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Relativistic classical Monte Carlo simulations of stabilization of hydrogenlike ions
in intense laser pulses
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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 abo¢&\Wm 2 and various pulse lengths up to several
hundred cycles. With rising effective chargethe 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 by
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.
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I. INTRODUCTION frequency” (near-optical regime (see [27-30 and refer-
ences therein
Ever since its discovery by Gavrila and Karskn[1], and Stabilization is widely believed to break down in the rela-

its first demonstration in simple quantum models by Su andivistic regime, especially due to the Lorentz force
co-workers[2], the stabilization phenomenon has been thd 15,17,10,1], which is not confirmed with one-dimensional
subject of wide research in intense laser-atom interaction. Iodels[7,9] and by[20]. In the cases with breakdown of
this context, stabilization refers to an increase in laser intenStabilization with large Lorentz force, the pulse length was
sity giving rise to adecreasan the probability of photoion- KEPt constant with increasing laser intensity, which means
ization of an atomic system. Theoretically it has been investhat the adiabaticity is reduced at the same time. All relativ-

tigated both classically and quantum mechanically, mainly iHStiC ;tudies of stgbilizgtiovﬁ?—lo,ls,l]’ and those beyond
one[2—9], but also in twd 10—13 and thred14—17 dimen- the dipole approximatiofll,12] employ rather short laser

sions. The effect has been linked mainly to Smoothlypulses with respect to the achieved maximal intensity, and

turned-on intense laser pulses of hiah frequenaxceedin are often in lower dimensions, which is simply due to the
P '9 quen®x 9 humerical difficulty inherent in this regime. It is, however,
the Kepler frequency, of the atomic system, with ongoing

di ion h h isol ired f also important to study relativistic electron dynamics and
Iscussion, however, on the precisely required frequency résiayijization and ionization without these constraints because

gime([3,6,11,15-2] Experimental evidence for stabilization j, he nonrelativistic regime, adiabaticity, and therefore
also exists[22], in spite of the lack of efficient high- ,ises with long turn-on stages, play an important role. At
frequency intense laser sources up to date. present this appears impossible with a fully quantum-
The benchmark atomic system—the hydrogen atom—hagechanical relativistic code. Classical mechanics is compu-
almost exclusively been the subject of all this research. Morgationally easier to employ, allowing for 3D relativistic dy-
complex atomic and molecular systems have been consighamics, longer pulses, the inclusion of the Lorentz-force
ered to a far smaller extent due to the significant complicaterm, and practically any value for laser frequency and inten-
tions inherent in multielectronic systertsee here, e.gil23—  sity. Although the classical picture often turned out to be a
25] and for a review involving correlation and stabilization poor way of treating an atomic system, with such high inten-
effects[26]). A further means of gaining a generalized pic- sities being used, the classical picture has been shown to be
ture of stabilization is via studying the behavior of isoelec-a reasonable approximation for ionization and stabilization
tronic ions (such as H&, B**, and Né" as considered dynamics[16,31]. While intrinsic quantum effects such as
herg, which are relatively simple to model on the atomic quantum interferences and spin signatures are, in general, of
side. They, however, involve a complex relativistic dynamicssmaller significance in this case, the uncertainty of an elec-
if laser pulses are applied with a field strength comparable toron wave packet, however, does play a large role but may
that via the ionic potential. As yet, less work has been carriedvell be modeled classically via Monte Carlo simulations
out here and has been mostly restricted to the “low-[32,33,15,1T.
In this article we study the interaction of multiply charged
isoelectronic ions with very intense high-frequency laser
*On leave from The Blackett Laboratory, Imperial College, pulses with emphasis on the onset of stabilization and rela-
London SW7 2BZ, UK. Email address: lucien.gaier@ic.ac.uk tivistic signatures. The treatment is classical, fully relativis-
"Email address: keitel@uni.freiburg.de tic, i.e., also without dipole approximation, and in all three
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dimensions. We consider charge states of the ions between A. The equation of motion

