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Relativistic classical Monte Carlo simulations of stabilization of hydrogenlike ions
in intense laser pulses

L. N. Gaier* and C. H. Keitel†
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The relativistic classical dynamics of hydrogenlike ions is investigated numerically in the presence of
intense high-frequency laser pulses of intensity well above 1016 W cm22 and various pulse lengths up to several
hundred cycles. With rising effective chargeZ, the stabilized electron dynamics is shown to be increasingly
governed by the joint interplay of Coulomb attraction and Lorentz force in the laser-propagation direction,
involving also so-called magnetic recollisions. With regard to the ionization behavior, the varying stabilization
with increasingZ can be largely described by scaling the angular frequency and electric field strength byZ2

and Z3, respectively, however, clear signatures appear also due to the increased role of relativity. For long
pulses and slowly entering the relativistic regime, the enhanced adiabaticity of the pulse turn-on has insuffi-
cient influence because the breakdown of stabilization due to the Lorentz force will still be stronger due to the
dominating role of the necessarily increased interaction time with the superintense laser field.

DOI: 10.1103/PhysRevA.65.023406 PACS number~s!: 32.80.Rm, 42.50.Hz, 42.65.Ky
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I. INTRODUCTION

Ever since its discovery by Gavrila and Kamin´ski @1#, and
its first demonstration in simple quantum models by Su a
co-workers@2#, the stabilization phenomenon has been
subject of wide research in intense laser-atom interaction
this context, stabilization refers to an increase in laser int
sity giving rise to adecreasein the probability of photoion-
ization of an atomic system. Theoretically it has been inv
tigated both classically and quantum mechanically, mainly
one@2–9#, but also in two@10–13# and three@14–17# dimen-
sions. The effect has been linked mainly to smoot
turned-on intense laser pulses of high frequencyv exceeding
the Kepler frequencynk of the atomic system, with ongoin
discussion, however, on the precisely required frequency
gime @3,6,11,15–21#. Experimental evidence for stabilizatio
also exists @22#, in spite of the lack of efficient high-
frequency intense laser sources up to date.

The benchmark atomic system—the hydrogen atom—
almost exclusively been the subject of all this research. M
complex atomic and molecular systems have been con
ered to a far smaller extent due to the significant compli
tions inherent in multielectronic systems~see here, e.g.,@23–
25# and for a review involving correlation and stabilizatio
effects@26#!. A further means of gaining a generalized pi
ture of stabilization is via studying the behavior of isoele
tronic ions ~such as He1, B41, and Ne91 as considered
here!, which are relatively simple to model on the atom
side. They, however, involve a complex relativistic dynam
if laser pulses are applied with a field strength comparabl
that via the ionic potential. As yet, less work has been car
out here and has been mostly restricted to the ‘‘lo
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frequency’’ ~near-optical! regime ~see @27–30# and refer-
ences therein!.

Stabilization is widely believed to break down in the rel
tivistic regime, especially due to the Lorentz forc
@15,17,10,11#, which is not confirmed with one-dimensiona
models@7,9# and by @20#. In the cases with breakdown o
stabilization with large Lorentz force, the pulse length w
kept constant with increasing laser intensity, which mea
that the adiabaticity is reduced at the same time. All rela
istic studies of stabilization@7–10,15,17# and those beyond
the dipole approximation@11,12# employ rather short lase
pulses with respect to the achieved maximal intensity, a
are often in lower dimensions, which is simply due to t
numerical difficulty inherent in this regime. It is, howeve
also important to study relativistic electron dynamics a
stabilization and ionization without these constraints beca
in the nonrelativistic regime, adiabaticity, and therefo
pulses with long turn-on stages, play an important role.
present this appears impossible with a fully quantu
mechanical relativistic code. Classical mechanics is com
tationally easier to employ, allowing for 3D relativistic dy
namics, longer pulses, the inclusion of the Lorentz-fo
term, and practically any value for laser frequency and int
sity. Although the classical picture often turned out to be
poor way of treating an atomic system, with such high inte
sities being used, the classical picture has been shown t
a reasonable approximation for ionization and stabilizat
dynamics@16,31#. While intrinsic quantum effects such a
quantum interferences and spin signatures are, in genera
smaller significance in this case, the uncertainty of an e
tron wave packet, however, does play a large role but m
well be modeled classically via Monte Carlo simulatio
@32,33,15,17#.

