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We investigate the level structure of heavy hydrogenlike ions in laser beams. In heavy ions, the electrons
are tightly bound by the Coulomb potential of the nucleus, which prohibits ionization even by strong lasers.
However, interaction with the light field leads to dynamic shifts of the electronic energy levels. We apply a fully
relativistic description of the electronic states by means of the Dirac equation. Interaction with the monofrequent
laser field is treated by second-order time-dependent perturbation theory. Our formalism goes beyond the Stark
long-wavelength dipole approximation and takes into account nondipole effects of retardation and interaction
with the magnetic-field components of the laser beam. The resulting level shifts are relevant for experiments at

present and near-future laser facilities.
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I. INTRODUCTION

Laser spectroscopy of atomic systems has been greatly
contributing to our understanding of nature [1]. The inves-
tigation of transition energies in hydrogen yielded the most
accurate value for a physical quantity ever measured. Fre-
quency comb techniques have led to the construction of
all-optical atomic clocks of unprecedented accuracy [2] and
enable the observation of the expansion of the universe in
real time by measuring the cosmological redshift of distant
astronomical objects [3].

Two-photon absorption (TPA) is of fundamental impor-
tance in super-resolution imaging and spectroscopy. Isotope
shifts were determined by two-photon Doppler-free spec-
troscopy and by collinear laser spectroscopy [4,5], providing
valuable insight into the collective structure of nuclei.
Recently, the paper [6] reports an absolute frequency measure-
ment of the 2s3d !'D, state in neutral °Be. In the paper [7],
the authors consider nonresonant corrections to 2s — ns/nd
transition frequencies in hydrogen for the experiments based
on two-photon spectroscopy, concluding that the corrections
could be significant for the determination of Rydberg constant
and proton charge radius. In the paper [8], the authors develop
a theoretical framework for spin selection in single-frequency
two-photon excitation of alkali-metal atoms as a function of
polarization of the excitation light, and verify the theory by
gxperimentally probing the 3§, — 6§, transition rate in
Rb.

TPA has potential applications in quantum information
processing. The paper [9] studies multiphoton blockade and
photon-induced tunneling effects in the two-photon Jaynes-
Cummings model, concluding that quantum interference can
enhance the photon blockade effect. The work [6] demon-
strates a simple method to generate a broader and flatter
orbital angular momentum spectrum of entangled photon
pairs by modifying the pump beam profile.
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Energy shifts of atomic levels due to laser fields play an im-
portant role in high-precision laser spectroscopy. The dynamic
Stark shift is one of the inherent systematic effects that shifts
atomic energy levels in a laser spectroscopic experiment. In
contrast to other shifting effects which may in principle be ex-
perimentally controllable, the dynamic Stark shift is due to the
probing laser field itself and as such it cannot be eliminated.
The dynamic (ac) Stark shift is also present in laser-induced
processes like ionization [10—12]. Theoretical investigations
so far apply nonrelativistic approaches and are restricted to
electric dipole interactions.

In this paper we calculate light field shifts in single-
electron ions in a fully relativistic manner. Compared to the
works [13,14], the bare atomic states are solutions of the Dirac
equation rather than Schrodinger’s equation. The interaction
with the monofrequent laser field is treated by perturbation
theory in the second order. Relativistic calculations of the
dynamic dipole polarizability for the ground state of hydro-
genic ions have been undertaken before [15]. In this paper,
beyond dipole effects, the relativistic effects of retardation and
level shifts due to interaction of the magnetic component of
the laser—ac Zeeman shifts—are accounted for. Furthermore,
we generalize previous investigations to the case of excited
states with substantially larger level shifts. With our approach,
not only does the accuracy of calculated level shifts increase,
but, it also allows one to extend the field of investigations
to stronger laser fields and higher frequencies, e.g., x-ray
lasers [16]. As relativistic effects scale with high powers of
the charge number Z, the theoretical description of atomic
systems of the highest nuclear charges is accessible this way.

This paper is structured as follows. In Sec. II, we briefly
summarize the derivation of the energy shift expression from
perturbation theory and extend the standard method to the
relativistic case. In Sec. III, the decomposition of the matrix
elements into angular and radial integrals is presented. The
resulting expressions are evaluated by algebraic and analytical
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means. In Sec. IV, we discuss numerical results for some
selected systems of interest. Finally, we conclude the paper
with a summary. Some auxiliary calculations are given in the
Appendix.

