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Fig.2. Nuclear-electronic energy correlation spectrum.
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Fig.4. Retrieved reduced density matrices p,;, for different parameters: (a)Density matrix
corresponding to the nuclear wave function; (b)Laser parametersi;=57 nm, 1,=1.05x<10%3W/cm?,
12=400 nm, 1,=1.40x10**W/cm?; (c)-(f) only one laser parameter is varied, others fixed; (c)UV
pulse intensity is set to 2.11<10'W/cm?; (d) XUV pulse wavelength is set to 20 nm; (e) UV pulse

wavelength is set to 266 nm; (f) XUV pulse intensity is set to 1.76 <102 W/cm?.

11



FEh, AV IHO S EOS ER G R WA 0. FRATLLE] 4b i) s 45 )
AW, SRS S RO K S8, LA T AR BE RO S Uk
Foe R . B Ac KHERMDESR M 1.4010% W/em? 3 K F 2.1110% Wiem?, 45 5
5B b TR ZER, UUHRNDGRA RN B RO E R . & 4d KA
BAC A 57 nm FikE £ 20 nm (BERDD, X MAycHnse®E, ESE R E LI K 4a
RFRARZE R, X RN XUV Kbt wT 5ot i i) e B v 5 i
Kl 4e HEERI B K M 400 nm %5 F 266 nm (FEJE), SEALE R 2“0k
PV S RHAE s TE(RAEZR (v <5) [XIUR RS R Kk (v < 10) [0 4E I TR A
FEACTF RIS T RIS (v =5~ 10) XS A oSy . 1 4f J 23R M
1.05%10" W/em? 3 K £ 1.76>10" W/cm? (BE5H), H 125 B R i s Re gl o 48
BECH e e, SEHETK da TINERRSURE. LR BATIR, BUETHEERM . RUNE
VA XUV Bk i . BORHOER, 397G B FAE RO A i 3R A B e e SRR
HIPRBIAS LI LR SO 4 2R, (L B E I PRAR S IR (& 4a); BURARIN UV ik
T RV XA R X 3 PR 85 R R FEE A 5 B0, T R 00 ok o ) s 5 0 o g 5

AN K

AL 45 R B DEE RO S R B G, H R B BRI
B MRAEIRATHI M, RZEFZRIET LT AT 1 :

— TR E T EMEIRR A RE . RN E R G (A30 (15)), H
BHE R Ak S 1) FE B 1R 4 A1 70 AN S8 Mok b R 5 B 15 P £
SR, 9 7 NSEEGPTRLIN ) KER 5 gt th 85 BEAE R, JRAFE M RE P gl
TN KA AT A A A U I 200 4 [ s el Pk ) B R, X A4S
LT A% BN 1258 AE A (24) 308, HEm T AR A KER % &
P FERERE o R SR bR PRI AR, RS IK P A RIS Z1 () KA R ™

12



AL AL, FLR S AN (8] S AR A . A KER A5 5 2 Fr A rl Re t, STk AR
B FATM [ %7 R 1R TR AG B T8, X A
S R R

T T HRE T A FA RS E A P R . A (30) AEFRARRELL T E
SR SE S IS 8] 7 i BL AR e A5 B BB QR 55 T 25 IR Bl RE S R] Y RE R 22
o, — @, o IR, ELFRHUETHE PR BB IEIR-KER 15 #EAT (4 B AR
e, BRI QIERSFRFER, Mo TRELIRNERE (0, -0, ) 2R
(f1, JFREE IR E TR INM AR o XM AN ULAC & 5 SO IE I 7 R SR A 5
FEFETC p,, I, RECEFE 2RO 7, AR AR RN BE MR P OB, R
G NIFIBORARR A Te i SR 2=

fEJE S AR, RAPREERT EIRRZ RIS — P SGEEM T %, AT EA
R B RE, BERNINERAEREARN XUV Bk IS, E5AF B
BN 77 AE (R AL AL 22 S AT R 2, I T E I 2 I ALK TR, (HX
FHRLGE R 1% SEIR BRI R o 53— b7V 2 R Rk b B 2% R A N LA RR 23 5
FE, MMAERIRZ I IR ol RUE X ] e B BN B SRR I R L .
BT BUE R 22, TR AR S0 ] BL e AR 46 o R - BORAF B, (AR A i B A 3
EECAR S B RE A, D AR R IR ZE . AR, W] 5] N f/)s - 3fedth & Ei kY
W SFESR T REAL,  SRTT RS E 1 55 0 e 7 f) B e

