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Fig. 1. (a) Ilustration of a two-level atom. AFE is the energy difference between the two levels and hw is the energy of the laser

photon; (b) illustration of the laser pulse used in the calculation; (c¢) end-of-pulse excitation probability versus laser intensity. Black

dots are numerical results from TDSE, and the red dashed line is the result from first-order time-dependent perturbation theory,

n = DEy/AE is the ratio between the interaction energy and the transition energy.
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Fig. 2. (a)—(c) Induced dipole moment D;4(¢) and (d)—(f) the harmonic spectra from Fourier transform; the laser intensity is
a

10" W/em? (a), (d); 104 W/ecm? (b), (e); 106 W /cm? (c), (£).
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Fig. 3. (a) The lowest two energy levels of the bare thori-
um-229 nucleus (?**Th%*); (b) hyperfine splitting and state
mixing in the hydrogen-like ionic state (***Th®"). Note that
the lifetime of the nuclear excited state in the bare nucleus
is on the order of 10% s, while the lifetime reduces dramatic-

ally to the order of 102 s due to hyperfine mixing effect.
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Fig. 4. (a) Atom in a light cavity, where atomic states can
couple with the light states, forming dressed states; (b) nuc-
leus in an ion, where nuclear states can couple with the

electronic states, forming coupled states.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

From “strong-field atomic physics” to
“strong-field nuclear physics””

Wang Xu D21

1) (Graduate School, China Academy of Engineering Physics, Beijing 100193, China)
2) (Southern Center for Nuclear-Science Theory, Institute of Modern Physics, Chinese Academy of Sciences, Huizhou 516000, China)

( Received 18 October 2024; revised manuscript received 11 November 2024 )

Abstract

In the mid-1980s, chirped pulse amplification (Nobel Prize in Physics 2018) broke through previous limits
to laser intensity, allowing intensities to exceed the atomic unit threshold (1 atomic unit of laser intensity
corresponds to a power density of 3.5x10' W /cm?). These strong laser fields can cause high-order nonlinear
responses in atoms and molecules, resulting in a series of novel phenomena, among which high-order harmonic
generation and attosecond pulse generation (Nobel Prize in Physics 2023) are particularly important. With the
development of high-power laser technology, laser intensity has now reached the order of 10% W/cm? and is
constantly increasing. Now, a fundamental question has been raised: can such a powerful laser field induce
similar high-order nonlinear responses in atomic nuclei, potentially transitioning “strong-field atomic physics”
into “strong-field nuclear physics”?

To explore this, we investigate a dimensionless parameter that estimates the strength of light-matter
interaction: n = DEy/AE , where D is the transition moment (between two representative levels of the system),
E, is the laser field amplitude, DE, quantifies the laser-matter interaction energy, and AFE is the transition
energy. If n < 1, the interaction is within the linear, perturbative regime. However, when n ~ 1, highly
nonlinear responses are anticipated. For laser-atom interactions, D ~ 1 a.u. and AF =1 a.u., so if £y ~ 1 a.u.,
then n~1 and highly nonlinear responses are initiated, leading to the above-mentioned strong-field
phenomena.

In the case of light-nucleus interaction, it is typical that n <« 1. When considering nuclei instead of atoms,
D becomes several (~5 to 7) orders of magnitude smaller, while AE becomes several (~5) orders of magnitude
larger. Consequently, the laser field amplitude E will need to be 10 orders of magnitude higher, or the laser
intensity needs to be 20 orders of magnitude higher (~ 103 W/cm?), which is beyond existing technological
limit and even exceeds the Schwinger limit, where vacuum breakdown occurs.

However, there exist special nuclei with exceptional properties. For instance, the ?*Th nucleus has a
uniquely low-lying excited state with an energy value of only 8.4 eV, or 0.3 a.u. This unusually low transition
energy significantly increases n. This transition has also been proposed for building nuclear clocks, which have
potential advantages over existing atomic clocks.

Another key factor is nuclear hyperfine mixing (NHM). An electron, particularly the one in an inner
orbital, can generate a strong electromagnetic field at the position of the nucleus, leading to the mixing of
nuclear eigenstates. For 2Th, this NHM effect is especially pronounced: the lifetime of the 8.4-eV nuclear
isomeric state in a bare ?»Th nucleus (?°Th?*) is on the order of 10% s, while in the hydrogenlike ionic state
(®°Th¥7) it decreases by five orders of magnitude to 102 s. This 1s electron greatly affects the properties of the

229Th nucleus, effectively changing the nuclear transition moment from D for the bare nucleus to D’ = D + by,

* Project supported by National Natural Science Foundation of China (Grant Nos. 12474484, U2330401, 12088101).

1 E-mail: xwang@gscaep.ac.cn

244202-8


mailto:xwang@gscaep.ac.cn
mailto:xwang@gscaep.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 244202

for the hydrogenlike ion, where D ~ 107 a.u., b~ 0.03 is the mixing coefficient, p. is the magnetic moment of
the electron, and D’ ~ bue ~ 10~* a.u. That is to say, the existence of the 1s electron increases the light-nucleus
coupling matrix element by approximately three orders of magnitude, leading to the five-orders-of-magnitude
reduction in the isomeric lifetime.

With the minimized transition energy AE and the NHM-enhanced transition moment D', it is found that
n ~ 1 for currently achievable laser intensities. Highly nonlinear responses are expected in the ??°Th nucleus.
This is confirmed by our numerical results. Highly efficient nuclear isomeric excitation can be achieved: an
excitation probability of over 10% is achieved per nucleus per femtosecond laser pulse at a laser intensity of
102! W/cm?. Correspondingly, the intense laser-driven 2°Th%* system emits secondary light in the form of high
harmonics, which share similarities with those from laser-driven atoms but also have different features.

In conclusion, it appears feasible to extend “strong-field atomic physics” to “strong-field nuclear physics”,
at least in the case of ??Th. “Strong-field nuclear physics” is emerging as a new frontier in light-matter
interaction and nuclear physics, providing opportunities for precisely exciting and controlling atomic nuclei with

intense lasers and new avenues for coherent light emission based on nuclear transitions.

Keywords: strong-field atomic physics, laser-nuclear physics, highly nonlinear responses, high harmonic

generation
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Fig. 1. Sketch of the experimental scheme, the reflectivity and fluorescence maps refer to Ref. [61], and the emission spectra map

following inelastic scattering is taken from Ref. [82].
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Fig. 2. Schematic diagram of inner-shell transitions in WSi,.
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Fig. 3. Layout of the P23 beamline of the PETRA III synchrotron*’.,
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refractive indices and thickness of thei-th layer, 7;_1;
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layers.
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Fig. 5. Sketch map of field amplitudes in the cavity.
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Fig. 6. Reflected X-ray patterns from the cavity samples

with (a) flat surface and (b) distorted surface, respectively.

The horizontal beam size is larger than the vertical one.
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Fig. 7. (a) Rocking curve of the cavity with the structure of Pt
(2.0 nm)/C(18.0 nm)/WSiy(2.0 nm)/C(18.0 nm)/Pt(16.0 nm)/
Sijgo(infinitely thick); (b) the field intensity distribution in-
side the cavity. The white solid lines dipict the boundaries

of different layers.
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Fig. 8. Rocking curves under on-resonance and off-reson-

ance X-ray energies.
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Fig. 9. Simulated two-dimensional reflectivity maps of the cavity around the first mode angle using (a) the Parratt’s recursion,

(b) the transfer matrix method, and (c) the Green’s function framework, respectively.
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Fig. 10. Comparisons of reflectivity spectra at (a) —-0.001°, (b) 0° and (c) 0.001° offsets deviate from the first mode angle.
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Fig. 11. Collective Lamb shift and superradiance of
Mbossbauer transition of “Fe due to the cavity effect. The

cavity structure used here is same to Fig. 8.
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Fig. 12. X-ray reflection two-dimensional spectrum of experimental measurements and theoretical simulations: (a) Experimental re-

flectivity map; (b) experimental data by exclusion of the absorption edge; (c) simulated reflectivity map; (d) simulated map by ex-

clusion of the absorption edge.
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Fig. 13. Measured reflectivity spectra at the first mode
angle. The dots are experimental data, and the dashed lines
are the fit to data according to the theoretical model. The
solid lines present the Fano profiles in the reflectivity spec-
tra by subtracting the fitted edge components from the ex-
perimental data. The squares of Im(q) for each data set are
also presented. Data are quoted from Ref. [61].
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Fig. 16. (a) Simulated field intensity at the atom position for the cavity in Fig. 7; (b) simulated fluorescence 2D map according to

the reciprocal theory; (c¢) the measured fluorescence 2D map.
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Fig. 17. Selected fluorescence spectra at the (a) 1%, (b) 3, (c) 5 mode angles, and (d) offset angle far from the mode angles. The

experimental spectra are fitted by the theoretical model, and the widths of the Lorentzian response are presented. Note that the re-

sponse features as the natural linewidth of the atomic transition at off-resonant angles while the width is strongly altered by the

cavity effect at mode angles. Data are quoted from Ref. [60].
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Fig. 18. Far-field fluorescence intensities at different emis-
sion angles. The directional emission is observed at the first
and third cavity modes. The blue and red dotted lines are
experimental data resulted from X-ray excitation and elec-
tron beam excitation, respectively. The solid black line is
the simulation based on the reciprocity theorem. Data are
digitized from [58].
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

L] L] L L L3 *
X-ray cavity quantum optics of inner-shell transitions
Wang Shu-Xing Y%  Li Tian-Jun!  Huang Xin-Chao®? Zhu Lin-Fan V?

1) (Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China)
2) (I. Physikalisches Institut, Justus-Liebig-Universitit Giefen and Helmholtz Forschungsakademie Hessen fiir FAIR (HFHF),
Campus Giefen, GSI Helmholtzzentrum fiir Schwerionenforschung, Gieflen 35392, Germany)

3) (FXE Instrument, European XFEL, Schenefeld 22869, Germany)

( Received 30 August 2024; revised manuscript received 25 October 2024 )
Abstract

Over the past decade, X-ray quantum optics has emerged as a dynamic research field, driven by significant
advancements in X-ray sources such as next-generation synchrotron radiation facilities and X-ray free-electron
lasers, as well as improvements in X-ray methodologies and sample fabrication techniques. One of the most
successful platforms in this field is the X-ray planar thin-film cavity, also known as the X-ray cavity QED
setup. To date, most studies in X-ray cavity quantum optics have focused on M&ssbauer nuclear resonances.
However, this approach is constrained by the limited availability of suitable nuclear isotopes and the lack of
universal applicability. Recently, experimental realizations of X-ray cavity quantum control in atomic inner-
shell transitions have demonstrated that cavity effects can simultaneously modify transition energies and core-
hole lifetimes. These pioneering studies suggest that X-ray cavity quantum optics based on inner-shell
transitions will become a promising new platform. Notably, the core-hole state is a fundamental concept in
various modern X-ray spectroscopic techniques. Therefore, integrating X-ray quantum optics with X-ray
spectroscopy holds the potential to open new frontiers in the field of core-level spectroscopy.

In this review, we introduce the experimental systems used in X-ray cavity quantum optics with inner-shell
transitions, covering cavity structures, sample fabrications, and experimental methodologies. We explain that X-
ray thin-film cavity experiments require high flux, high energy resolution, minimal beam divergence, and precise
angular control, necessitating the use of synchrotron radiations. Grazing reflectivity and fluorescence
measurements are described in detail, along with a brief introduction to resonant inelastic X-ray scattering
techniques. The review also outlines simulation tools, including the classical Parratt algorithm, semi-classical
matrix formalism, quantum optical theory based on the Jaynes-Cummings model, and the quantum Green’s
function method. We discuss the similarities and unique features of electronic inner-shell transitions and
highlight recent advancements, focusing on cavity-induced phenomena such as collective Lamb shift, Fano
interference, core-hole lifetime control, etc. Observables such as reflectivity and fluorescence spectra play a
central role in these studies. Finally, we review and discuss potential future directions for the field. Designing
novel cavities is crucial for addressing current debates regarding cavity effects in inner-shell transitions and
uncovering new quantum optical phenomena. Integrating modern X-ray spectroscopies with X-ray cavity
quantum optics represents a promising research frontier with significant application potential. Furthermore, X-
ray free-electron lasers, with much higher pulse intensity and shorter pulse duration, are expected to propel X-
ray cavity quantum optics into the nonlinear and multiphoton regimes, opening new avenues for exploration.

Keywords: X-ray quantum optics, X-ray planar thin-film cavity, synchrotron radiation, inner-shell transition
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T FER R YRR AR, [FIEPERE A m R S
B IR ORI, XA R P (A A S R SR AR
GBI KHAE T 52 BY A
YEH DL R AE W) R 80 8115 S R AT 0 55 2
U ELAT EE N HANE BT

FERL LA, B R FR () SE R LS
TR E Ry Bl SRR F{73K (double elect-
ron capture, DEC) i & iy % [ A5 XF 8¢ /)8 | il 18
WA AR, SR AT AE AR AT 212 . O RIA R SC
R Z 5T 20 4t 80 A& A BET IS (U AT HL
FREAFE AR M. 40 Roncin 45 M M FHAF A RE
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Ne™, Ne**) 5 He , Ar , Hy fEFHHL XU TR
MR, SRRV HASE T (=7, 8) 1%
AR L T2 ISR AR B L T Hutton 55 12
il EEARER L T RERGEORBTTE T 90 keV HY Ar®*
B 75 He J5U7 B TR ARE B0 A8 7 1Y DU
RASATE, FH TS R AT He SIS
ARG 28, B T 26 Na Bk 8 R L.
B, OUHL A7 R A v - L G HR AR X
AT S B S A ISR B RS )L Mack 4 19
T SEH 7T 60 keV BRAZ B T COT 5 H, Rl 47
A YL FRET, I HL - OGN B T HAL i AS A
I FRHREE SO S HIE L. Poshumus 45 1419] 3
i P AL T RE TS R 2R He B 1 (N°F, O%F) 5 H,
lf 42 v A A T R ZH AR T A S RS
H e A 2l i B0 PR 1 A B Al A
JE B R MG K. Lee 55 06 F| H] 2 1 A1k #6F-3h
RETEH AN 6 keV Y C+ES 5 He, Ne fl Ar Ji
TRl OO R R T TS, R BAE O3
B4 He [ FRlfE T R b, £E7E R8P4
FRIUIF AR fF P RR e L. SR, fig
P A BR TIRRE A RE IX., HOL 5 ASOUE A PR TIE A S
F, - 1) 45 ) [l P R B e s A 0 i A, X
SR R EGERR I T A RE XA OBU L TRk R T
AR T B R IH

T 30 43k, [ i Tl Y (recoil ion mom-
entum spectroscopy, RIMS) £ A B9 AL EL T
ST = R =T Y TN e e e N 3 e 1 2 [ RS SRR E 2 T
AR SRS TR Am ST AR SE AR, RO M A
TR TSP Y B 0718, 2001 4F, Fléech-
ard 45 Y9 SR ] Sz o 15 - 3y i 1430000 2 R SR 5 2
WIS A& 1T, X 50—150 keV 1 Nel®* g
15 He JEFRffE S FE#AT THFSE, 45 T — R
X H, 5 BRI B LI & 285 1) e 48T AR A 70 A
1. 2010 4F, 5 BEAF PO F HIve #E S vp 8 1 3l i ik
% (cold target recoil-ion momentum spectroscopy,
COLTRIMS), i) T IRBE M A B+ Cor, Net
0%, Ne# (4 < ¢ < 7) 5 He filf 4 op SR 755
Foad B, KB T XU T30 5 5 % v 8 ) AT e e
RN, Fa7 1 P E E 1Y 3E S HIL]

FEFLBA ST 7T, M T2 FEe T 7
P BRZIE 2T @RS 8 )¢5
JIA R, HEE 5 T2 el 2 i
B FEA LT LM ZiliiE Landau-Zener Fi71

(multichannel Landau-Zener, MCLZ)®?!, 43 J&
£ ad 22 BiAY (molecular Coulomb over barrier,
MCBM)?2 2 MBI 5255 R 251k (classical tra-
jectory Monte Carlo, CTMC)® | JiF#iE S &
Fi# (atomic-orbital close-coupling, AOCC)P4,
I HE ERA AR (molecular orbit close-coup-
ling, MOCC)® Dl K i F J1 20 T B B A& 7
£ (quantum-mechanical molecular-orbital close-
coupling, QMOCC), H: 1| CTMC, MCLZ Fl
MCBM 4B 2 L I - 4 2 A oy 344
KA F B3, b TIF A, BT
A 1 AOCC PAJe MOCC R T 2 2 G AU,
M7 R A IR B 3, K Rl 1A 2 v i A7
Tz A R &SR, TR RGN
REMEHR BE T N A B B 1225 R, SR IX T2 ¥
b AR, JC T HE [R] i 2 P& - HL T OCHR RN LA
LT AZAH AR IS, i RS AK H Ta s k .

AR TAEBEFE 1.4—20.0 keV /u fE YT [ Arst
BT5 He JiflfAs SOy b i) f 1 S B0, 11
PO FEIEATHISE. 0, T T WOERE AR GG
K Re i L gt 9 W Ar®+ B F 5 He Jit - HL o
A it AR PR, TP AR AT AN T A A DTk 22,
HR, FE3E At (2p8) HA Ne BIHIH T2 F
45, He Z 5 P CHR L F 5, IR Rk
25 R 0 IH] B X R, Oy S R R T — 5 Y
) 303U FEYR ) Bt e B e 8 B R PR T FE
IESEME AT ES R e 2HE T Ard-He HiH
TR AR AR B2, SR 7 ¥ A 5 REHERA 1A i
TR PRt e, AR THEZ RG0SR0k 50 53],
BT UL EFE, AR TRt ny sy ¥ gl ik
IEAR, T Ar*t B+ 5 He Ji il 53k
PEXUH TR R A I 2, WP A -5
FE A0l 3 B fE A AR G R

2SIk

ARSCELS TAFRE TR R 150 KV e LA 245
e I R e B R R N A e e s ta ] S al O
TR B R 5 R 6 L RS RS R
M 1 2l 1 35 (cold target recoil ion momen-
tum spectroscopy, COLTRIMS) 2844 i%,. HH CO
LTRIMS % ¥ 2 16 35 g0 R 40, WATHt
(] 3 A | AR 2 - P A AT A | L R BRI A%
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H, o AR SR B AR G0 A 2H IR oy D178 S
B EE 1R,

PL ArS*t-He XUHL 13RS A ], 85 A=
R Z MM Ar 87, 25 RS o 2
BOERER, AT B 90° 7 T A Ak i 18 H S0 T s 114
AT T AT T PR A FR RS B 45°HE
SN AT E A AR, 0T F i e Al 0 o O
(1 E, PITEBREEXS R R A T HE AN RR O FE R ARl
f3 s 2 2T, ArSYES T AR 15 B K20 100 pA,
[FIA SR A2/ 1 mm.

4l He 54K LL 2 bar (1 bar = 0.1 MPa) J&
N2 20 pom MW A RE K N LS %, 2
=9 skimmer ZEFEIBR AT 1SRy 4k i 25 114 7 R
SRR R AR 2 10" atom /em?, 7R
RATHF A S ArSH S TR 3 5 A8 Rl
KA USSR SO . AT RIS HE 1 ST L
R XCFITE R X, 350N X K B 100 mm,
IR XA BE R 300 mm. I X H 55 [E] FE 1 2R HL
B 0 A5 (R e F BELAFZE 2H B, 4R AR 55 v 3.
TCHL I RS XSG B 7 RATRE B S It a], (- T7E
PRI b DR FRh S 5P iash i e 1, 4l
AT PR ROV FT AR R S - Het, He?t, B G
Zoh AT TRl R 2] i S F I, FF2Rid T
G X JE i — Ao R BRI A, RIS s 4R
MI#% (position sensitive detector, PSD-r) £,
I i P AR I A+ p A XS YY) P AT AR L
Mrasdt AT e AR X A, SRIE BT — M R BRI
v, BB FHRMES (PSD-p) #80. & A Ha far

IR

S 9 L L 1 RS ASOR i ) 325 7 585 FRT WAL 5.
e S5 ok A v AR Y A B LS E R AR R 1
10 Torr (1 Torr = 133.322 Pa).

e 1P E A AR R BUR, £ COLTRIMS
E SCE A SARHTT )2y X J7 1], " RATI )45
M YO, AR TR ZJ7
6], F ] PSD-r AYALE A RATIS )5 B n] LAEAY
Feoh g 1 =g, & S AT [l ) gl o iR
Y\ Zhid P, AR LR I R AR £ AN Sh B SE,
TR RS I R AR B

n
Q:_§‘/p2_‘/p'Pzr7 (1)
Q n-V
Pzr:_v_ 2p7 (2)
p

Horp, VSRR P n MRS R, Q 1R
RN AT IE R R SR AR . RIE X, Q =
er — &, JLHT & T &g P HISEPAF AT L - 7E L FIHE
ST LY ARE. T He R FAERERE 2 AiTAL T
B, AN LR (1) 1 (2), BT PR
HL T 5 T I R A B BE S AT R R s -9 1) o) i
A,

SR A 1) = i o I LB 0 /€ =S e
PrEE, e RATH S, DU 5
MBS BIAF A A5, AT LAY B0 B L S R
AEAE. SEEe R vp B AR AT RIS AR A T
IR B 0 20 V/em, LT RWE TR T
95% HICEE SR, DL 12.0 keV /u B4 3 2 T BE
Ffl, B 2 JRAR T At T He R Talifid f

4

~ -

VR b T Bl REY

Fl1 B 150 KV i AT 8 T 5 B v S5 il g 7 gl e i A0 R 1A
Fig. 1. Schematic diagram of the COLTRIMS apparatus at 150 kV high voltage platform in Fudan University.

240701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 240701

Je M XU AR R RO S He 1 Z J5 1A (1 — 4k
(AR o, RO U SRR, 46
L T M, AN Rl 2 T B R
AR BT R RUECA 1A, I BURER T %
S AW AR XS AL 3% AR B 2 BEY 0.25 aul
FHk [ IR AR T DIk DT, AR g )
B LK CAT IR [ 73 B 08 1% S Ay 2 1223 1) 52 i [
FEAREZ.

—T T — T
3s3p 3p? 3s3d  3sds  3pdp 3s6/ 3sul 3p7p
8r 3d4d 3p7d

Counts/104

I \
" [
SN s N

0 AAEARY '\ LA
160 180 200 220

Z channel

Bl 2 12.0 keV/u i Ar®+5 He Jf ¥l 8 o & A= XA 1%
I B RS - B — AL B (BB 0 U8 I AY SR RO R
LIS N = A T 2R)

Fig. 2. One-dimensional position spectrum of the recoil ion
of double electrons capture in the 12.0 keV/u Ar®* collision
with He. The black dots represent the measured experi-
mental data, and the red solid line represents the Gaussian

fitting curve.

