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Dynamics of multiply charged ions in intense laser fields
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We numerically investigate the dynamics of multiply charged hydrogenic ions in near-optical linearly
polarized laser fields with intensities of order'4010' W/cn?. The weakly relativistic interaction is appro-
priately described by the Hamiltonian arising from the expansion of the Dirac equation up to the second order
in the ratio of the electron velocity and the speed of light. Depending on the charge staef the ion, the
relation of strength between laser field and ionic core changes. We find afoud, typical multiphoton
dynamics and foZ =3 tunneling behavior, however, with clear relativistic signatures. In first ordefdrihe
magnetic field component of the laser field induces @ependent drift in the laser propagation direction and
a substantiaZ dependent angular momentum with repect to the ionic core. While spin oscillations occur
already in first order in/c as described by the Pauli equation, spin induced forces via spin-orbit coupling only
appear in the parameter regime whepvéd)? corrections are significant. In this regime fér=12 ions, we
show strong splittings of resonant spectral lines due to spin-orbit coupling and substantial corrections to the
conventional Stark shift due to the relativistic mass shift while those to the Darwin term are shown to be small.
For smaller charges or higher laser intensities, parts of the electronic wave packet may tunnel through the
potential barrier of the ionic core and when recombining, are shown to give rise to keV harmonics in the
radiation spectrum. Some parts of the wave packet do not recombine after ionization and we find very energetic
electrons in the weakly relativistic regime of above threshold ionization.
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[. INTRODUCTION emphasis on free electron dynamics, QED effects, and
nuclear reaction process¢$6,17]. There has been rather
Various techniques to generate ultrashort pulses such digtle activity, however, for neutral atoms interacting with
chirped-pulse amplificatiofl] have been developed and per- optical laser fields of intensity #®W/cmP—10 Wicn?
fected over the last years such that nowadays powerful lasenerely for the reason that there is almost instantaneous ion-
pulses are available over a wide range of frequencies anidation for those intensities and the free electron dynamics is
pulse lengths up to intensities of 20N/cn? [2]. For inten-  quite well understood for a long time8]. For higher fre-
sities of 13° W/cm?-10'° W/cn?, the electric field strength quencies, ionization may be retained at those intensities,
of the laser pulse is already comparable up to far strongeowever, will also occur eventually for larger laser intensi-
than the atomic unit field strength~(5.14x 10° V/cm) that  ties due to the magnetic drifi.3] with a likelihood for mag-
is experienced by an electron on the first Bohr orbit of hy-netic recollisions being usually smaller than that in the laser
drogen and in fact those fields are already accessible in quitgolarization directiorj19].
numerous laboratories worldwide in rather small tabletop For an ionic system one may have the unique possibility
setups. to apply relativistic near-optical laser field pulses and still
Especially for laser intensities till at about ®0W/cn?  allow for bound dynamics. The physical processes occuring
there has been a lot of activity over the last two decades iwill not merely scale with the ionic charge but be fundamen-
intense nonrelativistic laser interactions with matter includ-tally different because of relativity and later QED governing
ing atoms[3], molecules[4], clusters[5], and solids[6].  the dynamics. Nowadays, ions may be processed from essen-
Many highly nonlinear optical phenomena such as high4ially all existing atoms with abitrary charge state, absolute
order harmonic generatidii—10] above-threshold ionization purity, and quite high density by sending them through foils
(ATI) [11] and for higher frequencies and intensities stabili-[20] while due to lasers high charge states have also been
zation [12], have attracted much attention for both experi-achieved as well, however, with limits in the width of the
mentalists and theorists. Since optical laser fields of intensitgharge distribution and the absolute chafg&]. The mean
10?* W/en? have become available in a rather short time,electric field sensed by a ground state electron of hydrogenic
both theoretical and experimental activiies moved quiteuranium corresponds to 2@&L0' V/cm. Thus laser fields
quickly into the regime of fully relativistic dynamics up to that are comparable in strength need have an intensity of
around 168 W/cm?—10?? W/cn? [13—-15 with experimental  order 13° W/cn? and are thus far beyond reach nowadays.
For those intensities, the dynamics will be absolutely remote
from that of hydrogen with, say, a laser field of'{@v/cn?
*Present address: Department of Physics and Astronomy, Univeand we do not aim to make the corresponding comparison in
sity of Nebraska—Lincoln, Lincoln, NE 68588-0111. Email address:this paper. We consider it, however, more interesting to carry
shu@uninotes.unl.edu out a comparision of the nonrelativistic laser atom interac-
TEmail address: keitel@physik.uni-freiburg.de tion with the weakly relativistic dynamics of an ion of
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solve numerically the two-dimensional time-dependent ex-
pansion of the Dirac equation, which is exact up to all orders
in 1/c? and, which was first derived by Foldy and Wouthuy-
sen[24]. Different weakly relativistic effects arise and we
can investigate each by solving the dynamics and comparing
the situations in which we include or neglect the correspond-
ing part of the Hamiltoninan associated with the effect of
interest. As a function of the ionic charge relative to the laser
field intensity, the electric and magnetic field components of
the laser field will be shown to be either strong enough to
lead to ionization in the polarization and propagation direc-
tions or give rise to interesting structures in the near vicinity
of the ionic core. We point out the role of the spin in induc-
ing stronger binding of the electronic wave packet and mul-
tiphoton spectral line splitting due to spin-orbit coupling.
This is compared with the situation via the Pauli equation
where spin induced forces are neglected. We further show
Charge of ions that the relativistic mass shift induces a significant shift of
> especially the highly excited eigenenergies of the ion with
1 ~10 >20 Z respect to the conventional Stark shift and point out the con-
sequences for the spectral lines. For relatively high intensi-
FIG. 1. Schematic sketch relating near-optical laser intensities t9es, special emphasis is placed on the tunneling regime in
the charge staté of a single electron ion such that the laser electric o weakly relativistic regime. For multiply charged ions, we
field and that of the nucleus become comparable, i.e., the laser fiel‘%d that both tunneling and recollisions are still possible and
induces a nonperturbative interaction without large ionization. Thqndicate harmonic generation in the keV regime. We note
emphasis of this paper is on the weakly relativistic regime filbm however, that the plateau of the harmonic spectrum, WeI’I
=3toz=12. known in the nonrelativistic regime, is tilted increasingly in
) i ) L the relativistic regime with rising charge. This deviation to
charge ar?und 10 with laser fields of intensity 40 conventional high harmonic spectra is not too surprising as
wi/en?-10* W_/C”‘z (see Fig. 1 Here relativity induces gp glectric wave packet attempting to recollide due to a phase
merely corrections and it is possible to identify the leadinggpitt of the electric field in the laser polarization direction
deviations to nonrelativistic dynamics as that of the Iasermay still partly or totally miss the ionic core due the mag-
magnetic field component, the breakdown of the dipole appggic drift in the laser propagation direction, especially for
proximation, spin-orbit coupling, zitterbewegung, and thejong recollision times. In the above threshold spectra we find
relativistic mass shift. In earlier letters we have shown tha‘nigh electron energies in the keV regime that are separated
the magnetic field component of the laser pulse induces 8Py the photon energy of the applied laser field.
enhanced angular momentum and thus a reduced electron s paper is arranged as follows: In Sec. II, we derive the
expectation value in the vicinity of the multiply charged ion yamiltonian of interest along the lines of Foldy and
[22] and the existence of spin signatures in bound electrofyoythuysen, then describe the numerical methods for solv-
dynamics and radiatiof23]. _ o _ing the corresponding dynamical equation and present the
_In terms of applications, multiply charged ions in relativ- yeails for computing the observable quantities of interest. In
istic laser fields appear also attractive for the generation 0§qc |11 A we then present effects up to first order i &6

energic electrons and high harmonics. The kinetic energy o ose induced by the magnetic field component of the laser
a laser-accelerated electron as characterized by the paramefgiy | Sec. 11l B we investigate the relativistic corrections
U, does certainly increase with rising laser intensity. Forg the Stark shift for laser-driven ions followed by a study of
harmonic generation especially, it is necessary that thgpin induced forces and the consequent splitting of spectral
highly energetic electron interacts periodically with the featyres in Sec. I11C. Subsequently, relativistic high order
nucleus, urging us to enhance the charge of the ionic corgyaymonic generation is discussed in Sec. 111D as well as the

i.e., the ionization potential, correspondingly. As long as ppotoelectron spectra in Sec. Il E. Finally, a conclusion is
tunneling and recollisions can be assured with an appropriatg g n.