FAh, HEIERRE, EARCHERHES T, RO RSB R BRI

HL PR BCS  RB HAR, PR T SR 2. X e kA1 6e s

EE NI RNNE T 5 IR B0 A S 22 (A T A BV RS, AT 4 H el AT ()
P % RFASCE SR 7 IR, XA FIRSIASRDC R T, Hahfg
RN RERREH T SIREIBEHN Z A RE R ORI SS9, MM H 7248

13



REEAIR. B, BERGSEPFETE N2 NS A SR — AIiE
i, ATy S B AR R R S IR R LN B KER 5 5 i (E R I (]
BB IAVE IR G o IXRIH TR MRS EAFAE, A S B A% s AR T-PEAS DA
ORFFIVEMIEY], A5 1A 323 W B ARSI ADLAE 5 1 i 3= 2 B R oA 20

R BERIEAE TS ECT R R B E 1 SE 2 1 T2 JE 3 /)
FUHT o IR 2 R HE T BCE A K EEAERE AR e CRAEIRSDZS [RAR T4
PRI 2 FT REAFAE — S W22 FERFESRAT T, WAR 58S B A i i Bl IE A S T
RNL, B TR RN P RE e 1G5, eI ELRR I LR IR ZE R AR MR B35 . e 23k
AT FC AR 1R 32 077 160 22— ol e e i e AR A8 AL P T3 773925 A S T o ik
S RV LENCY Ao

4 % %

AR T A FHZEH-TRIEO S 55 T He 70 T 2 B Bk B R H PR
AL E FEFEFER) T 580 BT IMST, FRATTHELEHES T XUV ZZ3H-UV #RIlE0E
FPAE R R IIBRTIRIE, R0 T NS T alRe it (KER) B AR Ak h SR
ENASLIN T BERE R PTAT P . TR BRI, %07 RIS A th 25 FE AR R

PER o I e OMRNIRBIESAT &), ABAER AT O RIS TEAHFME) A Y
25 RAFE M R 22, FELRIUNAEN e i AN 56 B L 5 S B T (s B 9K
BB RGHER T OGS (B 65D X MR RE s R, A seie ik
FROCSHER ML T e EKYE . ARTFIESE T RE- RN AR EW TR TETS
HIRTAT I, JuiEtREh ) A 5 2 98 S5 A TR RO I S ISR O T ENe T R
FISEEG R o ARRIAN VR E— P R e b P S S0 AR T TS ARG B2, JF
REFR IR TIRR, HIEREFERIEEART KR,

14



SR
[1] Corkum P B, Krausz F 2007 Nat. Phys. 3 381
[2] Lindroth E, Calegari F, Young L, Harmand M, Dudovich N, Berrah N, Smirnova O

2019 Nat. Rev. Phys. 1 107
[3] Krausz F, Ivanov M 2009 Rev. Mod. Phys. 81 163

[4] Schafer K J, Yang B, DiMauro L F, Kulander K C 1993 Phys. Rev. Lett. 70 1599
[5] Corkum P B 1993 Phys. Rev. Lett. 71 1994

[6] Lewenstein M, Balcou P, Ivanov M Y, L’Huillier A 1994 Phys. Rev. A 49 2117

[7] Guo C, Li M, Nibarger J P, Gibson G N 1998 Phys. Rev. A 58 R4271

[8] Eckart S, Trabert D, Rist J, Geyer A, Schmidt L P H, Fehre K, Kunitski M 2023 Sci.
Adv. 9 eabq8227

[9] Wang J Z, Dong F L, Liu J 2024 Acta Phys. Sin. 73 248201 (in Chinese) [T 57,
AR, XA 2024 YAk 73 248201]

[10] JiaY Z, Meng S 2024 Acta Phys. Sin. 73 084204 (in Chinese) [BE#R¥T, &M
2024 YyHE A 73 084204]

[11] Yuen C H, Lin C D 2024 Phys. Rev. A 109 033108

[12] Ma J P, Hu X Q, Wu Y, Wang J G 2025 Chin. Phys. B 34 103301

[13] Hamer K A, Mauger F, Lopata K, Schafer K J, Gaarde M B 2025 Phys. Rev. A 111