3 ZXR5i%®

AT b i TR RS AL T IS s 2
T E G PE g, FIas & Romes § He?t
M B 5 RATIE], AT DLE A Artt-He fill
B A S g, BARATT, AR E (1) 20K
Sy Q i, XHIE 2 AR B i e A
PSRN Q EIFATEMEIL A e, il —4Efr E 1%
Fefbhy QMHIE, K 3 45T Artt-He UL T4k
HARE) QIE ik, A 1 1.4—20.0 keV /u
AL F3 R e Y TR R0 Ry S R AR, £ S
N a k. Q (A1 T LU i1 25 HE XU,
TAFAR ArSH B TR XU S AT L. AL 3 1]
DVE B 2R R AE X RE XY Q (431 3
il 40—190 eV, FETEH 0 5 B XUHUR i 1748
TEFEAG . A SRR B R AS
3pnl (n > 6), 3d4lF1 3snl (n > 3), WH TR

Tia] 7 i 2 B = BB R AR R A

20 TR R A, AR g Q B X R
AR B oS F g i, Q (EBR EIRAE 1A R B
REL R, WM HIERE, BEE TR T he
IR, BARRE S A A AR K, M4 = fEY
PR R AR /N, B Q B2 {EE my BE R, LA
e M B R i P S 7 AR, SRV E T
AT R E I a2 B

ML TR S ) A £, BRI i 2%
5. TSR HEA PR, AR TAEPHELI &1 BE Rt
TIB— X ARSI, BRI, #e E m FAOR i shi i
BOSF AR AS AT 4 3R 2N LA 3. L 20.0 keV /u
XL 3(1) SR, B TR Q E ISt 24
GYSLIEL Y, VR T B e e 2 ]
REMI I QE, BNV 8T (73R IR b T
ANFE RO R A X LR TR ) Q (XS B T A [R]
B T4, Hid Gaussian ZIEHIEHE Q (HI%EZ
W MBS, 454G He JiFRUSE — B RE S NIST
BRI ArS+ i A RE &, 08 A DB & AT
N QMH, IRMIH 352, 3s3p, 3p?, 3s3d, 3sds, 3pdp,
3s61, 3snl, 3d4d, 3d4f 7 N 1Y Z R BUEUL & F 25
H TR AR R i 5 A8 LUK, o Tl 4
BRI, AE RATH AR A T RGR T
Y (20 V/em, 0 FEBLE 3 V/em), Mok 5] 1
SR EE R AP 2. AION TR 3 T 3 A EE
e (22 Z A7) ANREFA R 25 1 AR Bk 45, XA
KB ST THBE: 5 1 FEEOH QYL
4 59—62 eV, H.H 4155 3p8s, 3p8d, 3pTf, 3p7d,
3pTp, 3d4f R REMI XK K2, 44 HTiNh 3pTp
1 3p7d BRI AT REMIICE A, HITE R geishis,
B X AN BRI R 3p7i; [AIH, XF T4 2 FEIgEh
O QEIE 2 70—74 eV, Hirp 418 35101,
3591, 3p5d, 3p5f, 3d4d 5 AT RERI XU L2, 4Pk
i EA T ERY A 351001 3d4d, 785 Eeitie#i%
WESIARIEN 35100 XF T4 3 2, ol QH
TR 85—88 eV, HHA 5 3s6s, 3s6p, 3s6d, 3paf
AT REM AU RS, B AT REMZS /& 3s6s Fil 3s6p,
TE S S2HE TR R W A7 AR e 3561 Bliman 4§ 27
FI L RS RETE AN T ArS+ a1 i Ab B B & 25
A O, WSS B AR 1S 45 70 A0 v (14 de R G (5
X TR % 45 3d4d F 3d4f. ASTEEE R QE
T LA KA T 28 A LT, A0 Bliman 515051
WY 3p71, 3d4d 1 3d4f KA.
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20 —_—— I e
10 + (a) 3p7p 3s10/ 356/ 3pdp 3sds  3s3d 3p® 3s3p (e) 3p7p 3s10/3s6/ 3pdp  3sds  3s3d 3p?3s3p (1) 3p7p 3s10/ 3s6/ 3pdp  3sds 3s3d 3p? 3s3p
3p7d 3dd4d 3p7d 3ddd 3p7d 3ddd
1.4 keV/u 5 5.2 keV/u 800 - 12.0 keV/u
sl L
600 |
61 10}
ne 400 -
5 -
21 200
0 A O Ry 0 . S 4 ,"'. ,"‘. .’.’l'. R
. _(b) 2.2 keV/u ol (f) 6.4 keV/u 400k G) 14.4 keV /u
300 F
4+ 8t
200 |
2r 4+
100 |

Y
X AT

3.0 keV/u

Counts/104
S
Counts/10*
o

8.0 keV/u

Counts/10?
=)

() - — '17.0 keV/u

(c)
45
3 3r
ok 2l 30
1t 1t 151
0 X : 0 LN S 0 . b
(a) 4.0 keV/u (h) . 10.0 keV /u 9t () 20.0 keV/u
6t T
6 -
at 61
2t 3r 3r
0 ik S 0 J WA XL 0 -, L AL 5
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Q/eV Q/eV Q/eV

K3 ArSt5 He Rl f 0 XUHL F7 AR B0 Q B3 (P (0 o 42 ) S B 25080 o, o (0 MR 4 D 8 S0 il R D04, 0 (0 S Dy iy i DL 285

SRR

Fig. 3. Measured @) spectra between Ar®* and He. The black dots represent the measured experimental data. The blue dashed lines

and red solid lines represent the Gaussian curve fitting and the sum of the Gaussian fitting results, respectively.

h T i A SRR, SR I 2206 R T
B E RO | TEREMIE R, DT SRS b
VA RO S B TTEk. BT, e (2) LU
Keahm g L P =m - AX /T 1%
Q n-V Xi — Xo

Pzr:_i_ = Rk 5
v, D) k- my T (3)

Horb, mg BB F R, T RRME I A TR
], k RLPERE RRER, X e 7 —4E9h n)
BG4 Gaussian WO ARBR, X S B s+
I B Ay O B 07 (R B 2 i A . X AN [ 37
(U O AR S AR N ) B B A T ARG, TR
B E S Xy USRER | ESEL X QST

Gaussian Z WA, ARSI HhoC 47 B B
W QME (51 A NIST #di %), A Q ikt Z
WAL G AR 2 (I B R N, 2R FE B E 292 10 eV,
miE 3 rhZ 20 A LA 2.

XA A S Q EELG M2 #EA7T LY,
A LABA R, Pt A oA ) 1 g ek, mh
AR T At B+ 5 He WU FEIRHY T8 1E
PEARXSEA, WK 1, $55 R 2. AR
ZEAHE: BEiHiR 2L 1% RIS AS R AL & 4
PEGIAIRZEL) 6% . RATI TSR R A 5
29 3% VI R Wi G iR 22 2 9%, il kiR 22 AL
ORI TG0 FE A RHR 222 R 12%.
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# 1 Ar®5 He BURTREREY n A 153 HRAY i 7 2B BEATDOT T (455 O ER2E(E (%))

Table 1.  Measured relative state-selective cross sections for DEC in collisions of Ar®* with He (Error value (%) in
parentheses).
Energy/(keV-u) 't
3p7l 3s101 3s61 3pdp 3sds 3s3d 3p? 3s3p
14 35.4(3.8) 26.4(2.9) 22.8(2.5) 9.1(1.2) 3.9(0.6)
2.2 32.0(3.4) 22.5(2.4) 24.2(2.6) 11.9(1.4) 7.4(0.9)
3.0 24.5(2.6) 21.5(2.3) 26.6(2.9) 15.9(1.7) 9.1(1.0) 0.6(0.4) 0.3(0.0)
4.0 19.3(2.3) 20.6(2.5) 27.0(3.0) 17.0(1.8) 12.1(1.3) 1.1(0.2) 0.4(0.2)
5.2 17.6(1.9)  19.7(2.1)  26.7(29)  17.3(1.9)  14.6(1.6)  22(04)  0.5(0.3)
6.4 17.4(1.9) 18.8(2.0) 24.5(2.6) 16.9(1.8) 16.9(1.8) 3.3(0.7) 0.8(0.6) 0.2(0.2)
8.0 171(1.8)  18.6(2.0)  22.0(24)  16.0(1.7)  18.8(20)  4.7(0.6)  1.3(0.5)  0.4(0.3)
10.0 15.2(1.7) 18.1(2.0) 19.1(2.1) 17.6(1.9) 19.4(2.1) 6.8(1.0) 2.2(0.7) 0.7(0.5)
12.0 14.6(1.6)  17.1(2.0)  16.4(1.8)  19.1(2.1)  202(21)  7.8(1.0)  2.7(0.6)  1.1(0.3)
14.4 12.0(1.4) 16.0(1.8) 16.7(1.8) 21.8(2.4) 19.3(2.1) 9.1(1.1) 2.2(0.7) 1.8(0.5)
17.0 10.6(1.2)  151(L7)  16.8(1.8)  24.2(2.6)  188(21)  89(1.2)  1.6(0.5)  2.9(0.5)
20.0 11.3(1.3) 16.6(1.9) 15.6(1.9) 28.7(3.5) 15.1(2.0) 8.6(1.4) 1.3(0.9) 2.3(0.5)

T R BUR AR AR A R
55 hlf A e AR AL OC R, B S I 2 R — B
Zhang 45 B BUHL (R 38 19 BIS B, & 4 B8R
T ArttY He WUHL FZ 4K i F A E B 5
Zhang %5 33 {TH3 45 SR HE. 20 5 2 S0 I
ZER, AR TR SR, ARSI 5IE
RACFEAR IR0 E . 45414 4 Fige 1 5dmnT
54, WA R RE B IR, 3 AR OR A (361,
35101, 3p71) AH XTI AR S 0 S B T

6

This work:

—=— 313l
51 —a 3141

—< Higher excited states
4+ Zhang et al.:

- 313l

------- 3141+ 3150
- - Higher excited states

i S

Cross sections/(10~16 cm?)
w

Energy/(keV-u—1)

4 Ar®t5 He filf 38 0 XA 7~ (3 28 480 180 % il 131 e 42 14 K
HOEFR, S0 KA T P | W = AR = a5 R SR
AR (LA N EI L), LN Zhang 55 B A TH AR
AT B L 5 TR R AR SR A [R] 427 35 3

Fig. 4. Dependence of cross section of double electron cap-
ture into doubly excited states on collision energy in Ar®*
collision with He. The gray squares, blue triangles and red
triangles are the experimentally measured results (The sol-
id lines are used to guide the eyes), and the dashed lines are
the calculated results of Zhang et al.?3.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes « COVER ARTICLE

Experimental measurement of state selective double electron
capture in collision between 1.4-20 keV /u Ar®+ with He"
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Abstract

Electron capture in the collision of highly charged ions with atoms and molecules is a fundamental process
related to the electron transition between bound states belonging to two atomic-centers. The X-ray emission
after electron capture is important for X-ray astrophysical modeling, fusion plasma diagnostics, and ion
irradiated biophysics. In the past few decades, momentum-imaging cold-target recoil ion momentum
spectroscopy has been a significantly developed technique and widely used to measure the quantum state-
selective population in electron capture processes. Based on the cold target recoil ion momentum spectroscopy
installed on the 150 kV highly charged ion platform in Fudan University, Shanghai City, China, the state-
selectivity of double electron capture in the bombardment of 1.4-20 keV/u Ar®" on He is measured, and the
relative cross sections of the 313!’ to 317!’ double excited states are obtained. It is found that with the increase
of collision energy, more quantum state-selectivity channels are open in the double electron capture of
Ar®t-He collision. It is also found that the relative cross section of the quantum state population is strongly
dependent on the collision energy of the projectile ion. The present measurements not only enrich the state-
selective cross-sectional library and collision dynamics of highly charged ion charge exchange processes, but also

provide experimental benchmarks for existing theoretical calculations.

Keywords: highly charged ions, double electron capture, quantum state-selective, cold target recoil ion
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RIGHMA Rydberg Z5HIBEE B4 I

HE—D 34 F0

L %

BF B2 A K% D

1) (EBRH RS, K> 410073)
2) (EIRFRHE R, B A B 4 Y BUR  FH 3SUS0 863, KU 410073)
(2024 4 8 A 31 HIg#; 2024 45 9 A 25 AU EMEEH)

S O AR T Ok Rydberg 25 197 Az AR £ 52 3 18 10 T B AR SC R ST TR X AR AL 4% SR O
Rydberg #5774 13 J1 22 7, & B Rydberg 25 /97" 3R BEHOC AL 2% b THIT 0945 22 I [ SE 4 100 98 . 0 A v g
R [ 1) A2 A B P AR AR B9 AR TS Rydberg 25 B9 AT i, 4 7E B P HCHT BRIS HET BRSO d B b il
SrHT Rydberg Z5 097 A1 1, 7538 T P PR AU BT A 30, K U PR 5 Q4T AR 2 GURIC, I iR A A
AR R B TR] A S T /0 R P BOG B 4552 ) Rydberg 2572 42 BT ML, Oy i 5 R 700 1 BB I3 0 o7
FEAE TR IR R T B, O SE T Rydberg J5 T BB P 5 BEORSME 7RO .

SEHEA: Rydberg 45, MG, M1

PACS: 32.80.Ee, 31.15.xg, 32.80.Rm, 32.80.Aa
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Rydberg & 25 ¥ R F /N2 Tk £ £
T FEIRRAYPLE FRRE, B 5 oca 72—
FRE AR I BE b, XS TR0 B m RE S
KSR B FRN Rydberg JiiF. Rydberg Jii -+
AAPEERR, B3 BE IR RATRET ., 77
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WA E ST G, fER TR BT AT
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SR T B9 Rydberg 5% (Rydberg states ex-
citation, RSE) B~ T il % Rydberg Jii F i) —F
BT MR T AR G Rl SRR Rydberg 45
| S iy e W 181 (6 e B e (=9 2 S D o <1
Rydberg #4277 LA [A] B2 % 21~ 4 179 Rydberg
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&, Bl i, r2 4 Rydberg 2 H A R4
HA . R 58 Rydberg 30k HA £ 511
A s, BRI AR LR A — A8 U 45
1©, I5E Y Rydberg A& N & 1Y) B 78
P S-S INNFSEASE

HiA im% Rydberg 23U AL PRI ] BEFY
ML, Sl SZ 4 H 2 (frustrated tunneling ioniza-
tion, FTI) M Z M FIHHREUL . 1987 4F | Freeman
G R RE AL 3 T 30 T A g o AR rh R
3. 1992 4F, De Boer A1 Muller™ 32567 &
PEEAR I T 20RO LR, AT R
257 B IO AR T BN BE AL Sl 52 . 2006
4F, Wang 55 (61 5B R A 7 B B 58 155 7 72 (time-
dependent Schrodinger equation, TDSE), $#2&H T
5 FE B A AL, RIFE s A H S Y e FE
A0 LT B FH R 2L ZS. 2008 4F, Nubbe-
meyer 55 071 SCHGI & 7 SRBOET T b L SR
JRFI =R, KIRIEOEY T Rydberg 25 1Y 7= 4
Wit 250 O 3 R T 2RI AR, B4R T A2 e L B 1Y
PL, BIFESRBOC M ER T, 28 Ly F#
B ST R A R 2, Y HAR ] B SR
IR, MR B RS Rydberg
A, PR AZ PRI 25 .

M F IR EOE S T R AR Z M sh SRS
[) L B 220 7 AR ) LI T4, Rydberg 283UA
XTIRBIHOGIY 5 BE 18200 IR 21k peRzit i 122,291
TR AL 2% AR P42 e B el OB OC &R . BilE
WOCETIF AR B &, il R e ot T ik
Rydberg 273K, FlUNAAROE 2027 = @t
328 SRRSO 290 F e AR RER B0 AT ASEER
XHRFE Rydberg ZSHBEFEVERCR . 4K, fE 8IS
RO K vh L2 R X R B AR AR
SR, 31X R HL 3l ) 2 A IR R A TR IR
2 BL2 ARSI AR T AT DA s ) e
(1) I S A W K R 52 BT YO e Sl 4% 7 s o] 3
SR, WG R 48 Il 520 Rydberg &%, L
oS5 AT DU R AR X R B0 45 ok 454l Rydberg
AWk, BATEMAA EL.

AR HZ ML SR EER Y (classical trajec-
tory Monte Carlo, CTMC) FIEE K i & I i 2
TR, WG FAFSY T RIEOE T Rydberg
AP MO E LN, T T A FEAS X R4
ZHUT I Rydberg 277 f& . & F & & FEU B
(quantitative rescattering, QRS), [ B T fii J& %k

Bl AN X FR S B 78 Ak DA R A 3R 5 5 SO bk i A
KRR, HHEA R R AT A 2L
2 ITHEI

A4 HER CTMC J5 2 23 fil Qprop #X#F
AR A TDSE 51 B4, SRR 1 x 101 W/em? |
PR 800 nm MYHRIEBOGIME T &R+ 1 Ryd-
berg 25 i Hb. BEEEBOGIKITTE 2 7t dk, R
F(t) = Fof(t) cos(wt + ¢) . X HL Fy 1 {H AL
R, w AEOCAMR, ¢ RO B AL A ;
f(&) AR O L4

)= {0052 [n(t—m)/27),

cos?[n(t—m)/2(r—m)], m<t<T,

0<t<m,

Hop r = nTy R Rkoh SRREEETR], o ETHERY 9
B, - N RIS, To MEOCTEE; 0k
SEHA%L, 2RI 10, 15, 20. 8 THBABOE
IR, E XAXFRSEL
= ;/;/2’ @)

FHR A TR T T 55 A Bk b A s ] 98 B 2 L. R
o fEXF R B T A T2 Bk b i T B, 1E o (ELA
AR TR A B R o FIAH ] ik oh 4y
SERE] 7 = 10T, B HIANE 1(a) P, Basid
210 MR RN W B 25 N o« = —0.6,0,0.6 15, X
N T = 10Ty B b T FR 22 8] 7 = 2T, 5T, 8T, -
o = £0.6 Ik T ¢ = 7/2 XFK.

# CTMC 5, (BT LER— BRI
H OGRS 2E ok, i ADK (Ammosov-
Delone-Krainov) Fi% 2F B8 1] 4f 31 1t 73 A1 A1 HL 25
AR50 ¢ B 221 L - 2 Ry

Hof e = 3T, I, WET LB (e M HOES
1042/ TR, B0 ) 9 i
(e WRE IO (R 7 11) %8, WUt S i (T 1
FRR ORI AR5

W ( iy p;i_ k —K (piL)z 4
L) = E e P ) | W

B HL L AL E
W (to,p') = Wo (to) W1 (9) - (5)
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Kl 1 Rydberg &5 R HOLIK th S 82 () BA
ARk R 2L 0 8] 7 = 1070 FIAS [ AR X RS H o 0L
i, R E S A BEL. Ll a=
—0.6, 0, 0.6 ; (b) 7E /A [FIHOG Wk thHF220] 8] 7, Rydberg &5
7 R AXI RS R AT AR AL, R 4L WA RIS R T+ =
10To, 15Tp, 20Ty , L2k Fl ki £k 435 9 CTMC Hl TDSE if
B Rydberg & & M 7= %, 4 a N -0.63% £ 0.6,
Rydberg &5 7™ F 253 K 1 4%, RUIE L FHE R K M#0OE
Jik v B W) RE 4R Rydberg 2%

Fig. 1. Rydberg state yield variation with laser pulse para-
meters. (a) Laser electric fields with the same pulse dura-
tion 7 = 10Ty and different asymmetric parameters o.
Black solid line, red dashed line and blue dotted line are for
a = —0.6, 0, 0.6 respectively. (b) The yields of Rydberg
states change with the asymmetric parameter under differ-
ent laser pulse duration. Black, red and blue lines are for
7 = 10Ty, 1570, 20Ty , while solid line and dotted line are
for RSE yields calculated using CTMC and TDSE respect-
ively. The yields of the Rydberg states approximately
double when « increases from -0.6 to 0.6, indicating the
Rydberg states are more possible to be generated in the

laser pulse with longer rising edge.

F, T N 220 R0 46 A 1) 8 9 A 2 A0 A5 T
[0,7] F1[0,30 ] PAARARrh AT IS5 BENLRAE, L
Hoy = /F(to)/r /& p') Wil 731 B9 58 B . WIkR 3h
N pl, = pl| cos(a), pl, =pl sin(a), HH o &
PS5 e Z RIS, HAE [0,2r) Z A5 BEHL
TR (2457

3 SR O A G SRR T B 4
7 FE, BE W45 2 36 K o R i T 0947 e A
i q. R T HE R FRER R LA, R
TR TamEREFR 0 =1/2E], HH Er =
—1/r +¢%/2 < O NHRAH R SR, B FHURYE
DA YD) g (38990

[(n—1)(n— 1/2)n]1/3<n0< [n(n+1/2)(n + 1)}1/3.
(6)

W RPR S RER By = —1/r + ¢%/2 < 0 193
SRAEHHE Rydberg AR B
Y = Z Wj (to,pl) . (7)

Jimz2

3 #R538

[l 1(b) HR L0 ELIHIEIR T = 10Ty, 15Ty,
20T, FATA] o B Rydberg 25 A B =80, 528 15,
LA MFREH CTMC M TDSE HHHEZER. 24 o
M—0.6 % 0.6 I, Rydberg 2507 A8k 1 4%,
TN b I B WO K b b A T RE AR
Rydberg 2. b T W EOCHI I X8 & 51 H124 1
S, AT T a = 0, 0.6 WOGIKh T BERE 28
LY Rydberg 2405, WK 2 7R, Rydberg 3%
S FL AR R SR A S WA B ok 2 2 A g (24401,
A LLFRZ N a8 % 50, 24 oo = —0.6,0 1 0.6 i},
Rydberg 547 & FERK H Tt € [2Ty, 4Ty, [4Ty, 6T))
F[6T0, 8To) Kb fA HL % 28 . 32 Jo) Bl 25 (. 24 2k
FIAKTRRPE AR L, 3K ATAR A AL 4835007

1.0

(a) — Y(t)
sl n . — Wo(t)o(®)
i .
'E 00 2 4 6 8 10
s 1.
O
[}
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g . f A .
20 2 4 6 8 10
E 1.0
z 1@ »
0.5[ " ”\
. . . b
0 2 4 6 8 10
Time/Ty

P’ 2 Rydberg 25 BYI AR AL, ZEAR 7 Dk R 2L (6] — =
10Ty F, R*¥FRZH (a)—(c) a = —0.6,0,0.6 I} B Y (¢)
(FBAALL) 1 Wo(t)o(t) (L ELR), Rydberg 7 £ 22
HL - TE 44> 2 JA 19T 1) 37 W6 R S R 28 7 A 0, R O <8 A
BE” X A 1 o, 325 JH 359 B AT 45 22 A AN X Bk T 72 4
XA FR g A, 28 R0

Fig. 2. Time dependence of the Rydberg states yields.
(a)—(c) The time dependence of the Rydberg states yields
Y(¢) (black solid line) and Wpy(t)o(t) (red dashed line)
with the same pulse duration 7 = 107y and the asymmet-
ric parameters a = —0.6,0,0.6. The Rydberg states are
mainly generated from electrons tunneling near the field
peak of each half-cycle termed as “carrier-wave effect”. For
different «, the dominating cycles change with the asym-
metry of the envelope, which can be termed as “envelope ef-
fect”.
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S EF IR S Rydberg HLH 1HL 7=

y - / Wo () o (1) dt (8)
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S PO BV BRI 7R SR IO R e AR b )3
FHBPCRE L o (t) = No(t) /N (t) THE, Hd N(t) F
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TFHEcE. TR T REYL R 3 TS T sln 2 &
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Fig. 3. Time dependence of the recapture rate with asym-
metric laser pulse envelopes: (a) Laser pulse envelopes with
different asymmetric parameters; (b) the time dependence
of the recapture rate with symmetric laser envelope a =0;
(c) the time dependence of the total recapture rate aver-
aged in every half-cycle with different asymmetric paramet-
ers; black solid line, red dashed line and blue dotted line are
for o= —0.6, 0, 0.6 respectively in (a) and (c), the negat-
ive relation between recapture rate and the envelope is uni-
versal for different asymmetric parameters, making the re-
capture rate attain minimization in the dominating cycles of

tunneling ionization.
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Fig. 4. Time dependence of the recapture rate with
trapezoidal laser pulse envelopes: (a) Trapezoidal laser pulse
envelopes with cosine square and linear edges; (b) the time
dependence of the total recapture rate in every half-cycle
with trapezoidal laser pulse envelopes, the increase can be
due to the change of the electron’s trajectory from recap-
ture to elastic recollision when the residual laser interac-
tion time exceed a specific criterion; (c) the yield of the Ry-
dberg states using Eq. (10) under the same laser paramet-
ers with Fig. 1, where the increase with o agrees well with
the calculated population using CTMC and TDSE.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Laser envelope control of strong field excited Rydberg states®
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Abstract

Rydberg atoms are important building blocks for quantum technologies, and because of their unique
tunable quantum properties, they possess new applications in quantum computing, quantum communication,
and quantum sensing. Besides the widely-used few-photon resonant excitation for the specific Rydberg state,
multiple Rydberg states can be populated coherently and efficiently through the frustrated tunneling ionization
or the Coulomb potential recapture effect in a strong laser field. The excitation of Rydberg states in a strong
field provides an opportunity for realizing the ultrafast quantum control on Rydberg atom and bridging the gap
between strong field physics and quantum information technology. Using the classical trajectory Monte Carlo
method and Qprop package to solve time-dependent Schrodinger equation, we calculate the population of
Rydberg states. Our results show that the population increases with the increase of parameter of the
asymmetric laser envelope. Based on the quantitative rescattering theory, the calculated time-dependent
recapture rate is negatively related to the laser envelope and the residual laser interaction time, which is termed
the envelope effect. Combined with the carrier-wave effect, an analytic formula can be used to calculate the