In this article we study the interaction of multiply charge
isoelectronic ions with very intense high-frequency las
pulses with emphasis on the onset of stabilization and r
tivistic signatures. The treatment is classical, fully relativ
tic, i.e., also without dipole approximation, and in all thre
©2002 The American Physical Society06-1
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FIG. 1. The pulse shapes use
throughout this paper are de
scribed here.~a! shows the exten-
sively used sine-squared envelop
function, with D(t) as a function
of laser-atom interaction timet.
D(t) takes only values between
and 1. ~b! shows the less well-
known two-stage envelope func
tion, similarly suggested by Ku-
lander, Schafer, and Krause@14#.
R is the D(t) value at which the
second stage of the field rampin
begins.
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dimensions. We consider charge states of the ions betw
Z51 and Z510 and study the role of adiabaticity wit
turn-on lengths ranging from 1 to 300 cycles, with sin2 and
linear ramping. Also investigated are ‘‘two-stage’’ turn-o
phases, where the field ramping is broken into two disti
sections before and after entering the relativistic regime w
different ramping rates. The motivation here is to evo
the system through the regime of lower laser intensi
and higher ionization~‘‘death-valley regime’’ @19# ! rather
quickly while to move it slowly into the relativistic regime
We display stabilized electron trajectories and place emp
sis on the reduced dimensions of the electron motion
higher charged ions and particularly on recollisions in
direction of propagation of the laser pulse. The ionizat
and stabilization behavior is similar in ions if the applie
laser frequency and electric-field strength are scaled byZ2

and Z3, respectively, apart from a notable reduction of s
bilization due to relativity. The enhanced adiabaticity f
pulses with significantly longer turn-on phases into the re
tivistic regime are shownnot to inhibit the breakdown of
stabilization because the effect of the increased interac
time seems to be dominating.

The paper is structured as follows. We begin in Sec. II
discussing the classical model used to describe the la
atom or -ion interaction, as well as outlining the procedu
behind the Monte Carlo averaging process and the dete
nation of initial conditions. We then show and discuss
results concerning classical electron trajectories in Sec
and ionization probabilities in Sec. IV of the various ions f
different pulse parameters. We end with conclusions that
be drawn from our results.

II. CLASSICAL MONTE CARLO SIMULATION

We proceed by discussing the modeling of our class
atomic system and the efforts employed to mimic a t
quantum system. Throughout this paper atomic units~a.u.!
are used, and as such, high frequency, high intensity,
high electric field can all be thought of as being of the ord
of 1 a.u. or greater.
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A. The equation of motion

The relativistic equation of motion for an electron in th
Coulombic potential of the ion interacting with a laser pul
is as follows:

d

dt

ṙ

A12~ ṙ /c!2
5F5E0D~ t !cos~h!1

ṙ

c
3H0D~ t !cos~h!

2
Zr

ur3u
. ~1!

F is the force acting on the electron.r is defined as electron
position in Cartesian space with respect to the comparativ
far more massive nucleus, fixed at the origin, withg5@1
2( ṙ /c)2#21/2 being the familiar relativisticgamma factor
and the dot on vectors referring to a derivative in time.E0
andH0 are the electric-field and magnetic-field compone
of the laser field, in thex andy directions respectively, with
maximal field strengthE05uE0u5uH0u in atomic units,c be-
ing the speed of light in a vacuum. The laser phase is defi
ash5vt2kz, wherev is the laser frequency,t is the time,
k5v/c is the laser wave number, andz is the propagation
direction. The laser is linearly polarized in thex direction
throughout the paper.

The pulse shapes@described by the envelope functio
D(t)# used are either of the two forms: ‘‘sine squared’’
‘‘linear two stage’’ ~see Fig. 1!. The sine-squared puls
shape, written as sin2(n12n22n3), describes a pulse with
sine-squared turn-on and turn-off stages of durationn1 and
n3 cycles, respectively, andn2 cycles at constant maximum
value equal to unity. The two-stage envelope functions h
linear turn-ons and turn-offs, with the turn-on being brok
into two stages of lengthn1 and n2 cycles, constant maxi-
mum value 1 forn3 cycles, and turn-off of durationn4
cycles.