II. DYNAMIC SHIFT BY MEANS
OF PERTURBATION THEORY

Let us consider the effect of adding the interaction Hamil-
tonian V (e, t) to the sum of relativistic hydrogenlike ion Hy:

H =Hy+V(e,t),

Ze?
Hy = cap + Bmoc® — ,
dmeyr
Ve, 1) = —(Agaé, ™ 4 c.c.)e. (1)

Here, € is an infinitesimal damping parameter [17]. The intro-
duction of an adiabatic damping parameter is a key element of
time-dependent perturbation theory. In the interaction picture
(denoted by the subscript 7), the interaction V is represented
by [18]

Vi(e, t) = ety (e, t)e it 2)

We calculate the time evolution operator U; up to second order
in V; from the Dyson series:

U; = lim Uj(e, t),
—00

i [ i\’
U(e,t) =1— = dt'Vi(e,t ——
1(e, 1) h/ﬂo 1(€ )+( h)

t t
x/ dt’/ dt"Vi(e, Ve, t").  (3)
—00 —00

Let @, represent an eigenfunction of the unperturbed Hamil-
tonian Hy with an eigenvalue E,,. We denote the complete set
of eigenstates of Hy by {|®,)}. |P;(¢)) is a time-dependent
atomic state in the interaction picture. The state function be-
fore interaction is an eigenstate of Hy: |®;(t = —00)) = |D,),
where @, is an eigenstate of the unperturbed Hamiltonian
Hy. Thus the state function at any time can be constructed by
applying the evolution operator as

|D/(1)) = Upe, | ®s(t = —00)) = Y _cu()| D). (4)

This condition is also true for the degenerate case [18] without
loss of generality. The time-dependent expansion coefficients
cn(t) are given as the projections

cn(t) = (Pp|Pr(1)). ®)

For calculating the light shift of a given atomic state a, we are
interested in the projection [17]

ca(t) = (Pa| P (1)) = (Pa|Ui (e, 1)| D). (6)

The first-order perturbation (®,|V|®,) vanishes. Substituting
Uj(e,t) from Eq. (3), the leading order of the perturbation
expansion is V2 and the problem reduces to calculating the

matrix element

t t
M=/ dt/f dt"(®,|Vi(e, 1 )WVi(e, 1) Dy)

t t
_ Z/ d;/f A" (Vi (e, 1) D)
n — -

X (@u|Vi(e, 1) Dg). )

The index n counts all bound and continuum states of the
unperturbed hydrogenlike ion. After carrying out the time
integration, the matrix element is given as

h D, |V, | D) (D |V) | D) e € i)
M=__'Z Aé( | 1.| WP, ViDy)e .

- 2(e —iw)(E, — E, + ho — ifi€)
|2 <q>a|V2|q>n)(q>n|Vl|q>a> 2,
2E(Ea - En - Fl(,() — th)
(D[ V1|Pn) (P V2| D) .
2¢(E, — E, + hw — ihe)
(@[ Va| D) (D Vo | D) €T )
2(e + iw)(E, — E, — hw — ihe) )

€t

+ Ao

2et

+Ao)?

+ (A})?

For simplicity the notation V| = —aé,e* and V, =
—a*é*e~™ s introduced above. In the second order of

perturbation theory one can write
calt) = —%M/(t), )

with M’ = —%M . Neglecting higher-order terms, the logarith-
mic derivative of the expansion coefficient is
idM’

d
Eln[ca(l‘)] = TR (10

In the limit € — 0, the time derivative of the matrix
element is

am’ D, | V1| D) (P, | V1| P, )
:Z A(%( [Vi|D,) (D V1] >e‘2"“’
dt - E,—E,+ ho

(Da[Va| @) (P |V Dy)
E,—E, — hw
<(Da|V1|ch) (CDn|V2|(I)a>
E,—E,+ ho
(D |Va| Pp) (Py|V2]| Do)
E,—E,— hw

+ Ao)?

+ Ao)?

+ (A5 ezl'wf) (11)

For w # 0 we use the property e?® = ;L ["dt'e?®"’. Using
relation (3) (see [19]) to form the Dyson series, we get
L Y ORI LAICACS
dt - E,—E,— ho

+ Ao)? (12)

(D [Vi D) (P |V2| Do)
E,—E, + ho '
am’

Because e

ansatz [17]

is time independent, one can make the

i
fa _ _LAE, 13
. 7 (13)
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FIG. 1. Diagrams representing the lowest-order perturbative
light shift corrections. The Coulomb-dressed electron is depicted by
a double line and the wavy lines represent photons.

and define the energy shift of the state a due to interaction
with the light field as

(Da|Va| @) (P |V Dy)
= |4l Z( E,—E, — ho

(Pu|V1 D) (P |V2| Dy)
E,—E, + ho )

IE\ C

(14)

Ay is given as |Ag|* = , with E being the electric-field
strength. In Fig. 1, the dlagrams representing the two terms in
the above equations are shown.

III. EVALUATION OF MATRIX ELEMENTS

In this section we describe how the relativistic wave func-
tions, the vector potential of the electromagnetic field, and
the interaction matrix elements in Eq. (14) are treated. Our
description is fully relativistic and accounts for spin and
magnetic-field effects. A similar description is used for the
relativistic theoretical study of the spontaneous emission in
[19-22].