Z=1 andZ=10 and study the role of adiabaticity with e rejativistic equation of motion for an electron in the

. . 2 .
turn-on lengths ranging from 1 to 300 cycles, with®semd  cqy1ombic potential of the ion interacting with a laser pulse
linear ramping. Also investigated are “two-stage” turn-on s 55 follows:

phases, where the field ramping is broken into two distinct

sections before and after entering the relativistic regime with d f f

different ramping rates. The motivation here is to evolve mm:':z EoD(t)cos )+ - X HoD(t)cos 7)
the system through the regime of lower laser intensities

and higher ionization“death-valley regime”[19]) rather 7r

quickly while to move it slowly into the relativistic regime. DR (1)
We display stabilized electron trajectories and place empha-

sis on the reduced dimensions of the electron motion for

higher charged ions and particularly on recollisions in the
direction of propagation of the laser pulse. The ionization
and stabilization behavior is similar in ions if the applied
laser frequency and electric-field strength are scale@by

3 i : }
and 2%, respectively, apart from a notable reduction of sta and the dot on vectors referring to a derivative in tirkg.

bilization due to relativity. The enhanced adiabaticity for Ho are the electric-field and magnetic-field components
pulses with significantly longer turn-on phases into the rela-

tivistic regime are showmot to inhibit the breakdown of of th_e Iasgr field, in thecandy directic_)ns respecti\_/ely, with
stabilization because the effect of the increased interactiof >ima! field strengttEo=|Eo| =[Hy| in atomic units¢ be-_

> " ing the speed of light in a vacuum. The laser phase is defined
time seems fo be dominating, as n=wt—kz, wherew is the laser frequency,is the time

The paper is structured as follows. We begin in Sec. Il by, _’7/ is th ' | b rzctlj th ' i '
discussing the classical model used to describe the Iaself—._w ¢ Is the laser wave number, ads the propagation

atom or -ion interaction, as well as outlining the procedured'recuon' The laser is linearly polarized in tixedirection
hroughout the paper.

behind the Monte Carlo averaging process and the determ}- . .
nation of initial conditions. We then show and discuss the, The pulse sha_lpeédescrlbed by the .ep\./elope funct,|'on
(t)] used are either of the two forms: “sine squared” or

results concerning classical electron trajectories in Sec. Il linear two stage” (see Fig. 1 The sine-squared pulse
and ionization probabilities in Sec. IV of the various ions for X 9 9- . q pul
hape, written as sin;—n,—ng), describes a pulse with

different pulse parameters. We end with conclusions that can )
be drawn from our results sine-squared turn-on and turn-off stages of duratiprand

n; cycles, respectively, and, cycles at constant maximum

value equal to unity. The two-stage envelope functions have

linear turn-ons and turn-offs, with the turn-on being broken
We proceed by discussing the modeling of our classicainto two stages of lengtin; andn, cycles, constant maxi-

atomic system and the efforts employed to mimic a truenum value 1 fornz cycles, and turn-off of duratiom,

guantum system. Throughout this paper atomic utatsi) cycles.

are used, and as such, high frequency, high intensity, and Rearranging Eq(1) to give i only on the left-hand side

high electric field can all be thought of as being of the ordemresults inf =[F—f (i - F)/c?]/y. By insertingF and evaluat-

of 1 a.u. or greater. ing components, an electron trajectory can be plotted for a

F is the force acting on the electronis defined as electron
position in Cartesian space with respect to the comparatively
far more massive nucleus, fixed at the origin, witk[1
—(#/¢)?]~Y? being the familiar relativisticgamma factor

Il. CLASSICAL MONTE CARLO SIMULATION

023406-2



RELATIVISTIC CLASSICAL MONTE CARLO. .. PHYSICAL REVIEW A65 023406

1 () of the orbit through the following: tam(2)
=J(1+e)/(1—e)tan@l2). Kepler's equation is not solv-
able analytically, although it is possible to solve using itera-
tive methods(among others In this case, we founds for

Perihelion’ any « ande using a Newton—Raphson iteration method. For
g \ P a Kepler orbit to be described uniquely requires six initial

/ ST / conditions: the internal energy of the atdh and five ran-

/ */\\wA y dom values for the following Kepler orbit elemerisee Fig.
N 2). These are chosen with equal probability within the given

7 ranges
" Aphelion O<a<2m, O<e’<1, —1s<cosi<l,
™ - Line of Nodes

S 0<O=<2m, O=<w,<27.

