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Research on Eigenstates of Kramers-Henneberger Atoms in
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Abstract We study the eigenstates of Kramers-Henneberger (KH) hydrogen atom with ¢, and 6, symmetries in a
linearly polarized high-frequency strong laser field, within the framework of the nonperturbative theory. The theory
predicts that within high-frequency limit, electric structure is determined by a time-independent Schrédinger
equation containing a “dressed” Coulomb potential. We use a new basis set to solve the structure equation and
compare our calculation results with existing research results. Our results are accurate for low-level eigenstates
especially the ground state (1s). But for excited states, our results are accurate only when the laser intensity is
high. Furthermore, we also study the eigenstate structures of KH hydrogen atom. We find when the laser intensity
is high, not only the low-level eigenstates exhibit the “dichotomy” structures, but also the high-level eigenstates
display “muti-lobe” structures.
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Fig. 1 Functional relation diagrams of eigenenergy of low-level KH hydrogen atom and a, at
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Fig. 2 Projection structure diagrams of wave functions of ground state of KH hydrogen atom with ¢, symmetry at different

values of a, on x-z plane. (a) ay, =0 a.u.; (b) a, =10 a.u.; (c) a, =20 a.u.; (d) ¢, =30 a.u.; (e) a, =

50 a.u.; (f) @, =100 a.u.

H TR KH S SR F 1A IR S 2
HLE3H T ap =60 au B, BEHEAM 8 A
A o, Ao, X FRPE B AR 25 59 9 R BUAE 2= P T

F s, WER AT LA e, =60 a.u. B,
R (L) T — R (2p) BY I pR B P ol 750

A Zor 7 Ei k. X 5 SCERE39 J AT iE B Y o, =
50 a.u WITHR I BLSE AR T SR . T
Xof TR R S R B PR RO A S il LA

SR AR I B Z R A S, e, 2s
A 3 AL U K, 3p A 4 ANl L B
B AL S8 A ST P AL AR B, ORI RR i 2 A
7 U AL 2H A AT BRI ER 0 Al B A 4 R 2 AT S
“ 0T G R AN R AR SO BT R AR A LA TR S U oA
BOTRANRR MERAREA o, Mo, XFFRET
AR PR EAE o) IR (ap =50 au ) B R
HH R 1 B

@ (b) (© (d)
> 0.01 o 0.01 o 0.01 = 001
=) 0 =) 0 =) 0% = 0%
&) &) &) )
\e'J—O.Ol §—0.01 \6}—0.01 §—0.01
5 0 ] 0 100 5 0 | 0 100 50 0 | 0 100 50 o 0 100
= | AV = - ALy = - ALy - - A\
050 00, > e, 507100, 12 o 50-100, 1o e/, 50100, o
(e ® @ (€]
 0.01 a 0.01 a 0.01 0.01
=3 OW =3 0 1= 0 0
g g s
\6—0.01 \9—)—0.01 §—0.01 -0.01
‘ 100 ‘ 100 ‘ 100 ! 100
50 0 50_1000 > =50 0 50_100° - 50 0 po_1000 > <50 0 ro_1000
T 50 100¢\$ /o 50 100¢\q> i 50 lOOZrA R 50 100¢1f&

K3 Ma,=60a ubl,BAH o, flo, XERMEM KH 2R F MK AE R AL A 00 R ETE 2-= T

WAEME, () o,(1);(b) 6,(2p);s(e) 6,(28);(d g,

3p);(e) 0,35 (D o,(4p);(g) 0,(3s);(h) 6,(4D

Fig. 3 Projection structure diagrams of wave functions of low-level eigenstate of KH hydrogen atom with ¢, and o,

symmetries on x-z plane when o, =60 a.u.. (a) o,(1s); (b) 0,(2p); (¢) 0,(2s); (d) 0,(3p); (e) 0,(3d);
(H) o,(4p); (8) 6,(3s); (h) o,(4D)

1727001-4



HRiIEX

FE 41 % F17H/2021 £9 B/FEHER

4 gk e

FKH T —H ARG RAG o, Flo, X
FR¥ER) KH SR F I ATERE & . X TS s, i
PET7 T LK I oK g AR AERE . X TR, Frik
FET R R S SCmk[36 1P Ay &5 IR B 20, (1
2EPEREE o, H 095 KB Wi/ If B AP &
TEME ., Ma, =40 a.u. B, TR ETIIEH
W3 B o, Mo, XRMR KH &7 T 1Y
AAEREE . JiAh iR — B 5T T KH &5+ A
ERSZER . Y a, =50 a.u BB TIKREEXAARIESE
B A Ay 25 R A TR RE BRI S R B
“EHH,

& F X M

[1] JinFC, Yang H H, Zhang T, et al. Dependence of
above-threshold ionization spectra on frequencies of
two-color laser fields [J]. Laser & Optoelectronics
Progress, 2020, 57(3): 030201.

