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Dissecting Strong-Field Excitation Dynamics with Atomic-Momentum Spectroscopy
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P =MV >p=mv *Max-Born-Institute, 12489 Berlin, Germany

H(r.R.t) — H.p(r.t) = ho(r) + Vips(r.t) 3D Il

We propose using the c.m. degrees of freedom of atoms and molecules as a
“built-in” monitoring device for observing their internal dynamics in nonperturbative laser fields.

detection of the internal electron quantum dynamics with CM-velocity spectroscopy.
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Abstract
We have developed a quantum-quasiclassical computational scheme for quant-
itative treating of the nonseparable quantum-—classical dynamics of the 6D
hydrogen atom in a strong laser pulse. In this approach, the electron is treated
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Acceleration of neutral atoms in strong short-pulse
laser fields

U. Eichmann"? T. Nubbemeyer', H. Rottke' & W. Sandner"* aea:p ~ 10149

8 x 10" (700 — 1100)nm , (40 — 100)fs, He, Ne atoms



MexaHun3ambl yckopeHua atomos OM nmnynscamu

D photonics ﬁw\o\w

Article

Acceleration of Neutral Atoms by Strong Short-Wavelength
Short-Range Electromagnetic Pulses

Vladimir S. Melezhik %>*{ and Sara Shadmehri 1'*

1 Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna,

Moscow Region 141980, Russian Federation
2 Dubna State University, 19 Universitetskaya Street, Dubna, Moscow Region 141982, Russian Federation
*  Correspondence: melezhik@theor.jinr.ru (V.5.M.); shadmehri@theorjinr.ru (S.S.)

Citation: Melezhik, V.S.; Shadmehri,
S. Acceleration of Neutral Atoms by
Strong Short-Wavelength
Short-Range Electromagnetic Pulses.
Photonics 2023, 10, 1290. https://
doi.org/10.3390/photonics10121290



1 .D B ‘ i T i T i i ] T T T I
[ I r*Tn=4
I :r"—i—n:=3
| ! | | lonization threshold
0.8f QT T - Il
1 L
| 1 |
! 1
: \! :
| |
0.6] s ! i i ® Py |
I |
i i = Py
04 i M © Py |
| L 3
i ’

02— i i i
“ Y .r,i 4 : |
% | |

0.0t *4 ved  Swan® | So00600000 o o o

0.2 0.4 0.6 0.8 1.0
w (a.u.)

Pe(w) =| (lgroo) P=| [ (r,0, Tour)proo (1)

Shadmebhri, S.; Melezhik, V.S, Laser Phys. 2023, 33, 026001.

&) N (e’
DI S I
n=2 n=2

n=N’-+1

_ [too dP
Pion — fO EdE

sl oo gp
Z P, + / ~_dE=1
o 0 dE



nization threshold

- Py
< Pex

1.0

0.8

0.6

0.4+

1.0

0.6 0.8
w (a.u.)

0.4

0.2



'I"Pg

< Pex

n=

AU A AL A AL AL A
NATAYA AT AYAYAYET

1.0

0.8

0.6

0.4+

1.0

0.8

0.6
w (a.u.)

e

2,3,4

1 +hw —=H,y, n

H,_

0.38, 0.44, 0.47 (a.u.)

W =

1
2n'?

1
212

fiw =



0.001

r r r ‘ 0
(c)
| w=0.36 a.u.
----------- L e
.-'-' ‘. . h’h'h,"‘-“q
1 T LI OETEE TELE L . ------- -.
e = g ______ v R 5 — ST

o S0 100 150 200 250 300




P,(w,t) » Py (w)
1 “(C) =
| w=0.36 a.u.
- P -—=== -~ o= .""h..‘h
0.001+- . u— S o — - “t_ I
o ; Ef:"
10—5 A
10_9 i | | =@ Py —»— V¥, (a.u.) |
0 50 100 150 200 250 300

t(a.u.)