The principal task in calculating the light shift is the eval-
uation of the matrix element:

M= Z (Pu|a*Ese ™ |D,) (D,08,e™ | D,)
B E,—E, — o '

5)

We apply the multipole decomposition of the transverse elec-
tromagnetic plane wave as

1
&€, =dma Yy Y iy Kk) - &) 'a)) (). (16)
Im A=0
thus M becomes
M =161 Y (Dula*i[&Y ) ()lay) ()| D)
nlmAl'm' X
5 (@) (Y ) (0)é) alh) ()| @)
E,—E, — ho '
To obtain the level shift, a summation over polarization states
and integration over photon directions have to be performed:

1 1
M=-S" — [ aom. 18
2;471/ k (18)

However, for simplicity we drop the overbar of M from here
on. Using the orthogonality property

> / ASu[Y ) ()&, 1Y 1) ()] = 81 8umdir.  (19)

A7)

the expression above simplifies to

al (1) ®,) (D,16a) ()| @,)

(Dgla* n a
M=2 lm . (20
”MXm‘; E, —E, — o (20)

Using the spectral representation of Green’s function

D, (1) Pu(r)’
Z —n 7 EnV

G@r,r;z) =
( ) E -

; 21

n

and splitting Eq. (20) into an electric (A = 1) and a magnetic
(A = 0) part we get

M=-2r)" / drdr' @} (ra*a\" (rG(r,r'; 2)

x da) (r) @, (') — 21 Y / drdr' ) (r)a*

Im
x @l (NG(r, 15 2)6a]) () @), 22)

where the energy variable is z = E, — ho.
We perform a gauge transformation of the matrix elements.
The transformed multipole potential can be written as

@5y (F) — @y (P) + Vxum (),
Dy (P) — iwxsm(?), (23)
where the gauge function x;j/(7) (and the multipole potential)

is a solution to the Helmholtz equation. We choose the gauge
function to be

1
xm (P) = —EGJ]'J(kV)YJM(f)- 24

With the choice of G; = +/J + 1/J, the so-called Babushkin
gauge, i.e., a relativistic generalization of the length form
interaction, is adopted [21-23]. This transformation has no
effect on the magnetic multipole potentials, but transforms
electric potentials to the form

J+1_
ajy (F) = —jJH(kr)(Y;;;(f) -/ TyﬁM"m),
IJ+1
(1) ("‘) —ic —|J_ ]](kl")YJM(f') (25)

The electric multipole potentials can be rewritten as

21 A
ajyy () = =\ = s @), (26)

with a;;,1p(7) given by Eq. (B7) in the Appendix.
Denoting with M™ the magnetic part and with M*¢ the
electric part, after some algebraic manipulations we obtain

4 o
M" = Te Z {(RY + RY) K0 K i
Imk,
- R (Kuiz(ﬁkn) — Ry (K}(;Mka) }
4 2J +1
M= — {—[(Ri + R K5 K4
Imk,

— RS (K1) — RE(K )]

J +1 e Knka e e Knka Jr—Kn—Ka
[R (K.IM ) + (RZ’ +R3')KJM KJM

Ll @
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We shall refer to the K’s as the angular matrix elements and
to the R’s as the radial matrix elements.
The matrix element

M/ — Z <(Da|&€veikr|q)n><(Dn|&*€:e_ikr|<ba> i (28)

- E,—E,+ ho
can readily be found from Eq. (27) by the substitu-
tions K e — K~Ka=Kn = KHnKa 5 KKa=Kn = KHKnKa 5 Kakn
and K ~*»~*« — K~*%~% _]n the radial part, the energy variable
z = E, + hw has to be substituted.

A. Radial matrix elements

The following notations are introduced for the two-
dimensional radial integrals:

RY = [ drdr 2B jnhngatr B 16,0,
Ry = / drdr' P’ r*Go(r) jy(kr)go(r, '  E) jy (kr' )Ga(r'),
RY = / drdr' PrRE(r jy g, 75 E) iy (),
Ry = / drdr' PrGo(r) jy (krygar 1, ' B jy (kr V().

R = / drdr' Pr2Go(r) jy (kg (1, 7 EY jy (e Ga(r),
R = f drdr' PR E ) kg ('3 E) jy k)G,
RS — / drdr' Pr2Gy(r) jy (ki) a(r, s EYjs (ki YEA(r),
RS — / drdr PrREr jy g, s E) iy YEL(r).

(29)

In these integrals, j;(kr) is the spherical Bessel function [24]
and the g;; (i,j=1,2) are the radial components of the
Coulomb-Dirac Green’s function.

All radial matrix elements can be evaluated analytically by
the help of the substitution

. T \1/2
jitkry = (3) drpthr), (30)
and the Taylor expansion of the Bessel functions J;12:
Jitkr) = (31

T (=" 2ntl
k2 k)2t +1/2.
\V 2%r g 22+ 20\ D(n + [ 4+ 3/2)( g

The final results are as follows:

n'(IIZ]J - 11%1])

E2\'? 1
R =(1- =24 U7 = (22,) —(ky 0
! < m264> a3 %) Z G vie )F(2yn+1+n)(n+yn+1—v)

n\(I3, —13,,)

V/€,)

n!2

_(Kn_

TRy +14+m)n+y—v) TQyut+n)n4y,—v

) (Lnoslp, — IAIJIBZJ)> , (32)

n!/(IAlJ — 1311)2

(I —In)’ n'2

E e
a 2L 2,y . )
mc2) O L e T T T

- [(Kn - V/en) - Z(J/n + U)]