SR, MR, A, SFL B R S XA O
iR R 1], WOt 5t 78R, 2020, 57
(3): 030201.

[2] Wang L, Xue J X, Zeng Z N, et al. Generation of
resonantly
harmonics[]]. Chinese Journal of Lasers, 2019, 46
(10): 1001003.

W, BE&R, BEE, 5. RGO 5 KK
FeA ], R EBOE, 2019, 46(10): 1001003,
[3] Xu X H, Xia C L, Guo Z W,

distribution of high-order harmonic controlled by

enhanced monochromatic  high-order

et al. Spatial
chirped laser pulse and isolated attosecond pulse
generation[J]. Chinese Journal of Lasers, 2018, 45
(6): 0601007.
woNE, B, M, & VKT R R R
e zs 6] o3 A S AR Sz B A ik ek o A [T o Ok,
2018, 45(6): 0601007.

[4] WuHT, Gong SQ, JinSQ, etal. w2w two color
phase control of ionization: comparison of tunneling
and over the barrier regimes[]J]. Acta Optica Sinica,
2001, 21¢(8): 897-900.

RiGHE, BEK, SAB, . 020 PO LG
HE: RERE S SR e BN, e,
2001, 21(8): 897-900.

[5] Eberly J] H, Kulander K C. Atomic stabilization by
super-intense lasers[J]. Science, 1993, 262(5137):
1229-1233.

[6] de Boer M, Hoogenraad ] H, Vrijen R B, et al.
Indications of high-intensity adiabatic stabilization in

neon[]]. Physical Review Letters, 1993, 71(20):

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

1727001-5

3263-3266.

Gavrila M. Atoms in intense laser fields[ M]. New
York: Academic Press, 1992: 435-455.

Gavrila M. Atomic stabilization in superintense laser
fields[J]. Journal of Physics B, 2002, 35 (18):
R147-R193.

Henneberger W C. Perturbation method for atoms in
intense light beams [J]. Physical Review Letters,
1968, 21(12): 838-841.

Richter M. Imaging and controlling electronic and
nuclear dynamics in strong laser fields [D]. Berlin:
Technische Universitat Berlin, 2016: 47-67.

van Duijn E, Gavrila M, Muller H G. Multiply
charged negative ions
fields [J].
Letters, 1996, 77(18): 3759-3762.

van Duijn E, Muller H. Appearance and structure of

of hydrogen induced by

superintense laser Physical Review

multiply charged negative ions of hydrogen in intense
circularly polarized laser fields[J]. Physical Review
A, 1997, 56(3): 2182-2191.

Gavrila M, Shertzer J.

radiation

Two-electron atoms in
superintense fields:
stabilization[J]. Physical Review A, 1996, 53(5):
3431-3443.

dichotomy  and

Wei Q, Kais S, Moiseyev N. Frequency-dependent
stabilization of He by a superintense laser field[J].
Physical Review A, 2007, 76: 013407.

Chandler A,

superintense laser fields:

Shertzer J, Gavrila M. H,  in
alignment and spectral
restructuring[J]. Physical Review Letters, 1994, 73
(15): 2039-2042.

Yasuike T, Someda K. He— He chemical bonding in
high-frequency intense laser fields [J]. Journal of
Physics B, 2004, 37(15): 3149-3162.

Wei Q, Kais S, Herschbach D. Dimensional scaling
treatment of stability of simple diatomic molecules
induced by superintense, high-frequency laser fields
[J]. The Journal of Chemical Physics, 2008, 129
(21): 214110.