FIG. 2. AKepler orbit. The line of nodes is the line of intersec-
tion between the orbital plane and tlxey plane. Characteristic
parameters aré (inclination of orbiy, Q) (longitude of ascending
node, « (mean anomaly c (eccentricity of orbit, w, (argument of
perihelion, andn (normal to orbital plang - ZzM(ez— 1)

Having determined all these variables and conditions, it is
now possible to obtain the electron’s initial properties with
the following via[33]

— 2
given set of initial conditions. There are various variations on 2u
these equations, which are also considered here. First is the _

f . Z(ecosy—1)
case of a regularized soft-core potenti§B4] Vgc a=———~, 3
=QZ/\r?+s?, wheresis the smoothing parameter afxis 2U

a constant that ensures the electron has the correct initial

. . Z Z%1-¢€?
energy. Second, is the case where the envelope funEtion 2_ 4 +
pe=2M a 4Ua? Ul (4

varies with » rather than just. This allows the whole pulse
shape to move along the propagation axis. However, it tends

to be computationally more time consuming to model be_wherel, 8, andp are angular momentum, radial distance

cause of the additional spatial dependence in the argument 8Pd I|nezrtm?_mdemumrgt_sp?ectlv(;a_lty. Fmi‘”{t’w thelse tpropertles
the envelope function. This restricts us in the calculations t§re used o find the initial conditions of the electron,
fewer trajectories in the same time, i.e., a smaller accuracy of r (0)=a[cosQ cog wa+ 0)—sinQ cos sin(wa+ 6)],

the resultD(t) is shown later to be a good approximation to

D(#) for the employed range of parameters. ry(0)=a[sinQ cog wa+ )+ cosQ cosi sin(wa+ 6)],

B. The initial Monte Carlo ensemble r,(0)=a[sini sif(wp+6)],

Qualitatively, an atomic or ionic system is best repre- 1
sented quantum mechanically. However, we may mimic the F(0)= a{prx(O)—I[cosQ sin(wa+ 0)
uncertainty of a quantum-mechanical wave packet in a clas-
sical model of an atom through the assumption that the atom +5sinQ) cosi co wp+ 6)1},

be represented by an ensemble of electrons in a microcanoni-

cal distribution. This is a well-known and experimentally _ 1 _ .
confirmed procedurésee, e.g.[32]), which will merely be ry(0)= a{Pfy(O)—WS'nQ sin(wa+ 6)
presented here for completeness for the generalized case of

hydrogenic ions. The initial energy distribution function +cos() cosi coj wp+ 6) 1},

p(&y) of the electron is defined as usual pé&y) 5(&
—U) [32,33, whereU=—2Z?/2 is the ionization energy of
the single electron in isoelectronic systefkhs He', etc).

The only constraint placed upon the unperturbed elec-
tronic orbit is that the energy remain constant. All other elec- Note that the initial conditions are obtained nonrelativis-
tron properties, such as position and momentum, can variically. This is allowable for hydrogen and the lighter ions
accordingly from system to system. With the addition of the(Z=<10) as the nuclear core does not accelerate the electron
fact that the force acting on the electron due to the nucleus i® relativistic speeds. Heavier ions, however, require relativ-
central in nature, the result is the electron following a boundstic treatments, and the effect of the nonrelativistic treatment
Kepler orbit(see Fig. 2 Such an orbit is described using the can be seen at low electric-field strengths where ionization
Kepler equatione= ¢y—esin()). «, €, and ¢ are themean  probability never reaches zeftor example, see Fig.(d)].
anomoly, eccentricity and eccentric anomaly of the  For this reason, ions heavier than né®r-) are not consid-
orbit, respectively. They further relate to theie anomaly ered in this paper.