Rearranging Eq.~1! to give r̈ only on the left-hand side
results inr̈5@F2 ṙ ( ṙ•F)/c2#/g. By insertingF and evaluat-
ing components, an electron trajectory can be plotted fo
6-2
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RELATIVISTIC CLASSICAL MONTE CARLO. . . PHYSICAL REVIEW A65 023406
given set of initial conditions. There are various variations
these equations, which are also considered here. First is
case of a regularized soft-core potential@34# VSC

5QZ/Ar 21s2, wheres is the smoothing parameter andQ is
a constant that ensures the electron has the correct in
energy. Second, is the case where the envelope functioD
varies withh rather than justt. This allows the whole pulse
shape to move along the propagation axis. However, it te
to be computationally more time consuming to model b
cause of the additional spatial dependence in the argume
the envelope function. This restricts us in the calculations
fewer trajectories in the same time, i.e., a smaller accurac
the result.D(t) is shown later to be a good approximation
D(h) for the employed range of parameters.

B. The initial Monte Carlo ensemble

Qualitatively, an atomic or ionic system is best rep
sented quantum mechanically. However, we may mimic
uncertainty of a quantum-mechanical wave packet in a c
sical model of an atom through the assumption that the a
be represented by an ensemble of electrons in a microcan
cal distribution. This is a well-known and experimenta
confirmed procedure~see, e.g.,@32#!, which will merely be
presented here for completeness for the generalized ca
hydrogenic ions. The initial energy distribution functio
r~E0! of the electron is defined as usual asr(E0)}d(E0
2U) @32,33#, whereU52Z2/2 is the ionization energy o
the single electron in isoelectronic systems~H, He1, etc.!.

The only constraint placed upon the unperturbed e
tronic orbit is that the energy remain constant. All other el
tron properties, such as position and momentum, can v
accordingly from system to system. With the addition of t
fact that the force acting on the electron due to the nucleu
central in nature, the result is the electron following a bou
Kepler orbit~see Fig. 2!. Such an orbit is described using th
Kepler equationa5c2e sin(c). a, e, and c are themean
anomoly, eccentricity, and eccentric anomaly of the
orbit, respectively. They further relate to thetrue anomaly

FIG. 2. A Kepler orbit. The line of nodes is the line of interse
tion between the orbital plane and thex-y plane. Characteristic
parameters arei ~inclination of orbit!, V ~longitude of ascending
node!, a ~mean anomaly!, c ~eccentricity of orbit!, vA ~argument of
perihelion!, andn ~normal to orbital plane!.
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~u! of the orbit through the following: tan(u/2)
5A(11e)/(12e)tan(c/2). Kepler’s equation is not solv
able analytically, although it is possible to solve using ite
tive methods~among others!. In this case, we foundc for
any a ande using a Newton–Raphson iteration method. F
a Kepler orbit to be described uniquely requires six init
conditions: the internal energy of the atomU, and five ran-
dom values for the following Kepler orbit elements~see Fig.
2!. These are chosen with equal probability within the giv
ranges

0<a<2p, 0<e2<1, 21<cosi<1,

0<V<2p, 0<vA<2p.

Having determined all these variables and conditions, i
now possible to obtain the electron’s initial properties w
the following via @33#

l 25
Z2M ~e221!

2U
, ~2!

a5
Z~e cosc21!

2U
, ~3!

p252M FZ

a
1

Z2~12e2!

4Ua2 1UG , ~4!

where l, a, and p are angular momentum, radial distance,
and linear momentum, respectively. Finally, these propertie
are used to find the initial conditions of the electron,

r x~0!5a@cosV cos~vA1u!2sinV cosi sin~vA1u!#,

r y~0!5a@sinV cos~vA1u!1cosV cosi sin~vA1u!#,

r z~0!5a@sin i sin~vA1u!#,

ṙ x~0!5
1

a
$prx~0!2 l @cosV sin~vA1u!