X —
FQyu+1+mn+yn—v) TQyu+n)n+y,—v)

(Inosda,g — Iayslp,y — Iasslpy + IBIJIBZJ))a (33)

n!(IAl] + IBIJ)Z

E, 1
RP=[1-=2 U2_ 2 @2yu) " "
’ < mcz) e @ Y v ) F T )

n!(IAlj +IBIJ)2 n!2

- [(Kn - V/en) + Z(Vn + U)]

FQy,+14+n)m+y,—v)

Ly, +n)n+ y, — v)(

Layilayg + Ia g1y + Iays I g + IBIJIBZJ)), (34)

n!(I3 , —13,,)

E? 1
Ry = (1- =% U= (2%, — (kn 0
: ( m2c4> @) Z ) G, T Tt mn oy £ 1)

n!(1§1, - 11%1,)

nl2

- (Kn - V/é,,)

TRy +1+n)n+y—v) TQyutn)(n+y,—v)

(InaIps — IAIJIBZJ)> , (35)

n!(IA]J — IB]J)Z

R = <1 + E“2>U§i(2xn)<2%> > ((K,, +v/€) = [y = v/€n) +2(yn + V)]
mc 2¢e - rey,+14+nmmn+y,+1—-v)

n\(Iy,y — Ip,s)* n!2

X +
FQy,+1+n)n+y,—v)

Ly, +n)mn+y, — v)(

Layilag — Iaidg,g — Iayudpg + IBIJIBZJ)> , (36)
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E2\'"? 1 s
R, = (1—m;c4> Uaz(z,\nf Y =G+

n!'(I3, —13,)

v/€n)

n\(I3, — 13 )

Py, +1+nn+y,+1-v)

n'2

- (Kn - V/En)

m2ct

n!([}l, —Igl,)

+
FQy,+14+nm+y, —v)

E2\'? 1
RS = <1-— ‘ ) 1435(2An%2%>jgjc—<xn+—v/en)

Loyl ;g — 14, 51B,7) |, 37
T @t mn e ) el A”“O GD

n!(I/f]J - 1;1,)

Iy, +1+nmn+y,+1-v)

n!2

- (Kn - U/Gn)

+
My, +1+nmn+y,—v)

Lilg,y — I slp,y) |, 38
e — L A”WO (38)

n!(IAl_] + IBIJ)Z

. E, \ ¢ Q)
RS = (1_ )UaE(ZAn) v Z (ken + v/€n)

mc?

I’l!(IAlj +IB|J)2 n!'2

— [(kn —v/€n) = 2(yn + V)]

ey, +1+nmmn+y,+1—-v)

Ty + T +m)+y, —v) F(2)/n+n)(n-|-)/n—V)(

Layilays + I,y + Laylp s + IBIJIBZJ)>~ (39)

For the one-dimensional radial integrals we obtain the following analytical results:

ar(_l)a

(=ar+1p '(Yan + 1+ 20+ p+ DI'Qy+n+ 1)

T
Ly = (ﬁ) Z all'(@+1+3/2) Qr.+ 1),

o,p

2 p!

a,(—1)°

nCQy, + 1)

k 20+1+1/2 2 pya—1 2
X <_> L)\;](Va"+p+2)2Fl (_nv Yan +1+200+p+1,2y, + 1, _>, (40)

Aan

(=ar+ 1Dp I'(Yan + 1+ 200+ p+ DI'QCyn + 1)

T
I,y = (ﬁ) Z all(a+1+3/2) CQra+ 1),

@.p

2 p!

(—ar)p

n!T'y,)

K\ 03 pbvt 29
x(—) g——l————kQ”“p+”ﬂﬂ<—n,mn+l%—h¥+1%+1,%hw——>, 41

)Lan

F'Yan+1+20+p+DI'Qy,+n+1)

_ l (Na _Ka)(_l)a
I, = (2k) Z all(a +143/2) Qya+ 1),

o,p

<k)2a+l+l/2 (2ka)p+y“_1
X —

2 p!

(_ar)p

A_;](Va“+p+2)2Fl (—I’l, Yan +1+20+p+ 1,2y, + 1,

TRy, + 1)

2h ) 42)
) (

an

FYan +1 420+ p+ DCQy, +n)

AR O b
Ip,s = (Zk) Z all(@+1+3/2) 2Qya + 1),

ap

2 p!

Here we introduced the notations A, = A, + A, and Y, =
Ya + yu for simplicity. The remaining radial matrix elements
can be calculated from the ones given in Eqgs. (32)—(35) by the
substitutions RY = R/"(J — J + 1) foralli € {1,2, 3,4}.