relation ofU, andl, the simultaneous increase of both pa-
rameters is obviously attractive as the cut-off energy of high
harmonic generation is given by the sumlgfand the maxi-
mal kinetic energy at the time of recollision being of order
Up. In this more technical section we present subsequently the
In this paper, we study the dynamics of multiply chargedHamiltonian describing our system of interest, explain how

ions in intense laser fields in the weakly relativistic param-we solve the corresponding dynamical equation numerically
eter regime where terms up toct/are still of significance via the split-step mechanism, and finally quantify the observ-
and higher terms become negligible. For this purpose weables to be investigated in the following section.
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A. System and Hamiltonian —idldz) is the two-dimensional momentum operator and

We are interested throughout this article in the dynamicg*(Z:t) is the time-spatial dependent vector potential of the
of multiply charged ions of charge state upZe-12 with laser fieldE(z,t), yvhph |s_I|nearIy polarized along thegms
moderate laser intensities (#6101 W/cn?) and near opti- gnd propagates ia Q|r¢ctlon. For the vector potential, we
cal frequencies for the Kri248 nm; 0.1838 a.ulaser sys- Include the magnetic field component and do not apply the
tem and the doubled Nd:glass laser frequerisg7 nm; dipole approximation, urging us to perform a two-
0.0866 a.U. The maximum velocity of electron wave pack- dimensional nume_rlcal_lntegrann in the_z plane. SinceH,
ets reaches the order=0.1c, wherec=137.036 denotes the and all other Hamiltonians arex22. matrices, they need be

speed of light in atomic units. We are therefore entitled toconsidered as multiplied by the unity matrixeven if not
consider the Dirac equation up to second ordepfo and shown explicitly throughout this paper. We consider multi-

have confirmed that for our parameters, high order correcPly charged ions in the single active electron approximation
tions do not play a role. One may derive this Hamiltonian vial 27]. which are preionized by several or more than ten elec-
various unitary transformations along the lines of the Foldy-rons and thus are easily availabe today via la$2t or

Wouthuysen(FW) expansior[24] of the Dirac equation or wi_th highest accuracy via shoo.ting the atoms through thin
alternatively, without significant deviations, find the first- f0iles [20]. Those are well described by the soft-core poten-

order relativistic corrections to the Pauli equati@s]. As Ul [28] to model the Coulomb field experienced by the ac-

opposed to nonrelativistic treatments, we need to include dfVe €lectron of a multiply charged ion, i.e.,

least two dimensions in the calculation as the magnetic field

component of the laser pulse may induce a significant drift in V(x,2)= — kI Qe+ Xx*+2°. V)
the laser propagation direction. There is a spin-induced force ) ) )

in the magnetic field directiofi26], i.e., in the remaining The parametek is a function of the effective number of

third dimension, but the influence is small for the observ-positive charge& as sensed by the electra. compensates
ables and the parameters of interest here. for the effect of possible inner electrons and reduced dis-

Our working HamiltonianH g, involves a series of rela- tances of the electronic wave packet to the ionic core in two-
tivistic corrections to the usual nonrelativistic Satirmger ~ rather than three-dimensional calculatioksnay be adapted
Hamiltonian. One well-known correction term iric to the  such that we obtain the correct ionization energy for the sys-
Schralinger equation is the additional term in the Pauli equateém of interest with effective charge of the ionic catend
tion representing the coupling of the laser magnetic field tgcharge of the iorZz—1. The static field of the ionic core is
the spin degree of freedom of the electron wave packet. Thexpressed by the gradient of the potentiaVV(x,z) and
second-order terms include the spin-orbit coupling, i.e., thé&e' (X,z,t) stands for the sum of this field plus the laser field
feed-back of the oscillating spin to the electron motion asE(z,t). The following termHp in Eq. (1) indicates the cou-
well as the leading relativistic mass shift term and Zitter-pling of the laser magnetic fielB to the electronic spin as
bewegung. The terms of ordéx(1/c®) do not play a role for ~described by the Pauli matrix. The sumHy+Hp leads to
the parameters employed though it would certainly be necthe Hamiltonian in the well known Pauli equation. Further,
essary to include them for the fully relativistic regime in- in Eq. (1) Hy, denotes the leading term for the relativistic
volving more intense laser fields and higher charged ionsmass increase anidp is the well-known Darwin term. Fi-
The main advantage of using this equation in comparison toally, the last term in the Hamiltoniaks, stands for the
the full Dirac equation is the possible isolation of the influ- spin-orbit coupling. Considering our central potential
ence of each physical mechanism arising. In addition, thi3/(x,z), the first term ofHq, in Eq. (1) disappears because
equation does not limit us numerically to use high frequencyv X[ —VV(x,z)]=0 and the contribution due to the laser
lasers as necessary so far with the full Dirac equaltids. field is of order 1¢3. Thus, the spin-orbit coupling term be-

For the circumstances with laser parameters describecomes
above, the FW Hamiltonian (22 matrix of a bound elec-

tron in a strong laser field can be writtén atomic unit$ as He= 0 E' X pl4c?= o EXplac’+f(x,2)o-L ()
Hew=Hot Hp+Hiin+Hp+ Hso, with f(x,2) = —k(qe+x2+2?) ~%%4c? and whereL=rxp
) =(0,zp,— xp,,0) is the orbital angular momentum of which
Ho={p+A(z,t)/c}*/2+V(x,2), only the component along the direction is nonzero. The
origin of spin-orbit coupling can alternatively be viewed also
Hp=0-B(z,t)/2c, @ as being due to the interaction between the magnetic moment
P of the electron and the magnetic fi@@d due to the motion of
Hin= —p"/8c7, the positively charged core as sensed by the electron in its

own rest frame.
Hp=divE’(x,z,t)/8c?,
He=i o curl E'/8c2+ o E' X p/4cz. B. Dynamics and numerical approach
We investigate the dynamics of multiply charged ions ex-
HereH, denotes the standard nonrelativistic Hamiltonianposed to an intense laser field through solving the following
in Schralinger form where p=(p,,0p,)=(—id/dx,0, dynamical equation, involving the previously derived Hamil-
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tonian Hgy in Eq. (1) (for convenience, we use the usual assumed to be linearly polarized along thaxis so that the

atomic units throughout this paper vector potentialA(z,t) of the laser field may be of the form
ia( W p(X,Z,1) )_ ( W p(X,Z,1) ) @ A(z,t)=(A((z,1),0,0), (5)
I\ gown(X,2,1) w W gown( X,Z,) |

where thez dependence of the vector potential reflects the
The wave function has two components corresponding t@ropagation of the laser pulse in thalirection. The spatial
spin-up and spin-down polarization of the electron &hg,  dependence of the vector potential indicates that the mag-
is consequently a 22 matrix operator. The coupling to netic component of the laser fiel=V XA(zt)/c#0 is
negative energy states as included in conventional Diraincluded and we do notand cannotcarry out the dipole
theory is negligible in second order iric. The laser field is approximation. We choose the vector potenfigz,t) to be

1
o (t z/c)sm(wt—wz/c)+—cos(wt—wz/c) 0<t—2z/c=<t,,
on

Az t)= CE (6)

—Tosin(wt—wz/c), ton<t—z/c<t,,

which is associated with a linearly polarized laser field with [ v (x,z,t+At)
electric fieldE, and magnetic field, components (\I’down(x,z,HAt)

=exd —iAt{p?/4—p*/(16c?)}I]

x exd —iAt{p-Alc+A?/c?
+V(x,z)+Hp}]
cojwt—wz/c), O0<t—z/cst,, xexg —iAt(Hp+Hg ]