H,—1+hw —H,, n =2,



1__r T T T T T T T 3
(c)
| w=0.36 a.u.
. ____ ' ----- ' ----- . ----- ..hh'h
u o (@Eessscssseguengessess Wi - h"...h o
0.001 i e -
.z g ",*E"' ‘EI.‘:' ) B
."_', e s b
= .,
10—5 o
—— P2 --@- p3 egens P4
-10-9_ | Ps x— V,(a.u) _
0 50 100 150 200 250 300
Z t(a.u)
A B
/
.| H,_{+hw — Hy, n =2,
-’Y
k
X IE
Eo mt



10(d) .
w=0.44 a.u _._'ﬁ“ﬁ-'"i“f *hF-‘
-'"E"‘g il i ¥ ‘3“"?
0.001} -E e ey |
G--g7 “?-aﬁ_-_
- \
¥ ) |
10_6_ el BT e
--?- P2 —.— Pa -.-.-..-.-.n P4 )
10~} =B-- Py —x— V,(au) .
0 50 100 150 200 250 300

t (a.u.)

H,.4+hw —H, n =3.



0.001

10-5+

109+

—R R R R R R K KX

~-F- Py @~ P3 —%— Py |

=8 Py —x— V,(a.u)

L 1 L L L L l L L " L 1 L L L

50 100 150 200 250 300
t (a.u.)

H,-1+hw —H, n =4



nization threshold

o

- Py

< Pex

1.0

0.8

0.6

0.4+

0.6 0.8 1.0
w (a.u.)

0.4

0.2



1.0f PR
r | 1 r*rn=4
P\ ks
| | ! | | lonization threshold
0.8' i I (__f"
| . L
i Ny |
r i : i
0.6+ n=2—l-i o, E . 2 Pg
I | | ]
i i w P, |-
0.4r i « € Pex |
| ; i
0.2 4 ; |
o.oh—‘ “cw N | P 00000000 o——o6— o
0.2 0.4 0.6 0.8 1.0
\ w (a.u.)
1 1
H,_ 1+ hw — H,, 2w = 5~ — 5—p
21 2n

two-photon transition 2fiw

peak in Poy(w) at w = 0.24 a.u.

~ 047 a.u. forn = 1 and n’

= 4



10~"

10-7} 1
--v- Pp @& P; = Py |
& =8 Py —x— V,(a.u)
1 L AP A
0 50 100 150 200 250 300
t (a.u.)
H + h H 2h L L
— wWw — / W = —= —
n=1 " 2n?2  2n'?

two-photon transition 2hw =~ 0.47 a.u. forn = 1 and n’ = 4



[ 3§
=
» S8 &
a Qo Q
IR |
\
. - vﬁ
o
2
= X
m >
= 4>
= >
! S ) M
[T 4>
| = ,m VY
n o >
3 “
||||| =|||1/V|||||l|ll||ﬁ- D - e ——
m - m
I | | q”, <
..... ) AN IO A I ]
-
.
>
H J>
(- >
&
4_‘ ]
5 2
L A o Rk
< o
o 0 © < o =
— o o o o o

w (a.u.)



- (f)

-0 -0-g_

-.“
150 200 250 300

100

.50. -

0.80 a.

10—4_ W

t (a.u)



Pﬂ(wft) 4 Pﬂ(w)
() | | | | |
10—4_ w=0.80 a.u,
10-6_
10—8_
0-10} ol 5 . 3ok il )
_ 8- Py —x— V,(a.u)
0 50 100 150 200 250 300

t (a.u)

non-resonant mechanism




T 1 7T T T T __,Q T 77,,| m
! S
I Q |
! +
I <
1 ()
¢ Q|
1
] 1
... H
] 1
0
¢ s
1
1
I
1
I
1
AW.V
b'e .
AMAW |°
,Il% IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
R
e
- e 3
Q\\\Q\\
0//%
wvﬁ
QI
» N
L Q/ _ 0
11 Il Il Il Q__,,, 77,,, 7_,,, 77,,
-8 2 3 1
- o S =
o o o

w (a.u.)