B. Angular matrix elements

Equations (27) contain angular integrals of the form

K = / do, Q2 (MEY jir (), (7). (44)

The direct product of the spin operator & and the vector
spherical harmonic is a spherical tensor operator and thus its
matrix element can be rewritten as

K}(]’{’X; = (l”%j”“}(yko—l)ila%ja)- 45)

T (2y,)

K\ 2e 12 20,) e 20,
5 <_) (2ha) Jo kP2 (_n, Yan + 1420+ p+ 1,2y, T) (43)

an

(

The reduced matrix elements of the tensor T can be calculated
using the formula
1
l/ _ +/
15 J >

1
<11§j

kel . i J K
:aK(_l)l K 1/2(2] + 1)1/2(] | O>, (46)
2 2

Tk (Cro1)

[}

where the coefficients are [25]

ar = (K — k") /k(k + 1),
a1 = —(k 4+« + ")/ 2k(k + 1),
o1 = k+1—x —k)/J/k+ DRk +1). (47
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TABLEI. Comparison of nonrelativistic (NR) and relativistic (R)
light shifts for K and L shell states in hydrogenic ions, at an optical
laser frequency. E, denotes the binding energy of the orbital and AE
stands for the light shift contribution.

TABLE III. Comparison of nonrelativistic (NR) and relativistic
(R) light shifts for 1s — ns for Z=1, with the photon frequency equal
to half of the transition frequency.

Bxr [Hz(W/m*)~'] Br [Hz(W/m*)~"]

Z =54 Z=92 Z=1 1s — ns L1 — nsip

E, AE E, AE Is — 25 —2.67827(~5) —2.67808(—5)

NR 1s —39674.2 —1.02586(—4) —115159 —1.21763(—5) ij:ii :g?gég?g:g; :g?gggég:g;

R L —413470 —8.17337(=5) —132280 -5.63212(-6) | o 326801(-3) 3267718(-3)

NR 25 —9918.55 —2.73564(-3) —28789.6 —3.24700(—4) |’ 3348 331701(-3)

R 25p —10443.5 —4.94986(-2) —342155 —140870(-3) >~ 3.34805(_5) ool

NR 2p —9918.55 —4.92415(-3) —28789.6 —5.84460(—4) |’ o 336851(-3) 3 36827(-3)

R 2pip —10443.5 —3.17409(-3) —342155 —2.17374(—4)  |°~ 33778 33529
R 2ps —10016.7 +4.31087(—2) —29649.8 +7.88416(—4)

For the integrals containing the scalar spherical harmonics,

Kk = / do, Q) (MY ()24, ()

1. 1.
= <ln§Jn Yim lai]a>a (48)
one can compute the reduced matrix elements as [25]
1 . /1 ./
hJ|Cx b5
y j i’ K
LT YT VUL (A T
3 —2 O

IV. NUMERICAL RESULTS

In Eq. (14), the series over intermediate states include the
bound states, the positive-energy-continuum eigenstates, and
also the negative-energy-continuum eigenstates. In order to
evaluate these second-order expressions, we have used the
Green’s function in the Sturmian representation [26], in which
the continuous sum over wave functions will be replaced by
discrete summations running over all, positive and negative,
integers. The technical procedure for transforming sums into
expressions that contain only summations over non-negative
integers is also presented in [26]. To obtain an accuracy of
five decimal places, the number of terms included varies from
5 for Z =26to 10 for Z = 91.

To start our discussion on relativistic results on light shifts,
we present results for an atom in a laser field at an optical fre-
quency (A = 1054 nm, hiw = 1.176 eV) and with the widely
accessible intensity of I = 10'® W/cm?. We calculate the light
shifts in eV, both in relativistic and nonrelativistic treatments,
for some heavy elements (Z = 54, 92, i.e., Xe and U). Results
are shown in Table I. As it is well known, the ac Stark shifts,
calculated in a nonrelativistic way, follow an exact A
scaling. It is also intuitively understandable that external field
effects in general have a smaller effect if the electrons are
bound by stronger central potentials. Still, even for elements
as heavy as Xe and U, and for orbitals of the L shell, the
light shift exceeds or approaches to the meV range. This is
anticipated to be noticeable in near-future experiments. For
measurements with lighter elements, the effects are certainly
more pronounced.

As the table also clearly shows, the relativistic and non-
relativistic results greatly differ. For these relativistic systems,
the nonrelativistic calculation can only serve as an order-of-
magnitude approximation, since not even the first digits of
the results calculated in the two different approaches agree. In
some cases, e.g., for the 2ps3, state, even the sign of the shift
is different, which is originated in the different level structure
as described by the relativistic theory.

For soft x-ray frequencies (iw = 50 eV), for the same
intensity, we give the shifts for the elements Z = 10, 54, and
92 in Table II. At the heaviest system studied, namely, for U,
these results almost coincide with the light shifts calculated
with optical laser frequencies. This illustrates that retardation

TABLE II. Comparison of nonrelativistic (NR) and relativistic (R) light shifts for K and L shell states in hydrogenic ions at a soft x-ray

laser frequency. Notations as in Table 1.