Ex(z,t)=B(z1)
t—zl/c

Eo

= on

E, cog wt— wz/c), ton<t—z/c<t, X exp{—iAt[p?/4—p*/(16c?)]1}

@) ( W p(X,2,0) )
X

\Pdown(xazat) . (8)

being oriented in thex and y direction, respectively, and
propagating both in phase in tlzalirection. HereEqy and w HereAt denotes the time step and the unit matrix operator is
are the maximal amplitudes of both fields and the anguladescribed withl. All exponential operators except the term
frequency of the laser field, respectively. Furthgris asso- exd —iAt(Hp+Hs)] are diagonal and we apply the split
ciated with the linear rising time of the laser pulse, i.e., 0 isevolution operator on the wave function with the help of
the beginning of the turn-on artg,, the end of it. We note Fourier transform between the coordinate representation and
that the vector potential, Eq6), may not be continuous at the momentum representation. Consequently all derivative
the end of the turn-on phase, however, it is whegpis  operator can be transformed into multiplications with con-
chosen such thab(t,,—z/c)=(m+0.25)27 with m being  stants. For nondiagonal exponential operators, we usually
an arbitrary integer. The measurable electric field strengthpeed to diognalize them. Fortunately, the nondiagonal opera-
however, is always continuous. After the turn-on phase théor exg —iAt(Hp+Hs)] involved here only depends on the
pulse is assumed to have a constant amplitude till igme  specific Pauli matrixo so that we can carry out the Taylor
Obviously a realistic pulse will turn off afterwards smoothly, expansion for this exponential operator up to the order of
however, for all observables of interest here this phase is dhterest here. The operators may be split in the way given
no interest and numerical calculations usually terminate abecause commutators of ord®([At]®) and 1¢° are negli-
tp. gible here. Regarding the interaction tepyA,/c, special
Since the laser field is linearly polarized, the interactioncare is needed as mentioned above. Here we do the Fourier
term involves a term of the formp- A(z,t)/c=p,A.(z,t)/c,  transformation only for thex coordinate because of the
which means no coupling between momentum and coordieoordinate dependence of the vector poteriidlz,t). This,
nate space. This is because the term couples only toen-  however, is sufficient and the exponential function of opera-
ponent of the momentum with a function, which is depen-tors of interaction terms on the wave function ends up being
dent onz but not onx. Thus, we can still apply the usual merely a sequence of Fourier transformations emdimber
split-operator algorithn{29] to solve the two-dimensional multiplications. Because of the splitting of the total Hamil-
time-dependent matrix equati@d) via tonian in the exponent, we introduce an error following the
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Baker-Hausdorff formula because the split terms generally
do not commute. The error of this algorithm is of order
(At)® between every successive time step. Thus, a small
time step can ensure to get accurate results, and we have not
experienced any problem with numerical convergence in the
regime of interest here.

From the numerical point of view, we first solve for the
eigenstates of the bound electron in the ionic core potential
by using the so-called “spectral” methd®0]. In fact, we
choose a testing wave function without any symmetries to
propagate on the two-dimensional potential. This way we
obtain all symmetric and asymmetric eigenstates of the sys-
tem. As an example, Fig. 2 shows the energy-level structure
of a model hydrogenlike ioMg*!* of which the single ac- )
tive electron experiences the nucleus with chargesl2. 7 80 0 60 0 40 30 20
Choosing k=80.32 andg.=1.0, we get the corresponding Energy (au.)
ground-state energy 72 a.u. Note that it is not our purpose
to present an exact quantitative model of the ionic level b)
structure of an ionic system. We model single-electron ions
with a softcore rather than a Coulomb potential and can .....piz:eo
adapt the ground state energy by choodingnd .. With 2.
the assumption of a smoothing around the ionic core, we
deviate from the exact Coulombic potential and the system
may also be considered as an active electron plus an ionic .
core where lower shells are filled and inactive. In the inten-
sity range where level structures are important we thus can
only make qualitative statements for the dynamics if we want
to associate it with a particular realistic ion. In the tunneling
regime, however, where structure becomes less important
and only the correct ground state is significant we can be
guantitative as well.

The ground-state wave packet of our model ion relates to
a symmetric s-state wave packet, and also the second
excited-state wave packletee Fig. 2b)]. The first, third, and o
fourth excited states are asymmetigspecially nors state$
in space. This system will be applied to evaluate the relativ-
istic Stark shift in Sec. Ill B. After obtaining the eigenstates
d,(x,2), we may use the above split-step operator in [By.
to investigate the evolution of multiply charged ions under
the irradiation of external intense lasers. When the laser
pulse is turned on, the system is assumed to evolve from the
spin-polarized ground state, that is, the initial condition
W p(X,2,t=0)=D4(x,2) and ¥ 45,,(X,2,t=0)=0. o

, (a) |

—
cI
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C. Observables of interest FIG. 2. (@ The energy-level structure of a model multiply

With the knowledge of the time-dependent wave function,charged ion withZ=12. The potential is described by a soft-core
we are in a position to calculate the spatial probability dis-model —k/\/qe+ x2+27% with k=80.32 andg.=1.0 and ground
tribution | W (x,z,t)|?= [P up(X,Z,1) |2+ | W gowr(X,Z,1)|? and  state energy of -72 a.(b) The probability distributions of the elec-

the expectation value of any observalfleassociated with ~tronic wave packets for our model multiply charged ion for the
the system via three lowest energy statég), |1e), and|2e), respectively, from

the top to the bottom.

max Zmax
x| 4220, W gourd .2.0) o I .
Zmin function is given on an equidistant grid froxg,i, t0 Xpax N

the polarization direction and from,;,, to z,,,ax in the propa-
(9) gation direction.
Particular interest in this article is placed on the spatial
average value$x(t)l) and(z(t)!) of the wave packet and
Here the integral turns into a sum in our case as the wavbecause of their relevance for the radiation spectrum on the

©ow)=| "
W p(X,Z,t) )

><(9(x,z,t)(\1,d (x.2.0)
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accelerations in the polarization directiag(t) = (x(t)!) and where for the transformation to the second part of the equa-

in the propagation directioaz(t)=<i(t)l)via Eq. (9). tion we substituted the time derivatives viax/dt

The radiation spectrum is generally given by a rather:,dHFW/de and ¢/dt:d4HFW/de and will ngglect th?
complex function of the accelerations and velocities in allligher order terms i©(1/c”). We note that the first term in

spatial directionssee, e.g., Eq. 10.7 in the first review in the right-hand side is just the nonrelativistic limit, and the
[3]). For simplicity, we here restrict ourselves to an observafollowing two terms correspond to weakly relativistic correc-
tion direction perpendicular to thed2plane of motion, i.e., tions that will be retained for the calculation of spectra. For
they direction. Also, we are mostly interested in the domi-the evaluation of the spectrum of interest, the operators in
nating part of the radiation spectrum in the weakly relativis-Ed. (10) need just be inserted in E9) and then to be

tic regime, which is polarized in the polarization direction of Fourier transformed.

the laser field. In the far field spectrum this is proportional to  We now turn to the technical aspects for the evaluation of
the squared Fourier transform of simply the acceleratiorthe photoelectron spectra. Since the expected ionization is

a,(t)=(x(t)1). Also for the purpose of studying weakly equiyalent to a proportion_of.the electronic wave _function
relativistic signatures of the spectra, it is interesting to studyeaving the vicinity of the ionic core and propagating out-
the less intense spectrum, which is polarized in the lasewards towards théunphysical boundaries of the numerical
propagation direction and governed ay(t) = (z(t)!). grid, we must avoid reflections of the wave function at those
Under the assumption of including relativistic correctionsPoundaries. This is achieved by absorbing all parts of the

: : : I
up to second order im/c, it is not sufficient fora,(t) to ~ Wave function approaching the boundaries by a'Eosask

consider the gradient of the potential only as in the nonrelafunction[31], which results in a decrease of the norm of the

tivistic regime. We rather find in the weakly relativistic limit Wave function within the spatial box. While quite often only
the part in the vicinity of the ionic core interests, it is here

the opposite as we care only for the part of the wave function
approaching the absorbing boundaries. Assume that we have
()'( V(x,2) calculated the wave packet dynamics up to tithén our
— finite box. Then we will have information about the photo-
electron spectrum from what has been absorbed till this time

. . . MN(X,Z) X
X= \/1—x2/02—22/c2(— ( )+—
X clc ox

7 V(x,2) at the boundaries at all intermediate tintgsand from the
4= ’ )] ionized part of the wave function still in the box. We begin
c oz by treating the absorbed electron flux, sa;,«(x,z,t,) at

timet, after entering the area of the boundaries. As this part
will certainly not be influenced by the ionic core, we will
assume this to propagate to the end of interaction as a free
particle (for details se¢32]).