El
s
£
-
T
ne
.mm
% £
x
s
ol O
1
$+
1

1.0

rll% IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
¥
Geee
"¢ """
- el
AN\\\Q\\
911%
@Q
%
L QI
L ! ,@,_,_ | [ |
-8 2 3 1
- o S =
o S o

0.6 0.8

w (a.u.)

0.4

0.2



~
e
o

0.100 ¢

0.010¢

0.001,
7 --0-- Pex+Pion |
10-4 - —®— CM momentum (a.u.) ||
0.2 0.4 0.6 0.8 1.0

w (a.u.)

strong correlation between P, + P, and V,, (CM momentum = MV,



-~
-~-
-~

0.100 ¢

0.010¢

0.001,
i --o-- Pex+Pion |
1074 —®— CM momentum (a.u.) ||
0.2 04 0.6 0.8 1.0

w (a.u.)
strong correlation between ., + P, and V, (CM momentum = MV,

mechanism of CM acceleration:
generation of nonzero dipole between proton and electron cloud
transferred either to excited states of atom or to its continuum



1.0

0.8

0.6

0.4+

0.2r

0.0t

1 i | T 1 | [ | '
¥ BER “
| 1 rYTn=4
| 1 I |
Tk
: ! | | lonization threshold
&1 | f_/'; T
I L
il e}
I ( i
: |
n=2—> o | o Pg i
| |
| |
! ]
l € Pex N
i |
|
I
. | | 4
| |
N |
. f)

“ A, x \ I 1
© " Twed | N " | 00000004 W, & 1
0.2 0.4 0.6 0.8 1.0

w (a.u.)

w = 0.48a.u. one-photon resonant transition n=1—n' =4
w = 0.24a.u. two-photon resonant transitionn=1-—n'=14

w = 0.8a.u. non-resonant mechanism



1000;
7 o © i §
i o _ s
100;‘ pi . B ¢
r < O
5 ’ " %
i o, -
~ i
=  u o
1; 5
¢ w=0.24au.
0.1 e w=0.48au..
o " w=0.80au.
1 5 10 50 100

I (><'|012 W/cm?)



Vy(cm/s)

1000

V,=7.53x107"2] ——

100;
10;

: ——  V,=1.96x10721 O

L5 o

O w:0.24a.u.
ol o wW=0.48au..

: . B w=0.80au.

1 : 10 50 100

I (x10"% wiem?)



1000

£ 10
o
>>~.

100}

0.1

] "
O w=0.24au.
: T Vy=2.05x10"%]2 o w=0.48au.
o " w=0.80au.
1 5 10 50 100

I (x']O12 Wicm?)




1'DH T : T :' : i T T |ﬁ
: i :*‘“:—n:‘l
P\ ks
| ! | | lonization threshold
0.8 I i
| . | 1
| 1 |
I o
| | P 1
0.6+ n=2—l-i o, E . 2 g il
| | 1
i i w P, |-
0.4r i « € Poyx |
I ! 4 |
| i : |
0.2 4 : | i
' I, I 1
o .r,‘. :
L 0, |
0.0 2 . I A 1 A Y S C— —
0.2 0.4 0.6 0.8 1.0
w (a.u.)

obnacTtu nepcneKkTuBHbIe ANd YCKOpeHua atToOMoB, rae noaasjieHa noHmsaumsa



3akpy4nBaHme atomoB OM umMmnynbcamu

QUANTUM PHYSICS
Vortex heams of atoms and molecules
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10 BT1/cm?2, ~10dpc, hv ~133B~ 0.48a.u.