Z=10 Z =54 Z=92
E, AE E, AE E, AE
NR s —1360.57 —8.74042(-2) —39674.2 —1.02587(—4) —115159 —1.21763(-5)
R Lsij2 —1362.39 —8.6767(—2) —41347.0 —8.17339(-5) —132280 —5.63212(—6)
NR 2s —340.142 —2.47409 —9918.55 —2.73583(-3) —28789.6 —3.24703(—4)
R 2512 —340.710 —2.33842 —10443.5 —=5.01577(=2) —34215.5 —1.40885(-3)
NR 2p —340.142 —4.47426 —9918.55 —4.92452(-3) —28789.6 —5.84465(—4)
R 2pip —340.710 —3.61534 —10443.5 —3.17429(-3) —34215.5 —2.17375(—4)
R 2p3 —340.256 —4.16667 —10016.7 +4.37674(-2) —29649.8 +7.88564(—4)
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TABLE IV. Same as Table 111, but for Z=10.

Bk [Hz(W/m*)~'] Br [Hz(W/m*)~']

Z =10 ls — ns 151/2—1151/2

Is —2s —2.67827(-9) —2.65885(—9)
1s —3s —3.02104(-9) —2.99941(-9)
Is —4s —3.18301(-9) —3.16030(—9)
Is —5s —3.26801(—9) —3.24471(-9)
1s — 6s —3.31724(-9) —3.29360(—9)
s —7s —3.34805(-9) —3.32418(-9)
1s — 8s —3.36851(—9) —3.34449(-9)
1s —9s —3.38277(-9) —3.35863(—9)

effects are only relevant when the photon energy is compa-
rable to the atomic binding energy: in the case of U, where
the binding energies exceed the 10-keV range, even a photon
frequency of 50 eV is negligible in the description of the
dynamic Stark shift. However, for lighter systems such as Xe
(Z = 54), the difference between the optical and the soft x-ray
light field is noticeable. This is especially the case for excited
states.

In order to avoid a discussion about the intensity / and
for a better comparison with existing nonrelativistic literature
data, in the following we introduce the dynamic Stark shift
coefficient g:

AE = hpl, (50

where AE is the Stark shift of the atomic level |®,). In
Tables III, IV, and V, the nonrelativistic and relativistic Stark
shift coefficients Byg and Bg are compared for the half 1s — ns
transition frequency for nuclear charge numbers Z = 1, 10,
and 54. The light shift calculated in the nonrelativistic limit
of the formulas derived in this paper agrees perfectly with
the calculations of Haas [14]. Also, they show an exact
z4 scaling with the atomic number Z. However, for the
relativistic results, a clear deviation from this law is observ-
able, especially for the highest atomic charge numbers. These
tables also illustrate that the light shifts are most relevant
for highly excited, weakly bound states, i.e., for Rydberg
levels.

As we can see from Egs. (22) and (25), in the final ex-
pression of dipole light shifts we have the following possible
combinations of electromagnetic potentials: matrix elements
of scalar-scalar, vector-vector, and scalar-vector potentials.

TABLE V. Same as Table III, but for Z=54.

Brr [Hz(W/m?)™'] Br [Hz(W/m?)™"]

Z =54 1s — ns 1S1/2 — nSy2

1s —2s —3.14978(—12) —2.51398(—12)
Is —3s —3.55288(—12) —2.84491(—12)
ls —4s —3.74337(-12) —3.00038(—12)
1s — 5s —3.84334(—12) —3.08132(—12)
1s — 65 —3.90124(-12) —3.12789(—12)
ls —7s —3.93747(—12) —3.15688(—12)
1s — 8s —3.96153(—12) —3.17606(—12)
Is —9s —3.97829(-12) —3.18937(—12)

AE(eV)

40 60 80 100

-0.02

-0.04

-0.06

-0.08

FIG. 2. Light shift of the 1s,,, energy levels in a hydrogenlike ion
as a function of the charge number Z, for a laser intensity of / = 108
W /cm?. The E, (blue, continuous) and 1000 times the contribution
of M, (dashed, green) are shown.

Because of the selection rules incorporated in the angular
matrix elements, the scalar-vector part is zero. In the follow-
ing tables we give some values of the dynamic Stark shift
coefficient § for scalar-scalar and vector-vector parts and for
the interaction with the magnetic-field component of the laser
field, including the retardation contribution caused by the de-
pendence on the photon frequency. The tables show that the
scalar-scalar contribution is by far the dominant part of
the interaction.

In Fig. 2, we represented the light shift of the 1s;,, energy
levels in a hydrogenlike ion as a function of the charge number
Z, for a laser intensity of I = 10'® W/cm?. We represented
both the contribution of E; and 1000 times the contribution
of M,. In Fig. 3, we represented the light shift of the 1s/,
energy levels in a hydrogenlike ion as a function of the charge
number Z, for the same setup as the one in Fig. 2. The E; and
M contributions are shown.

Taking into account the fact that only the scalar-scalar part
contributes, the Breit-Pauli approximation should be suffi-
cient [14]. In Tables VI and VII we can see the retardation
contribution compared to the Breit-Pauli approximation. De-
veloping the electromagnetic field in multipoles, we obtain
important contributions to the resonance. When the photon

AE(eV)

60 80 100

-0.05

-0.10

-0.15

-0.20

FIG. 3. The same setup as in Fig. 2, for 2p;,,. The E; (blue,
continuous) and M, (dashed, green) contributions are shown.
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TABLE VI. Different relativistic electric dipole (E;) contributions to the light shift for 1s — ns two-photon transitions: scalar-scalar (s-s),
vector-vector (v-v), and magnetic-field contributions, with or without frequency-dependent retardation (ret.) contributions. The results are

given for Z = 10.