1+ 3 42 . 3 g2 O ( IV(X,2)
= —_— — — — C —
2c? ox?  2c¢? 972 X

(10 At the end of the interaction, dt, we also have to in-
clude the ionized part of the final spatial wave function still
3 2 3 2 N(x.2) in the box. In order to obtain this from the full wave function
7z=| 1+ — —+ — —+0(1/cH <_ X, , it will be modified as follows, for example, for the spin-up
2¢? ox?  2¢? 972 9z part of the wave function
0, [x| <X,
\Pout(xvzvtf)z Sinz{w(|x|_Xl)/zxo}q,up(xizitf)i X|$|X|$X|+XO (11)
W un(X,2,t), [X|>X,+Xp.

Here X, represents a range that may be related to the ionithe ionized electron can then be obtained by fast Fourier
radius within which the electron may be considered boundransforming both the spatial wave functidh, (x,z,t;) and
and we will ignore this part of the wave packet as we arethe freely propagatedy,,4(X,z,t,) with respect tox. We
only interested in the ionized part of the wave packet. Wenote that the main part of the electron distribution is ejected
call X, the sliding range for the final wave function, where along the polarization direction in our range of parameters so
with increasing distance from the ionic core the wave functhat we focus here on the photoelectron spectrum in this
tion will contribute more to the photoelectron spectrum. Ev-direction even though it is analogous in théirection. The
erything beyondX, + X, can be considered as fully ionized momentum wave function describing the emitted electron
and will fully contribute. The momentum wave function of distribution inx direction can be thus expressed as
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W o(px,Z,t) = Fd Woud X, 2, t) ] ~ The magnetic field component of a linearly polarized laser
field induces a drift in the laser propagation direct{di8],
+ FLUM) (¢, 1) x,2,t,)]. that may be strong enough to induce instantaneous ionization
t%: A (tr )W )] even for high laser frequencig$3]. There is a regime, how-

(12) ever, where the laser field and correspondingly the drift is
weak enough such that the attraction of singly charged ions
Here the weakly relativistic Volkov propagator can still compensate for it and induce recollisions along the
uUW(t,t,) is expressed as propagation directioi19]. If one does not want to be re-
stricted in the laser field intensity, a more elegant solution to
overcome the drift and avoid strong ionization would be to
Ut t,)=1/2m)%x j d*p employ multiply charged ions.
In the following, we focus on the magnetic fiel8 field)
C(t ’ induced time evolution of the electronic wave packet in the
xexpg —i ft [{p+A(7,2)}°/2 vicinity of and away from the ionic core, and since second-
“ order relativistic effects turn out to be small for the em-
ployed laser and ion parameters, the Hamiltortikry, need
' only include the termH,. Thus, we numerically solve the
two-dimensional time-dependent Sctiimger equation but

which propagates the electronic wave packet absorbed &yond the usual dipole approximation and including the la-
time t,, to the end of interaction time;. The symbolF,  Ser magnetic field, and the vector poteniakA(z,t) con-
means fast Fourier transform of the wave function with re-Sequently depends on botrandz _ _
spect to thex coordinate ang, denotes the electron momen- 1N Fig. 3 we have displayed the dynamics of single-
tum along thex axis. The summation in the above equation is€lectron ions with charg&=3 in (8) andZ=4in (b) in a
for all imest,, during which the absorbed part of the wave /aser field with a wavelength of 248 nm and an intensity
packet is detected. The kinetic energy spectrum of the phot-2X 10" W/cn? during the pulse duration of 10-cycle con-
toelectron can then be obtained by integrating the momerstant amplitude. We have merely displayed the dynamics of
tum wave function over the coordinate, i.e.P(e,,tf)=(1  the center of mass of the wave packex(t)),(z(t))] in
+ €,/C?)/\ 26, [ W o(py.,2,t;)dZ|2. The prefactor has been order to compare with our classical intuition. For1 and
derived viadp, /de, where the kinetic energy of the photo- £=2, We would have almost complete ionization for the
electrons has been approximated \éi)a=p§/2— p§/8c2 in laser intensity applied and fch.e flgu_re \_Nould res‘(lan_"nble t’rjgt of
atomic units including only weakly relativistic corrections in a classical-free elgctron d”,ft'ng with its usual zlgzag - in
second order. The same procedure is carried out for the spiff1€ |2S€r propagation directi¢h8]. ForZ=3, we see in Fig.
down wave function and to obtain the total photoelectron>(@ that the ionic core starts to seriously compete with the
spectrum, we sum over both polarizations. fj”f.t mposed by the Iaser_ f|e[d, .e., there is a supstar)tlal
ionization in the laser polarization and propagation direction,
however, also a significant part can still be kept close to the
. RESULTS AND DISCUSSIONS ionic core. Interesting to see is that parts of the wave packet

In this section we present and discuss the role of the magn&y move opposite to the laser propagation direction similar
netic laser componettSec. Il A) and of the relativistic mass {0 the magnetic recollisions advocated earfie3]. We have
effects(Sec. Il B) on dynamics and radiation of laser driven @S0 considered the center of mass motion restricted to a
ions. In (Sec. 1) spin effects are investigated regarding Smaller area around the vicinity of the nucleus and found
the PaulicB term that merely induces spin oscillations and dynamics resembling the “figure of 8 motion™ known in the
the second ordesL term, which is responsible for spin in- frame where the drift is transformed away. Simulations of
duced forces. Ir(Sec. Il D) harmonic generation is studied the full wave packet have confirmed the dynamics towards
in the weakly relativistic regime and itSec. 1llE highly ~ @nd away from the nucleus in the laser propagation direction

energetic above threshold ionization. and the significant amount of ionization.
A different situation occurs in Fig.(B) for Z=4 when

the ion charge is high enough to avoid substantial ionization
and to allow for weakly relativistic bound dynamics. The
For neutral atoms interacting with moderately intense laelectronic wave packet will oscillate around the ionic core
ser pulses, the magnetic component of the laser field cawith a particularly high velocity in its close vicinity. At the
usually be ignored in the evaluation of the wave packet dyiimes when the electronic wave packet approaches the ionic
namics. Once, however, the velocity of the electron wavecore, the magnetic field component also turns out to be large.
packet becomes non-negligible as compared to the velocityherefore, an extremely strong Lorentz push of the wave
of light the Lorentz force {/c) X B may not be ignored as packet around the ionic core in the laser propagation direc-
compared to the electric field force of the laser field. Thistion arises and results in a low electron expectation value
generally is the case when the relativity parameter close to the ionic corf22]. The “open diamonds” represent
=eE/(mw) is not neglible as compared tpi.e., atleast 1% the case without magnetic field, i.e., the situation within the
depending on the observable of interest. dipole approximation. Here the electronic wave packet does

—{p+A(r,2)}*8c?]dr

A. Magnetic field effects
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40.0 , - , ' =0) as indicated by the arrow in Fig(l8. Comparing with
[22], we note that the size of the hole may increase with
rising laser intensity. We need to emphasize that we do not
put forward holes from knocking out complete inner-shell
electrons from multielectron systems. We rather discuss the
strong reduction of the wave packet expectation value of
single active electrons near the nucleus. For a multielectron
system, however, inner-shell electrons are likely to be more
affected by the magnetically and ionic core induced Lorentz
push investigated here simply because the attraction from the
nucleus is even larger then.