. t—7+c . .
Rydberg state population: Y (t) o« Wo (t)wcos (wt+¢). This result opens the way to enhancing the
generation of Rydberg states by using the laser envelope control, which is beneficial to the future quantum
technology based on the Rydberg states generated in the strong laser field.
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Fig. 1. Schematic illustration of laser control in the photodissociation process of CH,BrCl. (a) The model showcasing the photo-
dissociation dynamics involving the ground electronic state So(a'A’), as well as the excited adiabatic electronic states S(blA’)
and S2(c'A’). (b) Photodissociation channel along the Br—CH, reaction coordinate for different initial vibrational states |v'v'’) .
(c) The channel along the CI—CH, reaction coordinate for the same initial states [v/v’'). The black, red, and blue solid lines rep-
resent the adiabatic potential energy curves of ground electronic state S()(Véid) , the first excited electronic state Sl(Vfd) , and the
second excited electronic state So (V;d) , respectively. Notably, the red-dashed line and the black-dashed line represent the non-
adiabatic potential Vldi and VQdi.
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Fig. 2. For the initial vibrational states of |00), |01) and |02), (a)—(c) two-dimensional vibrational eigenfunction density distribu-
tions; (d)—(f) the dissociation probabilities of Br+CH,Cl and Cl+CH,Br channels in the weak-field limit (marked with PP and
PCl | respectively), and (g)—(i) the corresponding time-dependent dissociation branching ratios R; (j)—(1) and (m)—(o) as well as in

the strong-field limit.
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Fig. 3. For the initial vibrational states of |00), |01) and |02), (a)-(c) two-dimensional vibrational eigenfunction density distribu-
tions; (d)—(f) the dissociation probabilities of Br+CH,Cl and Cl+CH,Br channels in the weak-field limit (marked with PB" and

PC | respectively), and (g)—(i) the corresponding time-dependent dissociation branching ratios R; (j)—(1) and (m)—(o) as well as in

the strong-field limit.
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Fig. 4. Dependence of (a)—(f) total dissociation probability and (g)—(1) branching ratio of CH,BrCl on the chirp rate So and differ-

ent initial state |v/v”") in the weak-field limit.
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tial state |v/v"’) in the strong-field limit.
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Fig. 6. (a)—(f) Sum of the remaining vibrational states populations P(tr) of the ground electronic state for the initial vibrational
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Fig. 7. Final population distributions of different vibrational states |v/v'') for the different initial vibrational state (a) |00},
(b) 110), (c) |20), (d) |01), (e) |02) and (f) |11), varying with the chirp rate Bp .
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Fig. 8. Resonance Raman scattering phenomenon of the vibrational states of the ground electronic state induced by a chirped pulse

in the strong-field limit. For the initial vibrational states of |00), |10) and |20), (a)—(i) the time-dependent populations of the ini-

tial state P,/ , the total of remaining vibrational states of the ground electronic state P(t), and the two excited electronic states

Py and P, with three different chirp rates 8o =0, +30 fs%
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Fig. 9. Resonance Raman scattering phenomenon of the vibrational states of the ground electronic state induced by a chirped pulse

in the strong-field limit. For the initial vibrational states of |01), |02) and |11), (a)—(i) the time-dependent populations of the ini-

tial state P,/ , the total of the remaining vibrational states of the ground electronic state P(t), and the two excited electronic

states P; and P, with three different chirp rates 8o =0, +30 fs%
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Dissociation of chlorobromomethane molecules coherently
controlled by ultrafast strong field”

Jing Wen-Quan Y?#  Jia Li-JuanP#  Sun Zhao-Peng?
Zhao Song-Feng?® Shu Chuan-Cun V!
1) (Hunan Key Laboratory of Super Microstructure and Ultrafast Process, School of Physics,
Central South University, Changsha 410083, China)
2) (Key Laboratory of Atomic and Molecular Physics and Functional Materials of Gansu Province, College of Physics and Electronic
Engineering, Northwest Normal University, Lanzhou 730070, China)
3) (Institute of Theoretical Physics, School of Physics and Optoelectric Engineering, Ludong University, Yantai 264025, China)

( Received 8 October 2024; revised manuscript received 13 November 2024 )

Abstract

Coherent, control of molecular dissociation in ultrafast strong fields has received considerable attention in
various scientific disciplines, such as atomic and molecular physics, physical chemistry, and quantum control.
Many fundamental issues still exist regarding the understanding of phenomena, exploration of mechanisms, and
development of control strategies. Recent progress has shown that manipulating the spectral phase distribution
of a single ultrafast strong ultraviolet laser pulse while maintaining the same spectral amplitude distribution can
effectively control the total dissociation probability and branching ratio of molecules initially in the ground
state. In this work, the spectral phase control of the photodissociation reaction of chlorobromomethane
(CH,Br(Cl) is studied in depth by using a time-dependent quantum wave packet method, focusing on the
influence of the initial vibrational state on the dissociation reaction. The results show that modifying the
spectral phase of a single ultrafast pulse does not influence the total dissociation probability or branching ratio
in the weak field limit. However, these factors exhibit significant dependence on the spectral phase of the single
ultrafast pulse in the strong field limit. By analyzing the population distribution of vibrational states in the
ground electronic state, we observe that chirped pulses can effectively control the resonance Raman scattering
(RRS) phenomenon induced in strong fields, thereby selectively affecting the dissociation probability and
branching ratio based on initial vibrational states. Furthermore, we demonstrate that by selecting an
appropriate initial vibration state and controlling both the value and sign of the chirp rate, it is possible to
achieve preferential cleavage of Cl4+CH,Br bonds. This study provides new insights into understanding of

ultrafast coherent control of photodissociation reactions in polyatomic molecules.

Keywords: photodissociation, coherent control, initial vibrational states, resonance Raman scattering
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LE WHEHRTH TS

C, & FHURRE R IR B ST 3%
RS S5E 9 74

F R
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ESy R/

(TR R 2= Y 4B, BT S 453007)

(2024 4E 9 J 30 A3]; 2024 4F 10 JH 18 A UFMEHR)

T MKE RAEME Ik, TEFERIEMT, R FEERS (close couple, CC) 17, BT TKAEH T 5
Cy TUE TR B I . W45 SR B0 T 3% B0 1 DU B S M PR A 0—12 eV I RE IX P9 A L - L7 30 AR 0
T, BIFSE T A7 A AR A LR A8 A 0 R 25607 15 98 B8 B9 S ) . IHg 0t o SRR 45 1 5 A S 6 i dls E A T
TANEC LA AT, S5 R T, SR I B Y 8.8 eV R F TR FAG IR A 1y S A1 S, FRHRES 1 STk
Lo DR oy ok F SRR C 19 Ay LIRS B TTIR. B B8R T S iR A A IO SEIRE, IR B A =4
RS, AR C M D BAFAE A RS . ), RUEBURZE S 70 A T30 1 A [R) il B2 T 2% 5 4 A 14 A i, A8
LT TR R AT Cp ROMRAE e 7~ 50 PR U AR BT, 15 © AT A SE B 45 RAT 5 BUUF . [Nl K TE 3.3 eV 1Y
IRRE XA AFAE— DTN 0.20 eV I HIB LIRS, NI At —PUE S it TR 2%
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Hahn, FRIELER B E N FERIEA; Giuffreda 4 1)
DU 38 35 %% 2 pR /7% (density functional theory,
DFT) W58 T Cy—C5 BRIAIFE R s AR sh .
Cy VENEIEARY NI B F Rz —, B4
ST T IZ AR 24K, Adamowicz!'! A1 Schmatz
5 Botschwinalt fiff F 2% & 5L 0UHUR A K AR =
PR B E % 71 (coupled cluster singles, doubles,
and perturbative triples, CCSD(T)) 43 558 T
Cy LM B ) OR A, Rl TR A T M
% BE. Dreuw 5 Cederbaum!2 N F J& 388 L1 7
FAHE T ¢ il R R R TR ¢ BT
B HESF & # 22 (the repulsive coulomb barrier,
RCB). Padellec 45 1) 5 2 M5 25 1 I 7 5 25 1 ik
A3 LR Cy B, W& TR5Cy 6l
T2 058 BT A I, JRBFSE T AR C, Cy, Cy Fi Cy Y4
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XoF fife g AT . At AT T B AR I b R B R Ak
Hh 0.7 fs BYIHRES, 5 0 RIEER 95 B RO AR A4
BT RS TN T AEE PR Cf R4 AR, B
S AT TR R T I A GE T, P T R AR
T M4 W7 8.85 eV AA FEJE N 1.45 eV AyHL:
PR, SR H T o= BS IR ZE R Ik Ui X
ILPREWIEBALE]. 57— T Cy B THAEL
Fiifml o3 A A, G S b AR R 25 4 2 S5 W] BB SR I
AR R TERAF, E—2 25 W A SR 25 SR ok
ik

ARWFFER AR R 47 7k 1919 BfF 55 HL 7
5 Cy BT IEU 8 12 B %07 TR IR SE A
AbFRAT %40 -1 2R I EICE ) A EL AT R A5 AR o
wPE. BFRARRER 7200 5 ¢ By U S AR
KA MR AR S A, AR AR R S
PRAS. A 4 b ik e S AR IR A B AR AT, ST
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SRRTE P2 e, AR TS 245 A AR
SHRE AR, A FIRT C BTk T3
PERU A, JF 5 O A 0 S2 3000 25 R AT X L,
A3 MR I R 2 R

2 EipJE
2.1 R-5EFEAHE

RJE W 7 1k i 2 A Jo s P BB Ak A 25 (1]
K43 A IX AKX, P IX 5 22 Hpun B4 B3 A G,
SR FH v $0r R BT K gt b bR A AR A S RN U A
. B PRI S AN ) i Ay R ST e i B AR ER
N, B 50 2 8] A AH B A AT DG i se e 34 AH
KR FAE, RESRTBIHTA T 55T 1 &
FR UL PRI, BERE N X AR R LR BT AT AR A
HAERHIRA S AR, 81 P DR 53— RIS H
FHIPE BT X AL, PRASTE AN X B Ak i B
M. A I B R A IR R U TR
KB Z WA EAE R T 102 8. B R g i IX
RN R FAFRA SN XU 5 #2456 055 Ak
T E S5, BIRT SR AR AN X 5 . X HLAR X )7 Fl
BN 100ay (ag FRERPIRNPAR), X —F42 2 LA
JERE I B U AR ) U pR B T R T X

RIERE T I R R e i 2 WX 51K

SBIRERTOOC, X BIRE N IX B K i R 27—
W, IFH ST FRE R R 53 F R Ao XA
K AMX AT DU R e b K, XX TR
AR ILIRAR B 2L NI N1 H I R
AN AR

V(X150 XN+1)

=AY ¢i(X1, XN+ TN, ON 1)
ij

X 14 B (P i

+ZX¢(X17"' s XN+1)bik.- (1)

X, ¢ Frnh n BT HESHEE A E A AR
FERFRALT; xn AEH 0 AHLT B 25 8] H E EARAR,
FoR n BFHLAES o IRAS; By (r) R IELEHIE;
FH g T b, 2 AR X A AR RS B A2 70 S0
TiE (1) A5 2 TSRO S e 1 e A AH A HI A
RN, IXEEHONAE T N + 1 H 7451 B pR &R
b AEXAE T, BTV RRIE B T
e PUE R 70 7 H0E . O TR IR A,
WA R IE L S TR RN LA K A 5 S 14 B e
LTS ARG DR, & BRI PR 73 S8 x %)
TR A ) FL T AR 2 S

22 B &

C; MBS FAAAE MR A [ ) A A, AR ES
THE 25 R B f2 o AR A i 2549 R 5 AR AL,
WE 1 7. Padellec % 8 ffi ] CCD 14345 211
HUDEER A 1.343 AR R 1.277 A; Watts
285 1200 378 53 DU By S AR SR RS A5 A5- 2 6 P AT
U A R 1.343 AN 1.283 A FRAIE %
17 RIS B3LYP /aug-cc-pVTZ J5 ik 2123 H5gi %
SRR A ST T AL, AR 1.333 A,
Wis Ko 1.277 A, gk 173, X5 Padellec
M Watts S 25 R o0 #208, I RATR A
Padellec Z-158 1 PUF ARSI REEUHTITE. N
THEETRRERERS R, R CCSD(T) Fikd G
aug-cc-pVQZ FEA FH i THE T PUAp S A A4 1 A X
e, 250 BRFAR A REE AR, RS,
HB N M, TSN 30g30740; Inydoboglm, .
S B F R L PSS, H T A A h 302
30240 1m0 ny5oy , UL 1.387 A, WG
KA 1.234 A, SHAR B BER L A BFH 1.09 eV,
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SRR C o Gy, WFRMER) =TT fg R, HIEA
L, 7 2H 25 4 2b26a21b27a28a23b22b1 . 7EFG A C

SEIUARIE 5 = ML TS AE, —MAIPIR A
KR 1.34 A, BIEREE A 1.156 A, i 05 526500

ABRIE T2 A A N 1.281 A, SRR C fORER
b A il 1.36 eV. AR D & Dy, MFRHEZETE
25k, BLAS TS  2b3 422107, 107,3b3, 5a21b), .
HUA&KAEE, ¥ 1.451 A, SRR D i9fE
5 CHY, AR 1.39 eV.

(@) 1.277 1.343 1.277 () 1234 1.387 1.234

(c) (d)

1.340

K1 Cy BFRyuFh AR fEE (BfeV) (a) 5
Pk A (2T1,) 0.00; (b) 441K B (%Z,) +1.09; (c) FH41AK C (°B))
+1.36; (d) Sk D (°Byy) +1.39; 1 F Y 5 i /& CCSD(T),
F2 M aug-cc-pVQZ

Fig. 1. Four conformers of C; anion and there relative en-
ergy (In unit of eV): (a) Conformer A (*I1,) 0.00; (b) con-
former B (°Z,) +1.09; (c) conformer C (*B;) +1.36; (d) con-
former D (*By,) +1.39. The theoretical method is CCSD(T)
and the basis set is aug-cc-pVQZ.

£ 1 Cp KA K
Table 1.  Bond length of conformer A of Cj .

/A Wik /A
Our 1.333 1.270
Padllec et al.l"?] 1.343 1.277
Watts et al.l?] 1.343 1.283

TERSTHE T, XV il s Hartree-Fock (HF)
T T LIS BB i S Ak pR L. P106 >R A HE A
TG RIRR, 2D R 8 2 iE PEAs (Al
BAEAE 7 R m R AR R e . s
G (close couple, CC) LA PUF 54 {41
RS RE AR\ EE, HA 9 SHFRT DIER
TEF] 10 AMIETERUE S, 0SSR A TSIk as ]y
(5ag, 1bg,-2bs,, 2by,, 4b;,-5byy, 1b2g—2b2g, 1b3g-
2by,), JTEH T —ANELE 9 AN TE ML R 10 AT
BB RIS Eas ], 38 CAS(9, 10). Hig |, Bk
(A3 1225 (B RE A% 4 0 P R DGR, $ i H3a 4h

FIERG . SR, 2 IR BT TR A BRI, T 2L ARG
FERN AT AT 2 () A A . FRAT TR T LR A [H] B
TEPESs[E]): CAS(9, 10), CAS(7, 15) Fil CAS(5, 20).
2R 2 B, CAS(7, 15) 7E/hF 3 eV )
AT T PR ERAS, SRIMAE A A5 {2
i) i U ) — N RS, FlR T A2 [ AN BE
FEor AR ALER. 5 CAS(9, 10) IS5 HRA L,
CAS(5, 20) 1£ 4—6 eV T T 1R 3k 1y SL iR 5
S 000 e 7 2 DXl P T - 2 LR R R 4
S HASE. I, AR CAS(9, 10) G fbas
[ TF R BT, 78 CC BRI Sk C
54 0.22 Debye. TR A, B il D X =45
FRIXTFRYE, A TASFEAE AR .

14

---- CAS(7, 15
12 | --- CAS(5, 20
— CAS(9, 10

o~
. .

NN
-
-

7 - \

10 |

°~

TCS/(10-20 m?)

Energy/eV

2 RFEBTHAZ RS Cf & 7Rk A S5k s
Fig. 2. Elastic scattering cross sections for the conformer A
of C; anion in three different CAS.

2.3 HGTER
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AE DI NE RF FAC ST o 2 8 5 i, SR AN [ ) 3 S A
L Hip ) FESACH (static exchange, SE) i 2
— o d TR B HC AR L. FE SE BLRL B SF
ORah, B A S IR TERERIE B R E A
ARIBA, W (2) XFrw:
HFY Virt!. (2)
T SE SR 2 1 #E > T ALY, B8
T Y AT IR S A7 A . A S A Ak
(static exchange plus polarization, SEP) #iI7E SE
AR 0 T AR ARV, #8015 U TR A
RES, B SRR A B, a0 (3) PR
Core™VevalV = Nevirt!, (3)

XHL, NOWHLTREL, N, SRS TR @R, SEP
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TR PR ()3 M Bl N R T e 22, DA s e
T b A 3R A8 TR RN 2% A LB L 4R . SEP ARl
Ok R B AR ARV, B 23 AS2S BB VE Y iR
Y MELIE.
HE—20Hh, CC BRI & T H Z A, JFR
FHIEHRE BTG PR 23 (B R IR X SRS, T (4) FR:
Core™-CASYN ~NeCont!. (4)
CC BiALZRMIR B F I L AR T A, 2o ok
A B ILR O BRAR . CC BERIXT B AT iR
Ph A% 3598 F IR 38+ 40 sk, SR, CC BEAY
3T R R 38 8 O e T SE i SEP BRI, 7E KLt
TOLT, CC BRI AT DL £k Sk HAS H— S
WS 2 B AR 5 B ASORH DG Ay s A A
TERURTHE PR R R ECR H IR 15 2238, R-
PRI R 130y AR R RGOS R L
MRS BB A, 113 T RPN 154,
SR, KINPIHE Z RA & 255 XKW RIA
MEEAREE N 130y A RB R, X PR E N
100ay, FERILE A 0—12 eV, FHli K 5 0.1 V.

METFRATRH SEP 1 CC PRSI ST R Hi g1t
BT,

3 H#EXR5it
3.1 MtE

T HERRSHU RS AR, LIS B AR A
RSN, TR T AS W] A HCHSE RS 4. %8
FREI RIS, /N zeta IR RN AR
fy, PR 4 ) 3 A 6-31G*, 6-311G, 6-
311G*, cc-pVTZ WARIARRIFELDE T CC HAH
RIYE T B3PR8, anlEl 3 . fE 3 TR
B, SRS 3 TS SR A 0 e e ) R
-0 B TR 3 B g L1 R &S G [ A E
WITE 3.8 eV, 3.5 eV, 3.3 eV Hl 3.1 eV. X T4 —
AN LR W PO A4S 35 21 T Y 2 B A IAE 9.7 eV,
9.2 eV, 8.82 eV fil 8.3 eV. 7£ Fritioff 55 14 515
A L, AR E]— M7 T 8.8 eV LAY TE
ey Z LRI S 6-311G* 45 W S 1R
U PR, KR FH RT3 SEP MIFAZS CC il
(R R T T A SR B AT O A T 3—
4 eV [AIRRE LR IG I 1A 7E Fritioff 45 4 (5056
I ). 5 3 B IR RGN R R T

DL I AL FHRARAIRE X, S0 2 o A8 K 1) B i
A AT B BRI B iz R0, (5] 3 IR T 3R AT
1E 6-311G* L4 TR SEP M CC WA U
AR 45 2R . SEP 8 [RIAE I 1 7> B
H BRI IR, S BI0LF 5.7 eV A1 10.6 eV. 25—
AN LIRS = S UL 1.8 eV. 7E CC A |
X A PR A 43 1) B B AR A B AR B, T
3.3 eV 1 8.82 eV 4b. X E%E 5 SEP SAIAH L,
CC BRI BT Z3@ B MR G0, R0 [FIAE s 4
HEE A A E R AR LIRS 1 e o TR
TR T T SRR R TR, YIRS CC
FEFRIA 6-311G*FEATT AR #k .

8

(a) — 6-31G* - — ccpVTZ a”
P 6-311G* —-— 6-311G o°
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—
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Energy/eV
8
(b) — - SEP a”
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Energy/eV

3 Cy BT Rk A R RaEs B BU BT (2) A
[FJEA N CC B HET#E; (b) SEP, CC PAZSAR R [ it
. ITHE N Fritioff 453815 Y S8 1 43

Fig. 3. Low energy elastic integral cross section of the con-
former A of C, : (a) The cross sections of single state CC
model with four different basis sets; (b) the cross sections of
SEP and single state CC models. The experimental data
obtained by Fritioff et al. is also shown.
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2SS, S 2 — RGN T 3.3 eV A, Sk [
SF FREE, SEEER 0.20 eV 5 SR 8.83 eV
bRy, FEESR A 8.8 eV AN SF Hifn Al 9.1 eV 4b
S, X FRPERTTER, FERE 35 0.75 €V Fl 1.76 eV
5= ANEN T 10,1 eV, 2k A L XTARE, SN
0.15 eV; 5 PUANIERL T 10.4 eV, f T, 2k, 56
H0.15 eV. £ 2 5 T IRATRYE A G 1y TR
AL AN GRS H AT S0 Fritioff 45 14 BF5Y
TSR R Y 8.8 eV AMAYILRIG, 2k A S Al
vy IR TTER. A, AT LA T 3.3 eV
AESERED 0.20 eV 1Y B JHIRAS, 1E Fritioff 455
B A BRI ). YR IYES SR Rt —25 1 SR A
SR T IS S %

g 100

7

o

Z

T 10t/

3

ks

2

£ 102

2

®]
1 -3 I I
0 0 2 4 6 8 10 12

Energy/eV

K4 Cy BT A Sl i iy i U B A m
Fig. 4. Elastic integral cross sections of symmetry compon-
ents of C; conformer A.

F 2 Cp MM A BRI E R R

Table 2.  Resonance position and width of conformer A
of C .
State Position/eV Width/eV
54 /A, 33 0.20
> /B 8.8 0.75
o /A, 9.1 1.99
Iy /Boy+Bs, 10.1 0.15
g /By, +Bs, 10.4 0.15

KRS A SRR = E], FRATE T
BT SRR B AL HE A RO FR B 43 i R R T, AN
E3 0 5 e e el i 7 e N B Ok AT TR S
ZHRZ AL, H—PREEALT 2.10 eV, BA B Xk
P, GEREN 0.23 eV; 55 AR TR 9.60 eV,
K[ I, IR, TN 2.20 eV; B =AREIEN T
10.10 eV, TEEERL A 0.14 eV, HA T, X FRtE. 5

SRR A M E, SRR B IR R AR R B
AR B, SRR B g SF LRI RE R 8 AL,
JEHHTERERIN T 0.03 eV. MK A7E 9.0 eV
MHER S F S; HARIEIE A A1k B hER
MIREX N B, B 2 T RER T R BEIX, B T
MHTWFSE B VI . IL, A IL, SRR B 5 54
& A FH LGB G IR R I e B8 2y, i SRR G Y 5E
JE 5 S RN AR RO N M DR, R W%
B RAS A S FAR A M A BERD. 10,
PRI () 56 BE BN T 0.1 eV, 28 b AR K. 3 3 %)
T IRATARIE AU A A RS A BRI T

100

10~ ¢

Cross section/(10~20 m?)

Energy/eV

K5 Cyp BT BSRMARTEHUN R
Fig. 5. Elastic integral cross sections of symmetry compon-
ents of C, conformer B.

F# 3 Cy MR B SR B TERE

Table 3. Resonance position and width of conformer B of
Cy .
State Position/eV Width/eV
Xa /A, 2.1 0.23
IL,/By,+Bs, 9.6 2.2
g /By, +Bs, 10.1 0.14

FESERIR C BT R4S T B i AIX
1) 8 NIE, oV 9 AN TR L ANEH L TFE 10
AMEHERIE S (Ta,—9a,, 1b;—3b,, 3by—Fb,, 1a,)
BRAE, B CAS(10, 10) ARAY . 158045 51 A4 HC 8
SERANE 6 PR, 3% 4 50 T RA RIS 1Y
AR E ML ESE. FMR C B8 i
ANBRIEN; T 4.7 eV Fl 8.6 €V, TEFE/M 9K 0.42 eV
A1 1.36 eV, 45k A A, Fil A, FLIRES. 55 = 6k
VAT 10.8 eV, EZIEH T 10.6 eV 1Y By PRI
LT 11.0 eV 1) Ay LIRS TTHR, B0 585
A3k 3.23 €V H1 0.56 V. Stk C 53k A
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B TR B AR W 25 5, HES M BT I E ~ 1A, - - By,
FROE. XA 2E 5 S8 T RS RS0 B 5 A A % e
. - s 100 .
B AHLLEAE T B84k, 1F 8.6 eV ALMELH 1Y T et
PLPEHN 1.36 eV 1 Ay HARIE Fritiofff 25 1 151 5
= e (S -
Yo AR, X — SRS T AERT Fritiofff %250 = ol
o SARMEAT T ;
5

~ O e s 10 12

g Energy/eV

s 100F

2 7 Cy BT D Sl ik it B B AR

E Fig. 7. Elastic integral cross sections of symmetry compon-

g 10-1F ents of C, conformer D.

g %5 Cp SR D HOIER R AT

T Table 5.  Resonance position and width of the con-
72 ) — otal -~
10 0 5 7 6 3 10 12 former D of Cj .