r,(0)= g{prz( 0)+1[sini cogwa+ 0)1}.
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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 systemi&) and(b) are for
a hydrogen atom, whiléc) and(d) are for boron
. . ‘ . (4+). (@ and (c) show trajectories where the
-0,6 -04 -0,2 0 electrons, initially in bound Kepler orbits, remain

Propagation direction (a.u,) bound to the nuclear cores at the end of the pulse
(B), albeit in an excited Kepler orbith) and(d)
show the electrons, which ionized during the

Polarization direction (a.u.)
Polarization direction (a.u.)

E | 3 pulse, traveling away from the nucleus. The
§ § pulses used had two-stage 1-10-4-4 envelopes,
2 I: with Eq=100.0 a.u.,0=5.0 a.u. for theH case,
E E andEy=2500.0 a.u.w=125.0 a.u. for B*.
5 g
£ £ |
L Lo A
2 ) -15 -1 05 0
Propagation direction (a.u.) Propagation direction (a.u.)
C. The ionization probabilities IIl. TRAJECTORIES OF IONIZED AND STILL-BOUND

The initially prepared atomic or ionic systems are sub- ELECTRONS

jected to a laser pulse, in which the electron’s classical tra- A |ook at the classical electron’s trajectory during the in-
jectory can be plotted. In order to determine its state at thgeraction can help establish an intuitive picture of the under-
end of the pulsdi.e., still bound or ionize we evaluated lying physics. Figure 3 shows four such trajectories for vari-
the electron’s energy using the following expression: ous scenarios. The laser frequency in the boibh) case
was scaled by? from the hydrogen case in order to regain
QZ conditions necessary for stabilization. In all the graphs, it is
N i+ 2 (5) possible to see the ground-state Kepler orbit followed by
each electron before the interaction with the laser pulse. Dur-
ing the pulse interaction the electron follows a complex tra-
jectory, dominated by the laser pulse. It is also possible to
see in parts the electron moving back towards the core, in the
negative laser propagation direction. Such “magnetic recol-

1

5‘: —
J1—(f/c)? !

+c2{

with the electron being found still bound§& 0 and ionized
if £>0. The Monte Carlo simulation is completed by consid-

ering many such trajectories, from which we obtain a prOb'lisions” [38] are due to the variation in the relative influence

ability of ionization occurring through the interaction of the onveen laser Lorentz force and the attractive Coulomb
laser pulse with the isoelectronic system. Throughout the P ce.