It may be obvious that the electron velocity near the
nucleus is high for multiply charged ions. However, we need
explain why the magnetic field, also necessary for the Lor-
entz force, is significant at the time of the return of the elec-
04 Z02 0 02 04 tronic wave packet to the nucleus. When the electronic wave

<z(t)> (a.u.) packet returns to the nucleus with essentially maximum ve-

locity, the amplitude of the magnetic component of the laser

' P ' field should become nearly zero. This is because velocity and

e ‘o o Witoutnria force are generally phase shifted ky2. However, due to
@ With B-field . . . . .

the existence of the multiply charged ionic core and the in-

creasing field intensity during the turn-on of the laser field,
an important phase lag can be developed during the laser

A pulse turn-on, which is very critical for the hole formation

o....>:‘ around _the ionic core. During the Iaser_ pulse turn-on, the
electronic wave packet does not move like a quasifree par-

ticle because of the tight binding of the ionic core. When the
electronic wave packet is dragged outwards by the laser

force, the strong ionic core tries to attract it, which results in
an important phase lag between the wave packet motion and
the laser field. Usually, when the wave packet returns to the
nucleus, this effect is again compensated because this time
. . the ionic core accelerates the electric wave packet towards it.
0.04 0.08 0.12 However, because of the increasing field in the turn-on phase
<z(t) > (a.u.) of the laser pulse, the laser force is stronger then, the Cou-

. . lomb force is comparably weaker, and the phase lag is con-

FIG. 3. The center-_of-mass“evoluthn of”tlje electronulc wavegequently only partially compensated. Once the pulse is at
packet for the cases with field [“open circles™ in (&) and “full ¢ intensity, the phase lag remains almost unchanged till the
circles” in (b_)] and withoutB field (“open dlamonds)_. The_laser field maximal amplitude begins to decrease again.
parameters involve a wavelength of 248 nm, an intensity of 1277, 4,0 following, we investigate the electronic relaxation

x 10t W/cn?, a three-cycle linear turn-on and a ten-cycle constantd namics after the laser pulse arising from the reduced cir-
amplitude duration. For Bi" in @) (Z=3, q.=1.0, k=6.48) there y P 9

is a significant drift in the laser propagation direction and in addi-CﬁIar ?Ot‘l‘%n ”arO,L,"_]d the IOTIC ?Orel. fFor th.ls purp_osde, fwe
tion to substantial ionizatiofnot visible, a considerable part of the 0W the “hollow™ ion to evolve freely for a ime period o

wave packet returns to the nucleus opposite to the laser propagatigfp laser cycle.s after th? laser-ion .lnteractlon .an.d during this
direction. A reduction of the expectation value of the electronictime observe its relaxation dynamics and radiation. We note

wave packet is observed around the close vicinity of the ionic cordhat the hollowing out of the ion due to the magnetic field

for B&** (Z=4, qo.=1, k=10.7) as indicated by the arrow i), ~ Will be reversed step by step in space during the relaxation
when theB field is involved. process. In Fig. @) we have shown the component of the

relaxation radiation in the laser polarization direction accom-
merely carry out one-dimensional oscillations along the lasepanying this process for the same potential and laser field
polarization direction, i.e., along the axis, as expected. parameters as in Fig(l9. Apparently, the reverse process to
However, when the magnetic component of the laser field igsnagnetically induce hollowing out of the ion gives rise to
included in the calculation, the electronic wave packet isx-ray emission with distinct peaks up t©230 eV photon
pushed towards the laser propagation directinraxis) as  energy. The main peak corresponds to the transition between
visible from the full circles. This magnetically induced pres- the Stark-shifted first excited statee) and the ground state
sure on the electronic wave packet is significantly increasety), as indicated in Fig. @). Further the 122.67-eV peak is
around the ionic core as seen in the Fi¢h)3It results in a  related to the transitiofde) —|g). In Fig. 4(c) we have dis-
low electron probability in the vicinity of the ionic core. This played the same spectrum but with the component along the
can be interpreted as a hole around the nucleuxatOz = propagation direction of the laser field. This would be essen-

200 |

0.0

-20.0

<x(t)> (a.u.)

-40.0 |

<x(t)> (a.n.)
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—~ =130
12e> . .
?9, 122.66eV FIG. 5. The spectrum af =12-model iongwith level structure
p, ~150 indicated by Fig. 2 which are exposed to an intense laser pulse of
= 170 e intensity 7x 10 W/cn? and the laser wavelength 527 nm. The
5 laser pulse has a 5.25-cycle turn-on, followed by a 100-cycle period
~190 57.32eV with constant amplitude. The laser parameters are in the multipho-
ton regime with respect to the ion charge so that resonant structures
-210 lg> are visible. The solid line ifa) and the dotted lines itb) represent
the cases without and with the leading relativistic correction, re-
20 spectively.
10™
© action parameters such that the Lorentz fowex B be-
-5 .
- 10 comes maximal near the nucleus.
g 10°
£ B. Relativistic Stark shift
< 107
gﬁ R In this subsection, we investigate the role of relativistic
?(:: 10 corrections to the Stark shift as visible in the positions of the
& 10° energy levels of intense laser driven ions. For this situation
i we choose the HamiltoniaH pyy=Ho+Hp+ H,i,. We find
107 that the Pauli term has no notable effect on the shift of en-
ergy levels but we include it for the sake of inclusion of all
107" first-order relativistic effects. The leading second-order term
g
0 s0 100 150 200 250 in the weakly relativistic regime is generall,;, that may
Photon Energy (eV) be associated with a relativistic mass increase. We note that

the Darwin term is insignificant in its effect compared to the

laser polarization direction of the hollow igBe’* as prepared for mass increase and in fact al_so to spln-qrb|_t couph_ng. Slnce_ n
Fig. 3(b)] during the time of 30 laser cycles after the laser pulse.(NiS Subsection we are not interested in line splitting but in
The strongly reduced expectation value close to the nucleus of th1€ total shift of spectral components, we do not incltitlg
active electron is reversed again and x-ray radiation is emitted. ThBere. The effect of the mass increase in intense laser driven
corresponding transitions are plotted(l), which are modified by ~atoms has been discussed before and associated with an en-
the Stark shift(c) The corresponding radiation spectrum polarized hancement of stabilizatiof33] and with Doppler shifts of
in the laser propagation direction. harmonicq 34]. Here we focus however on the multiphoton
regime and how the ionic bound energy levels are shifted in
tially absent without the existence of the magnetic field com-addition to the conventional Stark shift.
ponent of the laser field that is inducing the dynamics in the We choose the mod&=12 ion as described in Sec. 1B
laser propagation direction. Finally, we note that the hollow-as target. The laser parameters involved are the intensity 7
ing out of the ion may be optimized by adjusting the inter- X 10'® W/cn?, the wavelength 527 nm, and a pulse includ-

FIG. 4. (a) The relaxation radiation spectrum polarized in the
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FIG. 6. The segment of Fig. 5 in the vicinity of the multiphoton FIG. 7. Same as Fig. 6 but for the transitif®e)« |g). The
resonance of the transition between the bound stdtes—|g). redshift is up to 0.38 for this case.
The solid and dashed lines represent the cases without and with the
leading relativistic corrections, respectively. A clear redshift of|:ig_ 6 the corresponding resonance shifts to 83.46th w
0.43w qf the' resonaqt line is observed when thg leading relativist_icdenoting the laser frequency. The additional redshift of the
corrections is taken into account. It can be.attrlbuted to the relativiagonance transition dLe)«<|g) is as high as 0.48 for the
istic Stark shift of the energy levels of the ion. parameters chosen here. We refer to the correction as the

“relativistic Stark shift.” Furthermore, we note clear peaks

ing a 5.25-cycle turn-on phase and 100 cycles with constartisplaced by two laser photons to both sides of the main
amplitude. The whole radiation spectrum is displayed in Figresonant lines; i.e., the laser stimulates the absorption or
5, in (a) without includingH,;, in the full Hamiltonian and  emission of two photons prior the emission of the high fre-
in (b) including it in the solution of the dynamical equation. quency photon from the resonant state. The effect of the
The relativistic signatures are small on this scale, however, itelativistic Stark shift is clearly visible from the comparison
is interesting to note that x rays via hundreds of photons obf the dashed and solid line. In addition, small lines are
the applied laser frequency may be generated due to resuisible that are displaced at about one-photon away from the
nances in the multiphoton regime. resonances. Those would be forbidden under the dipole ap-

We note further numerous resonant structures due to muproximation, however, appear because of quadric and high-
tiphoton transitions among the ionic bound levels in additionorder contributions included in our calculation. Those are
to smaller peaks displaced by up to few photon energies dfigher order terms and small in the weakly relativistic re-
the applied laser field to the resonant lines. In order to havgime of interest here. Thus, higher-order corrections to the
a clearer picture of the structure and the deviation due to thposition of this small peak as by the relativistic Stark shift
relativistic mass shift, we have depicted the enlargements gfre even smaller and are not visible for this peak displayed
the first three dominant resonant spectral structures in Figs.