Energy/eV

6 Cy &7 C iy s r AU AR #m
Fig. 6. Elastic integral cross sections of symmetry compon-

ents of C; conformer C.

F4Cp KRR CRSRA BT
Table 4. Resonance position and width of conformer C of
Cy .

State Position/eV Width/eV
A 4.7 0.42
A, 8.6 1.36
B, 10.6 3.23
A, 11.0 0.56

XF SRR D, FAT IR A UR 4 fE & AR 8
A L 16 S, Ay 10 A4S H AT DR 2
10 476 PE B E h (5a,-6a,, 3bs,-4by,, 3by,, by,
1by,-2by,, 1byg, 1bs,), 15 2 0 #0045 R an &l 7 fir
N SR AR —MRBIENL T 5.7 eV, EEORH By,
IR, TERE N 0.47 V. ZREEA ML T 6.0 eV
Ab (4 B S TR R 0.14 eV 1 A, HHRA 1Y 5T
k. FfE BRI AT, S AW T, B s A AT
REAF1E B AN LIRS . ARIEIRAT AT, 7R 1% A8
XA THIT 9.2 eV 1 A, HHRES, 5884 5.20 eV;
7 F 11.00 eV Fe R 1.80 eV i) By, LIRS, 57
Mk C BAA =ML ML, A9k D &3E5E, 45
MEA T A, SRS B TR &
AR, A, R By, SRR A SRR S 2 A A R
T, o A, RS TR F] T 5.20 eV. £ 5
FIH T RS

State Position/eV Width/eV
By, 5.76 0.47
A, 6.0 0.14
A, 9.2 5.20
B, 11.0 1.80

7 BT DU SR A ) s A S . T
DUEH, DR SR AR e — MIKHE o LIRS, Bifi
HARIZERH B, A, C 2 D 284k, i ILRAN B
i 2.1 eV JHE 3 5.8 eV. IR B U A
Fa Y25 R4 A R AE . 5 0 R) st 0 A Tt B o
FIRZE R I AR AL 2 BLEH B AT, B A, B, C 3
D 724k, T )N, R S R ORS 4  1Y
FEAE . AR 3 DO A S 0 A% 4 AH X RE A, FRATTATH
Boltzmann 43 A3 1155 B — R EE R &4 AR
B, AR
n; _
nj —e AE/RT’ (5)
Tt py; S SRR § AR AR G FERE L, n F
n; FEWIF R R4y F 80, AR & PR R B g
#, REWIRES W, TRIRE (A K). £6
I T IEB IR 262404 C DUFP SR 14 =F B B
FERASAL. AT IWAERIR (25 °C) &0 F, Sk A 1y
FREESE N 74.15%, B SR 11.47%, C R 7.49%,
M D R 6.89%. T ixX — 3= B 45 5 A i v+ 55: 1y
Fh SR AR BOR, BLE TR IR T ¢ Sk
DUFPIE AP ) L SR RO S T, A&l 8 TR
WEF 5, Fritioff 45 M4 S8 £ o4 # m tre 18
Heh . I 8 WA H, FRATTHELA (A R T E /)N

Dij =
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T 8.0 eV MK AE X, & T 5L 50 I & A . FRATTHE
8.8 eV Ab T —ANSEIE L5 4, S50 I v [
P L] 7EH mAIREIX 10.0 eV Ab, SEEGI Y
BN BIE K, X FZok A4 A Fl B 1Y IL, LK
T, FLHRAS B TRk

F 6 Cp MU FA AR AL
Table 6. Proportions of the four conformers vary with

temperature.

RET /K
100 200 298.15 400 800 1500 3000 10000

ST

A 99.43 89.00 74.15 62.50 42.79 33.93 29.27 26.24
B 0.38 5.51 11.47 15.55 21.34 23.41 24.31 24.82
C 0.11 292 749 11.32 18.21 21.51 23.31 24.50
D 0.08 2.58 6.89 10.63 17.65 21.15 23.11 24.44
7
- A uu
6~ B )
-C B
5f—-D \
— Fitted by Boltzmann
4 distribution

Cross section/(10720 m?)

Energy/eV

A 8 Cy IO S K 4 L LA A A AT DA B AR 3 B
2% S Sy A 4G R IR T BOTEON B

Fig. 8. Total elastic scattering cross sections of four C,
conformers and cross sections of the mixed conformers fit-
ted at room temperature according to the Boltzmann distri-

bution.

AR T e B 5E E AR =, (AR
SRR B mEMER C BRI 4.
H T Cy B RO A A BEIE 45 R i R Gl
AR RAEFE AW THF5 ¢ 87K
RERER T AR, SR CC B, F5E T 0—12 eV
i 1230 P PN U ol SR A R P 1 i Pl L AL
AL BLAh, R HBUR G2 il a T8 T
PR HOCE . TR R R, Kk AA
5 AR, RIA B fE7E 3 MRS . C D %
A 4N SHRAS. Fritiofff 45 14 LGS T 8.8 eV
ARG, HEOR A AR A ) S RS R

DTk, LRI oK F AR C 1 Ay HHRZS 5T
k. AN, MR R A BB R A, S
EZIRS e Ny SR IRV - i 0 A RN U F A il
VLKA T AR, SR W] S AR T2 R )
fib. 5 —Jrihn, AWFFEARHE T C B i B T
RO, 08 1T AR AERY 2 00 s IR,
it R SRR PRI AL T RIRE. [RImHIGE TR
BMTRE, Syt — LS I 0 s 1A ande fit TR
W%, FRlHEAR I, RATHHTE 3.3 eV BIIRAE
AL E— PN PIEIRE, AT S0 TAEE Bk —
AAUESE.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Low-energy electron elastic scattering of C, anions:
Resonance states and conformers”

Li Jiong-Yuan  Meng Ju  Wang Ke-Dongf

(School of Physics, Henan Normal University, Xinziang 453007, China)

( Received 30 September 2024; revised manuscript received 18 October 2024 )

Abstract

This paper reports low-energy electron scattering with C,; anions by using the ab initio R-matrix method
in the single state close-coupling (CC) model and the fixed-nuclei approximation. We predict the elastic integral
scattering cross sections (ICSs) of four conformers of C; ions in an energy range of 0 < E <12 eV and discuss
the effects of configuration changes on resonance position and width. Additionally, the theoretical results and
experimental data are compared and analyzed. The results indicate that the 8.8 eV resonance peak observed in
experiment is mainly derived from the ¥} and ¥, resonances of the conformer A and the A, resonance of the

conformer C. The scattering cross-section reveals that the conformer A has five resonant states, and the

conformer B has three resonances, while C and D each 7
. ---—~ A 0000 ---Bosoo o
have four resonances. Finally, we use the Boltzmann ol ° ° -
- C 9 --—-D o0 . @
distribution to calculate the populations of different b ° I
5 r — Fitted by Boltzmann -
conformers at different temperatures, and simulate the distribution TN
4 o EXP[M]

low-energy electron elastic integrated scattering cross-
section at room temperature, which is in good agree-

ment with available experimental results. We also find

Cross section/(10~20 m?)

a shape resonance with a width of 0.20 eV at 3.3 eV in
our total cross sections, which is not detected in the

existing experimental results. This provides new
. Energy/eV
opportunities for measurement.

Keywords: electron scattering, conformers of C; ions, R-matrix method, resonance, cross section

PACS: 34.50.—s, 34.80.Bm DOI: 10.7498/aps.73.20241377
CSTR: 32037.14.aps.73.20241377

* Project supported by the Excellent Youth Science Fund of Henan Province, China (Grant No. 212300410054).

1 Corresponding author. E-mail: wangkd@htu.cn

243401-8


http://doi.org/10.7498/aps.73.20241377
https://cstr.cn/32037.14.aps.73.20241377
mailto:wangkd@htu.cn
mailto:wangkd@htu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 244201

LE WHEHRTH TS

KRR F NERimme St HEHRIEIRHR"

#t

TEET

7K AR R

(BRPGIME R Y B S5 BAEOREBE, 4% 710119)

(2024 4E 9 J 30 AU3]; 2024 4F 10 H 23 AYEIENR)

T A AU B U A B, AR5 T AR AR N R AR R SRR R B 0 R R AR SRR T — By
Born IR T HEOE AL B IS0 7 A BIE T BEAE L, O LLSURT 0 I AT PEAR TS R0 B RGEHATSE T
ARG 5| A4 O R g AR T 0 i Bt A S B B RO v 1 R A AR A R T T L T IR D R AR Y
LB LA, B8 T IR BEOGAE 5| R e i s s A vh it e A7 D X, DAk — 28 W 5 T e 't i 2 ol e B HL I B8 5

T —E S AL

KR i, AR, JCHLE, St T A

PACS: 02.10.Yn, 33.15.Vb, 98.52.Cf, 78.47.dc
CSTR: 32037.14.aps.73.20241378

1 5

BE 3 BEHOCHAR B AN A 2, Ok 22 i
FEITf ST T e e 55 ) SO ELAR i — el
HELER T FBEM S Ah, HTas i E B 3l
ASHERE R, BEBIE f sh i, IR BOLIX MRS
F H e S AR I PP A AR Y B A T .
Bn, SerYBUE F S Pl DU L O
TR, BB Mg -2 RH
BERIR TS Al 2l sl i i it v 1~ A1 S BN
FRAHE RS 1), U0 3 T eI A e RS 1 v 13
K. TRIREE B R T O 22 U (ISR
oy R AT aE s SOt ) PRy
POIESE R, I Bz BT L

Xt T R AT DT AU AR, WFSE N Bl
TG T R AR A RS AR iR B 3, 2R
JETF BRIE AT TIR AR B r, WIER T HERIT
FEETT, JFRIER T DU R AURIR 2 /R - i TR

i

DOI: 10.7498/aps.73.20241378

JIT AV AR ) 01010 Ak BIFSEN b R
H A DRI OO B 1, B R
B BE R T AR RS 12 S O Z AR 3
SHEAERE AR, X T4 SRR e 't ) i s ik
e, SCHYBE A g i 131 GBS 25 R R T 1
FECHL B S R A4 A A L AR RE SR 9 LR e rE
TFBhAAT R IS Ak, B T OO SRR, i
TG TR T A A 5E P - I I A6 U
JO7 16187221 4, g B R P XSRS AR S 1Ol
THIE A Bl AR SRR O BRSPS
AR B (AR A, BRI B Y BRE —
[ PR AT PR EL AR HT 230 A SE Rl A A 3 1
Sz SR B S DI R S T
NHERAYD) B AR, AMLBEITRRE S 70T AR B
VEHIR B, i B EE 5 | WO T 2519
P SII0 S4 AU AT A 1 P 55 A JRE AL

N T BRIEVET X TR HEE -5 O A R Y
BRI, A SCERGEHATSE 1 D 287K IR G714
[QUETRRREERE. B, TR T SRHESEOCR

* R AR 55 2 (LS GK202304006) FlEIZR HAARHASESE: (S 11934004, 12374238, 11974230) % Bh A,

t BIE1EE . E-mail: gongmm@snnu.edu.cn
1 BIE1E#E . E-mail: song-bin.zhang@snnu.edu.cn

© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

244201-1


http://doi.org/10.7498/aps.73.20241378
https://cstr.cn/32037.14.aps.73.20241378
mailto:gongmm@snnu.edu.cn
mailto:gongmm@snnu.edu.cn
mailto:song-bin.zhang@snnu.edu.cn
mailto:song-bin.zhang@snnu.edu.cn
mailto:song-bin.zhang@snnu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 244201

146 FEL 5 96 1 B 1 AR 1k, A OB A 40 A
SRR, IRBES I HUE A SN S B A
1, (H 5 P OC AR AR K E R 1A,
M T G E HAR Z AR e R, AR
WAGE T AR f ol 10 I e AR AR A A7 A Ak
OCH T AR, 50 RM, LA T A
HAFHGE f sl iR e G B R R ke, Ol
FL B A I e 3 A sl i R/ INFI O ).

A EENEUT : 25 2 717 {7 22 i i
SN DL FE IR IR e HL B (O BRIS J 12; Z5 SR AIHE R
SPHAESS 3TN, BRJEHE A TR SRE. K
SCH T A B R R B (h = dreg = e =
me =1,c=1/a, Hrf o FAEHEE HEED).

2 ¥k

XEFFHEPEOL, TR EAaE Tz
IR RSHESE. EARAXHEHESRL N, X T HA R
Nk, BBIEN B, = k/a 06T, HS5HRFHMHE
VEIBAT I LIZR

o) — aA(API)(r) . p, (1)
X p = iV BREMDRALT; IR RHE N
AP (r) = epre®, (2)

Horlt ey WIRPRSCHE, A= +1 BAF5 [ HEAR
WL PE . TR TR B AR 3 2L 2
d2¢®)  on
d0dk, 7
P = E/(2) AT TR 5 9,
ni R ESHUE I T IR, Q hATFHIE TR
SHEBT (0940 FHUA, ke WIS T SEE, oi(r)
o L T ORI S B R o (3) 2t —
A

d2g®D A2 an;

ddk, B, ‘
W4, TP BT ORI MO (k) H

M (ke k) = (r(ke, )| e - plei(r)).  (5)

16— Born L, AR 25 HL B HL T T 8 2675
i

nil (Vr(ke, 7)|0oe™ " ew - plui(r) [, (3)

2
)

(4)

Mépl) (ke7 k) ‘

Ve(ke, ) = (2m) 3/ 2elReT, (6)
SRIE, i (5) 2 ST T B B PR R faf bk

M (ke. k)

—i / div[f (e, 7)e® T epati(r)]d®r

+i / erath(r) - V[ (e, r)e ] d%r

— i]{w}k(kze, r)eik'rekmbi(r)dzs

+i/ekwi(r) V(g (ke, r)el®Td3r. (7)
e (7) 57 2 A0 3rp, SR AR AR 3 B AR
PR NSy SR r BTG, TR
WS PR s (r) P8, RGBT T
e, BRITBSHHRIRRIE A

e k (ko)
A@%m¢w—(gpg/éw“>wvm%

= —(ern - k’e)z/;i(ke — k), (8)
3P BR AT B PR W -5 00 46 o 2 T ) e B A 4
BUE L, HAA RN K =k, — kB XSS R
HH T3 A UG EOR B
R TR DU IE IR W e Ot L B 0 B, BRAERAT
(1) 3X) v o S8y 23 a5 0 7 28 DA THT i 28 B30
JEPE. FRie Bl A ARIRR (r=(rL,2) =
(ri,¢r 2)) FHERSHIE A D E m, 78 2 A
% (TAM) A m, h UL K RER B, BIRTESS. Piet
MR LRk = (k1 k.) = (ki, ¢n, k), LR
9 T8 FF 3 ff A 0, = arctan(|k | /k.) = arctan(k/k.)
PYFETE b o s s, o MiER S, A 1
FieoR. —ekd, n] LU R T A< a2 ok Ak Dl 28
IR IRTE 1333637,

AP \(r,b)

. . . dk
=e"“zz/rame"”'”amw(’ﬂ)eﬂ’“'biL (9)

2n)?’
S,
G, (1) = (—iymemooe [ 256, — ) (10)
v ky
w4,

Al (7, b)

21
o/ am K iy ¢ —ik-b ik APk 11
= (— v J— Y -
(i)™ o jg erne gk (1)

Horpr, F8H00 %0 7R T BESEAR X T -7 15
HFRS. K b (RIS R (be, by ) SRR
PR (b, ¢ )) RREIESH WA 1 PR, E AR

244201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 244201

wy P M (11) AT LA Y, Pt m) D 28856
AT AR A~ TR A&, s Gt e o
k sin 0 cos ¢y
k= ( k sin 0y, sin ¢y, ) (12)
k cos 0,
P T —ANHETET . XTI HELR UL, B R
bt Jy 116.17]

epx = Z . R (13)
ms=0,%+1
X,
1 A
C41 = 5(1 + Acosby), c¢o= ﬁsmﬁk; (14)

Mo, +1 A FRARFR T LS B8]

B4 (5) 3t (9) RO (13) 38, WML B T4
T B R T AR R AT AR
M™ (ke, k, b)

2n
f A | d
= (=i)™ QE/ elquﬁkilk'bMépl)(ke, k) 2¢k
T Jo T
. K

= _(_l)mw\/ m Z e (M, Ke)
ms=0,%+1

do
6,

2n
x [ dmman kb, T (10)
0

X B EIE 3Ry THE n(b) B, BB T T

1
!
1
all :
/ k| b 2
1
)

BE1 DUSEIR A TE 6 oA R 70 s 22 8], b i 2
B b (TEH RRBIR R P RIRHN (be,by ), ERADRFR
RN (b, ¢y ), X T wy FH N KHOEH T 8
i 0 A g T (BIH AR WIR)

Fig. 1. Overview of the twist Bessel light incidents on a mo-
lecular target with impact parameter b ((bz,by) in
Cartesian coordinate or (b,¢p) in polar coordinate),
defined in xy plane. The solid angle of the emitted photo-
electron is described by 6. and ¢. (not shown in the im-
age).
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Fig. 2. Photoionization cross section as a function of photon energy detected at different ejected angles: (a) 6.=1°, ¢e=0°;

(b) 0e=10°, $pe=0°; (c) 6e=90°, Ppe=90°.
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Fig. 3. Angular distribution of the photoionization cross section: (a), (b) In zz plane, the corresponding photon energies are

1000 eV and 10000 eV, respectively; (c), (d) the photoionization cross section in zy plane, corresponding to photon energies of

1000 eV and 10000 eV, respectively.
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Fig. 4. Angular distribution of photoionization cross sections with different opening angles and TAM with photon energy of
1000 eV. The opening angles of the three columns are 5°, 30° and 60°, respectively. The five rows represent different TAM values,
which are 2, 1, 0, —1, —2, respectively.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes
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Abstract

Owing to vortex light possessing the additional orbital angular momentum, its interaction with atoms and
molecules can reveal in more depth insights into dynamics than the plane wave light. This paper aims to
establish a theoretical framework for the photoionization of atoms and molecules by Bessel vortex light. In the
case of macroscopic gas target, helium atoms are randomly dispersed around the entire region of the Bessel
vortex beam. The final photoionization cross-section is not dependent on the angular momentum of the vortex
light, but depends on the opening angle of the Bessel vortex light. This paper systematically computes the
variation of photoionization cross-section with photon energy and the angular distributions of photoelectrons
under different geometric conditions. The computation results demonstrate that there is a significant difference
in the photo-ionization cross-section between vortex light and plane wave light. In order to further investigate
the characteristics of the phase singularity of the vortex light (when the light intensity reaches zero), this paper
further calculates the photo-ionization of the vortex light with opening angles of 5°, 30°, and 60° at the phase
singularity, respectively. The results indicate that the angular distribution of photoelectrons at these three
angles is significantly dependent on the orbital angular momentum and the opening angle of the vortex light,
and the calculated absolute cross-section does not equate to zero. This represents an important distinguishing
feature of the Bessel vortex light when interacting with atoms, distinguishing it from the plane wave. This work
lays the foundation for further studying vortex light photo-ionization and their applications.

Keywords: vortex light, phase singularity, photoionization, photoelectron angular distribution
PACS: 02.10.Yn, 33.15.Vb, 98.52.Cf, 78.47.dc DOI: 10.7498/aps.73.20241378
CSTR: 32037.14.aps.73.20241378

* Project supported by the Fundamental Research Fund for the Central Universities, China (Grant No. GK202304006) and
the National Natural Science Foundation of China (Grant Nos. 11934004, 12374238, 11974230).
1 Corresponding author. E-mail: gongmm@snnu.edu.cn

1 Corresponding author. E-mail: song-bin.zhang@snnu.edu.cn

244201-8


https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1038/s41467-017-02437-9
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.84.033804
https://doi.org/10.1103/PhysRevA.106.012818
https://doi.org/10.1103/PhysRevA.106.012818
https://doi.org/10.1103/PhysRevA.106.012818
https://doi.org/10.1103/PhysRevA.106.012818
https://doi.org/10.1103/PhysRevA.106.012818
https://doi.org/10.1103/PhysRevA.106.012818
https://doi.org/10.1142/0270
https://doi.org/10.1142/0270
https://doi.org/10.1142/0270
https://doi.org/10.1142/0270
https://doi.org/10.1142/0270
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.108.062803
https://doi.org/10.1103/PhysRevA.109.063114
https://doi.org/10.1103/PhysRevA.109.063114
https://doi.org/10.1103/PhysRevA.109.063114
https://doi.org/10.1103/PhysRevA.109.063114
https://doi.org/10.1103/PhysRevA.109.063114
https://doi.org/10.1103/PhysRevA.109.063114
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
https://doi.org/10.1016/j.cpc.2009.07.009
http://doi.org/10.7498/aps.73.20241378
https://cstr.cn/32037.14.aps.73.20241378
mailto:gongmm@snnu.edu.cn
mailto:gongmm@snnu.edu.cn
mailto:song-bin.zhang@snnu.edu.cn
mailto:song-bin.zhang@snnu.edu.cn
mailto:song-bin.zhang@snnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 248201

LE WHEHRTH TS

I B ZE IR S & ks Hy W E S 1 FEM R

E%fgl)

EAEAY x| AV

1) (h E TR B A B, dEET 100193)
2) (LIRS SEORERE, fRAE 071002)
(2024 4F 9 H 12 HILEI; 2024 48 10 H 18 HULEIEHH)

i o MR e 3 7 R, T T B I R RE IR A S S AR RO S AR T S TR R
N [R1 38 A Bl 2. W B, e T R ' A Ik R T LK i 8 AR AT A R A TR, 45 SE GRS I
(] AR 14 B ik 2 S RE DS, PT LASE A Bl A P L T SRR O B 1A AT . S3 4k, BT RESh R ST R
JE T — A H AR AR 5 ) 03 2 B 22 AR R 2 TR R A% S M T R 3 I TR B4 A% B S RE S LTS T Sl g
XTI AT A B A O 2%, Bt T — A T B A ) B Y 5 I A R 5 R

KA WOL, BT E T, s
PACS: 82.50.Nd, 33.20.Xx, 42.50.Hz
CSTR: 32037.14.aps.73.20241283

1 5 =

UTAFR, ML K OB B R R A
Xt JEF 73 ) R S 0 S Bl e B R P T AT
AE, Herh 7 B B oL Bl g 2 R — LR T A
A S BESEN B R BR TARIEOC SR, HAEE
ANTRT AR 43 B AL 1012, W5 RS T 1 Bl g
% (KER) JetRFUM B B b 59 8l g 2 ALl i) — 7o
HE TR Rt Tl T B TSl Rg g
SIS AT AT LARAT R T AR AR, S S T
FRET IO GAF B, WL mT LA 21k 25 i
T v ) A B R 182 T B SR R B, )
TR S B 2 K T RS RE S S O R SR |
W 2 Jok S JEE 2l DR OG 2424,

HY A R ] S0 001 2 1, BIRSE L S i A

DOI: 10.7498/aps.73.20241283

UAPRE7/BE N e N o7/ I v BT =R 2 T RS M
Moty 5 vy T EARREUr T LG %
BTz SR B2 50, {5 sE A 1A s EOE 9 Y 2
PALZE AL (CEP) SRS #RINDE 2 18] i 8]
JEIR, R RUA R Hy sl A Rl 1A
AR RR A BT38) R AR PSR IR T IO R
TR ZA B b B IE Z R A . Be T,
I S RER A S I e 1 R, AR B s
XEFOEH R TAIGER, /T LA HY 701 Ol
We )25 18] oA B9, DA RAT S5O 1Y il s i A v e,
TAEXUZ Z [8] ()73 A 1041,
ASCEREC R REETT TR, TRAWTIE T Hy
TE 50 RO, Hh A 38 I TR B0 A 2 3 0 25
IR T I T RE S i B A 25 3 ) 2 A 0 B
B, AT REAS E R T B 1 SR A 5 i AL e
S S IR I ) AR B B 1A B S RETE. kA, AR