per, averaging took place over 1000 such classical trajecto- The gifference in trajectories occurs after the pulse has
ries. This procedure is not in itself new—it has been imple-passed. Still-bound electrons continue to orbit the nucleus in
mented many times(see, for example[17,32,35-30).  an excited state, while ionized electrons travel away from the
However, to the authors’ knowledge, the method has onlyyucleus in almost a straight line. The region of coordinate
ever been used in the case of hydrogen. Equati@ns(4)  space visited by the electron during the interaction, in gen-
are for the more general case of hydrogenlike ions of nucleagral, decreases with increasing nuclear charge. This comes
chargeZ. about for various reasons. First, the ground-state orbit lies
The classical Monte Carlo simulation is inherently an av-nearer the nucleus for heavier ions, so the electron starts
eraging technique, and as such there is always a certain “ecloser to the core. Second, the attractive force due to the
ror” in the probability values obtained by the method. No nucleus increases proportionately whso the electron has
two random selections of initial conditions will give identical greater difficulty escaping the nucleus. In Fig. 3, the electric-
probability values for a given set of system parameters. Thifield strength was scaled wif#? (to reenter the stabilization
leads to jagged features in the curves, something that can wegime, indicating that a scaling with a higher exponent is
minimized with increasing the number of trajectories. Bynecessary to compensate for the enhanced attraction of the
looking at a number of results for the same system paramaucleus almost fullyZ® as to be seen laterLastly, the in-
eters, we found that ionization probability values for anyteraction time between the two cases is significantly shorter,
particular graph can vary by 0.5-0.6 % at the extreme valuesimply due to theZ? scaling of the laser frequendpulse
of Eq tested, and by 0.9—-1.1 % within the stabilization fea-length has remained constant
ture (in the case of averaging over 1000 trajectories A significant aspect of all the classical trajectories is the
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position of the electron at the end of the pulse. Often, arfor the electron to gain sufficient net energy to ionize. The
electron can end up driven many atomic units away from theshift of the main features to higher laser intensities comes
nucleus and still remain bouritherefore lying in a Rydberg naturally from the increased attractive force due to the
statg, whereas it is also possible for the electron to lie verynucleus.
close to the nucleus, but with positive energy. This is an The soft-core model, in general, lowers the ionization
important distinction from quantum-mechanical calculations probabilities in the curves, and frequently acts to enhance
where ionization is sometimes judged to occur when thestabilization features. This has been shown to occur for he-
electron has been absorbed by the grid boundaries of thgim (+), where the stabilization dip is much stronger than in
system. The electron acts almost as a free particle far frorthe purely Coulombic model fon=5.0 a.u. This is more in
the nucleus, which in turn means the electron gains little nefine with quantum-mechanical calculations done thus far. It
energy during the laser-atom interaction. If the electron hasas been showfil6] that classical Coulomb models tend to
negative energy when it enters this “almost-free” region, it is overestimate ionization probabilities and usually require
unlikely to gain enough energy to ionize until it recollides or higher frequencies for stabilization to occur. Some argue that
rescatters with the nucleus. the principal quantum effect is the regularization of the
nuclear potential. Further, a smoothed potential can be said
to be an effective means of modeling the uncertainty in
nuclear position, which results from giving the nucleus zero
momentum[16]. The soft-core potential though was mainly
Having looked at individual trajectories, the next step is tointroduced as a numerical tool to overcome the problem of
consider the probability of ionization occurring during a par-modeling a singular potential, particularly for lower-
ticular interaction. Figure 4 illustrates the variation in ioniza- dimensional models. In our case, however, it is not neces-
tion probabilities between hydrogen and hydrogenlike ionssary, due to the chances of the electron hitting the nucleus in
each at the same laser frequency. Both Coulombic and softhree-dimensional space being so small. We have also found
core treatments are examined to illustrate the differences th&tat the hydrogen nucleus does not require smoothing at
occur for each model. Also shown is the case for a laseE=1.0a.u. for it to exhibit stabilizationwhich quantum-
pulse where the envelope function is of the fdbtin) rather  mechanical calculations predict at this frequendhis runs
thanD(t). All show the same general trends, however, thecontrary to previous classical resuts5—17, although the
stabilization feature decreases with increasihgand the  stabilization feature itself is rather smadlee hydrogen case
curves shift towards higher field strengths. The removal oin Fig. 5a)].
the stabilization features in the bor¢d+) and neon(9+) We note also from Fig. 4 that the differences in using a
cases are a result of the frequency of the laser lighthis  moving pulse envelop® (%) rather thanD(t) are quite
casew=>5). Stabilization generally occurs when> v, and  small for our parameters, particularly in comparison to the
this inequality is only satisfied for hydrogen=1) and effect of the smoothing of the nuclear potential. The largest
helium (+) (v,=4). For the heavier ions there is a plateau-differences occur within the stabilization feature and for
ing in ionization probability for increasing field strengths. lower ionic charges. Due to the momentum transfer of the
This can be explained by the electron being removed frontaser pulse to the electron in the laser-propagation direction,
the vicinity of the nucleus so suddenly, that there is little timethe electron is more likely to move in this direction rather