6, 7, and 8, respectively, for the multiphoton resonances of 107

the ground statdg) to the first excited stat¢le), to the

second excited statfe), and to the fourth excited state 10°

|4e). The third excited statt8e) resembles a state and we z2

find that the resonance die)«|g) involves a coupling £ 107

three orders of magnitude smaller than thosé laf) < |g) -g \

and|4e)«|g). We emphasize that our calculations are be- = 10°

yond the dipole approximation so that the usual selection & !

rules do not apply. In these three figures the solid line and ?g 10°

dashed line represent the cases in which relativistic correc- g '

tions due to the mass shift are ignored and included, respec- §10

tively. & | g
In Fig. 6, we display the dominant resonant line, which is 10 :

located at 87.88 following the calculation without the rela- -

tivistic mass shift correction. This corresponds to the energy 10 226 227 228 229 230 231 232

difference between the ground state and the first excited state
including the conventional nonrelativistic Stark shift. When
the leading relativistic correction to the electron kinetic en-  FIG. 8. Same as Fig. 6 but for the transitigie) — |g). A large
ergy is taken into account, we find from the dashed line inredshift of 0.82 for the resonant transition is visible.

Frequency (multiples of laser frequency)
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@ ® (O Fiddtree Stark Relat. Stark charged ion of interest move under the radiation of an in-

tense laser field. In the left part, the coluitan represents the
00 [ — e>) -s020 situation without laser field and the central péot indicates
. 68 the inclusion of the usual Stark shift but without relativistic
I s corrections. The columic) includes the “relativistic Stark
650 | |3e> ] Eid shift” in addition to the usual Stark shift, which arises from
— — 6040 the leading relativistic correction to the kinetic energy of the
Re> [T 11 6695 electron. The detailed position of the statée),|2e), and
~700 || '2e>_ 605 |4e) is enlarged in the right part of Fig. 9. The series of
transitions in columngb) and (c) are corresponding to the
Ile> — __ |-ens solid lines and dotted lines in Figs. 6, 7 and 8, respectively.
750 ] s Th_is figure gives us a cIe_ar picture of h(_)w the energy _Ie_ve_ls
- shift under an external intense laser field. The relativistic
e s Stark shift, though small when compared to the absolute
_800 O 1 raso value of the energy levels, can clearly be identified in the
o> — radiation spectra and should, in principle, be measurable in
g _Jms experiments.
-850 ~745.0

C. Spin effects

FIG. 9._ En_ergy I.evel diagram pf the fo_ur IO\_NesF eigenstates of  \n/e now turn to the role of the spin degree of freedom of
theZ=12 ion in an intense laser field as given in Fig. 5. In the left o gjactron in intense laser-ion interaction. In first order in
part, the Cqumr(a) shows the eigenstates W.'thOUt external .f'(?ld.s'v/c the Pauli equation already includes the coupling of the
O e L 10 I 2051 magnei aser fed 10 th spin 2 oted eafas], e v

) L Lo not discuss this here and are more interested in the interac-
and(c) are corresponding to the solid and dotted lines in Figs. 6, 7,. . . -
and 8. The details of the shifting process are enlarged in the righ'qOn of the spin degree of freedom Wlth. an Ope.rat.or qescnb_
part for stategle), |2e), and|4e). ing the (_electron_ rathe_r_than thg laser field. Th|s_ is given by

spin-orbit coupling arising first in second orderurc.

With the laser intensity and ion charge increasing such
by one photon around thée)«|g) transition. However, we  that second-order effects become important, spin signatures
note here already that it will be visible for hlgher excited in the dynamics are expected to be visible as noted first re-
states, for example, for thde)«[g) transition in Fig. 8. cently [23]. For free electrons, similar spin-induced forces

For the resonance betwefZe)|g), the result is plotted  have also been noted almost purely analytically, especially
in Fig. 7. It is similar to Fig. 6 but the relativistic Stark shift most interestingly a small one in the direction of the mag-
is only 0.3%. As addressed in Sec. Il B, the second excitednetic field of the laser fielf26]. Here, we concentrate on the
state|2e) is symmetric in space and resembles sastate  effect of the spin degree of freedom on bound electron dy-
similar to the ground statgg) so that the resonant transition namics and radiation in intense laser fields. In this case the
|2e)«|g) is considered. Thus only high order terms beyondused HamiltonianH g, includes all second-order terms in
the dipole term contribute. Considering the scale of the ver4/c? as shown in Eq(1) of which both the Pauli ternip
tical axis, we find that the resonant signal is three orders ofind the spin-orbit coupling term contribute to spin effects.
magnitude smaller than in the case for the)—|g) transi-  As noted in Sec. Ill A, the Lorentz force may induce a sig-
tion. In addition, the relativistic Stark redshift turns out nificant angular motion around the ionic core with consider-
smaller than in the case of thee)«|g) resonance although able orbital angular momentuin with respect to the origin
the|2e) state is not so tightly bound as the stite). More-  set by the nucleus. We show that the resulting enhanced
over, the one-photon spaced peaks are no longer visible faspin-orbit coupling gives rise to observable effects in the
the [2e)—|g) transition. If we continue to explore the electron dynamics and radiation. In particular, we note a sig-
|4e)—|g) resonance, we find that the relativistic Stark red-nificant splitting of the nonsymmetric bound states due to
shift becomes relatively large again, as indicated in Fig. 8this additional interaction that leads to well separated dou-
Since the statgde) is asymmetric and resemblepatate as  blets and four-line structures in the radiation spectra. In gen-
|1e), the dipole transitior4e)«|g) is permitted. Further, eral terms, we understand those also as indications that the
the state|4e) is less strongly bound by the ionic core and influence of the spin and other relativistic effects are both
consequently much more easily influenced by the externgbrincipally observable in experiments and non-negligible in
field. Therefore, the relativistic Stark shift attains @82nd  theoretical treatments for relatively low laser intensities.
is thus larger than in the cases for the transitifire < |g) We are still interested in the weakly relativistic regime of
and |2e)«|g). Finally, the peaks spaced one photon awayoptical laser intensities of up to at about'4®vem™2, which
from the resonance appear again as already in Fig. 6, howtave been implemented in several laboratories worldwide
ever, the relativistic Stark redshift becomes visible here alsand which still allows for laser-bound electron dynamics. We
for these small peaks. employ the 527-nnfdouble Nd:glasslaser with an intensity

Figure 9 shows how the energy levels of the multiply of 7x 10 W/cn? to interact withZ=12 ions, which are
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FIG. 10. The dynamics of the spin degree of freedom for the &)

situations without@ and with (b) spin-orbit interaction as viewed ) o ) )

from the population of the wave function with spin-down polariza- _ FIG. 11. (i) Radiation spectrum of the laser drivér=12 ion.

tion. The initial electron is spin-up polarized. The intense laser-1N€ first row corresponds to the Pauli modeled system and the
enhanced spin-orbit coupling leads to an effective spin polarizatiofecond row is for the case where spin-orbit coupling including the
in the turn-on phase and an additional oscillation due to magnetié€lativistic mass shift and Zitterbewegung is taken into accdant.
field from the nucleus in the rest frame of the electron. The lasefP), and (c) are associated, respectively, with transitions from
parameters involve a wavelength of 527 nm, an intensity of 7/1€)-19), |3€)—|g), and|3e)—|1e) (see also ji. The spectral lines