*EZE AR EEREZ RSP E T RGO RS S S U1930403) FE R A AR~ 24 (S5 12022513,

12404394) %5 BhAGIE.
T W(EVEE . E-mail: fldonghb@126.com
T BIEYEE. E-mail: jliu@gscaep.ac.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

248201-1


http://doi.org/10.7498/aps.73.20241283
https://cstr.cn/32037.14.aps.73.20241283
mailto:fldonghb@126.com
mailto:fldonghb@126.com
mailto:jliu@gscaep.ac.cn
mailto:jliu@gscaep.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 248201

T ERERE R, $& 1 T A BT A
E AL AR T 5. ARSI 2 T S AR A L
L EFRRINE; % 3 WoR EEHEAER, 4
T RE SN B AR A 2 AR M) R X S (B
FIgREI X AT RERI N A TIHE, 26 4 R B4

2 MERAGIHET &

AR PR B I (R RER Y KEMEOE 5 HY

S ETHEAER, BREOCHRIZALTT 05 HY B

il AR, PR AT DA R AR AR R R Ao — A

—HERGE. X T4 =R R G Y, A HERER]

FEAR AR 12 i R T2 2R G R A R OHE AT AR BR R
Hy ARSIy

-1 02 -1 02
0= %ﬁ + om. 922 +

My M.
Horl = R LR, PR

B My =M, = 1836 a.u.; R Fl 2 43 2 W% Al
H

V(z,R) + Vi(R), (1)

H
~ M,y + M,
LR AT AR s me = 37— T

~1 ~1
2t Viz R) = NEEYIEE + N
JEHL AL R WG #RE; Vo(R) = 1/R2&%-HE
JRIRE. BRARRFIR UL, A< SCffi 1 s il
Hy B & e 15 N

i%¢(z, R,t) = H(t)y(z, R, 1), (2)
Hr, o(z, R, t) & HY TR Ak iy 3 sh 5. 78
KR T, SR PR 3 Bl oA 285 i 1A

H(t) = Hy + E(t, tq)=. (3)

MBI N B(t, ta) = Er(t) + Ea(t — ta) , Heth
FWE By (t) = By sin®(nt /1) cos(wit) 1 965 HY
HAEH. By AAEHEOCH I RRIE, X5 R 0GR
FEA1 x 10 W/em?. 7 = 8Ty, P Ty = 2n/w, |
wi FIE N = 105 nm [ ZE T HOG R [RIAR. 00
Heit B R At = -, Z5REZI Rt =0.
WL NG, RELN — B HER ¢4 1) TC
1, SR FIRNDE Eo (t — ta) = Ea sin[r(t — ta) /2] X
coslwa (t — tq)] KM EAEM. By HERMBOGH
FHRME , XA EOERIE A 1 x 1018 W/em?, T, =
on/wy . N CHMUAE tg, m Mlwy A T RS
B ST Wi 25 SR T

FIH Crank-Nicholson J7 1 431 B0 {H R fif B2 E
PO, TEBMETH A, 2 D51 1280 423 Al A%
AL A 0.1 au., R IJ5 T 600 455 R A,
22 [\ 24K 0.05 a.u., BHEIZEK N 0.1 au, B 1R
SRR 85 PR BSOS S AR BRSOV, A8 2 T 1)
— I AR IR WAL RSP e W A2 SR AL )i e K. 2
l2| < z B, Mask(z)=1.0; M2 < |z < (2zc + 2p) At
Mask(z) = cos [n(|z] — z)/(220)]"% s 22| > (2 + 2)
i}, Mask(z)=0. HH 2. =30 a.u., 2, = 20 a.u., HJE
N FE A%z SR AEF AR, 75 R J7 1) AU R %K

FIEFIFIFE R HY REEh, T AIE Fm
g T Iz 8. WMo T s sl el LR FH SR -
BAIRFERIT AL, (Born-Oppenheimer approximation,
BO b)), Hons A i oy

. -1 0?
Hpo(R) = I 92 +V(z,R)+ V. (R), (4)
B BAT I B BAIE T R
Hgo(R)x5,(2, R) = en(R)X5, (2, R). (5)

TEREERIBE R T, )P M I8 AL (1495) S fi
D (5), A1 HL T R \C (2, R) R BE HEACAE A
en(R). [ 1450 TAZIRIEE R HCH I o FAE s o
W ei(R), MR ea(R) , X FAA S IXT R
JERT T AE P 150, B 2por, B, B AMA SRR T
55 TR ea(R) FUES SRS ea(R) MO
PRETT. Hoh 25 0 (R) AL, HAME SR
HEIAS. MUY A TRER, BT THRES, R =
1.85 a.u. RASE B A AIEE , BN JEZS SRR R A%
X R IR, 24 HY 4 TRk, d T il RRERIT

4

e1(R)
EQ(R)
3r e3(R)
E4(R)
= 2f
@
=
=
oo
ot
-1 1 1 1 1
0 4 8 12 16

R/a.u.

Pl 1 AN IR L A AE 2500 B 1 A% T BE A A8 19 43— 34 i
Fig. 1. Molecular potential energy surfaces as a function of

the internuclear distance for different electronic eigenstates.
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Fig. 2. Joint distribution of the nuclear and electron energy
after the dissociation caused by the monochromatic pump

laser.
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Fig. 3. Time-dependent dissociation kinetic energy spectra of H; in sequential two-color femtosecond lasers: (a) The dissociation

kinetic energy spectra of 1-12+ calculated by Eq. (10), in which 72 = 2T% and A2 = 580 nm; (b)—(d) the same as panel (a), but

T9 = 4Ty, 6T2F18T, , respectively. The solid lines are the results calculated by the classical model.
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Fig. 4. Dissociation KER spectra calculated by Eq. (10) as a function of ¢4: (a) 70 = 6T and A2 = 180 nm; (b)—(d) the same as

(a), but A2 = 288, 410, 580 nm , respectively.
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Table 1. Reconstructed time evolution of the internuclear distance in the dissociation process of H;‘ utilizing the

wavelength-dependence KER spectra.

A2 /nm wa/a.u. R/a.u. tq/a.u. t=tq+ T> (t) At (R) AR
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288 [0.13183, 0.18456] (3.3,3.85] [0,47] [40,87] 63.5 23.5 3.6 0.3
410 [0.0926, 0.12964] [3.9,4.45] [0, 60] [57,117] 87 30 4.2 0.3
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tion results.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Dissociation dynamic study of Hj in time-delayed
two-color femtosecond lasers”

Wang Jing-Zhe  Dong Fu-Long?  Liu Jie V!
1) (Graduate School, China Academy of Engineering Physics, Beijing 100193, China)

2) (College of Physics Science and Technology, Hebei University, Baoding 071002, China)

( Received 12 September 2024; revised manuscript received 18 October 2024 )

Abstract

In recent years, the rapid development of ultrashort pulse laser technology has made it possible to regulate
the ionization and dissociation dynamics of atoms and molecules. Among them, the microscopic dynamics of
molecular dissociation have always been a hot topic. The phenomenon of molecular dissociation, which is caused
by the interaction between femtosecond intense laser fields and Hj molecules, has attracted widespread
attention. Previous theoretical studies on the dissociation of Hj molecules mainly focused on studying its
dissociation dynamics through numerical calculations, with relatively few theoretical models. This paper aims to
establish a simple classical model to describe the dissociation dynamics. Firstly, this paper calculates the joint
distribution of nuclear energy and electronic energy in the dissociation process of Hji molecules under the
action of pump lasers by numerically solving the Schrédinger equation. The results prove that Hj molecules
initially in the ground state are dissociated into H™ 4+ H* after absorbing a pump photon in the pump light
field. Next, this paper studies the dissociation dynamics of H molecules in time-delayed two-color femtosecond
lasers. We find that it greatly depends on the specific forms of the pump light and the probe light. By utilizing
the dependence of the dissociation kinetic energy release (KER) spectrum on the time delay of the two-color
femtosecond lasers, we retrieve the sub-attosecond microscopic dynamic behaviors of electrons and atomic nuclei
in the dissociation process. Furthermore, we establish a classical model based on the conservation of energy and
momentum to describe the dissociation dynamics. This model can qualitatively predict the ion dissociation KER
spectrum depending on the time delay of the two-color femtosecond lasers. The electronic resonant transition
between the molecular ground state and the first excited state caused by the probe light will affect the ion
kinetic energy spectrum in the dissociation process. Namely, the ion kinetic energy spectrum is dependent on
the frequency of the probe laser. By taking advantage of this characteristic, we propose a scheme to reconstruct
the evolution of the internuclear distance with time. Our reconstruction results can qualitatively predict the
trend of the numerical simulation results, and this scheme may provide some theoretical guidance for
experiments.

Keywords: femtosecond laser, hydrogen molecular ion, dissociation dynamics
PACS: 82.50.Nd, 33.20.Xx, 42.50.Hz DOI: 10.7498 /aps.73.20241283
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T MimEEFREFRFhNE

HABEE FHRRRES UL mHM
RSN B BRI AR 3R

gFHV ETEMAEY FHAEY TEHFY FERY
X EFFD R FHFEARDVT F R DI

1) (P R =Y RS 7 TR, HON 4 T2 T 5 20
2) (M Tk =B HLS A TR

BEAPRHEE (90003, 22 730070)
TRE2EBE, 22 730050)

(2024 4E 9 H 20 A3]; 2024 4F 11 H 18 AUEMEHR)

OGS (Sn) 5 B F IR G I8 2 M Je A 5841 (EUV) SCZIHLh o %0 1 43 R 58, JLR S 1 19 13.5 nm
BFIE 2% 7 52 N B BUV O 8 D3R (B RIAR S 12t R A D 2P 75 I B9 G B 1 A 2 — . AR SCEF X0 Sn

SR T OB IR IX —

T T B AR, A SR RIS P A T (LR A R AR R T Sn A

ARG, TPRE T VRN OC T45 B T AORES S B Ain LUK BUV SR 516 15 i) B EAE DTS

B FRLE 12—16 nm I B 194 SN 15

W2 . S R P O 55 88 R R S I 14 ) 2% B2 )7 RHDLPP, 43 5 AL0L T 4R 30O6 ik oh V8 F T Sn ¥ 18I &
AR RS IV T L T 7 A ) 45 A L E T R R SRS S RO A 55 R A 1 TR R N 4 S T A

IRZSBE, F) I R 485 4b PR 2 7 Spelma3dD ¢ [l T 1 i 40 45 5 7R 19 =5

S 0] 433 EUV G A K i 40

B FRTE 60T AR T B9 A 4 EUV OGS BB Fc 5, 19 8 7 W% 0 55 3 F R 7E 13.5 nm, 2% 5 T P AY
P S R UL £ AR AR . AR SCRRAS Y BT A A B AR S S 80 A B EUV GBI 45 R 5 30
(10 52 6 25 SR BT AR 4 i — E0bk, WE B T RHDLPP 2 5 76 06 Sn % 85 T4k BUV YGIE 5 1 A9 B RE J1, A2
L0 LUK EUV OBZI DL K 7= 4k EUV G IR A7 il $2 11— 2 09 S #F.

KA BCESDCEDCIR, WOCH R T, RRIR T R

PACS: 32.30.Jc, 52.65.-y, 52.25.-b, 52.25.0s
CSTR: 32037.14.aps.74.20241321

faf 22 ASML (Advanced Semiconductor Mate-
rial Lithography) 2~ 6] (I# 554F (extreme ultrav-
iolet, EUV) 6 ZIHLH AT H F 7 nm Ml 5 nm
ARAT R AR e e 2 O AR A e

, BEEAEiE
DOI: 10.7498/aps.74.20241321

P R 1 U AR 5 AMEZ (extreme ultraviolet
lithography, EUVL) B, [AE & MAE EUV S6Z)
BLE LA SE s i RIS £ 7= 1 Tl Ab S W] sl e
M A%, AR T A IR LE R EUV LR
5= EUV B o O 1 o R 5, ezl
SR BT AR . ASML ARIEH EUV
HZWURFBOES (Sn) S EFARK HILL 13.5 nm

* K HRBIERES (S 12474279, 12064040, 12464036, 12374384) Flrb Je5 | Sy M BLE T (HEMES: 232YQA293) Wl

PR
t BfE1EH. E-mail: mq_lpps@nwnu.edu.cn
1 BfEYE#H. E-mail: sumg@nwnu.edu.cn
1 W E1E#E . E-mail: dongez@nwnu.edu.cn

© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

033201-1


http://doi.org/10.7498/aps.74.20241321
https://cstr.cn/32037.14.aps.74.20241321
mailto:mq_lpps@nwnu.edu.cn
mailto:mq_lpps@nwnu.edu.cn
mailto:sumg@nwnu.edu.cn
mailto:sumg@nwnu.edu.cn
mailto:dongcz@nwnu.edu.cn
mailto:dongcz@nwnu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 3 (2025) 033201

JHt 2% A SEN B BUV SBSHE IR L2, T
T 2 R 1 7™ I oK, XL B IR EUV Ok
Ji (LPP-EUV) £ 4t 1 B A # W 4 3 vl £
(intermediate focus, IF) &b EUV YEP 2 5 HAR
JE TG YR dE AR PERE . RIS TF A
AE TR ERREMER EUV LRI E A ZIHL
S L R AR 2 — (2L

Ot Sn 558 T HOLIRTE IF £ EUV LI
R AFHEOETIE | EUV SEHAAE (conversion
efficiency, CE) . B 528023 DL KOG IR 48 e
Pt fm g 02 Hodr, SBIEAY CE (H248 EUV )t
(1) B T B LA A BOG RE Rt IT 40055 08 A 43 B0 s
N EUE Y. 32T CEH—H & EUV B2 45
W N EE N R IR —. fE AW 2R,
WAMIFSE N D1 32 AR TR AL 20 73 ROR S | Lk
PO R R SR BT, 32 AUk 7 58 45 7 TR IR R 42
= CE MyigsAe -0 s SR 5 I b S i O
A SRS HOE Sn TR rh EUV 5 57k 5
FERIEFEIA L EUV 56 5 76 55 2 R v i) iz e v
PLSGHOE Sn 55 BRI ARZ IS W R 42 46

TE EUV 58 59 1R 5B J7 10, ELE 2020 4F
Z AT E N AN A A O Sn 45 B K
1 EUV YL 2k A F Sn®+—Sn"+ 5 F 1R &
BRI, VW R B BRAE I % DA LR A pPad !, 4pS
4dm14f, 4pSadm15p FFEA 4pSad™ B HHL T ERGE R
3, Hrr m BUE 0—6 43 5I%R T Snt4+ 525 53] Sns+
B, SR 2020 4F Torretti &8 12 AT XX PG
PR TRk, A ATTXF Sttt —Sn B FAEIRA 1
RSN RO S ) BT 5 T8 T RGOS . =K
R AT 2 1) 22 FUR A I BTk 02181, g5 13RI 2
MR AS Z ) BRAT DT BRI I K TR SE 1Y F
FIOEB RN LSBT, [FIAF, S aE M 7E 2023
FIT L2 7 Dirac-Fock J5 i R RHAELH 2540
HAERT AR E—AESE TiX—4518. H9R Torretti
A 120 e 35 ) A R BRAR RO Sn S5 B A
EUV GRS BT E AL T8 LA, (R Fh
BT L OB 1) R ZH S AH AR F TR Y
AR (e B K FNBRE LR ) b TR 2 £
5 S B AN A 335 AR B0k (19161,

B 10 A B AR R R FLAT S Sn BT AU FR ST ER
ESEIET T WMEGTHR Z A6, WF5E AL 5 X%
Jt Sn AFE RS IZ W RS s R R T
KAt 19 52 5 N B B3I 5. f31) AN 78 S5 56 T

Fujioka 55 7l & T Sn 468 FAA7E 9—19 nm I
B s Sk, 878 7Ot R BE XS CE (B 8 250
M. fif =% ARCNL (Advanced Research Center for
Nanolithography) B 5% AT BA 7910 FF Jé 1 K i
BT Sn W 95 B K EUV OGS & T, 8
W T A RBOCS BRI S HO0 55 8 RS
N EUV 5558 A2, Pan 45 18 254 Thomson
BN AR SIS, AR T HOEER T Sn
ST AR A A B AR I L R L IRE LA 10—
18 nm BN A SO, A ST B 19 75 LI
TR FER) Nd:YAG HOGEEM Sn - = A4
1 BUV OGHE, FRANEUMT 1G5 Y A WOBCRAE.
BR 7 SEBIN , SE A BB BRI P R A T
Jt: Sn &5 B RS2 W R SRR E RIS 1A ) T
R BOUSE B I OB L AL )2 EUV 4R S
PR RO GRS RE R TOAR  JEAE RN 25 15
FARB B I3l EM RIS\ EUV FR SRS B
TR RIS | 552 U N A FokL T[] (4 A
VEF LA R 55 B 51 F B3R S 5 00 2 RS 1 52 1)
FRZE AN, A, XL A
REB AT LA o O EC AR, SR, R —1 g
i AT 4D 3 6 35k AR AE AN [R] 223 () R[] RUBE H AR BAR
FH Z Wy T3 T BAT R & — Wi s 2% HAKR ARy T
YE. &5 R 1k, O SR THR AR 125
FFE PR R AT ORI 28 RUBE E IO Sn 25557
IRAIAESCITFY . AR LAY Basko 46 201
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R H i PR E7EROE Sn 558 71k EUV 48
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PRIE S KRB S5 B IR B RN & DL I 5 5
5N 2 R DU AT CE B0 45 Ty T iF
ATk,

AR SCER S8 B 0 A5 B 30 Sn SR
& EUV i, o5 E 45 AR COWAN
TR T RS EAE A, RTINS
far 2% Sn B AR SRR, R 40 B ae gp iy
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Radiation Hydrodynamics code for laser-produced plasma
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Fig. 1. Framework for the radiation hydrodynamics code RHDLPP.
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E 2 Spelma3D &7 B0 G B T 1O 1% /Y 7 & E B2
Fig. 2. Schematic diagram of the spectrum of a laser-pro-

duced plasma simulated by the Spelma3D program/.
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K1 1441 (T ne) FIILM R ESRIE T, | LTE &0 F TSR TS (2) 1,  LTE £ F TR
W AT 75 (2) Lrpe % non-LTE 20 F 3T TR SRR T AT (2),00 e

Table 1.

Ratios R, ionization temperatures T , average charge states (Z) g, based on DLA model under LTE condi-

tions, (Z) 1p.o based on the screened hydrogenic approximation under LTE conditions, and (Z), . 1 based on the

screened hydrogenic approximation under non-LTE conditions for 14 sets of (T¢,ne) values.

5 Te/eV ne/em ™3 R Tz/eV (Z)L1e1 (Z) 1182 (Z)non-LTE
1 5.10x10% 1.00754 37.72 12.57 12.60 12.60
2 38 2.05%x10% 1.01839 37.31 13.20 13.35 13.34
3 5.97x10" 1.05867 35.89 13.91 14.09 14.08
4 5.07x 1020 1.00418 31.87 11.10 11.14 11.13
5 32 1.26x10% 1.01645 31.48 12.39 12.58 12.57
6 5.34x10" 1.03737 30.85 13.17 13.25 13.23
7 3.18%x10% 1.00418 27.88 10.44 10.41 10.41
8 28 1.15x10% 1.0114 27.68 11.32 11.46 11.46
9 4.31x10" 1.02944 27.20 12.14 12.39 12.37
10 1.00x10% 1.00664 22.85 9.87 9.82 9.81
11 23 5.26x10" 1.0125 22.72 10.37 10.39 10.38
12 2.23x10Y 1.02862 22.36 11.00 11.11 11.10
13 50 4.77x10% 1.00851 19.83 9.40 9.30 9.29
14 1.06x 10" 1.0364 19.30 10.42 10.44 10.43
Bl LTEDLA [ LTE-SH [l Non-LTE
T.=32 eV, T, =28 eV, T.=23 eV,
0.45 F n,=1.26x1020 cm—? 0.45 F n,=1.15x1020 cm~? 0.45 | n,=5.26X 10 cm—3
0.40 f 0.40 0.40
g 0.35 g 0.35 g 0.35
o o o
£ 0.30 £ 030 £ 0.30
Q Q Q
£ o025 £ o025 £ o025
£ 020 5 020 £ 020
0.15 0.15 0.15
0.10 0.10 0.10
0.05 0.05 0.05
0 0 0
10 11 12 13 14 15 9 10 11 12 13 14 8 9 10 11 12

Charge state

Charge state

Charge state

B3 R (Te,ne) T BTSSRI LAR, Hp @ FDRE R LTE &40 T & THBGER 4R (LTE-DLA), # (A4t

RIFR R LTE S04 T 56T 5 #2008 LK 25

(LTE-SH), JK A1 48 2% non-LTE £ 4t T 4 T Bl 200 o 1 45

Fig. 3. Comparison of ion charge state distributions under different (T¢,ne) conditions. The red bar chart represents results based

on DLA model under LTE conditions (LTE-DLA), the blue bar chart represents results based on the screened hydrogenic approx-

imation under LTE conditions (LTE-SH), and the gray bar chart represents results based on the screened hydrogenic approxima-

tion under non-LTE conditions.

FRAREC R non-LTE 04 N 3T Bl ZaL LAY 45
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TR A LTE Al non-LTE 2534k % #%30,
BT AP LTE 25 5 M A 2% . 33X i
225k A F AR RS AR L, B ik U AR
TEJR L5 A s f 2 280 TR 2 m R — R
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S5 5L v — AR T LR LTE 3 T AR

U NA:YAG #06r=A: 1 Sn 3 TR EUV a5
SHOTHE .

XFF (15) A AEE- A A R A s (v) THUE
1) Sn B T REGURIIR T3 8 45 T 288, AR SCFI
JE T LR TR COW AN JF MR () 20 25
MEAEHITEARS]. L Sn—Sn" B TR ], 1
LIRS AR 2 frsi.

AT RE R AR T3 SR T2 805,
DLA BAHEAG 2] 7K Ve H 12—16 nm. A
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Table 2.

Configuration list of Sn''* to Sn'** ions.

BT

i

Snll+

4524p° + {4d?, 4%5s, 4d%5d, 4d4f2, 4d4f5p, 4d552,
4d5p?, 4d5d?, 4d5p5d};

4524p° + {4d4E, 4d%5p, AdP5E, Ad2Afs, 4d24f5d,
4d%5s5p};

4s’4p* + {4d°, 4d*5s, 4d*5d, 4d*4f?, 4d*4f5p};
4s?4p?® + {4d°4f, 4d°5p, 4d*415s, 4d*4f5d};

s4pS + {4d", 4d%5s, 4d?5d, 4424, 4d24f5p);
ds4p® + {4d'4f, 4d*5p, 4d%4f5s, 4d4f5d).

4s24p® 4 {dd24f, 4d%5p, 4425f, 4d4f5s, 4d4f5d,
4d5s5p}

4524p® + {dd*, 45s, 4d%5d, 4d24R, 4d25s2, 4d2465p,
4d%5s5d };

4s24pt + {dd*E, 4d'5p, 4d%4f5s, 4d34f5d);
4s’4p® + {4dS, 4d°5s, 4d°5d, 4d*4f?, 4d*4f5p};
4s4pt + {4d34f, 4d%5p, 4d%415s, 4d%4f5d};
ds4p® + {4dP, 4d*5s, 4d*5d, 442, Ad*4f5p).

San+

4s%4pS + {4d?, 4d5s, 4d5d, 42, 4f5p, 5s?, 5p?,
5d?, 5phd};

4524p° + {4d%4f, 4d%5p, 4d25f, 4d4f5s, 4d4f5d,
4d5s5p};

4s24pt + {4d*, 4d%s, 4d%5d, 4Q%AR2, 4d24f5p);
4s?4p® + {4d*4f, 4d*5p, 4d*4f5s, 4d34f5d};
4s4pS + {4d?, 4d25s, 4d25d, 4d4P2, 4d4f5p);
4s4p® + {4d34E, 4d35p, 4d24f5s, Ad24f5d).
4s?4p’® + {4d4f, 4dbp, 4d5f, 415s, 45d, 5sbp};
4524p° + {43, 4%5s, 44?5d, 4d4f2, 4d5s?, 4d4f5p,
4d5s5d};

4s%4p* + {4d%4f, 4d%5p, 4d%415s, 4d%4f5d};
4s’4p® + {4d°, 4d'5s, 4d*5d, 4d%4f?, 4d°4f5p};
4s4pS + {4d24f, 4d25p, 4d4fs, 4d4f5d);
4sdp® + {4d*, 4d%5s, 4d%5d, 4d%4f2, 4d24f5p}.