IV. IONIZATION PROBABILITIES OF HYDROGEN AND
ISOELECTRONIC IONS
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FIG. 5. lonization probability as a function of electric-field  FIG. 6. lonization probability plotted against the laser electric-
strength for Coulombic hydrogefdashed ling helium (+) (thin  field strength for “two-stage” pulses of the form (2-4-4) acting
solid ling), boron (4+) (dotted ling, and neon(9+) (thick solid  on (a) helium (+) and (b) boron (4+). x values examined were 5
line). Laser parameters are those as given Figw#h envelope  (thin dashed ling 50 (thin solid ling, 100 (dotted ling, 200 (thick
function in terms ofl only), except for the laser frequency. In both dashed ling and 300 cyclegthick solid ling. Laser frequencies
graphs, the frequency has been scaled proportionaf tm an at-  were again scaled as in Fig(®: () w=20.0a.u. andb)
tempt to reproduce the conditions necessary for stabilization to oc=125.0 a.u. The probability values were found by averaging over
cur. In graph(a) =22 and in(b) =522 1000 Monte Carlo trajectories.

than opposite to it. As a result, in the description Bi&»), same ionization probabilities, and at field strengths scaled by
most members of the electron ensemble move with the pulsg® in relation to hydrogen. However, the stabilization dip
and thus experience a longer turn-on phase than in the deets less pronounced with increasi@g and the point at
scription viaD(t). There will also be a redshift of the laser which stabilization ends with respect i, no longer scales
frequency experienced by the electron in its own rest framsatrictly with Z2, implying that a more complicated relation-
but this is also included in a description Vix(t). Both ef-  ship exists between hydrogen and the hydrogenlike ions in
fects mean a reduction of stabilization; the effect of the enthe relativistic regime. The reason behind this unexpected
hanced interaction time in the “death valley” due to the ef- change in the stabilization feature itself is not fully under-
fectively extended pulse length in tibg #) case is visible in  stood. The most appealing possibility to us is that, due to the
Fig. 4a by comparing the solid and dashed lines. This in-relativistic treatment, there is a limit on the velocity that the
fluence becomes smaller for higher charges of the ions beelectron can attain. Therefore, there is a limit on the speed at
cause bound dynamics then takes place in the nearer vicinityhich the electron can move away from the nucleus and into

of the ionic core. the region where it cannot gain much net energy. Thus, due
The close relationship between hydrogen and the isoelege the relativistic mass shift, the electron-nucleus interaction
tronic ions is clearly demonstrated in Figgapband 3b), is longer than given merely by the nonrelativistic scaling law.

which show a series of very similar curves, shifted towards Adiabatic-pulse turn-on stages have been found to be an
higher Eq values for the cases when the laser frequency i$mportant factor in the onset of stabilization in nonrelativistic
scaled proportional t&2. This scaling is employed to ac- treatments. Hence the opportunity is taken to examine the
count for the increase in the Kepler frequency of the groundeffect that adiabatic field rampings have on ionization prob-
state orbit. For the case @f=Z?, all cases give the same ability in our treatment. To this end, the two-stage pulse en-
amount of stabilization, with the electric-field strengths atvelope is employed to aid the system into surviving the
which the stabilization feature occurs scaling approximately*death-valley” region of the turn-on stage, and then to in-
with Z3 between hydrogen and the ions. The shifting tocrease the electric-field strength adiabatically for strengths
higher intensities is again due to the increased attractivevhere stabilization can occur. The results of such pulses are
force that the heavier ions exhibit. At these frequenciesshown in Fig. 6 for the cases of heliup) and boron(4+).
larger laser forces are needed to disrupt the electronic orbithe second stage of the field ramping began in each case
sufficiently for excitation and ionization to take place. How- when the ratioEq/w=5% of c. This was chosen so as to
ever, in the case ab=5Z2, the curves differ more greatly. start the adiabatic stage within the stabilization region, hav-
The stabilization features again begin at approximately théng not yet entered the regime where the electron attains
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relativistic velocities. For short field rampingg=£5), the  with rising charge states. This included magnetic recollisions
stabilization feature is clearly visible. It turns out to be lower at overall smaller spatial dimensions, which become essen-
and more pronounced than for the longer pulses, with theally equal in the laser polarization and propagation direc-
point at which 100% ionization is reached shifted towardstions at large. Hydrogenlike ions then turned out to exhibit
higher electric-field strengths. The stabilization feature getstabilization in a manner similar to that of hydrogen apart
shallower and overall ionization increases with increasing from a scaling law and relativistic signatures. Those similar
implying that the dominant factor is the increased time ofignization curves at electrical-field strengths, scaled propor-
interaction that is inherent in longer pulses, rather than thgna| to z3 from the hydrogen case, can be produced if the
adiabatic hature of the ramping. However, adiabaticity doe?aser frequency is scaled [&f. Heavier ions, however, start
have a strong influence on the dynamics of the system. Thl§howing different behavior when extremely high frequencies
&hd intensities are employed because the nonrelativistic scal-