1sinV cosi cos~vA1u!#%,

ṙ y~0!5
1

a
$pry~0!2 l @sinV sin~vA1u!

1cosV cosi cos~vA1u!#%,

ṙ z~0!5
1

a
$prz~u!1 l @sin i cos~vA1u!#%.

Note that the initial conditions are obtained nonrelativ
tically. This is allowable for hydrogen and the lighter ion
(Z<10) as the nuclear core does not accelerate the elec
to relativistic speeds. Heavier ions, however, require rela
istic treatments, and the effect of the nonrelativistic treatm
can be seen at low electric-field strengths where ioniza
probability never reaches zero@for example, see Fig. 4~d!#.
For this reason, ions heavier than neon~91! are not consid-
ered in this paper.
6-3
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FIG. 3. Typical trajectories of initially bound
electrons before~up to point A!, during (A
→B), and after (B→C) the laser pulse has inter
acted with the atomic systems.~a! and~b! are for
a hydrogen atom, while~c! and~d! are for boron
~41!. ~a! and ~c! show trajectories where the
electrons, initially in bound Kepler orbits, remai
bound to the nuclear cores at the end of the pu
(B), albeit in an excited Kepler orbit.~b! and~d!
show the electrons, which ionized during th
pulse, traveling away from the nucleus. Th
pulses used had two-stage 1-10-4-4 envelop
with E05100.0 a.u.,v55.0 a.u. for theH case,
andE052500.0 a.u.,v5125.0 a.u. for B41.
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C. The ionization probabilities

The initially prepared atomic or ionic systems are su
jected to a laser pulse, in which the electron’s classical
jectory can be plotted. In order to determine its state at
end of the pulse~i.e., still bound or ionized!, we evaluated
the electron’s energyE using the following expression:

E52
QZ

Ar21s2
1c2F 1

A12~ ṙ /c!2
21G , ~5!

with the electron being found still bound ifE,0 and ionized
if E.0. The Monte Carlo simulation is completed by cons
ering many such trajectories, from which we obtain a pro
ability of ionization occurring through the interaction of th
laser pulse with the isoelectronic system. Throughout the
per, averaging took place over 1000 such classical traje
ries. This procedure is not in itself new—it has been imp
mented many times~see, for example,@17,32,35–37#!.
However, to the authors’ knowledge, the method has o
ever been used in the case of hydrogen. Equations~2!–~4!
are for the more general case of hydrogenlike ions of nuc
chargeZ.

The classical Monte Carlo simulation is inherently an a
eraging technique, and as such there is always a certain
ror’’ in the probability values obtained by the method. N
two random selections of initial conditions will give identic
probability values for a given set of system parameters. T
leads to jagged features in the curves, something that ca
minimized with increasing the number of trajectories. B
looking at a number of results for the same system par
eters, we found that ionization probability values for a
particular graph can vary by 0.5–0.6 % at the extreme va
of E0 tested, and by 0.9–1.1 % within the stabilization fe
ture ~in the case of averaging over 1000 trajectories!.
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III. TRAJECTORIES OF IONIZED AND STILL-BOUND
ELECTRONS

A look at the classical electron’s trajectory during the i
teraction can help establish an intuitive picture of the und
lying physics. Figure 3 shows four such trajectories for va
ous scenarios. The laser frequency in the boron~41! case
was scaled byZ2 from the hydrogen case in order to rega
conditions necessary for stabilization. In all the graphs, i
possible to see the ground-state Kepler orbit followed
each electron before the interaction with the laser pulse. D
ing the pulse interaction the electron follows a complex t
jectory, dominated by the laser pulse. It is also possible
see in parts the electron moving back towards the core, in
negative laser propagation direction. Such ‘‘magnetic rec
lisions’’ @38# are due to the variation in the relative influen
between laser Lorentz force and the attractive Coulo
force.