Snl3+

4s?4p® + {4d, 5s, 5d};

4s’4p® + {4d4f, 4d5p, 4d5f, 415s, 45d, 5sbp};
4s?4p* + {4d?, 4d%5s, 4d%5d, 4d4f?, 4d4f5p};
4s24p® + {ddP4f, 4d%5p, 4d24f5s, 4d24f5d);
4s4p’ + {4d?, 4d5s, 4d5d, 42, 4f5p};

4s4p® + {4d%4f, 4d%5p, 4d4f5s, 4d4f5d}.
4s*4p’ + {4f, 5p, 5f};

4s’4p°® + {4d?, 4dbs, 4d5d, 412, 5s?, 415p, Bsbd};
4s?4p* + {Ad24f, 44%5p, 4d4f5s, 4d4f5d);
4s’4p® + {4d*, 4d%5s, 4d®5d, 4d%4f?, 4d%4f5p};
dsdpS + {4d4f, 4d5p, Af5s, 4f5d};

4sdp® + {4d?, 4d%5s, 4d%5d, 4d4f?, 4d4f5p}.

Spld+

48%4pb;

4s*4p°® + {41, 5p, 51};

45?4p* + {42, 4d5s, 4d5d, 482, 4f5p);
4s24p® + {4d24f, 44%5p, 4d4f5s, 4d4f5d);
4s4p® + {4d, 5s, 5d};

4s4p® + {4d4f, 4d5p, 4f5s, 415d}.

4s’4p® + {4d, 5s, 5d};

4s’4p* + {4d4f, 4d5p, 4f5s, 4f5d};
4524p? + {43, 44%5s, 44%5d, 4442, 4d4f5p);
4s4p’ + {4f, 5p};

4s4p® + {4d?, 4d5s, 4d5d, 42, 4f5p}.
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Fig. 4. EUV radiative opacity of Sn plasmas at a density of 0.002 g/cm?® and temperatures of (a) 32 eV, (b) 20 eV.
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Fig. 5. Simulated and experimentally measured distributions of laser-produced Sn plasma (a) temperature and (b) electron density

along the r-axis are presented at distances of 130, 200, and 300 pm from the target surface, with a delay time of 10.5 ns.
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Fig. 6. Simulated distribution of Sn plasma temperature (a)
and mass density (b) along the zaxis at r = 0 for various

delay times.
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Fig. 7. The EUV spectra of laser-produced Sn plasma at
130, 200, and 300 pm from the target surfacel's.
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Fig. 8. (a) Normalized EUV experimental spectra of laser-
produced Sn plasma at distances of 130, 200, and 300 pm
from the target surfacel'®, and (b) normalized emissivity of

Sn™— Sn'** ions.
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Fig. 9. Two-dimensional distributions of temperature (the first row) and density (the second row) of Sn droplet plasma, obtained

from simulations, when the delay times is 4, 7, 10, and 13 ns. In the panel, the laser propagates along the zaxis from left to right.
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Fig. 10. The EUV spectra for the Sn droplet plasma, includ-
ing the experimentally measured datal'? (black solid line),
the simulation by Torretti et al. ' (ved solid line), and the
simulation performed in this paper using the RHDLPP pro-
gram (blue solid line). The spectra are observed at a 60°
angle relative to the direction of laser incidence.
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Fig. 11. Variation of the normalized radiation intensity of
the Sn droplet plasma at 13.5 nm with a 2% bandwidth as
a function of the observation angle. The red solid circles
represent the simulation results from this paper, while the

blue dashed lines correspond to the fitted curves.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Numerical simulation of state parameter distributions and
extreme ultraviolet radiation in laser-produced tin plasma’

MIN Qi"Y"  WANG Guodong!  HE Chaowei! HE Siqi? LU Haidong!
LIU Xingbang! WU Yanhong!? SU Maogen* DONG Chenzhong V)

1) (Key Laboratory of Atomic and Molecular Physics & Functional Material of Gansu Province, College of Physics and
Electronic Engineering, Northwest Normal University, Lanzhou 730070, China)
2) (School of Computer Science and Artificial Intelligence, Lanzhou Institute of Technology, Lanzhou 730050, China)

( Received 20 September 2024; revised manuscript received 18 November 2024 )

Abstract

The laser-produced Sn plasma light source is a critical component in advanced extreme ultraviolet (EUV)
lithography. The power and stability of EUV radiation within a 2% bandwidth centered at 13.5 nm are key
indicators that determine success of the entire lithography process .The plasma state parameter distributions
and the EUV radiation spectrum for a laser-produced Sn plasma light source are numerically simulated in this
work. The radiative opacity of Sn plasma within the 12-16 nm range is calculated using a detailed-level-
accounting model in the local thermodynamic equilibrium approximation. Next, the temperature distribution
and the electron density distribution of plasma generated by nanosecond laser pulses interacting with both a Sn
planar solid target and a liquid droplet target are simulated using the radiation hydrodynamics code for laser-
produced plasma, RHDLPP. By combining the radiative opacity data with the plasma state data, the spectral
simulation subroutine Spelma3D is employed to model the spatially resolved EUV spectra for the planar target
plasma and the angle-resolved EUV spectra for the droplet target plasma at a 60-degree observation angle. The
variation of in-band radiation intensity at 13.5 nm within the 2% bandwidth as a function of observation angle
is also analyzed for the droplet-target plasma. The simulated plasma state parameter distributions and EUV
spectral results closely match existing experimental data, demonstrating the ability of RHDLPP code to model
laser-produced Sn plasma EUV light sources. These findings provide valuable support for the development of
EUV lithography and EUV light sources.

Keywords: extreme ultraviolet lithography light source, laser-produced tin plasma, radiation hydrodynamics

code, extreme ultraviolet spectra
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Fig. 1. Alignment signal of CO molecule induced by femto-
second pulse of three different field strengths for "= 15K.
D({cos? 0)) indicated by the double headed arrow is the

maximal change in the amplitude of alignment.
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Fig. 2. (a)~(c) Lower order coherence measure Cj, (|JAJ|=2),

(). H15 ((b) Fi () FAFI ((c) F (£)) 53 51 % Ri

amplitude of the degree of alignment with respect to the electric

field intensity Eo for different initial rotational states, and (d)—(f) their ratios with respect to the field intensity. From left to right,

three different initial rotational states |0, 0), |2, 0), |4, 0) are selected.
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1 RFERIRERE T, AHTHEE R C), S5 EIEE D((cos? 0)) HIHREIMELE REL. o, b AR THEER C),
ERBYERSY . B YER ST 5 D ((cos? 6)) HLIEMREUT LA REL. ¢ Z2HINKMSRERRRE Cy S5 D((cos? 0)) LLIH

CRAGHEVE ST ¢

Table 1. Fit coefficients for the ratio between the I3 coherence measure Cj, and the amplitude of the degree of align-

ment D((cos?6)) under different initial temperatures. a represents the coefficients for the lower part of Cj, which is a con-

stant, b for the higher parts of Cj, with respect to the electric field intensity and c for the higher parts of Cj, with respect

to the pulse area.

T/K

1 2 3 4 5 6 7 8 9

11 12 13 14 15 6 17 18 19 20

e 168 1.79 191 2.01 209 215 221 226 230 233 237 240 242 245 247 249 251 252 254 2.56

b/10° 1.04 1.11 1.16 1.19 1.21 1.22 1.22 1.21 1.20 1.19 1.18 1.16 1.15 1.13 1.12 1.10 1.09 1.07 1.05 1.04

¢ 0.395 0.421 0.441 0.453 0.459 0.462 0.462 0.460 0.456 0.452 0.447 0.442 0.436 0.429 0.423 0.417 0.411 0.405 0.400 0.394
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B3  (a) REPIGFE WA |Jo, Mo) Al (b) A [F 90 46 1R B
T, 1o JEEARBAR T ¥ BE 4 Oy, (|AT| = 2) 5 #E B R
D((cos? 0)) Z Ik Ro . &l (b) ik Lk A B AT F 45 281,
LLL AN IR Lo B 3 B0 B B R 2% 52 43 A AL B i 45 2R

Fig. 3. Ratio between the lower order coherence measure
and the amplitude of the alignment with respect to (a) dif-
ferent initial rotational states and (b) temperatures. The
blue line with circles in panel (b) represents the numerical
results for Rp and red line is the weighted average of Rgo

from different initial states.
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/AT CL (AT =4) 5 D({(cos? 0)) HL1H Ro Wi v 758 B 10 25 4k . 250 B B BUEI S 4521 [ Cl, (JAJ| = 4)/D((cos? 0)) ], 5
LRIEANA KRB (oc ) Z5R. Z28 ((a) A1 (d)). T E1 ((b) AT (e)) 14751 ((c) F (£)) 43 BI%HBE w4655 51754 10,0) , |2, 0) A1 |4, 0)

Rg R

Fig. 4. (a)~(c) Higher order coherence measure Cp, (|JAJ|=4), amplitude of the degree of alignment with respect to the electric

field intensity Eq for different initial rotational states, and (d)—(f) their ratios with respect to the field intensity. The empty circle

and the solid line correspond to the numerical and fitted results. From left to right, three different initial rotational states

|0,0),1]2,0),|4,0) are selected.
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Fig. 5. Ratio between the higher order Cj, coherence
measure and the amplitude of the degree of alignment
D({cos? 0)) with respect to the laser intensity and the ini-

tial temperature.
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Fig. 6. Cj, coherence measure varying with pulse area for
the initial temperature 7°= 5K . The solid line is the res-
ult obtained by calculating Eq. (24). The empty circle, pen-
tagram, triangle are the accurate numerical results induced
by three different kinds of laser pulses. The insets are the

corresponding pulse envelopes of the pump pulses.
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Fig. 7. Changing with the field strength, the ratio of higher-
order coherence measure Cp, (JAJ| > 2) to the amplitude
of the degree of alignment D({(cos?8)) for (a) T =1K,
(b) T=10K, (¢) T =20K. The blue region corresponds
to the range of field strength discussed in the text above,

the orange region corresponds to stronger field strengths.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Measurement analysis of coherence in femtosecond
laser-induced molecular alignment”

LIAN Zhenzhong# HONG Qianqgian#  JIA Lijuanf
MENG Jiangiao  SHU Chuancun*

(Hunan Key Laboratory of Super Microstructure and Ultrafast Process, School of Physics,
Central South University, Changsha 410083, China)

( Received 8 October 2024; revised manuscript received 16 December 2024 )

Abstract

Femtosecond laser-induced excitation of molecular rotational states can lead to phenomena such as
alignment and orientation, which fundamentally stem from the coherence between the induced rotational states.
In recent years, the quantitative study of coherence in the field of quantum information has received widespread
attention. Different kinds of coherence measures have been proposed and investigated. In this work, the
quantitative correlation is investigated in detail between the intrinsic coherence measurement and the degree of
molecular alignment induced by femtosecond laser pulses at finite temperatures. By examining the molecular
alignment induced by ultrafast non-resonant laser pulses, a quantitative relationship is established between the
I1 norm coherence measure Ci,(p) and the alignment amplitude D(cos? ). Here, Ci,(p) represents the sum of
the absolute values of all off-diagonal elements of the density matrix p, D{cos®>#) represents the difference
between the maximum alignment and the minimum alignment. A quadratic relationship Cj, = (a + b&3)x
D(cos? §) between the the i1 norm coherence measure and D{(cos? @) with respect to the electric field intensity
&o is obtained. This relationship is validated through numerical simulations of the CO molecule, and the ratio
coefficients a and b for different temperatures are obtained. Furthermore, a mapping relationship between this
ratio and the pulse intensity area is established. The findings of this study provide an alternative method for
experimentally detecting the coherence measure within femtosecond laser-excited rotational systems, thereby
extending the potential applicability of molecular rotational states to the study of the coherence measure in the
field of quantum resources. This will facilitate the interdisciplinary integration of ultrafast strong-field physics

and quantum information.
Keywords: coherence, molecular alignment, rotational dynamics, ultrafast pulses
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Fig. 1. Schematic diagram of polarized electron and photon

Stokes parameter measurement.
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Fig. 2. Excitation cross section of Xe atom varies with the
energy of incident electron. The square represents the res-
ults of model A, the triangle represents the results of model
B, and the circle with error bars represents the experiment
results of Jung et all'’’l. From Ref. [116].
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Fig. 3. Differential cross sections of electron collision excita-
tion of Hg atom !S; -*P; under different calculation models,
when the incident electron energy is 8 eV. The SC repres-
ents the calculation results of single configuration approx-
imation of model I, 6l represents the calculation results of

model II, 71 represents the calculation results of model III,

Experiment represents the results of Goeke et all'l?],
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Fig. 4. Excitation cross sections from ground state 2p® J = 0

to 2p°3s J = 2 magnetic energy levels. From Ref. [108].
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Fig. 5. Collision excitation differential Stokes parameters
Py, P, and —P; of electron and Ca atom from ground state
to Py, when the incident electron energy is 45 eV. k is the
maximum partial wave quantum number, and Experiment

represents the results of Dyl et all'20),
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Fig. 6. Normalized state multipoles of Hg atom 'S, -3P; calculated under different correlation models, when the incident electron en-

ergy is 8 eV. The SC represents the calculation results using a single configuration, MC 61 represents the calculation results consid-

ering the 61 correlation orbit, MC 71 represents the calculation results considering the 71 correlation orbit, and Experiment refers to

the results of Sohn et alll22],
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Fig. 7. Normalized state multipoles of Hg atom 'S, -3P; calculated under different correlation models, when the incident electron en-

ergy is 15 eV. The SC represents the calculation results using a single configuration, MC 61 represents the calculation results consid-

ering the 61 correlation orbit, MC 71 represents the calculation results considering the 71 correlation orbit, RDW R represents the

theoretical results of Srivastava et all'2!
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Fig. 8. Excitation cross sections from ground state 1s? 'S to 1s2p 'P; and ®P; vary with shielding length. From Ref. [128].
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Abstract

The electron-atom (ion) collision excitation process is one of the most common inelastic scattering

processes. It is of great significance in the fields of astrophysics and laboratory plasma. The relativistic

distorted-wave method is a widely used theoretical tool for studying electron-atom (ion) collisions, with the aim

of obtaining scattering parameters, such as impact cross sections and rate coefficients.

In recent years, we have developed a set of fully relativistic distorted-wave methods and programs of

studying the electron-atom collision excitation processes. This method is based on the multi-configuration Dirac-

* Project supported by the National Key R&D Program of China (Grant No. 2022YFA1602500) and the National Natural
Science Foundation of China (Grant Nos. 12064041, 12174315, 12274352, 12364034, 12174316, 12374384).

1 Corresponding author. E-mail: phyjiang@yeah.net

1 Corresponding author. E-mail: dongcz@nwnu.edu.cn

033401-12


https://doi.org/10.1140/epjd/e2012-20594-6
https://doi.org/10.1140/epjd/e2012-20594-6
https://doi.org/10.1140/epjd/e2012-20594-6
https://doi.org/10.1140/epjd/e2012-20594-6
https://doi.org/10.1140/epjd/e2012-20594-6
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(80)90041-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1016/0010-4655(89)90136-7
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1088/0256-307X/24/3/028
https://doi.org/10.1140/epjd/e2010-00151-3
https://doi.org/10.1140/epjd/e2010-00151-3
https://doi.org/10.1140/epjd/e2010-00151-3
https://doi.org/10.1140/epjd/e2010-00151-3
https://doi.org/10.1140/epjd/e2010-00151-3
https://doi.org/10.1140/epjd/e2010-00151-3
https://doi.org/10.1103/PhysRevA.78.022709
https://doi.org/10.1103/PhysRevA.78.022709
https://doi.org/10.1103/PhysRevA.78.022709
https://doi.org/10.1103/PhysRevA.78.022709
https://doi.org/10.1103/PhysRevA.78.022709
https://doi.org/10.1103/PhysRevA.78.022709
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1080/00018737000101191
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.63.012510
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1103/PhysRevA.72.012507
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1088/0953-4075/49/18/182004
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1016/S0370-1573(96)00026-9
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/41/24/245204
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1088/0953-4075/22/7/015
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevLett.65.1995
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1103/PhysRevA.54.1342
https://doi.org/10.1088/0953-4075/32/3/023
https://doi.org/10.1088/0953-4075/32/3/023
https://doi.org/10.1088/0953-4075/32/3/023
https://doi.org/10.1088/0953-4075/32/3/023
https://doi.org/10.1088/0953-4075/32/3/023
https://doi.org/10.1088/0953-4075/32/3/023
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/29/15/022
https://doi.org/10.1088/0953-4075/25/21/026
https://doi.org/10.1088/0953-4075/25/21/026
https://doi.org/10.1088/0953-4075/25/21/026
https://doi.org/10.1088/0953-4075/25/21/026
https://doi.org/10.1088/0953-4075/25/21/026
https://doi.org/10.1088/0953-4075/25/21/026
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.7498/aps.58.5274
https://doi.org/10.1103/PhysRevA.29.945
https://doi.org/10.1103/PhysRevA.29.945
https://doi.org/10.1103/PhysRevA.29.945
https://doi.org/10.1103/PhysRevA.29.945
https://doi.org/10.1103/PhysRevA.29.945
https://doi.org/10.1103/PhysRevA.29.945
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/S0370-1573(98)00017-9
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1016/j.radphyschem.2020.109293
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1103/PhysRevA.77.062707
https://doi.org/10.1088/0256-307X/31/2/023401
https://doi.org/10.1088/0256-307X/31/2/023401
https://doi.org/10.1088/0256-307X/31/2/023401
https://doi.org/10.1088/0256-307X/31/2/023401
https://doi.org/10.1088/0256-307X/31/2/023401
https://doi.org/10.1088/0256-307X/31/2/023401
mailto:phyjiang@yeah.net
mailto:phyjiang@yeah.net
mailto:dongcz@nwnu.edu.cn
mailto:dongcz@nwnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 3 (2025) 033401

Hartree-Fock (MCDHF) method, together with the corresponding packages GRASP 92/2K /2018 and RATIP.
In the present work, continuum state wave functions, total and differential cross sections, state multipoles,
integral and differential Stokes parameters of the radiation photon after the impact excitation processes of
polarized electrons and atoms are calculated. The influences of electron correlation effects, Breit interaction, and
plasma screening effects on the excitation cross sections are discussed. The present methods and programs
possess several advantages below.

1) In the calculations of the continuum electron wave functions, the direct interaction and exchange
interaction between the bound electron and the continuum electron are both included. Then, the anti-
symmetrized coupling wave function, which is composed of the continuum electron wave function and the
continuum ion wave function, is utilized as the wave function of the system. This method is employed to study
the low-energy electron scattering process and medium energy electron scattering process.

2) In this method, the target state wave function is obtained form the MCDHF theory and the
corresponding GRASP packages. The MCDHF method has the advantage of being able to consider the electron
correlation effects, including valence-valence, core-valence, and core-core correlations, as well as the influence of
Breit interaction and quantum electrodynamics effect on the target state wave function. Furthermore, the
calculation of the collision excitation matrix elements also includes the contribution of the Breit interaction.
Consequently, the present method integrates the advantages of both the MCDHF method and distorted-wave
method, thus is made suitable for studying the scattering processes of highly charged ions. In addition, it
facilitates the study of the influence of higher-order effects on the collision dynamics, thereby obtaining high-
precision theoretical data.

3) The current method and program can also be utilized to study the scattering cross section of electron-
atom collision excitation processes, as well as the influence of plasma screening effects on collision excitation.
Furthermore, the state multipoles, differential Stokes parameters, integral Stokes parameters, and orientation
parameters of electron-complex atom collision excitation can be studied in detail by using the present method

and program.

Keywords: collision excitation of electron-atom, relativistic distorted-wave method, multi-configuration
Dirac-Hartree-Fock method

PACS: 34.80.Dp, 34.50.Fa DOI: 10.7498 /aps.74.20241467
CSTR: 32037.14.aps.74.20241467
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1k CEFEHAMEE T (C1t, 2+, 3+, ¢, OF) IESHUERE I XA BER, IS Rodrigues 55 P 1y
FHELEA NIST B (R HEAT T L, FRrh Diff FoR M HTH3 45 R NIST BRAax iR 22

Table 1.  Orbital and total energies of the neutral C atom and different charged ions (C!t, C*+ O3t c*t, C)
in their ground states and the comparison with results of Rodrigues et al. ™ and the NIST data 5. “Diff” represents the rel-

ative errors between the present calculations of total energies and the NIST datal®.

Target EBlev Diff/%
Is1/2 2512 2p1/2 2p3/2 Total Ref. 54 NIST 5

C -298.98 ~16.86 -9.08 -9.07 ~1025.12 -1026 -1030.11 0.48
cl+ ~314.60 -30.44 -22.65 -1014.57 -1015 ~1018.85 0.42
ct ~336.99 ~47.29 -990.72 -991 -994.47 0.38
3t -362.47 ~66.27 ~945.03 ~945 ~946.58 0.16
cH -392.48 ~880.85 -882.08 0.14
cs+ ~490.04 ~490.04 ~489.99 0.01

A r IASS R SHLR T ARE R, Z AR T
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Fig. 1. Screening function of C atom and different charged
ions (CT, C2+, C3t ¥, C31).
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k do

=X Y ARLL (MR, m)) (8)
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Table 2. Comparison of present bremsstrahlung

single differential cross section o (k) for the neutral

C atom with the calculations of Pratt et all],

(k) /mb
Ty /keV  Ep/Ti — Dift/%
Present work Pratt et al.?¥
0.2 4.923 5.587 -11.88
1 0.5 4.902 5.525 -11.27
0.8 4.747 5.272 -9.96
0.95 4.741 5.162 —8.16
0.2 7.486 8.308 -9.90
10 0.5 5.953 6.405 ~7.06
0.8 4.829 5.060 ~4.56
0.95 4.495 4.573 -1.71
0.2 7.896 8.130 —2.88
0.5 4.964 5.018 -1.07
100
0.8 2.939 2.970 -1.05
0.95 1.925 1.963 -1.95
0.2 7.614 7.586 0.37
0.5 4.402 4.377 0.58
200
0.8 2.352 2.354 —0.08
0.95 1.366 1.380 -1.02
0.2 7.687 7.515 2.29
0.5 3.953 3.879 1.91
1000
0.8 1.773 1.762 0.65
0.95 0.815 0.818 -0.36
0.2 8.387 8.303 1.01
0.5 4.507 4.451 1.26
2000
0.8 2.118 2.112 0.31
0.95 0.941 0.947 —0.68

ARICHEAF CF E TS, THEPIBURST
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033402-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 3 (2025) 033402

AGFRE R T IR SR R SOL T RE R & L By /T
0.05 3 % 0.95, Horfr B, /T #58F 0 BHEFR MO
F X3 (soft-photon region), E,/Ty #if T 1 BHK
S+ X 8, (hard-photon region), & 2(b) &
RHGTRE & A7 SO A S HL T RERE A 1 keV
% 2000 keV. W LUE Y, B G0 TE PO T
FRIA B KA, BEE A& SO'GF Re i 3G in i AS Wi
I, JCHAE BB~ A SRTINE, B T R AR P

12
o) (a) Ty: —=— 1 keV
E —o— 10 keV
g 10 —a— 100 keV
£ —v— 1000 keV
[
n 8+
wn
w0
o
-
o 6 L
20
=i
=
w4
-
7
w
g 2
|4
m

0 1 1 1 1

0 0.2 0.4 0.6 0.8 1.0

E,/T\

B2 CH TR T R s

Kl 2(b) HRARANIE E, /Ty T BB B Ty 1
AR, TE By, 7 BN, g B i
Ey ot OB I, AR BE A S B 1 5 B S S
Rt BRI, 18] 2 JB /R 3805 S 1 — A
oA RBEE T A SR E S TR R T A, JF
LB ASTEFRE R AR N, SR B k.
SR T ST B S R R RO X ) B
SRR, 3Rk C R AR C

121 (B)

10

4+ Ep/Tli
—=— 0.05 - 0.6
—— 0.1 —< 0.8
—4— 0.2 —»— 09
e 0.4 —e— (.)'95

100 10t 102 103
T1/keV

2+

Bremsstrahlung cross section/mb
o
T

(a) ASTHLT-306E T1 24 1, 10, 100 A1 1000 keVy; (b) HiHHEF-HEHE &7 1 Ep/Ty H 0.05—0.95

Fig. 2. Bremsstrahlung single differential cross section for the C>* ion: (a) The kinetic energies of the incident electron Tj are 1,

10, 100 and 1000 keV; (b) the ratios of the emitted photon energy to the incident electron energy FE,/Tp are in the range of

0.05-0.95.
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Fig. 3. Bremsstrahlung single differential cross sections of neutral C atom and C®*, C3+  C*t, C2* ions as a function of E,/T:
(a) T1 =1 keV; (b) T1 =10 keV; (¢) T1 = 100 keV; (d) T1 = 1000 keV.
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Fig. 4. Bremsstrahlung single differential cross sections of neutral C atom and C0*, C3*, C*+, C?* ions as a function of T :

(a) Ep/T1 =0.05; (b) Ep/T1 =0.5; (c) Ep/T1 =0.95.
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Fig. 5. Bremsstrahlung double differential cross sections of
the neutral C atom as a function of the emission angle @,
where the kinetic energy of the emitted electron 7% is
1 keV, and the kinetic energy of the incident electron 77 is
20, 50, 100, 500, and 2000 keV.
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Fig. 6. Bremsstrahlung double differential cross sections of neutral C atom and C>t, C*t C3* and C®t ions as a function of

the photon emission angle 6. The kinetic energy of the incident electron 77 is 10 keV, and the ratios of the emitted photon en-

ergy Ep/T1 are (a) 0.05, (b) 0.2, (c) 0.6 and (d) 0.95.
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Fig. 7. Bremsstrahlung double differential cross sections of neutral C atom and C>t, C*t  C3* and C®f ions as a function of
the photon emission angle 6. The ratio of the emitted photon energy FE,/T1 is 0.6, and the kinetic energies of the incident elec-
tron T1 are (a) 1 keV, (b) 10 keV, (c) 100 keV and (d) 1000 keV.
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Fig. 8. Bremsstrahlung shape function of neutral C atom and C2*+, C*+, C5* and C®F ions. The emitted photon energy E, is
5 keV, and the incident electron kinetic energies T3 are (a) 20 keV and (b) 100 keV.
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Fig. 9. Bremsstrahlung shape function of neutral C atom and C?>*, C*t, C>f and C®" ions. The incident electron kinetic en-
ergy T1 is 50 keV, and the emitted photon energies E, are (a) 5 keV and (b) 45 keV.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Electronic screening effects during bremsstrahlung of
carbon atoms and ions

YAN Tong?  LIU Aihua®  JIAO Liguang ?*

1) (Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China)
2) (College of Physics, Jilin University, Changchun 130012, China)

( Received 26 November 2024; revised manuscript received 7 January 2025 )

Abstract

Bremsstrahlung, as an important radiation process in atomic physics, has significant applications in the
fields of astrophysics, plasma physics, magnetic and inertial confinement fusion. In this work, the relativistic
partial-wave expansion method is used to investigate the bremsstrahlung of neutral carbon atoms and different
charged carbon ions scattered from intermediate- and high-energy relativistic electrons, with special attention
paid to the electronic screening effect produced by the target electrons. The target wave function is obtained
from the Dirac-Hartree-Fock self-consistent calculations, and the electron-atom scattering interaction potential
is constructed in the central-field approximation. By solving the partial-wave Dirac equation, the continuum
wave functions of the relativistic electron are obtained, from which the bremsstrahlung single and double
differential cross sections can be calculated via the multipole free-free transitions between the incident and exit
free electrons. The target electronic screening effects on the bremsstrahlung single and double differential cross
sections are analyzed under a variety of conditions of incident electron energy and emitted photon energy. It is
shown that the target electronic screening effect will significantly suppress the cross sections both at low
incident energy and in the soft-photon region. Such a suppressing effect decreases with the incident electron
energy and the emitted photon energy gradually increasing. Overall, the electronic screening effect has no
significant influence on the shape function of bremsstrahlung.