Balanarayan P, Moiseyev N. Strong chemical bond of
stable He, in strong linearly polarized laser fields[J].
Physical Review A, 2012, 85(3): 032516.
Balanarayan P, Moiseyev N. Chemistry in high-
frequency strong laser fields: the story of HeS
molecule[J]. Molecular Physics, 2013, 111(12/13):
1814-1822.
Smirnova O, Spanner M, Ivanov M. Molecule
without electrons: binding bare nuclei with strong
laser fields [J]. Physical Review Letters, 2003, 90
(24): 243001.

Wei Q, Kais S, Moiseyev N. New stable multiply



HRiIEX

FE 41 % F17H/2021 £9 B/FEHER

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

charged negative atomic ions in linearly polarized
superintense laser fields[J]. The Journal of Chemical
Physics, 2006, 124(20): 201108.

Wei Q, Kais S, Herschbach D. Dimensional scaling
treatment of stability of atomic anions induced by
superintense, high-frequency laser fields [J]. The
Journal of Chemical Physics, 2007, 127(9): 094301.
Wei Q, Herschbach D. Positronium in superintense
high-frequency laser fields [J]. Molecular Physics,
2013, 111¢12/13): 1835-1843.
Pawlak M, Moiseyev N. Conditions for the
applicability of the Kramers-Henneberger
approximation for atoms in high-frequency strong
laser fields [J]. Physical Review A, 2014, 90(2):
023401.

Morales F, Richter

Imaging the

M, Patchkovskii S, et al.
atom [ J ].
Proceedings of the National Academy of Sciences of
USA, 2011, 108(41): 16906-16911.

Bogatskaya A V, Volkova E A, Popov A M.

Prospects of odd and even harmonic generation by an

Kramers-Henneberger

atom in a high-intensity laser field[J]. Laser Physics
Letters, 2017, 14(5): 055301.

Li M, Wei Q. Stark effect of Kramers-Henneberger
atoms[]]. The Journal of Chemical Physics, 2018,
148(18): 184307.

Medisauskas 1, Saalmann U, Rost ] M. Floquet
Hamiltonian approach for dynamics in short and
intense laser pulses[J]. Journal of Physics B, 2019,
52(1): 015602.

Toyota K, Tolstikhin O I, Morishita T, et al. Slow
electrons generated by intense high-frequency laser
pulses[J]. Physical Review Letters, 2009, 103(15):
153003.

Richter M, Patchkovskii S, Morales F, et al. The
role of the Kramers-Henneberger atom in the higher-

order Kerr effect[J]. New Journal of Physics, 2013,

[(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

1727001-6

15¢(8): 083012.

M, Morales F,
Amplification of intense light fields by nearly free
electrons [J]. Nature Physics, 2018, 14 (7): 695-
700.

Matthews Patas A, et al.

Zimmermann H, Meise S, Khujakulov A, et al.
Limit on excitation and stabilization of atoms in
intense optical laser fields [J]. Physical Review
Letters, 2018, 120(12): 123202.

Wei Q, Wang P X, Kais S, et al. Pursuit of the
Kramers-henneberger atom [J].
Letters, 2017, 683: 240-246.
Eichmann U, Nubbemeyer T, Rottke H,
Acceleration of neutral atoms in strong short-pulse
laser fields [J]. Nature, 2009, 461 (7268): 1261-
1264.

Wei Q, Wang P X, Kais S, et al. Confirmation of
Kramers-Henneberger atoms [ EB/OL]. (2016-09-
06) [2021-02-15]. https://arxiv. org/abs/1609.
01434.

Pont M, Walet N R, Gavrila M. Radiative distortion

Chemical Physics

et al.

of the hydrogen atom in superintense, high-frequency
fields of linear polarization[J]. Physical Review A,
1990, 41(1): 477-494.

Forre M, Selsto S, Hansen ] P, et al.

nondipole Kramers-Henneberger form of the light-

Exact

atom Hamiltonian: an application to atomic
stabilization and photoelectron energy spectra []J].
Physical Review Letters, 2005, 95(4): 043601.
Pont M, Gavrila M. The levels of atomic hydrogen in
intense, high-frequency laser fields [ J]. Physics
Letters A, 1987, 123(9): 469-474.

Pont M, Walet N R, Gavrila M, et al. Dichotomy of
the hydrogen atom in superintense, high-frequency
laser fields [J]. Physical Review Letters, 1988, 61

(8):939-942.