X 10' W/cn?, a 5.25-cycle linear turn-on and a 10-cycle duration split into doubletq (a) and (b)] and a four-line structuréc) due to

with constant amplitude. The parameters for the ionic coregare the spin-orbit interaction. All parameters are the same as those in
=1, k=80.32 =12 ions. Fig. 10 apart from 100 cycles at full strength rather than(itpThe

schematic diagram of state splitting as induced by the enhanced
intially spin-up polarized. The laser pulse has a 5 25_Cycléspin-orbit interaction due to the intense laser field. We note that

) ) . . . asymmetric states split as opposed to symmetric states. Transitions
turn-on and 100-cycle constant amplitude duration. In Fig, ), (b), and(c) are associated with the corresponding spectral lines

10 we address the spin polarization itself and have displayeI Fig. 11 (i)
the expectation value of the electronic wave function in ' '
“spin-down” configuration as a function of the interaction
time. We compare results from the full second-order Hamil-governed by the Pauli Hamiltonian while the lower involves
tonian Hg,, including spin-orbit coupling with those where the full second-order Hamiltoninad g, in Eq. (1). Figures
spin-orbit couplingHg, has been ignored. Both situations in- 11(i)(a), 11i(b) and 11i)(c) show the spectral segments cor-
volve a spin flipping with twice the laser frequency. With responding to the resonances of the first excited $taeto
spin-orbit coupling however the total flipping amplitude is the ground stateg), the third excited stat¢3e) with the
higher because of a second oscillation due to the magnetiground stateg), and the third excited stat@e) to the first
field of the frame of reference transformed nucld®is Fi-  excited statdle). Comparing the upper and lower row we
nally the figure shows an effective polarization due to spin-note shifts and splittings of the spectral components into a
orbit coupling in the turn-on phase, while without spin-orbit doublet in(a) and (b) and a four-line structure iric). In
coupling the electron periodically returns to the initial polar- addition, the relativistic Stark redshift is also observable, as
ization in complete spin-up configuration. Comparing withdiscussed at length in Sec. IlIB. We found also that the
[23] where a different ion is considered, we see that theDarwin term due tdHy has no notable effects in this situa-
dynamics of the spin via the Pauli equation is essentiallytion. We confirmed that the spectral features displayed are
independent of the nucleus, however, the spin dynamics degenerally well separated for ions with different charge states
pends on the charge state of the ion when spin-orbit couplinghould a possible experiment not allow for a pure sample of
is included. the ion of choice.

The most significant qualitative features appear in the ra- We explain the doublets and four-line structure with the
diation spectrum in terms of strongly laser-enhanced linesplitting of the asymmetrical excited statée) and|3e) due
splitting. In Fig. 11 we have displayed the radiation spectrunto the additional spin-orbit interaction as depicted in Fig.
of light emitted perpendicular to the plane spanned by thel1(ii) while the symmetrical states, possitdtates, remain
laser polarization and propagation directions and being podanchanged. The splitting becomes larger with increasing la-
larized inx direction. The upper row describes the situationser intensity or charge of the ionic core. All transitions give

053402-12



DYNAMICS OF MULTIPLY CHARGED IONS IN . .. PHYSICAL REVIEW A63 053402

TABLE |. Dependence of the spin-orbit splitting of the first 10~
, he cf he | . )
Charge states 10°
Laser intensity
(W/cm?) Z=12 Z=13 10°°
3x101'6 0.200 0220 2 107
4x1016 0.25w 0290 5
7x10'¢ 048w 0.510 £t 107
R
rise to spectral features because the common selection rules & 10
do not apply in the parameter regime beyond the dipole ap- 7 o
proximation as investigated here. The bound states in Fig. 10
11(ii) drawn with thick lines indicate that those states of the "
split doublet are most populated explaining the relative 10°
heights of the spectral lines in Fig. QL The amount of
population in the excited states is well above 1®g., 10" ‘ ‘ . ‘ ‘ ‘
0 20 40 60 80 100 120 140

1.25% in the first excited statsuch that the total radiation
should not be insignificant. We note that the amount of the

splitting is AE/w =0.48 for the Sté}t¢19> and 0.04 for the FIG. 12. The harmonic spectrum emitted fraws 3 ions with
state|3e) (here, w =0.0866 a.u. is the applied laser fre- parameter«=6.48 andg,=1.0 characterizing the potential. The
quency so that the enhanced spin-orbit splitting should bejaser intensity is 2.5 10 W/cn? and the KrF laser wavelength
easily measurable in experiments. Comparing those valuggith 248 nm is applied. The laser pulse has a linear 10-cycle
with the amount of spin-orbit splitting without the presenceym-on and is followed by a 10-cycle duration with constant am-

of the laser field, we have evaluated numerically, via theyjitude. The 131st harmonic is visible in the the cutoff regime.
same techniqued E,/w, =0.042 for|1e) and 0.004 for the

state|3e). Thus, we find that the total enhancement factor of; : ; ;
the spin-orbit splitting due to the intense laser field for Ourlncreases considerably by enhancing the charge of the ion

set of parameters amounts to approximately0. Consider- and simultaneously increasing the laser field. Here we took

ing Table I, we find that the spin-orbit splitting increa\sess’peCIaI care on adaptmg the ra_tloLobe andl, such that we
S A, o . .~ still remain in the tunneling regime.
with higher laser field intensities and for higher charged ions: .
In our calculations, we employ the KrF laggvavelength

However, we also emphasize that for less charged ions, in . ) . )
particular hydrogen, spin-orbit coupling has still little signifi- 248 nm) to interact with multiply charged ions of charge

cance. Z=3 andZ=4. There are two advantage§ to use shprt—
wavelength laserg:l) the generated harmonics have a high
efficiency and are well separated even near the cutoff be-
cause Ofwy, 41— won_1=4m/N (N being the fundamental
From nonrelativistic laser atom interaction, it is well laser wavelength (2) the numerical resolution is better as
known that parts of the electronic wave packet, for approprithe box size is proportional to the square of the laser wave-
ate parameters, may tunnel through the Coulomb barrietength and the CPU time to the cube of it. Moreover, the
then propagate essentially freely in the laser field and wheohosen laser wavelength is available in experiments. The
returning to the ionic core in the oscillating field may releasepulse envelope is assumed to have a 10-cycle linear turn-on,
their energy in form of radiatiofi8]. The corresponding ra- followed by 10 cycles with constant maximal amplitude. For
diation spectrum in terms of harmonics of the applied field isZ=3 ions (potential parameterk=6.48, q.=1.0), we use
in fact quite attractive because quite high-frequency cohererthe laser intensity of 2:810' W/cn?. The result is shown
light is achievable. Instead of an exponential decay of theén Fig. 12 in which we find the highest harmonic to be of the
spectrum with respect to the harmonic order, we here expet3ist order. To the best of our knowledge, the maximum
rience a plateau and a cut-off energy of the emitted harmorkharmonic order ever obtained in experiments for this short
ics atl,+3.17J,,. Herel, is the ionization potential of the driving wavelength is the 37ttlast reference ih7]). There
ions and 3.10, the maximal kinetic energy of the electron the authors expressed that they believe that thé idms
at the time of return to the nucleus. This law is valid in themay have also contributed to the harmonic emission. Our
tunnel regime where the Keldysh parameter need fuyfill numerical simulation shows that this harmonic spectrum can
=VIp/2Up<1. be extended to the 131st order if tAe=3 ions (LF") are
The kinetic energy of electrons increases significantlyemployed instead. This harmonic has a wavelenrgih9 nm
with the laser intensity. Consequently, higher harmonics arand the efficiency indicated is still of the level T§-10"1*
expected with an increasing laser intensity if the ionic poten+elative to the radiation at the fundamental frequency. Please
tial is raising correspondingly, as shown recently already imote in Fig. 12 that we have only shown the radiation polar-
the nonrelativistic regime with an output of more than 2000ized in the laser polarization direction as the radiation polar-
low-frequency harmonicg36]. We here concentrate on the ized in the laser propagation direction is relatively small for
weakly relativistic regime and show that the harmonic orderthe parameters chosen here.