Keywords: bremsstrahlung, C atoms and ions, differential cross sections, shape function, electronic screening
effect
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Fig. 1. Electronic static screening in the long-wavelength
limit (dot-dashed lines) versus the full static screening in
random phase approximation (RPA) (solid lines) for the
electron number density m. = 1022cm~3 at three differ-

ent degeneracy parameters 6. = 0.1,1,10.
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3

ber density mne = 10%°cm~3 and ion temperature T} =

104K. The gray vertical line marks the reduced ionic

plasma frequency.
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Fig. 3. Coupled mode effects determined from the function

Cei(k) = Cei(k,winq) , i.e. Eq. (11), for two-temperature hy-

3

drogen plasmas with density me = 1025 cm~2 and electron

temperature Te = 107K .
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Fig. 4. Numerical results for energy transfer rate in fully
ionized hydrogen plasmas for n; = 102°cm—3,7} = 10°K
with different electron temperatures. The CM (orange tri-
angles) and FGR (green stars) results for energy transfer
rate are taken from Ref. [18]. The solid blue and red lines
represent the results evaluated with Eq. (7) and Eq. (18),
respectively. The green dot-dashed line and brown dashed
line display the results in static limit with (Eq. (20)) and
without (Eq. (19)) long-wavelength approximation, respect-
ively. Predictions marked by NCM (violet dotted curve)
give the results calculated from the expression (Eq. (17)).
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes ¢ COVER ARTICLE

Analysis of dynamic response and screening effects on
electron-ion energy relaxation in dense plasma’

LIN Chengliang HE Binf WU Yong! WANG Jianguo

(National Key Laboratory of Computational Physics, Institute of Applied Physics and
Computational Mathematics, Beijing 100088, China)

( Received 1 November 2024; revised manuscript received 4 December 2024 )

Abstract

Accurate knowledge of electron-ion energy relaxation plays a vital role in non-equilibrium dense plasmas
with widespread applications such as in inertial confinement fusion, in laboratory plasmas, and in astrophysics.
We present a theoretical model for the energy transfer rate of electron-ion energy relaxation in dense plasmas,
where the electron-ion coupled mode effect is taken into account. Based on the proposed model, other simplified
models are also derived in the approximations of decoupling between electrons and ions, static limit, and long-
wavelength limit. The influences of dynamic response and screening effects on electron-ion energy relaxation are
analyzed in detail. Based on the models developed in the present work, the energy transfer rates are calculated
under different plasma conditions and compared with each other. It is found that the behavior of electron
screening in the random phase approximation is significantly different from the one in the long-wave
approximation. This difference results in an important influence on the electron-ion energy relaxation and
temperature equilibration in plasmas with temperature T, < 7;. The comparison of different models shows that
the effects of dynamic response, such as dynamic screening and coupled-mode effect, have stronger influence on
the electron-ion energy relaxation and temperature equilibration. In the case of strong degeneracy, the influence
of dynamic response will result in an order of magnitude difference in the electron-ion energy transfer rate. In
conclusion, it is crucial to properly consider the finite-wavelength screening of electrons and the coupling
between electron and ion plasmonic excitations in order to determine the energy transfer rate of electron-ion

energy relaxation in dense plasma.
Keywords: energy relaxation, warm and hot dense matter, plasma screening, dynamical response of plasmas
PACS: 51.10.4y, 34.80.Bm, 52.25.Mq, 52.55.Dy DOI: 10.7498/aps.74.20241588
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Fig. 1. (a)—(c) Two-dimensional photoelectron momentum distributions of heteronuclear diatomic molecules at different orientation
angles calculated with TDSE. The molecular orientation angles are (a) 0°, (b) 60°, and (c) 90°. The lower left corner shows a
schematic diagram of the molecular orientation. The white arrows in panel (b) and (c) point to the regions of apparent asymmetry
of the spectra along the z axis. (d)—(f) The extracted photoelectron spectra along the laser polarization direction (z axis). The red
box areas denote the cutoff region of the high-order above-threshold ionization platform structure, 10U,
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Fig. 2. (a) Diagram of electron rescattering at different mo-
lecular orientation angles, 4 represents the change of the
electron momentum before and after the scattering; (b) the
variation of the photoelectron yields at the cutoff region
(9.83 U,~10.12 U,) with the orientation angle (black dots),
where the red curve is the fitting result using Eq. (7).
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Fig. 3. For a homonuclear diatomic molecule with inter-
nuclear distance Ry = 2.068 a.u., the variation of the photo-
electron yields at the cutoff region with the orientation
angle (black dots). The red curve is the best fitting result
according to the formula |cos[ (p — k) R¢cosdy ]|* . The laser

parameters are the same as those used in Fig. 1.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Imaging of heteronuclear molecular structures based on
strong-field tomographic scheme”

WU WenzhuoY?  WANG Shijun??  WANG Yanlan? LAI Xuanyang U*
QUAN Wei!)  LIU Xiaojun V*

1) (Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences, Wuhan 430071, China)
2) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 30 December 2024; revised manuscript received 2 February 2025 )

Abstract

The study of atomic and molecular structure imaging is of great significance in revealing the microscopic
nature of matter and promoting the frontier development of materials science and life science. The rapid
development of femtosecond laser technology provides a new method for detecting atomic and molecular
structures on an ultrafast time scale, such as strong-field tomography scheme. Strong-field tomography uses
strong-field driven electron rescattering to detect the structure of oriented molecules. The advantage of this
scheme is that it does not require priori knowledge of atomic differential cross-sections. Using the strong-field
tomography scheme, the structural extraction of homonuclear diatomic molecules can be realized successfully.
However, it is currently unclear whether this imaging scheme is applicable to the heteronuclear molecular
system with more complex cross section of the electron. In this work, heteronuclear diatomic molecules are
taken for example and the strong-field tomography scheme is used to study the imaging of the molecular
structure. By solving the time-dependent Schréodinger equation, the variation of the photoelectron yield with the
orientation angle of the molecular axis is obtained. Next, a fitting method for the variation of the photoelectron
yields of the heteronuclear molecules with the orientation angle is presented, and then the fitted value of the
internuclear separation is obtained. It is found that the fitting result is comparable to the real molecular
internuclear separation, indicating that the strong-field tomography scheme is also suitable for the extraction of

heteronuclear molecular structural information.
Keywords: strong-field tomography, heteronuclear molecules, internuclear distance
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R ARG B4 7 e LR P A SRR 3 A 4R 3h 14 i
AL, JEHIE RS2 A EER A AR R
AS-AS AR I B4 1T R L ) 23 7SR 22 1 B Rl
fi# (10 No-Ny, 05-0,), Ny-O, (1 FEA filf i 18 Fit 22
EARZ, LT 6 Fh 2R PR S TR B S
NEIEIE (Av > 0):

1) AR S-F3h (VT) BRiE: 15 Ny 701
¥R 30 R MUE (VIN) Fl O, 43 F W4k 2 iR Bk
(VTO) PifiEIE:

VTIN: Na(v) 4+ O2(w) — Na(v — Av) 4+ Oz(w), (1)

VTO: Na(v) 4+ O2(w) — Na(v) + Oz(w — Av). (2)

2) JEFAEIR SR (VV) BRI S RS Ag

B N, AL E] O, 43 F (VVN) FiR ) fiE
MO, 3 FALEBEI N, 431 (VVO) PiFEIE:

VVN: Ny (v) + Og(w) — Na(v — Av) 4+ Oz (w + Av),

(3)
VVO: Na(v) 4+ O2(w) — Na(v + Av) + Oa(w — Aq(%
3) B> Oy MR ES S
Na(v) + O2(w) — Na(v') + 20. (5)
4) B Ny i35 S v :
Na(v) + Oz(w) = 2N + O (w'). (6)
5) F7 Az NO J31 1 38 - il 25 S
Na(v) + O2(w) — NO(v') + N + O. (7)
6) WU 5 S
Nz (v) 4+ Oz2(w) — 2N + 20. (8)

B o w4350 Ny Al Oy (IR R 3 14K
PR FARTF S (A0 o', w') FonmliE f5 7= 95 F
MR shRE g, fEAE PRl VV/VT &,
(1) —(4) FF7R, Av Fon il A i) 70 1 BRIT Y
P45, Av =1 B —BFAE R BT (single-
quantum transition), Av = 2, 3 if — R IEL &
FBRiT (multi-quantum transition).

HRAE NoO, 1A 28 14 Ht 7~ 2 25 MK 53 i i (1%
AL Ny 23 T4 9181 MR- (e = 54),
O, 77 T 24 2950 MR-FE & (wpae = 36), HIL
Ny (v, )-Oq(w, n) MHEFFLEHZEL 3 x 10% AT
S-SR, R o g — TR M LSS B
. LA A RIEFE 45 5 R 22 Ja BR 7 I > 4 [ 38k 7

(v=w) F—NTEEH-PMHUEEHE (v=05
w = 0) MRERE SRR 192 TP (v # w #
0) il 45 3o i 4 Sk R B O A% RE ML A% BF
SR ABEZ. VL VV B R0, B8Rm0
FRfege iy R 2 AT (1, 00, 1) A1(0, |1, v— 1)
XA PR IR IR Tl ashe 1A
[Fi] A R e AR B2 1 B e YR B Y Rl 8000—20000 K
E/‘Jél:l:‘:% [21,2520].

Bl N TR Ref PR A e, Mlas~ S HoRC ok
T SR AR R AL BRI 5T TAE . ST i
i J7k: (quasi-classical trajectory, QCT) 3K 5 119
A RE AR, 8 U 28 2% TN AR 7Y (neural
network model, NN) A3 AR T35 DX 3l 19 B4l 25
M, PRUERS A6 R R, o] LROR$E s L ge sl )i
IR ERCE. 40, Koner %5 261 F] ] NN #5541
W N('S) + NO(I) — Ny (X'sf) + O(CP)
TSR A S-S SO AR AT, AHOC R BN R (AP ILF
0.99; Chen 4 P71 | FH s A2 RS AL A w1
CO(v) + CO(v) iR IRBIAEHNE VV BRI KA.
Hong % 8 R A NN BBERTS T Ny(v) + Hy(0) —
Ny(v — Av) + Hy(0)(Av = 1, 2, 3) TR VT
R R BOBEE; Gu 5F PR Huang &5 B DL &
Guo 55 BU SR HYIZR P NN B2 5 #0017 N, +
N. O, + N A& Z % 45 2 25 hilf 5 i 25 A0 29500 A
Ny(v1) + Ny(uvy) RRAAETRME VV VT S BY,
MEZRE REIEE] 0.99. M L T8 -4 F i 48
RZR, NN BRI S5 F- R (A & b i i e A
XPECD . R, ANPGRS RS 5
fffE s RE P, AEFPE VV VT BT A B /584
;A REBIL I S AH B 2z 8] Rl 5 AR FH AT g2 AN [
. BRI, ASTR] SO A 2 i NN J0 00 A5 70 ) 7 ] g
W T AN A B 30 7 255 AFRRE R SR8 4L, X
LR G A I A I N 38 TE ) BT R DA K B )2 S
REA I RE T [ R E A

AR QCT A5 NN BRI AHZS & 1 7
%, RGHIHEGE N,-O, filf 5 1 3F 340 9% 85 -4 3
VV BRIT . SR 31-F30 VT BRIT FI4 b i 55 5 v it
TR ZEMANTR: 8 2 AT QCT A 4075 Fn s
LMY 55 3 AKUHE THEMME VV/VT )
7 8 TELT RS2 3 25 2R KK 451 ik 23 300 T 118 52 oy R T
D 0008 e 285l R A A 2 T P o 2 IO 2% A
0 A I T .
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2 HEITHEF &%
2.1 HEEAPITFE
HEL LT T (QCT)B2% JZ7E Born-Oppen-
heimer ISR T, R & 1507 ik o+
IR AR IR KA, FIH LM T2 07 b B 7+ 1
Bl FE 000, 36 3k SR i s % it i Bl R AR B e
A ETF R E SE, MR R PR St
AT EE A, VAT B R N AR R — R B8 1A
B ARSI B BUl 4%  VENUS96 k27
N ) J ARy B SE K. B SR ) 4R Ak 23 R) A
{7 A4 T Ta] B - Monte-Carlo ¥1 148 114
TEBENLR PR, M S8 0 RIIRIBK b =
E2b 0 KL E , Hith ¢y 0—1 Z IRl Y BEALEL,
Dinax NI KRETE S E. 2 74t Pl A7 e stk
MR LB, K by BEBEN 6 AJSE LI FTAT SN 3
HATA BT, P15 F RS BEZ (i H Einstein-
Brillouin-Keller(EBK) 2f- 28 #1L37{p) B 1 5, 45
VU I ANEEEL. WGV ShRE RN B, WS- Al
AR RO A R A RERE DL A T
P
P;(E;) = Ni/Nal, 9)
Hh R #4 ie {VIN, VTO, VVN, VVO, O,
FAMRES, Ny FURES, SCHRff ey, AU ST} N 38 SO
FAF @ B AV BUBEL Ny F8BEILIZAT I L
B RN A o AEUH IR o Rom ol
0 (Ev) & Ty (Ni/ Niotal)- (10)
BT 58 R 5 A 3O N BT ) ST iR 25 3R
NN
Niotal — N;
NigtatN;
TSR T F 0ROV R REFR R

1 8 \Y? [
(T = —— (E.
kZ( ) kBT (ﬁ,ukBT> /(; 0'1( t)

E
X exp (_kBEF) EdE, (12)

Horb kg YR 25 2 R, u IR R B AR
T & 5HXPFEIRE B X SR EE (AR K).
TEFTA B QCT IR, MW iR s RE S &N
FA, B Ny(v, 5= 0) + Oy(w, m = 0). 7F Ll
Z 1A G A PR B AR BE 15 AL S T ORIIE

Ao, (E) = o, (E) (11)

fem A S~ e, 20— RN, BE2P KR
FER 0.05 fs. 2L A I X b B ) 4R T 20 g 7 Ry
0.2—10 eV, S #2 Z2 B0 I ) 46 -3 i B i
il 5000—30000 K. #1247 10° K803,
RIHE1T) 108 480

A SC Y58 R AT Truhlar 55 14 8 1Y &5k B2
No-O, HLF A MK FARE T ¥ (potential energy
surface, PES). % PES /2 T ZH BB 2GS
] B S | S SR AH OC — B AL = zeta
HITE L) RANTA B E ARG se s B A, SRS
K FH AN AR Z2 i UG 22 R AH B AR 2 Y.
B 7 AR S AR L R, % PES 7] IR No-O,
All 488 o A v i A R RE Y A B N B A TE, 2 Pk
FH T B 5% 155 B IR e o A% 328 0l 48 15 i 225 50
i 1936 38,14 ST IGYFZ PES MVERYE, BSiHE T
VT 342 (1, 0) — (0, 0) A1 VV i1 (1, 0) — (0, 1)
I TR R B R 5 e AT ST B3O SR AT X L,
K1, mE LT RO B, 78 3000 K DA 1 iR
FEYEFEIN VV Fil VT BRIE &5 SR AR5 S iy BIe 25
WG, JLHIES Garcia 55 5 % 24 8007
INTEL AR F AR AR (R OfTS) A —
DB TR R Y PES G298 16
F AR R R R R R AR BAE T, FTH T i
R AL BE BRI o0 — e T A8 )
TR AT SR

2.2 THEMKEE

P 28 R 28 SR AL o > vh— e DL s S AR A
siipuR . BN EZ S M N g SO F U 2 vl ER =
JBLZ ) AH BRI AR, VT DAMERR 2 2T i A2 R
EZ M E R KR, T QCT TR 258
AT R 45, FRATTR S 1) % 6 1 28 ) 2% 1) (back
propagation, BP) X} No-O, filf 1 4 28 (1) fiff 29 1 72
AT TA R, SR 1AM AR L1
JZF AR . S-SR S S 0 B R S
M AFHEATHER: 1) fHXEBhEE B 2) PItATR
A v wy 3) MRS IR-FLRE R Fyg A1 iy
iy B 2 R A8 E IR BN A ) R B AR o, FRIBZ M
JUEE N (40, 10, 4, 4). Y2k 00, T AJZ ik
JE T LTI — e 4tk

b—a)(z — Tmin
Trescaled = @ + ( ) ( )a (13)

Tmax — Tmin
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10-10L(8) VV: Na(1)+04(0) — Na(0)+04(1)
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2
10-15 —e— Present work

b % Andrienko et al., 2018039

10-15 ¢ » Garcia et al., 201525
10-16

5000 10000 15000 20000 25000 30000
T/K

1 VVit#EE (1,0) — (0, 1) (a) f1 VT i (1, 0) —
2%) 5 O i B FE 2539 St He

(0, 0) (b) {3 3 R KO O 1 Sl il B2 0 pR 80 AT 3157 2%

1010
(b) VT: Ny(1)402(0) — N2(0)+02(0)
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Fig. 1. Rate coefficients for the VV process (1, 0) — (0, 1) (a) and VT process (1, 0) — (0, 0) (b) as a function of translational tem-

25,39)

perature: comparison between our calculated results (in solid black line) and reported theoretical datal .

# 1 QCT BIBEMEH Ny(v) + O,(w) Rt

Table 1. Ny(v) + Oq(w) collision processes contained in the QCT dataset.
Group Na(0) 0s(w) F, (eV)
1 {0, 5, 10, 21, 30} {0, 1,3, 7,10, 15, 21, 25, 30} (02,06, 1,2,
2 {0, 1,3, 7,10, 15, 21, 25, 30, 35} {0, 5, 10, 21, 30} 3,4,5,6,7,8,9,10}

Hr o F1 0 R E -1 F 1, 21 Begcnteq 2300 A HTA
AN — AR B 2,0 T @, 20000 722 B Y B
KAE AN/ ME. HEHUEY] sigmod PRELsig (z) = (1+
e ) AR O PR BB 7R 22 (mean squ-
ared error, MSE) 1E #515k pRi%k:

n

(=S - (14)
i=1

H n AEEARE, v o QCT{H, Y7 h NN Hill
{E. /] Levenberg-Marquardt 53 A AL A EE A1
i 2 50 B (AL (L, SRR TE DI 5 SR 1 v Aff e s
RSB ITRE N 106, AR ECH 103, I
GRZHT, T LR — R QCT FHRE A4 M 4
IINZREE (80%) FIIALE (20%). A T PRUFERE4E
HARFMEAE T, 435I PR da R 2 741
HEMATT QCT 5, Wk 1 Frsl). R EER
TGS T, BIHER I 90 4 Ny(v) + Oy(w) fif
FE R, 2948 e S A RSB 8.06% 4
(Unax = 35, Wynax = 30). 23, A BIE &%
H 1104 M E,, v, w, By, B, o} 4K

3 X5
3.1 IE3EME VV/VT R mEEE R
Ny(v) Fl Og(w) WY -5 50 RE 9 A1 F1 e 5

REBEAN ], PRBNERIT S R P B E oA
ANEL FH i, XA B R IR-FE S H G 1 Ny(v) +
O,(w) B, B8 Ny 43 FH O, 43 F RSN

e L 72, 4% VVN, VVO, VIN I VTO,
(1) 2—(4) K.

K2 251 T Ny(v) + 05(10), Ny(v) + O,(21)
FINy(v) + 04(30) i FEH VVN Fl VVO HLi -k
E AR AT BERT IR REGR (v) FIRILGF-3RE (B,) M5FE
R N T M E YT e VVN FT VVO 1 5Tk
KN, TRl b R %) A T S5 (1 2 P SR FH A [ 1)
ZIFER. K 2 v LR B, =i R VVN
FVVO S0 1 Fifi - 21 e 5t AT 4R e 20 A2 £k
AR H HEL, VVO I sTkes K —28. Ny(v) +
0,(10) fiffEH, 8% F3haERE F VVN #l VVO Bk
T A TF A B G R P PR R AR IR SIS (v) A 3G i
AW, RIEHTRE. S T4HE Ny(v), BiEF
FIREEIIIN, VVN F1 VVO BRIEH A Seshn
Ja RS Ny(v) + 0,(21) T Ny(v) + 04(30)
A T, VV B TR T R R IR SIS (v)
A5 2 WO, DU IR AR R Al 8 DX 8. 5] an 7
Ny(v) + O,(21) Hif # H 19 IX BE Alf 38 X 3 (B, <
1eV), VVNFI VVO 7 v = 5 Fll v = 20 Bt
PR, 72 v = 15 Al v = 30 HCBUS B4
W/ MA.

i
4
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VVN: (v, 10) = (v—1, 11)

VVN: (v, 21)—(v—1, 22)

VVN: (v, 30)—(v—1, 31)

B
— o

25

Na(v
-
=

E

ovw/A2Q 217 434 651 868 ovw/A2g 274

VVO: (v, 10) — (v+1, 9)

Ny(v)
Nz(’l})

ovww/A2 0 217 434 651 868 ovw/A20 @ 274

VVO: (v, 21) — (v+1, 20)

35 —
25

20

Nz(v)

10

5.48 821 10.95 ovv/A20 2.11 4.22 6.33 8.44

VVO: (v, 30) = (v+1, 29)

|

548 8.21 10.95 ovv/A2Q 2.11  4.22  6.33 8.44

B2 Ny(v) + 05(10), Ny(v) + O5(21) Fll No(v) + O,(30) 1 2t VVN FI VVO F 1 7 BRI # I BE ) 46 BE R (v) R0 4 F- Sl g

(E) % HE A

Fig. 2. Contour map of VVN and VVO single-quantum transition cross sections with the initial energy level (v) and initial transla-
tional energy (E;) of Ny(v) + O4(10), Ny(v) + O5(21) and Ny(v) 4+ O4(30) processes.