LMpKyNapHas nonsapusaums (e=1)

E 1.00 l ' T ' T ' T
B —k> z
y 0.75F
A W
‘TZ — PTTI, £ ; E . B
(L) ; (e)m n 0.50
MpU B3AUMOAENCTBUM C LUPKYSISPHO 0.25|

NonNapu3oBaHHLIM IM umnynbcom

GTOM YCKOPSIETCS U €3aKpYYUBACTCS» -
npuobperaeT OpbUTANBbHBIA MOMEHT C
npoekuuein m=+1 Ha HanpasneHume 0.00

ero asuxeHus (cnupanbHoOcTb +1)




3aknoyeHmne & nepcrnekTuBbl

@ wCcneaoBaHO YCKOpeHUe aToMa 3a cveT HeAUMNOMbHBLIX Mo-
npaeok kr 8 9M BOSHe U MarHUTHOU KOMMNOHeHTLI B/c B Helt

® obHapyxeHa cunbHas koppenauus mexay V (MV)u P_+P.

@® YCTAHOBSEHbI ABA Pe30HAHCHBIX MEXAaHU3Ma YCKOpeHUs:
Yepe3 OAHOMPOTOHHOE U ABYX(POTOHHOE BO3bYyxAeHUe aToMa

OOHOMOTOHHBLIN V ~ T

ABYXPOTOHHbIN V ~ T2
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@ wCcneaoBaHO YCKOpeHUe aToMa 3a cveT HeAUMNOMbHBLIX Mo-
npaeok kr 8 9M BOSHe U MarHUTHOU KOMMNOHeHTLI B/c B Helt

® obHapyxeHa cunbHas koppenauus mexay V (MV)u P_+P.
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Yepe3 OAHOMPOTOHHOE U ABYX(POTOHHOE BO3bYyxAeHUe aToMa

© nNoTeHuunanbHbie NpuioxeHmd.

YCKOpeHHbIe aTOMbI — JIUTOrpacpuUs MUKpO-YUNOB ANS
MUKPO-3NEeKTPOHUKU, auarHocTuka nnasmer B TOKAMAK, ...
«3aKpyYeHHbIe» aTOMbI — MOAUPUKALUS
PYHAAMEHTANbHBLIX B3AUMOACUCTBUU, HOBLIU «KUHCTPYMEHT»
AN UCCNefOoBAHUS ATOMHBLIX CTOSTKHOBEHUM, ...
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@ wCcneaoBaHO YCKOpeHUe aToMa 3a cveT HeAUMNOMbHBLIX Mo-
npaeok kr 8 9M BOSHe U MarHUTHOU KOMMNOHeHTLI B/c B Helt

® obHapyxeHa cunbHas koppenauus mexay V (MV)u P_+P.

@® YCTAHOBSEHbI ABA Pe30HAHCHBIX MEXAaHU3Ma YCKOpeHUs:
Yepe3 OAHOMPOTOHHOE U ABYX(POTOHHOE BO3bYyxAeHUe aToMa

@ HeaunornbHbIe 3mekThI (YYeT ABUXeHUS 94ep) BO B3aUMOA.
atomoB ¢ UKW Va(r, R.t) = £Ey(....) ¢+ TeHepaums BbICOKUX
FApMOHUK, BIIUSHUE Ha CTAbUNMU3aLmO aTOMOB, ...

CO3AaH 3a4en ANg UCCNefO0BAHUS HeAUNOSbHBIX 3PPEKTOB:
pasfinyHbIEe ATOMbI, Y4YeT NpOCTPAHCTBEHHOU HEOAHOPOA -
HocTu SM umnyrnbcea, pasnuUuHbIe nonapusaumum,
3aKpyYeHHbIEe aTOMbI,



3aknoyeHmne & nepcrnekTuBbl

rMOpPUAHBIN KBAHTOBO-KBA3MKNaccudeckum metoa + DVR

S Shadmehri, V S Melezhik, Laser Phys. 33, 026001 (2023)

V Melezhik, J. Phys. A56, 154003 (2023)
V S Melezhik, S Shadmehri, Photonics 10(12), 1290 (2023)

V' S Melezhik, S Shadmehri, arXiv: 2408.08613
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