Harmonic Order

D. Generation of coherent keV x rays
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4 to the cut-off rule even though the factor 3.17 is expected to
alter with more than weakly relativistic free electron dynam-
ics changing the kinetic energy at the recollision time. Most
remarkably, and unfortunately, the plateau is tilting with in-
creasing charge reducing the efficiency of the highest har-
monics substantially. Thus our results indicate that a part of
the electronic wave packet can still tunnel through the barrier
formed by a deep ionic potential but the amount that tunnels
out and returns reduces drastically with the ion charge. Thus
with further increasing charge, higher harmonic energies are
possible but special care need be devoted to the small effi-
ciency. Coulomb effects are then essential for the tunneled
electron wave packet dynamics and solid crystal structures
A have shown to significantly improve the problem of effi-

0 50 100 150 200 250 300 350 400 450 ciency (to be presented in subsequent work by our gioup

Harmonic Order The calculations for Fig. 13 have been carried involving
> all first order terms inv/c, i.e., including the role of the
magnetic field, and the leading terms in/¢)?. We have
chosen parameters in the weakly relativistic regime such that
higher terms will not make a difference in the results pre-
sented. We note that the spectrum in Fig(al® fact would
look hardly different without all the terms in/c, however,
the one in Fig. 1@) would hardly resemble the correct one
depicted. This is not surprising as the laser induced dynamics
in the laser propagation direction is fully induced by the
magnetic field component of the laser field.

Regarding experimental possibilities for high harmonics
from multiply charged ions in the coherent keV x rays, there
are two ways at hand. There may be the double pulse experi-
ment [37] where the first pulse is used to strip several or
1 ‘ many electrons of the neutral atoms and then a moderately

0 50 100 150 200 250 300 delayed pulse will interact with the obtained multiply

Harmonic Order charged ions and generate the coherent keV x rays as de-
scribed above. However, here the free electrons ionized by
i L ) the first pulse may influence the phase matching of harmonic
s:ulltlg)g ;hﬁaﬁ'gr:i'cnfr:zgoﬁ S::)rttt:)e:hlgC;S?fr?irtdd;rﬂelv/ifri fr;otonemissions and there may also be a mixture of many charge

states. The alternative way is to shoot atoms through thin
energy well above 2 keV. Consequently coherent keV x rays can bFoiIs which is clearly a cleaner way to generate ions with a
obtained through high harmonic generation with multiply charged ’ . . .
ions. The contribution of the harmonic yield in the laser polariza-pure cha_rge state20]. Extremely high desmes .Of mu_ltlply
tion direction is depicted il@) and the one in the laser propagation charged ions have been ggnerated rgcéﬂ]/, which raises
direction in (b). hope fpr a rgasonable efficiency for ion charges well above
those investigated here.
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FIG. 13. Same as Fig. 12 but fa=4 ions k=10.7, g,

Coherent x rays even in the keV regime can be obtained
whenZ=4 ions(potential parameters=10.7,q.=1.0) are
used. In Fig. 13, we display the harmonic spectrumzZof When laser field strengths are employed that are high with
=4 jons driven by a laser pulse with the same parameters agspect to the binding fields of the ionic core, a large part of
in the previous figure but with an intensity of ¥0NM/cm?.  the electron wave packet will escape the vicinity of the ion
The spectrum polarized in the laser polarization direction irand not return. Those electrons may in fact be quite energetic
(& has been evaluated via the Fourier transform,gf) and  and will be of interest in this section.
the smaller contribution polarized in the laser propagation We begin by calculating the photoelectron spectrum for
direction in(b) via a,(t) in Eqg. (10). The cutoff is enlarged Z= 3 ions with the method described in Sedd). Here, we
as an inset in the right corner of Fig. (B8 We emphasize use a laser pulse with a 3-cycle turn-on, and 10-cycles with
that coherent radiation of the 427th harmonic is clearly ob-constant maximal amplitude. The applied maximal intensity
servable in spite of the low efficiency of 18 relative to the is equal to 2.5 106 W/cn? and the laser wavelength is 248
radiation at the fundamental frequency. The photon energym (corresponding to a photon energy near 5.eVhe re-
of this harmonic exceeds even 2 keV and shall be useful fosulting photoelectron spectrum is displayed in Fig. 14. The
many applications, e.g., for time-resolved x-ray diffraction.spectral range from 860 eV to 900 eV is enlarged as an inset
For the parameters chosen, we find no significant deviatiom the right-up corner of this figure. We note very energic

E. High-order above-threshold ionization
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FIG. 14. The photoelectron spectrum 3 ions. The laser FIG. 15. Similar to Fig. 13 but foZ=4 ions. The laser param-

parameters are the same as those in Fig. 12 but with a steepgfers are the same as those in Fig. 14 but involving the higher
turn-on of three cycles. We can observe very energ@ikeV)  intensity of 1.<10'" W/cn?. More energetic~5-keV photoelec-
photoelectrons and the ATI peaks are spaced by the photon ener$@ns are ejected while conventional ATI features are still con-
even at electron energies close to the order of 1 keV. served.

electrons with energies up to 2 keV with the usual photonand via spin-orbit coupling modifies substantially dynamics
energy spacing characteristics of photoelectron peaks. Figugnd radiation. The laser enhanced splitting of resonant spec-
15 shows the case f@=4 ions with an appropriately higher tral lines is a clear relativistic quantum signature.
laser intensity of 1. 10'7 W/cn?. As expected more ener- Those aspects are associated with fundamentally new in-
getic (above 5 keV photoelectrons can be deteced. A ratherfluences in the weakly relativistic regime with respect to the
regular spacing of the peaks in this above-threshold ionizaronrelativistic case and were most conveniently described by
tion spectrum is still notable in this keV energy regime.  applying the expansion of the Dirac equation up to the sec-
Thus next to extremely high harmonics we find also veryond order inv/c. This allowed us to relate each effect to
energetic electrons due to above-threshold ionization. Iglifferent parts of the Hamiltonian and to carry out our nu-
more general terms, these results and the ones in the previotgrical investigations even for the low frequencies available
section show that very high-order nonlinear effects are govin most present day high power laser systems.
erning the interaction of multiply charged ions with very ~ We stressed also that the combination of highly charged
intense laser fields. ions and high power lasers can be useful for applications.
High-order, above threshold, ionization was shown to give
rise to photoelectrons in the multi-keV regime already for
laser intensities around 10wW/cnm?. More interestingly,
IV. CONCLUSION parts of those highly energetic electron wave packets may
return to the nucleus and we indicated also coherent high
We believe to have shown that the physics of multiply harmonics in the keV regime. Even though for high har-
charged ions in very intense laser fields is even richer thamonic generation towards the coherent hard x-ray regime the
that for neutral atoms with moderately intense laser fieldsquantitative aspect appears most attractive, we pointed out
There is not merely the effect of scaling the known effectsalso qualitative changes as the problematic tilting of the pla-
for neutral atoms to the new intensity regime but the upcomieau of the harmonic spectrum with increasing ion charge.
ing of many relativistic influences imposes a fundamentally
different dynamics. We have seen that the magnetic field
component of the laser field completely modifies the dynam-
ics and may even induce a partially circular motion around
the nucleus with the effect of a reduced expectation value The authors acknowledge funding from the German Re-
just in the near vicinity of the ionic core. In the regime wheresearch FoundatiorfNachwuchsgruppe within Sonderfors-
second-order terms v c are important, the relativistic mass chungsbereich 296 The hospitality at the Max Planck Insti-
shift modifies clearly the positions of the spectral compo-tute for complex systems in Dresden where this work was
nents in the multiphoton regime. Amplification was found oncompleted is greatly appreciated. S.X.H would like to thank
resonances involving of the order of 100 photons with inter\W. Becker for fruitful discussions and acknowledges funding
esting nondipole spectral features displaced few harmonicsom the Alexander von Humboldt Foundation while in Ber-
away from the atomic resonances. The spin, usually of ndin. C.H.K. acknowledges helpful discussions with M. Casu,
importance in the nonrelativistic regime, starts to oscillateJ. Ullrich, and M. W. Walser.
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