Z=10 S-S s-s, ret. V-v v-v, ret. Mag. Mag., ret.

1s —2s —2.6588(—9) —2.6579(-9) —6.7879(—16) —6.7848(—16) —9.2665(—13) —9.2635(—13)
ls — 3s —2.9994(—-9) —2.9978(—-9) —1.0200(—15) —1.0193(—15) —1.0973(—12) —1.0968(—12)
ls —4s —3.1603(—9) —3.1584(—9) —1.1667(—15) —1.1658(—15) —1.1753(—12) —1.1746(—12)
1s — 5s —3.2447(-9) —3.2427(-9) —1.2402(—15) —1.2393(-15) —1.2156(—12) —1.2149(-12)
ls — 6s —3.2936(—9) —3.2915(-9) —1.2818(—15) —1.2808(—15) —1.2387(—12) —1.2380(—12)
s —7s —3.3241(—9) —3.3220(—9) —1.3075(—15) —1.3064(—15) —1.2531(—12) —1.2524(—12)
ls — 8s —3.3444(-9) —3.3423(-9) —1.3243(—15) —1.3233(—15) —1.2627(—12) —1.2619(—12)
ls —9s —3.3586(—9) —3.3564(—9) —1.3360(—15) —1.3349(—15) —1.2693(—12) —1.2685(—12)

frequency is equal to half of the transition frequency, the Stark
shift comes from the E; transitions. One may conclude that
the dipole approximation is good, especially for low charge
states where the retardation effect is small. At high nuclear
charges and frequencies, the dependence of the scalar-scalar
term on the photon frequency starts to show up; however, the
vector-vector and magnetic terms are still orders of magnitude
smaller.

V. SUMMARY

Off-resonant light shifts of hydrogenic levels are calculated
in a fully relativistic framework. We used Coulomb-Dirac
wave functions and Green’s functions in the Sturmian rep-
resentation to evaluate the second-order expressions. The
electromagnetic field has been expanded into multipoles,
which enabled us to study the nondipole effects of interaction
with magnetic-field components of the laser light and retar-
dation contributions depending on the frequency of the laser
photon. At high laser intensities, the light shifts are sizable, es-
pecially for excited states with lower binding energies. These
results are relevant in current and near-future spectroscopic
experiments, especially for experiments employing advanced
light sources in the x-ray regime.
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APPENDIX A: COULOMB-DIRAC GREEN’S FUNCTION
IN THE STURMIAN REPRESENTATION

Given a Hermitian operator H, the corresponding resolvent
or Green operator G(z) is defined by

(H—-2)G(z) =1, (A1)

where z, referred to later on as the energy variable, is a
complex number. Let us assume that H possesses a complete
set of eigenfunctions ®,, corresponding to eigenvalues E:

(H—-E)®,=0, (A2)
> o,0] =1. (A3)

In the spectral represent};tion, G(z) is formally given by
Gy=-)_ uby (A4)

n Z_E"

Generally, the summation is performed over a discrete and a
continuous spectrum of eigenfunctions.

If H is represented by a differential operator H, acting on a
Hilbert space of functions on R*, G(z) is itself represented by
a function G(ry, r2;z) on R® x R? which satisfies the equation

(Hy, — 2)G(r1,12;2) = 8(r1 — r2). (A5)

For a certain class of Hamiltonians, the Green’s function
can be given analytically, without explicitly carrying out the
summation over a complete spectrum. The Green’s function

TABLE VII. Same as Table VI, for Z = 54.

Z =54 S-S s-s, ret. v-v v-v, ret. Mag. Mag., ret.

1s —2s —2.5139(—12) —2.4873(—12) —6.2890(—16) —6.2032(—16) —2.8362(—14) —2.8093(—14)
1s —3s —2.8449(—12) —2.8013(—12) —9.5338(—16) —9.3473(—16) —3.3758(—14) —3.3284(—14)
Is —4s —3.0003(—12) —2.9488(—12) —1.0922(-15) —1.0683(—15) —3.6223(—14) —3.5646(—14)
1s —5s —3.0813(—12) —3.0255(—12) —1.1615(—15) —1.1347(-15) —3.7490(—14) —3.6859(—14)
ls — 6s —3.1278(—12) —3.0697(—12) —1.2004(—-15) —1.1720(—-15) —3.8214(—14) —3.7552(—14)
Is —7s —3.1568(—12) —3.0972(-12) —1.2243(-15) —1.1949(-15) —3.8664(—14) —3.7982(—14)
1s — 8s —3.1760(—12) —3.1153(—12) —1.2400(—15) —1.2099(—15) —3.8960(—14) —3.8266(—14)
1s — 9s —3.1893(—12) —3.1280(—12) —1.2508(—15) —1.2202(—-15) —3.9166(—14) —3.8462(—14)
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associated with the Dirac-Coulomb Hamiltonian can be de-
composed into radial and angular parts as