The difference in trajectories occurs after the pulse
passed. Still-bound electrons continue to orbit the nucleu
an excited state, while ionized electrons travel away from
nucleus in almost a straight line. The region of coordin
space visited by the electron during the interaction, in g
eral, decreases with increasing nuclear charge. This co
about for various reasons. First, the ground-state orbit
nearer the nucleus for heavier ions, so the electron st
closer to the core. Second, the attractive force due to
nucleus increases proportionately withZ, so the electron has
greater difficulty escaping the nucleus. In Fig. 3, the elect
field strength was scaled withZ2 ~to reenter the stabilization
regime!, indicating that a scaling with a higher exponent
necessary to compensate for the enhanced attraction o
nucleus almost fully~Z3 as to be seen later!. Lastly, the in-
teraction time between the two cases is significantly shor
simply due to theZ2 scaling of the laser frequency~pulse
length has remained constant!.

A significant aspect of all the classical trajectories is t
6-4



red

tial
nt

n

er
n-

of

RELATIVISTIC CLASSICAL MONTE CARLO. . . PHYSICAL REVIEW A65 023406
FIG. 4. Ionization probability against the
maximum electric-field strength of the laser (E0)
for the cases of~a! hydrogen,~b! helium ~1!, ~c!
boron ~41!, and ~d! neon ~91!. Each graph de-
picts the cases where the nuclear core conside
was either purely Coulombic~solid line!, or soft
core withs250.25 ~dotted line!. The dashed line
also represents the case of a Coulomb poten
with the laser pulse now completely depende
on the phaseh. The laser pulses used were si2

~3-4-3! type with frequencyv55.0 a.u. for all
cases. Probabilities at each data point~shown by
the dots! were obtained through averaging ov
1000 Monte Carlo trajectories. The curve co
necting each dot is a smoothed representation
the possible ionization-probability curve.
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position of the electron at the end of the pulse. Often,
electron can end up driven many atomic units away from
nucleus and still remain bound~therefore lying in a Rydberg
state!, whereas it is also possible for the electron to lie ve
close to the nucleus, but with positive energy. This is
important distinction from quantum-mechanical calculatio
where ionization is sometimes judged to occur when
electron has been absorbed by the grid boundaries of
system. The electron acts almost as a free particle far f
the nucleus, which in turn means the electron gains little
energy during the laser-atom interaction. If the electron
negative energy when it enters this ‘‘almost-free’’ region, it
unlikely to gain enough energy to ionize until it recollides
rescatters with the nucleus.

IV. IONIZATION PROBABILITIES OF HYDROGEN AND
ISOELECTRONIC IONS

Having looked at individual trajectories, the next step is
consider the probability of ionization occurring during a pa
ticular interaction. Figure 4 illustrates the variation in ioniz
tion probabilities between hydrogen and hydrogenlike io
each at the same laser frequency. Both Coulombic and s
core treatments are examined to illustrate the differences
occur for each model. Also shown is the case for a la
pulse where the envelope function is of the formD(h) rather
than D(t). All show the same general trends, however,
stabilization feature decreases with increasingZ and the
curves shift towards higher field strengths. The remova
the stabilization features in the boron~41! and neon~91!
cases are a result of the frequency of the laser light~in this
casev55!. Stabilization generally occurs whenv.nk , and
this inequality is only satisfied for hydrogen (nk51) and
helium ~1! (nk54). For the heavier ions there is a platea
ing in ionization probability for increasing field strength
This can be explained by the electron being removed fr
the vicinity of the nucleus so suddenly, that there is little tim
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for the electron to gain sufficient net energy to ionize. T
shift of the main features to higher laser intensities com
naturally from the increased attractive force due to
nucleus.

The soft-core model, in general, lowers the ionizati
probabilities in the curves, and frequently acts to enha
stabilization features. This has been shown to occur for
lium ~1!, where the stabilization dip is much stronger than
the purely Coulombic model forv55.0 a.u. This is more in
line with quantum-mechanical calculations done thus far
has been shown@16# that classical Coulomb models tend
overestimate ionization probabilities and usually requ
higher frequencies for stabilization to occur. Some argue
the principal quantum effect is the regularization of t
nuclear potential. Further, a smoothed potential can be
to be an effective means of modeling the uncertainty
nuclear position, which results from giving the nucleus ze
momentum@16#. The soft-core potential though was main
introduced as a numerical tool to overcome the problem
modeling a singular potential, particularly for lowe
dimensional models. In our case, however, it is not nec
sary, due to the chances of the electron hitting the nucleu
three-dimensional space being so small. We have also fo
that the hydrogen nucleus does not require smoothing av
51.0 a.u. for it to exhibit stabilization~which quantum-
mechanical calculations predict at this frequency!. This runs
contrary to previous classical results@15–17#, although the
stabilization feature itself is rather small@see hydrogen cas
in Fig. 5~a!#.