L011101

[14] Liu J, Zhang Y K, Hao X L 2025 Chin. Phys. B 34 053201

[15] Liu J, Hao X L 2025 Acta Phys. Sin. 74 093202 (in Chinese) [XIIi#, /N
2025 YpEisEk 74 093202]

[16] Sansone G, Kelkensberg F, P&ez-Torres J F, Morales F, Kling M F, Siu W, Ghafur
O, Johnsson P, Swoboda M, Benedetti E, Ferrari F, Léine F, Sanz-Vicario J L,

Zherebtsov S, Znakovskaya I, L’Huillier A, Ivanov M Y, Nisoli M, Martin F, Vrakking
15



M J J 2010 Nature 465 763

[17] Calegari F, Ayuso D, Trabattoni A, Belshaw L, De Camillis S, Anumula S,
Frassetto F, Poletto L, Palacios A, Decleva P, Greenwood J B, Martm F, Nisoli M 2014
Science 346 336

[18] Quan W, Serov V'V, Wei M Z, Zhao M, Zhou Y, Wang Y L, Lai XY, Kheifets AS,
Liu X J 2019 Phys. Rev. Lett. 123 223204

[19] Feti¢ B, Becker W, Milosevi¢ D B 2024 Ann. Phys. 465 169666

[20] Domcke W, Cederbaum L S 1978 J. Electron Spectrosc. Relat. Phenom. 13 161
[21] He P L, Hatsagortsyan K Z, Keitel C H 2023 Phys. Rev. Lett. 131 013201

[22] Madsen C B, Anis F, Madsen L B, Esry B D 2012 Phys. Rev. Lett. 109 163003
[23] Wu J, Kunitski M, Pitzer M, Trinter F, Schmidt L P H, Jahnke T, Magrakvelidze
M, Madsen C B, Madsen L B, Thumm U, D&ner R 2013 Phys. Rev. Lett. 111 023002
[24] Lu P F, Wang J P, Li H, Lin K, Gong X C, Song Q Y, Ji QY, Zhang W B, Ma JY,
Li H X, Zeng H P, He F, Wu J 2018 Proc. Natl. Acad. Sci. USA 115 2049

[25] Baml S, Das S, Wilde M M 2018 Phys. Rev. Lett. 121 250504

[26] Horodecki M, Horodecki P, Horodecki R 1996 Phys. Lett. A 223 1

[27] Wang J P, He F 2018 Phys. Rev. A 97 043411

[28] Lewenstein M, Ciappina M F, Pisanty E, Rivera-Dean J, Stammer P, Lamprou T,
Tzallas P 2021 Nat. Phys. 17 1104

[29] Jiang W C, Zhong M C, Fang Y K, Donsa S, Biezinova I, Peng LY, Burgdorfer J
2024 Phys. Rev. Lett. 133 163201

[30] Nandi S, Stenquist A, Papoulia A, Olofsson E, Badano L, Bertolino M, Busto D,
Callegari C, Carlstrdn S, Danailov M B, Demekhin PV, Di Fraia M, Eng-Johnsson P,
Feifel R, Gallician G, Giannessi L, Gisselbrecht M, Manfredda M, Meyer M, Miron C,
Peschel J, Plekan O, Prince K C, Squibb R J, Zangrando M, Zapata F, Zhong S,

Dahlstrém J M 2024 Sci. Adv. 10 eado0668

16



[31] Zhang JY, Cao Z F, Hao X L, Li W D, Chen J 2025 Chin. Phys. Lett. 42 110301
[32] Laurell H, Luo S, Weissenbilder R, Ammitzbdl M, Ahmed S, S&ilerberg H,
Petersson C L M, Poulain V, Guo C, Dittel C, Finkelstein-Shapiro D, Squibb R J,
Feifel R, Gisselbrecht M, Arnold C L, Buchleitner A, Lindroth E, Kockum A F,
L’Huillier A, Busto D 2025 Nat. Photonics. 19 352

[33] Vrakking M JJ 2021 Phys. Rev. Lett. 126 113203

[34] Koll L M, Maikowski L, Drescher L, Witting T, Vrakking M J J 2022 Phys. Rev.
Lett. 128 043201

[35] Tichy M C, Mintert F, Buchleitner A 2011 J. Phys. B: At. Mol. Opt. Phys. 44
192001