1 (Gll GlZ

a G21 G22
where in the components G, i, j € {1, 2}, which are 2 x 2
matrices, we omitted the coordinate and energy arguments for
brevity. They can be decomposed as

G(rlyrZ;En) = (A6)

G = SN E) R ()2, ()
G =) g, 123 E)Qm, (N, (7). (A7)

The radial components g’/ can be represented as an expansion
involving Laguerre polynomials. Introducing the notations

G =" el (11, 21 E)Sum, (IS, (), p_ me-E _ E _ aZe (A8)
Kty mc? +E’ mc?’ J1=¢2'
G"? = Z —ig}j(rl, 125 ) m, (?)Q’iwnn(f’ ), the explicit formulas for the radial components are [26]
Knhip |
1 e n! L2 20,r )L QA1)
11 _ 2Vn INVe—1 =, (r+r") n n n n
— 5. 2)”” & i n n - n n 2 n
8, 28( Y ()" e ;((K +U/€)F(2yn+1~|—n) PRI B [(kn — v/€x) + 2(yn + V)]
n! L2 (20, r)L2" 20, n! LN )L Q) + L @A) LT Q0r) (A9)
X 9
FQy,+1+n) N+ Yn—V LQy, +n) n+ Yy —V
1 e n! L2 QA )L2" 20pr") n!
12 2 INVe—1 =X, (r+r") n n n n
= —(21, )Y v _ o
8k, = @Ry (rry e §<(K"+U/E")F(2Vn+l+n) vy B WA g
Ly Qar)La" 2har) nt LT QALY Qhr') = L Q)L (k) (A10)
X - 9
R4 Yy —V IRy, +n) n+y,—v
& =gl 1), (Al1)
o 2¥n 2yn /
2y € Dy ya—] A (rr") n! L, 2A,r)L," 21,1
__2)\%1/ v n+ n - n n_2 n+
o= 5@y e ;(w R i S B [(kn — v/€n) = 2(vn + V)]
n! L (20,r)Ly" (207 n! L QunLY Q') + L Q)L 24, (A12)
X - .
F(27n+1+n) n+y,—Vv F(2Vn+n) n+yn—Vv

APPENDIX B: ELECTROMAGNETIC MULTIPOLES

In the following, we systematize the decomposition of
the first-order transition amplitude into multipole compo-
nents (electric and magnetic dipole, electric and magnetic
quadrupole, etc.). The transition matrix element is defined as

Ton = / d’r¢) (N)aA(r, 0)Pa(r), (B1)

where A (r, w) is the transverse-gauge vector potential [19]:

A(r, 0) = ™. (B2)

As a first step of the multipole decomposition, we expand
the vector potential A(r, w) in a series of vector spherical
harmonics [19] as

A, o)=Y ApmY s (). (B3)
JLM
The expansion coefficients are given by
A = [ QY G- &', (B4)

01

(

Using the expansion of a plane wave in terms of spherical
Bessel functions j;(kr) [24], namely,

M = 4 3 i ji k)Y (k)Y (7).

Im

(BS)

and carrying out the angular integration in Eq. (B4), we can
rewrite the vector potential in the form

A(r, o) =47 Y MY yu(k) - Elajn (), (B
JLM
with
ajy(r) = jo(kr)Y o (7). (B7)

For compactness, we introduce the notation Y%,)I(f’), which is
related to the vector spherical harmonics as

Yo = ,/—J YG 0+ | 2 Ly
=M 241 M 27 £ 1 MY
Y m(7) = Y (), (B8)

. J+1 . J .
Y em(P) = —,/ZH1Y§A}><r>+,/y+1Y§‘A}<r>.
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This transformation leads immediately to the multipole expan-
sion of the vector potential:

A(r.o) =47 Y Yk - elaly (). (BY)
IM3.
The vector functions a%\,), are referred to as the multipole
potentials. They are given by

0
alyr) = azu(r),

J+1 J
aly () =/ S7 ) = N 57 e (@. (B10)

Only terms with A =0 and 1 contribute to this mul-
tipole expansion, since Y(J;,,l)(lg) = kY, k) is orthogonal
to k.

A gauge transformation leaves the transition amplitudes
invariant, provided the energy difference between the ini-
tial and final states equals the energy carried off by
the photon. The transformed multipole potential can be

written as

asy (P) —> afyy(P) + Vxum (P), (B11)

Oy (P) — iwxm (),

where the gauge function x;u(7) is a solution to the
Helmholtz equation. We choose the gauge function to be

1 [J+1

xim(P) = V7

to cancel the contribution that is of lowest order in powers of
kr. The resulting transformation has no effect on the magnetic
multipoles, but transforms electric multipole potentials to the
form

A . R J+1._ .
afy () = —JJH(kr)(Y(]L;(r) — TyﬁM”u)),

. C[T+1. A
<D$\21(r) = —ic 7 Jrkr)Y 0 ().

The resulting potentials reduce to the length form potentials in
the nonrelativistic limit [21,22].

JoCkr)Yyp (7), (B12)
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