We note also from Fig. 4 that the differences in using
moving pulse envelopeD(h) rather thanD(t) are quite
small for our parameters, particularly in comparison to t
effect of the smoothing of the nuclear potential. The larg
differences occur within the stabilization feature and
lower ionic charges. Due to the momentum transfer of
laser pulse to the electron in the laser-propagation direct
the electron is more likely to move in this direction rath
6-5
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L. N. GAIER AND C. H. KEITEL PHYSICAL REVIEW A 65 023406
than opposite to it. As a result, in the description viaD(h),
most members of the electron ensemble move with the p
and thus experience a longer turn-on phase than in the
scription viaD(t). There will also be a redshift of the lase
frequency experienced by the electron in its own rest fra
but this is also included in a description viaD(t). Both ef-
fects mean a reduction of stabilization; the effect of the
hanced interaction time in the ‘‘death valley’’ due to the e
fectively extended pulse length in theD(h) case is visible in
Fig. 4~a! by comparing the solid and dashed lines. This
fluence becomes smaller for higher charges of the ions
cause bound dynamics then takes place in the nearer vic
of the ionic core.

The close relationship between hydrogen and the isoe
tronic ions is clearly demonstrated in Figs. 5~a! and 5~b!,
which show a series of very similar curves, shifted towa
higher E0 values for the cases when the laser frequenc
scaled proportional toZ2. This scaling is employed to ac
count for the increase in the Kepler frequency of the grou
state orbit. For the case ofv5Z2, all cases give the sam
amount of stabilization, with the electric-field strengths
which the stabilization feature occurs scaling approximat
with Z3 between hydrogen and the ions. The shifting
higher intensities is again due to the increased attrac
force that the heavier ions exhibit. At these frequenc
larger laser forces are needed to disrupt the electronic o
sufficiently for excitation and ionization to take place. How
ever, in the case ofv55Z2, the curves differ more greatly
The stabilization features again begin at approximately

FIG. 5. Ionization probability as a function of electric-fie
strength for Coulombic hydrogen~dashed line!, helium ~1! ~thin
solid line!, boron ~41! ~dotted line!, and neon~91! ~thick solid
line!. Laser parameters are those as given Fig. 4~with envelope
function in terms ofl only!, except for the laser frequency. In bo
graphs, the frequency has been scaled proportional toZ2 in an at-
tempt to reproduce the conditions necessary for stabilization to
cur. In graph~a! v5Z2 and in ~b! v55Z2.
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same ionization probabilities, and at field strengths scaled
Z3 in relation to hydrogen. However, the stabilization d
gets less pronounced with increasingZ, and the point at
which stabilization ends with respect toE0 no longer scales
strictly with Z3, implying that a more complicated relation
ship exists between hydrogen and the hydrogenlike ion
the relativistic regime. The reason behind this unexpec
change in the stabilization feature itself is not fully unde
stood. The most appealing possibility to us is that, due to
relativistic treatment, there is a limit on the velocity that t
electron can attain. Therefore, there is a limit on the spee
which the electron can move away from the nucleus and
the region where it cannot gain much net energy. Thus,
to the relativistic mass shift, the electron-nucleus interact
is longer than given merely by the nonrelativistic scaling la