[36] Vedral V, Plenio M B 1998 Phys. Rev. A 57 1619

[37] Vidal G 2000 J. Mod. Opt. 47 355

[38] Jaeger G 2007 Quantum Information (New York: Springer) pp 91—115

[39] Bennett C H, Bernstein H J, Popescu S, Schumacher B 1996 Phys. Rev. A 53 2046
[40] Nishi T, L@stedt E, Yamanouchi K 2019 Phys. Rev. A 100 013421

[41] Arteaga K, Feist J, Jelovina D, Mart n F, Palacios A 2024 Phys. Rev. Lett. 133
123201

[42] Shao Y, He P L, Liu M M, Sun X F, Li M, Deng Y K, Wu C Y, He F, Gong Q H,
LiuY Q 2017 Phys. Rev. A 95 031404

[43] Gong X C,He P L, MalJY, Zhang W B, Sun F H, JiQY, Lin K, Li H X, Qiang J
J, LUPF, LiH, Zeng HP, Wu J, He F 2019 Phys. Rev. A 99 063407

[44] Hao X L, Wang J P, Zhang Z H, Qin JR, Shu Z, Li C, Zhang J Y, Li W D, He F,
Chen J 2024 Sci. China-Phys. Mech. Astron. 67 124205

[45] Becker A, Faisal F H M 2005 J. Phys. B: At. Mol. Opt. Phys. 38 R1

[46] Kelkensberg F, Lefebvre C, Siu W, Ghafur O, Nguyen-Dang T T, Atabek O,

Keller A, Serov V, Johnsson P, Swoboda M, Remetter T, L’Huillier A, Zherebtsov S,

17



Sansone G, Benedetti E, Ferrari F, Nisoli M, L&ine F, Kling M F, Vrakking M J J

2009 Phys. Rev. Lett. 103 123005

18



Reconstruction of the H>" vibrational state density matrix
using the pump-probe scheme”

DI Tiange LIChan ZHANG Jingyu HAO Xiaolei'
(Institute of Theoretical Physics, State Key Laboratory of Quantum Optics Technologies and
Devices, Shanxi University, Taiyuan 030006, China)
Abstract

The ionization and dissociation of molecules in intense laser fields

represent a central topic in attosecond physics. In particular, the quantum

entanglement between the emitted photoelectron and the residual

molecular ion has garnered significant attention for its potential in

ultrafast quantum control. Quantifying this correlation requires the

experimental retrieval of the reduced density matrix of the molecular ion’s

internal deqgrees of freedom, specifically its vibrational states. However,

the complexity of coupled electron-nuclear dynamics makes such

measurements challenging.

In this work, we present a theoretical framework for reconstructing

the vibrational reduced density matrix of H," using a two-color extreme

ultraviolet (XUV)-ultraviolet (UV) pump-probe scheme. Based on the

Intense-Field Many-body S-matrix Theory (IMST), we derive the

transition amplitude for dissociative ionization, where an XUV pump

pulse single-photon ionizes H, into H," (1say), followed by a time-delayed

UV probe pulse that excites the ion to a repulsive state, leading to

fragmentation. We demonstrate that the Kinetic Energy Release (KER)
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spectrum of the ionic fragments, as a function of the pump-probe delay,

contains sufficient information to retrieve the vibrational density matrix.

Numerical simulations reveal that the scheme successfully

reconstructs the diagonal elements (populations) of the low-energy

vibrational states. However, significant deviations are observed in the

off-diagonal elements (coherences). Systematic analysis identifies two

primary sources of error: (1) An inherent algorithmic approximation

where the nuclear wave packet evolution is fixed at the pump pulse center,

ignoring the temporal distribution of ionization events across the pulse

duration; and (2) Numerical grid mismatch, where the uniform frequency

grid from Fourier transforming discrete delay times fails to match the

non-uniform spacing of molecular vibrational levels, leading to

ill-conditioned matrices and amplified noise in off-diagonal terms.

Furthermore, we investigate the dependence of reconstruction

fidelity on laser parameters. Reducing the XUV pump wavelength,

increasing its intensity, or shortening the UV probe wavelength

significantly improves the completeness and accuracy of the retrieved

matrix. Conversely, variations in the probe intensity have neqgligible

effects.

This study validates the feasibility of characterizing molecular

guantum states via pump-probe spectroscopy and provides practical

guidelines for experimental parameter optimization in ultrafast quantum

dynamics and guantum information science.
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