SPECIAL TOPIC—Ultrafast physics in atomic, molecular and optical systems

Modulation of terahertz wave generation on lithium niobate
chip by temporal dispersion of femtosecond laser”
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Abstract

Femtosecond laser excitation of nonlinear materials is one of the key technologies for generating terahertz
waves at present. Due to its advantages such as ultrashort time resolution and ultrabroad frequency spectrum,
the technology has been widely used to characterize, measure, sense and image terahertz waves. However, the
methods of controlling terahertz waves through microstructures can only regulate their transmission process,
and they will face obstacles such as design difficulty and complex processes, making it hard to be widely used in
industry. In this work, by introducing a pulse-shaping system to change the time dispersion of femtosecond laser
pulses, the interaction process between femtosecond laser and lithium niobate crystals can be directly regulated,
therefore the terahertz generation process can be directly controlled. Taking the second-order time dispersion for
example, the terahertz signals generated by pump light with different second-order time dispersion in lithium
niobate is detected by using the pump-probe phase-contrast imaging system. Meanwhile, the generation process
of terahertz waves is simulated using the impact stimulated Raman scattering model and Huang-Kun equation,
demonstrating the feasibility of using femtosecond laser pulses to adjust the time dispersion of terahertz waves.
The experimental and simulation results show that when the time dispersion of femtosecond laser causes the
pulse width to increase, the time in which the lithium niobate lattice is subjected to the impact stimulated
Raman scattering force is prolonged, and the macroscopic polarization of the lithium niobate lattice is
correspondingly extended. On the one hand, the longer duration of polarization results in a wider terahertz
signal in the time domain and a narrower one in the frequency domain. On the other hand, since the impact
stimulated Raman scattering force is proportional to the pump light intensity and is in the same direction
during the interaction time, when the Raman scattering force ends, the lattice reaches a maximum
displacement. The longer Raman scattering force causes the lattice to move to one side for a longer time, and
correspondingly, the subsequent vibration of one period takes a longer time, ultimately resulting in a lower
center frequency. In addition, this work also points out that the modulation of terahertz signals by pump light
pulse width may be affected by the thickness of the wafer, and the modulation effect on thinner media may be
more obvious. This result is of great reference significance for the active regulation of on-chip terahertz sources
based on lithium niobate crystals in the future.

Keywords: temporal dispersion, terahertz generation, on-chip integration
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