Adiabatic-pulse turn-on stages have been found to be
important factor in the onset of stabilization in nonrelativis
treatments. Hence the opportunity is taken to examine
effect that adiabatic field rampings have on ionization pro
ability in our treatment. To this end, the two-stage pulse
velope is employed to aid the system into surviving t
‘‘death-valley’’ region of the turn-on stage, and then to i
crease the electric-field strength adiabatically for streng
where stabilization can occur. The results of such pulses
shown in Fig. 6 for the cases of helium~1! and boron~41!.
The second stage of the field ramping began in each c
when the ratioE0 /v55% of c. This was chosen so as t
start the adiabatic stage within the stabilization region, h
ing not yet entered the regime where the electron atta

c-

FIG. 6. Ionization probability plotted against the laser electr
field strength for ‘‘two-stage’’ pulses of the form (1-x-4-4) acting
on ~a! helium ~1! and ~b! boron ~41!. x values examined were 5
~thin dashed line!, 50 ~thin solid line!, 100 ~dotted line!, 200 ~thick
dashed line!, and 300 cycles~thick solid line!. Laser frequencies
were again scaled as in Fig. 5~b!: ~a! v520.0 a.u. and~b! v
5125.0 a.u. The probability values were found by averaging o
1000 Monte Carlo trajectories.
6-6
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relativistic velocities. For short field rampings (x55), the
stabilization feature is clearly visible. It turns out to be low
and more pronounced than for the longer pulses, with
point at which 100% ionization is reached shifted towa
higher electric-field strengths. The stabilization feature g
shallower and overall ionization increases with increasingx,
implying that the dominant factor is the increased time
interaction that is inherent in longer pulses, rather than
adiabatic nature of the ramping. However, adiabaticity d
have a strong influence on the dynamics of the system. T
is based on the observation that the curves get closer tog
as x increases, and that forx5200 andx5300, the curves
almost lie on top of one another, despite the 100-cy
difference.

Indeed, we have found that very short field rampings
courage stabilization. Cycles that have field rampings l
than between 3–5 cycles in duration tend not to stabil
whereas larger cycle numbers, while still exhibiting stab
zation, tend to have greater ionization probabilities with
the stabilization region.

This all leads to two possible scenarios in the almost l
iting case of extremely long second-stage field rampings~an
infinite second stage would mean that maximum intensit
never reached!. One possibility is that the ionization prob
ability in the stabilization regime could carry on increasi
with x, with decreasing difference between successive cu
until it reaches unity in the limiting case~effect of adiabatic
ramping is not enough to compensate for length of inter
tion time!. The second, more intriguing possibility is that th
ionization probability in the stabilization regionnever
reaches unity. In other words, there may always be a fi
possibility of the system surviving, even for almost sem
infinite laser pulses, so the effect of adiabatic ramping
enough to compensate for very long interaction times. Gi
our classical analysis with turn-on phases up to 300 cyc
we consider it more likely, however, for all practical pu
poses that the breakdown of stabilization may not be inh
ited in the relativistic regime.

V. CONCLUSIONS

We began by showing that stabilized single-electron
jectories are increasingly governed by relativistic signatu
02340
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with rising charge states. This included magnetic recollisio
at overall smaller spatial dimensions, which become ess
tially equal in the laser polarization and propagation dire
tions at largerZ. Hydrogenlike ions then turned out to exhib
stabilization in a manner similar to that of hydrogen ap
from a scaling law and relativistic signatures. Those sim
ionization curves at electrical-field strengths, scaled prop
tional to Z3 from the hydrogen case, can be produced if t
laser frequency is scaled byZ2. Heavier ions, however, star
showing different behavior when extremely high frequenc
and intensities are employed because the nonrelativistic s
ing law leads to an increase of the achievable electron ve
ity with Z. This involves a substantial reduction of stabiliz
tion and was linked to the relativistic constraint on t
electron’s velocity, i.e., the relativistic mass shift, whic
gives rise to a limit on the minimum time the electron has
remain in the vicinity of the nucleus. This in turn implies th
there is greater energy and angular momentum transfer to
electron at the higher field strengths for the heavier io
allowing a greater ionization probability.

We have also pointed out that the degree of adiabaticit
the field turn-on stage~s! has a marked effect on the ioniza
tion probability within the stabilization region. Stabilizatio
requires pulse turn-on stages of duration 3–5 cycles
longer, and that for very long pulse turn-on above 1
cycles, the variation in the ionization probabilities becom
increasingly small when the cycle numbers grow. Still, ho
ever, the eventual breakdown of stabilization could not
avoided because the role of the longer interaction time do
nates that of the enhanced adiabaticity.
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