asx increases, and that for=200 andx=3_00, the curves ing law leads to an increase of the achievable electron veloc-
almost lie on top of one another, despite the 100-cycle

: ity with Z. This involves a substantial reduction of stabiliza-
difference. tion and linked to the relativisti traint on th
Indeed, we have found that very short field rampings entON and was finked to the refatvisic constrant on the

courage stabilization. Cycles that have field rampings les§/€ctron’s velocity, i.e., the relativistic mass shift, which
than between 3—5 cycles in duration tend not to stabilize91Ves rise to a limit on the minimum time the electron has to

whereas larger cycle numbers, while still exhibiting stabili- remai_n in the vicinity of the nucleus. This in turn implies that
zation, tend to have greater ionization probabilities withinth€re is greater energy and angular momentum transfer to the
the stabilization region. electron at the higher field strengths for the heavier ions,
This all leads to two possible scenarios in the almost lim-allowing a greater ionization probability.

iting case of extremely long second-stage field rampiiags We have also pointed out that the degree of adiabaticity in
infinite second stage would mean that maximum intensity ighe field turn-on stage) has a marked effect on the ioniza-
never reached One possibility is that the ionization prob- tion probability within the stabilization region. Stabilization
ability in the stabilization regime could carry on increasingrequires pulse turn-on stages of duration 3-5 cycles or
with x, with decreasing difference between successive curvelsnger, and that for very long pulse turn-on above 100
until it reaches unity in the limiting cadeffect of adiabatic cycles, the variation in the ionization probabilities becomes
ramping is not enough to compensate for length of interacincreasingly small when the cycle numbers grow. Still, how-
tion time). The second, more intriguing possibility is that the ever, the eventual breakdown of stabilization could not be

ionization probability in the stabilization regiomever  ayoided because the role of the longer interaction time domi-
reaches unity. In other words, there may always be a finit¢ates that of the enhanced adiabaticity.

possibility of the system surviving, even for almost semi-
infinite laser pulses, so the effect of adiabatic ramping is
enough to compensate for very long interaction times. Given
our classical analysis with turn-on phases up to 300 cycles,
we consider it more likely, however, for all practical pur-

poses that the breakdown of stabilization may not be inhib- L-N-G. acknowledges, with thanks, the financial support
ited in the relativistic regime. of the ERASMUS program of the European Union, and

C.H.K. acknowledges the funding by the German Science
Foundation(Nachwuchsgruppe within SFB2).6C.H.K. has
benefited from discussions with J. S. Briggs and H. G.
We began by showing that stabilized single-electron traMuller and L.N.G. wishes to thank J. S. Briggs and all mem-
jectories are increasingly governed by relativistic signature®ers of Theoretische Quantendynamik for their hospitality.
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