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ST REB/NISTF, RIS 2.4.2 1S
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V(1) = V (r) — Eox (S:4) MITHOLE V (r) (B2%). KFLHER —I, = —L11 awf0fght. i8R T4 FRET 06 %
2R ZEFERIBKE. (b) Ty =04 R =16 auly Hf MEOLEMH V' (r) = V (r) — Box (3:48) MLHEOEH V (r) (BL).
PR P M E R B ~ — I, — By (R/2)] = —0.09 a.wfl E} &~ —[I, + Eo (R/2)] = —2.13 a.wfYAER. HR o (za) XN T
e () AR 1) B (1n) ) S840 A 3 22 iR R 28 i 8 0. AR bR g B s RN 4 F A2 S RUAS R F R . 7K R R 20
EFLRRBEFEN I, vy = |we — @1] (r] = |wa — @3]) T B OALEARR T4 () B ALE MY 4B 33X HLAE 0 BOCIR 6
Eo = 0.13 a.u.

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