B 345 H T Ny(v) + 05(10), Ny(v) + 0,(21)
1 Ny(v) + 04(30) i VIN #l VTO Hi Tk
T #R BRI R RES (v) AR LGF-BhE (B,) M%F
ZR1E. SN TN EDW XS L VIN A VTO 1% 53k
RN, T — 20 lf 43 ok 5 %) 48 T 45 1 2k P& SR T A ]
MZIEE R, = Al VTO W STk K T
VTN B33k, No(v) + O4(21) Fl Ny(v) + O4(30)
i AR VIN (8 STHRIEAS o] LU Z s AN 1. 3X o2 A
Oy TEAHSBHR 20 BE G =2 [H] (Y BE 1 [A] B 1 Ny /),
MNP L ARSI . 5 VVO BREM L, VTO
BRI X - 5l B ) RS B BEAE T S RE R4
VTO, - 10y B Wi 8N, VIO, - o) & &/,
VTO, — 30) FEIB/INRJEIEIN. BT ER YRS AL TR
RS 0y SIEES N, (0 < v < 20) fiffEHT,
VVO #HE W B/NT VTO; 5Efed N, (20 <
v < 35) BT VVO ST KT VTO BR
i R, TR RS 05(30) 5 N, (0 < v <
30) fif I}, EREAFIhEERIEE N (0 < B, <

10 eV), VIO BRiERY BTk i & KT VVO BRiT. X
— NG R T WS 43 A 5 RE i (B RN BB 2R A
AT, ANRESZ S R VV BRE R
PF AT e 232 2R [R) B 00 T8 30 ], il in =2 46 fig
B 3E I B B TN R 25 AR X R 2 AR R

M VV FL VT ) E L LB, 0, 54
[f] Ny(v) 4Rl #rh, i+ VV A VT BRiE
FITTRRE AR, B 4 B/R T 6 41 Ny + O, Rl
Mg, 2T VVO M VTO 2 b i % R 5 7e
5000—30000 K 7 [l PN T BE Al 1. XTI sl
B Oy(w = 10, 30), 53317 1& =R (a),
(b) JREHFZS Ny, 40 F (v = 0); (c), (d) HlaAHRh
WEL Ny 3T (v =15); (e), (f) IR LS
N, 73 F (v = 35). BE RGN, Oy(w)-Ny(v =
0) Al Oy(w)-Ny(v = 15) filf 1 i B 1 fl 2 &
VVO Fll VTO #5328 3% M Oy(w)-Ny(v = 35) filf
i, VTO #URREGAHHE K, VVO BTS2 R %
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VTN: (v, 10) = (v—1, 10)

Na(v)
NQ('U)

ovr/A2 o 1.21 242 3.63 4.84 ovr/AZgQ 3.29

VTO: (v, 10) — (v, 9)

35

30
25
3 E 20
z Z 15

10

5

0
2 4 6 8 10

ovr/A2 0 1.21 242 363 4.84 ovr/A20 329

VTN: (v, 21)—(v—1, 21)

VTO: (v, 21) — (v, 20)

VTN: (v, 30)—(v—1, 30)

Nz(v)

6.58 9.86 13.15 ovr/A20 1.86 3.71 5.57 T7.42

VTO: (v, 30) — (v, 29)

T
@

Nz(’l})

5

0

e ——

6.58 9.86 13.15 ovr/A20 1.86 3.71 5.57 7.42

Bl 3 Ny(v) + 05(10), Ny(v) + 04(21) Fl Ny(v) + O,(30) i3 # th VIN F1 VTO Ho 8 F BRI 81 B N, 91 4 e K (v) Fp) 46 - sl hg

(E) % HE A

Fig. 3. Contour map of VIN and VTO single-quantum transition cross sections with the initial energy level (v) and initial transla-
tional energy (E;) of Ny(v) + O4(10), Ny(v) + O5(21) and Ny(v) 4+ O4(30) processes.

ARARSE MR N, 32 PR Sy it 5 2 o 30 3 3 23 T R
ERES T, —ERE L AMGIERES VV BRiTH
PR B3642) G REIRIT No(v = 0) REIE R, 21
LT VIO i M simbiZ i K T VVO, Bi#E N,
REGLIWIE R, VTO HHRRECEHI /DN, VVO HR
ZHCBEWE . A A(F), TEPIA R 2 R
M HIZET VVO FI VTO #5 R A4s R L
RET, U SR 20000 K LA E. SA9 R,
XFFHEE No(v) 43F, kB Oq(w) ¥R 21 g 2
1, PRBIRE AL AR R, R ZIRIR AT AN
FREATII TN No-Ny /R R BY, i F R or 71 fig
REEFIAIR], No-O, Rl I FE  VV AT VT BRIE Bl
PR FERE R M AL R S LA B 2, ANRER B N 59
YGRS RES H] RE AR G
R TAE TAES) Sy @t iy A, VV AT VT
HOR ZET LIS Arrhenius JE2U:
kE(T)=AT"exp (—B/T), (15)
Hr A, n, BAUESE Vol T iRERY 5000—

30000 K. # it B2 LG S EOLI S 2 A1, 35
J5iR2E (MSE) f/MgZh 1027,

3.2 B MmERENRNEE
No-O, filh 43 3xF 72 vp A 1) fife 15 S AL 45 O,
PSR ES Ny B ES AR —1 NO 43T R 38 fift 25
FUOSUR B R, 40 (5) 20—(8) 2NN, e fiff 28 A i
AT AR
Ototal-dissoc = ONy-dissoc T T0,-dissoc T Oexchange-dissoc

+ 20 double-dissoc- (16)

L5 FNEL 6 23 5l 7R 1 4 A fifk 25 38 38 1) SN
U PR 46 T3 (E,) F1 Ny MR BED (v). Oy ¥
TRBEL (w) MOSF(AEZRIA. UL 25 18 R AR T AU 4
INARAE IR ERA H HBT BRI  1 E E A S AT
rhL AT U At O I 28] A i 5 3 T T S
BT Y DAk, ]2 A R A R ) AR T A (R PR DR
FAERI B 2R, BT O, 43 F B B RE/NTF N,
¥ (5.21 eV vs. 9.90 eV), TEFT A il i+ O,
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Fig. 4. Temperature dependence of single- and multi-quantum VVO and VTO rate coefficients during different Ny(v)-Oy(w) colli-

sions.
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Fig. 5. Contour map of reaction cross sections of each dissociation channel with N, initial vibrational energy level (v) and initial

translational energy (E).
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Fig. 6. Contour map of reaction cross sections of each dissociation channel with O, initial vibrational energy level (w) and initial

translational energy (E}).
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Fig. 7. (a) Comparison of NN-totaldiss predicted data and the raw QCT data; (b) error histogram between the predicted values and
the raw QCT data. The black dash line indicates zero error.
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Fig. 8. Contour map of QCT calculated (left) and NN-totaldiss predicted (right) total dissociation cross sections with initial transla-
tional energy (E;) and the initial vibrational levels of Oy and Nj.
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Table Al.

square error (unit: k/(cm?®s!)), and the temperature range is 5000-30000 K.

A 5000—30000 K

1) 1 Arrhenius 14

YR b TN 45 72

ERA Ny(v) + Oy(w) Ml 175519

B, AL SR QCT HHA, ol 22 W) 45 5 7Y
PG5S AR TR A AR 12 91.94%. X —
AN Ry FAth 73 - 4311 Z ) il 42 e i AR AT 9 42
M7, ARG Bl ) AR R A LA
BT 5%

kA VV/VT KR 5 25 Arr-
henius ?W\ /El\é{ %&% %H NN ﬁﬁ;
BENINESH kR

B (A, n, B). MSE ¥ 71825 (Sh7: k/(cm®s 1)),

Arrhenius fitting parameters (A, n, B) for VV/VT reaction rate coefficient (unit: k/(cm?-s-

1)). MSE is the mean

WJE,

Ny(v) + Oy(w) — Ny(v') + Oy(w') A n B MSE

(0, 10) — (1, 9) 4.10 x 1010 -2.91 x 10! 4.81 x 10? 4.27 x 10°%
(0, 10) — (0, 9) 244 % 1010 498 x 102 2.01 x 104 7.67 x 102
(0, 10) — (0, 8) 3.33 x 10710 —-6.70 x 1072 3.10 x 10* 3.04 x 10
(0, 10) — (0, 7) 3.95 x 1010 -1.39 x 10! 3.96 x 10* 2.66 x 10
(0, 21) — (1, 20) 424 % 1010 458 x 101 453 x 108 421 % 10
(0, 21) — (0, 20) 3.50 x 1010 2.04 x 1071 2.78 x 10° 7.96 x 102
(0, 21) — (0, 19) 2.51 x 10710 -3.01 x 102 1.94 x 10? 2.32 x 102
(0, 21) — (0, 18) 2.87 x 1010 7.43 % 102 2.46 x 104 5.62 x 10 %
(0, 30) — (1, 29) 3.01 x 1010 375 x 101 479 x 101 6.99 x 1077
(0, 30) — (0, 29) 1.39 x 1010 9.46 x 102 7.06 x 10° 6.44 x 102
(0, 30) — (0, 28) 1.49 x 1010 2.78 x 10°% 9.00 x 10° 9.18 x 102
(0, 30) — (0, 27) 1.74 x 1010 5.01 x 102 1.14 % 104 2.99 x 102
(15, 10) — (16, 9) 2.31 x 1010 -9.11 x 102 1.73 x 10? 8.85 x 10%
(15, 10) — (17, 8) 3.46 x 1010 277 % 10! 3.64 x 104 2.77 % 10 %
(15, 10) — (18, 7) 3.94 x 10710 -3.69 x 107! 4.36 x 10* 1.97 x 10°%
(15, 10) — (15, 9) 1.97 x 10710 5.51 x 103 1.30 x 10? 8.14 x 102
(15, 10) — (15, 8) 2.78 x 101 1.96 x 10! 2.58 x 10° 440 x 102
(15, 10) — (15, 7) 317 x 1010 3.04 % 10! 3.38 x 104 2.16 x 102
(15, 21) — (16, 20) 1.79 x 1010 -2.61 x 10?2 1.56 x 10? 2.42 x 102
(15, 21) — (17, 19) 2.69 x 1010 3.02 x 10! 2.64 x 104 5.21 x 102
(15, 21) — (18, 18) 3.12 x 10710 -3.82 x 107! 3.60 x 10* 3.42 x 10726
(15, 21) — (15, 20) 1.96 x 1010 7.64 x 102 1.35 x 10? 2.82 x 102
(15, 21) — (15, 19) 2.46 x 1010 1.03 x 10! 2.19 x 104 3.80 x 10 %
(15, 21) — (15, 18) 2.07 x 1010 188 % 10! 2.49 % 104 3.33 x 102
(15, 30) — (16, 29) 9.24 x 101! -8.39 x 10?2 1.39 x 10° 3.39 x 102
(15, 30) — (17, 28) 2.05 x 101 347 x 10 2.70 x 10° 1.23 x 10
(15, 30) — (18, 27) 3.20 x 10 10 466 x 101 3.90 x 10¢ 467 x 1077
(15, 30) — (15, 29) 1.17 x 10710 1.13 x 10! 453 x 10° 1.04 x 1020
(15, 30) — (15, 28) 157 x 101 1.67 x 102 1.10 x 10* 5.05 x 10 22
(15, 30) — (15, 27) 512 x 1010 2,19 x 10°! 117 x 104 1.06 x 1022
(35, 10) — (36, 9) 5.68 x 10710 -5.32 x 102 3.17 x 103 1.51 x 1020
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AL (8E) VV/VT RNEHEZRE (PP k/(cmPs 1)) B Arrhenius I SECGE (4, n, B). MSE ¥R (FAhL: k/(cm®s ™)),
ik £ FEL 2 5000—30000 K
Table Al (continued). Arrhenius fitting parameters (A, n, B) for VV/VT reaction rate coefficient (unit: &/(cm?s?)). MSE

is the mean square error (unit: k/(cm®s!)), and the temperature range is 5000-30000 K.

Ny(v) + Og(w) = Ny(v') + Oy(w') A n B MSE
(35, 10) — (37, 8) 1.30 x 107 -2.97 x 10! 6.01 x 10° 4.83 x 1022
(35, 10) — (38, 7) 410 x 101 3.94 x 10 6.35 x 10° 7.64 x 102

s — s 2.01 x 10~ —6.83 x 10~ 1.58 x 10 1.33 x 10~
(35, 10) — (35, 9) 10 2 i 2
(35, 10) — (35, 8) 1.98 x 10710 -2.33 x 10! 1.85 x 10* 3.73 x 10

s — (35, 1.88 x 10 -3.31 x 10 2.17 x 10° 3.19 x 10
(35, 10) — (35, 7) 10 1 7 1 25

s - s 1.79 x 10~ -2.60 x 10 1.56 x 10 2.42 x 10~
(35, 21) — (36, 20) 10 2 ! 2
(35, 21) — (37, 19) 2.69 x 1010 3.02 x 10! 2.64 x 10 5.21 x 10°%
(35,21) — (38, 18) 3.12 x 1010 -3.82 x 10! 3.60 x 10* 3.4 x 102

s - s 1.96 x 10~ .64 x 10~ 1.35 x 10 2.82 x 10
(35, 21) — (35, 20) 10 7.64 x 102 i 2
(35, 21) — (35, 19) 2.46 x 1010 1,03 x 10! 2.19 x 10! 3.80 x 102
(35, 21) — (35, 18) 2.07 x 101 1.88 x 10! 2.49 x 10* 333 x 102

s - s 5.99 x 10~ -8.87 x 10~ 1.96 x 10° 1.15 x 10
(35, 30) — (36, 29) 10 7% 102 s »
(35, 30) —> (37, 28) 454 x 1010 2.35 x 10! 3.14 x 10° 348 x 102
(35, 30) — (38, 27) 9.69 x 10 1 238 x 101 5.53 x 10° 9.00 x 102!

s - s 6.49 x 10~ 1.25 x 10~ 3.21 x 10 5.24 x 10~
(35, 30) — (35, 29) 4 n i 3 z
(35, 30) — (35, 28) 1.25 x 1010 9.18 x 102 1.26 x 10t 6.00 x 102
(35, 30) — (35, 27) 1.61 x 1010 2.35 x 10°! 1.59 % 104 3.84 x 102

F A2 EEEHIE (A1 A?) MILASEEE (o, b, o). WG FEhAE B, JEEIRN 0.2—10 eV, RMSE ¥R (Jfr: A?)

Table A2.
ergy FE, is 0.2-10 eV, and RMSE is root mean square error (unit: A2).

Fitting parameters (a, b, ¢) of total dissociation cross-section (unit: A2). The range of initial translational en-

Ny(v) Oy(w) a b c RMSE
0 1 1.98 x 10! ~1.02 x 102 9.03 x 10° 1.82 x 104
0 3 1.13 x 10! -5.82 x 10! 5.11 x 10° 3.54 x 10
0 5 8.29 x 10° —4.30 x 10! 3.87 x 10° 2.95 x 1073
0 7 6.43 x 10° -3.35 x 10! 3.14 x 10° 8.48 x 103
0 10 —2.46 x 10? 3.52 x 10! -9.70 x 107! 5.70 x 1073
0 15 -9.18 x 10! 1.06 x 10! 2.57 x 107 8.02 x 107
0 21 -2.04 x 10! 2.24 x 10! 8.60 x 10! 3.37 x 102
0 25 ~5.67 x 10° ~1.11 x 10° 1.01 x 10° 6.37 x 102
0 30 -6.06 x 10! -5.62 x 10! 1.10 x 10° 1.30 x 10!
1 21 —2.03 x 10! 3.57 x 10! 8.50 x 10! 2.33 x 102
1 30 -7.54 x 107! -4.60 x 107! 1.09 x 10° 1.58 x 107!
3 15 -7.75 x 10! 8.74 x 10° 3.16 x 10! 1.44 x 1072
3 21 -2.10 x 10! 1.02 x 10° 7.94 x 10! 4.72 x 102
3 30 -8.40 x 10! -3.81 x 10! 1.09 x 10° 1.73 x 10!
5 30 -8.07 x 10! -3.74 x 10! 1.09 x 10° 1.94 x 10!
5 0 8.27 x 10° —4.28 x 10! 3.65 x 10° 6.98 x 103
5 1 8.21 x 10° —4.25 x 10! 3.75 x 10° 3.78 x 1073
5 3 7.21 x 10° -3.75 x 10! 3.44 x 10° 6.53 x 107
5 7 -3.96 x 102 6.61 x 10* -2.62 x 10° 1.60 x 103
5 10 -2.83 x 10? 4.83 x 10! -1.81 x 10° 5.40 x 103
5 15 -7.95 x 10! 9.94 x 10° 2.43 x 10" 2.80 x 102
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T A2 (8h) BB (AN A?) BBIAESECE (o, b, o). PIEFSIEE E, EFN 0.2—10 eV, RMSE B iR (#fi: A?)
Table A2 (continued). Fitting parameters (a, b, c) of total dissociation cross-section (unit: A2). The range of initial transla-

tional energy Fj is 0.2-10 eV, and RMSE is root mean square error (unit: A2).

Ny(v) Oy(w) a b c RMSE
5 21 -1.95 x 10! 8.26 x 10! 8.08 x 10! 3.42 x 10?2
5 25 —6.46 x 10° —4.60 x 107! 9.66 x 107! 6.22 x 1072
7 15 -6.79 x 10! 8.41 x 10° 2.93 x 10! 2.57 x 102
7 21 1.85 x 10! 6.82 x 10! 8.22 x 10! 3.75 x 1072
7 30 ~7.52 x 10! -3.87 x 10! 1.09 x 10° 2.02 x 10!
10 15 -6.21 x 10! 7.99 x 10° 3.14 x 10! 3.16 x 102
10 21 -1.75 x 10! 7.87 x 107! 8.16 x 107! 4.21 x 1072
10 30 —-6.64 x 107! -4.20 x 107! 1.09 x 10° 2.00 x 107!
15 0 3.92 x 10° -2.04 x 10! 2.03 x 10° 1.68 x 102
15 3 3.21 x 10° 1.68 x 10! 1.83 x 10° 4.68 x 1072
15 7 -1.97 x 102 3.56 x 10! -1.29 x 10° 2.32 x 102
15 10 -1.12 x 10? 1.78 x 10! -2.20 x 10! 3.96 x 10?2
15 15 —4.74 x 10! 5.30 x 10° 5.20 x 10! 3.20 x 10?2
15 21 -1.20 x 10! —4.00 x 107! 9.19 x 10! 5.88 x 1072
15 25 -5.0 x 10° -5.65 x 10! 9.88 x 10! 3.51 x 10?2
15 30 6.92 x 10! 3.97 x 10! 1.09 x 10° 1.50 x 10t
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Abstract

The scattering cross-sections and reaction rate coefficients are crucial parameters for elucidating the energy

transfer mechanism of state-to-state collisions between molecular gases and also serve as a fundamental basis for
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modeling the non-equilibrium flow field. However, the database of kinetic processes related to nitrogen shock
flows is still being developed. In this work, a detailed kinetic study of the N, + O, collision is carried out by
combining the quasi-classical trajectory method (QCT) and neural network model (NN). Firstly, QCT is used
to calculate 90 Ny(v) + Oy(w) processes with various initial vibrational states (v,w), and the contributions of all
vibrational excitation and dissociation reaction channels are discussed. The following conclusions are drawn:
1) The contributions of the vibration-vibration (VV) energy exchange channel of O, and N, are similar, while
the vibration-translational (VT) transition mainly occurs on O,; 2) The total dissociation cross-section primarily
results from the O, single-dissociation channel, followed by the exchange-dissociation channel, with relatively
minor contributions from the N, single- and double-dissociation channels. Then, based on the QCT dataset, a
high-performance NN model (R-value of 0.99) is trained to predict the total dissociation cross-section caused by
Ny(v) + Oy(w) collisions. Compared with the method that only uses QCT, the method that jointly uses OCT
and NN model can achieve an approximately 91.94% reduction in computational cost. Finally, to facilitate use
in kinetic modeling, Arrhenius-type fits for the VV/VT rate coefficients are provided over the temperature
range of 5000-30000 K, and an exponential form related to the translational energy E, is used to fit the total

dissociation cross-section.

QCT-calculated: Ny(v)+Osq(w = 15) NN-predicted: No(v)+Os(w = 15) o/A?
30 30
I 6.94
25 25 6.07
F5.21
20 20
F4.34
< 15 < 15 It 3.47
Z Z.
2.60
10 10
-1.74
5 5 0.87
0
0 0
2 4 6 8 10 2 4 6 8 10
E¢ Ey

Keywords: state-to-state reaction rate coefficient, vibration relaxation, collision dissociation, neural network

model
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Fig. 1. Experimental setup. A picosecond laser is focused
onto a copper foil, generating an intense carbon ion beam
through the TNSA mechanism. The energy spectra of car-
bon ions passing through the foam target and the empty

hole are measured with a dual-channel TPS coupled to the
1P.
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Fig. 2. Carbon ions distribution of laser-accelerated: (a) The energy spectra of passing through without target; (b) the energy spec-

tra of passing through foam target; (c) charge state distribution of passing through without foam; (d) charge state distribution of

passing through foam target.
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Fig. 3. Experimental data of average charge state of carbon

ions before and after passing foam target.
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Fig. 4. Comparison of measured average charge states with
theoretical predictions: (a) The comparison with semiempir-
ical models; (b) the comparison with predictions through
solving rate equations. The experimental data are averaged
over two shots, the error bars of energy represent the en-
ergy resolution of the TPS for the ion species that has the
lowest resolution, the error bars of the average charge state
originate from the statistical errors and shot-to-shot fluctu-

ations.
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Fig. 5. Carbon ion excited state lifetime (red line) and colli-
sion time scale (black line) versus energy. Results for ex-

cited state lifetime are taken from Ref.[50].
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Charge transfer process of laser-accelerated low-energy
carbon ion beams in porous CHO foams”
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( Received 15 May 2025; revised manuscript received 18 June 2025 )

Abstract

Charge transfer processes in ion-matter interactions are crucial for ion beam-driven high-energy density
physics, material irradiation damage, and charge state stripping in accelerator techniques. Here we generate
carbon ion beams in the MeV energy range through target normal sheath acceleration (TNSA) mechanism, and
measure the average charge state of 1.5-4.5 MeV carbon ion beams passing through porous CoH ;404 foam with
a volume density of 2 mg/cm?. The measured average charge states are compared with the average equilibrium
charge-states predicted by semi-empirical formula and rate equation. The results show that the predictions from
the rate equation that fully considers the ionization, capture, excitation, and de-excitation processes are in good
agreement with experimental results. The prediction from the rate equation by using gas target cross-section
data underestimates the experimental data, because the target density effect caused by the solid fiber filaments
in the foam-structured target increases the ionization probability through frequent collisions, reduces the
electron capture probability, and thus leads to an enhancement of ion charge states. In the projectile energy
range above 3 MeV, the experimental data agree with the predictions from the rate equation using solid-target
cross-section data. However, a significant deviation emerges in the energy region below 3 MeV due to the fact
that in this energy range, the lifetime of ion excited states is shorter than the collisional time scale. In this case,

excited electrons have time to de-excite the ground state before the second collision occurs. Consequently, the
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Foundation of China (Grants Nos. 12422512, 12120101005, 12175174, 12405238), the Postdoctoral Fellowship Program of
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Science Basic Research Plan in Shaanxi Province, China (Grant No. 2024JC-TBZC-10), the Innovation Capability Support
Program of Shaanxi Province, China (Grant No. 2024ZC-KJXX-049), the Postdoctoral Research Funding Project of Shaanxi
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target density effects are weakened, and the charge states are reduced. The experimental results agree well with
predictions from the ETACHA code that considers excitation and de-excitation processes in detail. This work

provides the data and references for better understanding ion-matter interactions and distinguishing various
charge exchange models.

Keywords: laser acceleration, carbon ion beam, charge transfer, target density effects
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