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Abstract

Based on realistic numerical simulations of the three-dimensional time-dependent Schrédinger equation describing a
hydrogen atom interacting with a strong electromagnetic field, the influence of the magnetic component is studied. The
same computational techniques can be applied to the case of strong field photoionization as well as to the case of
ionization by an incident relativistic heavy ion. One of the main consequences, in the strong-laser-field case, is the
presence of true even harmonics of the incoming field. In the heavy ion impact, the asymmetry of the wave function
reveals the importance of the nondipole nature of the interaction.

Keywords: Magnetic field; Polarized lasers; Single-electron atoms; Strong field ionization; Three-dimensional
numerical simulations

1. INTRODUCTION 2. SUPER INTENSE LASER-ATOM
INTERACTIONS

Strong field ionization of atoms has attracted a lot of interes
over the last three decades, mainly due to the availability o
short and intense sourcésee, e.g., Mainfray & Manus,
1991; Cheret al, 1998; Mourouet al., 1998; Cheriaux &
Chambaret, 2001 both from the theoretical and from the
experimental points of vie\see, e.g., Eberly, 1969; Eberly

oday, because of the very large clock frequencies reached
In processors for personal computers, it is possible to work
with fast systems and very large amounts of RAM mem-
ory at relatively modest prices. Under certain conditions,
the numerical integration of the fully 3D time-dependent
Schrédinger equation in a grid can be undertaken with

et al, 1992; Milonni & Sundaram, 1993; Gamaly, 1994; reasonably short computing times and reasonably large
Gibbon, 1997; Protopapa al., 1997a). Some successful 1ably S buting . nably 1arg
numerical grids. Those kinds of strong-field virtual labs

theories have been developed to explain the limiting cases : .
(see, e.g., Krsti& Mittleman, 1990; Reiss, 1990, 1996, i:)ar:e‘jot'gnlt;?gsiﬁtf; dalljl.(,:ir1199;) ";’i'éh.uls? aalg)nmsﬂ?:drzof; N
2000; Gavrila, 1992; Delone & Krainov, 1993; Geltman, tion girection :;md thus ng Ie(\;::tinJ the inf?uencg of‘) tge
1994; Joachaikt al., 2000: Reis®t al, 1999; San Roman glecting

_ . . . magnetic field. The next step was different 2D models
e e e et Do et al. 1581 Kulanere o, 1997 Beckere o,
q Y ' P 994; Vivirito & Knight, 1995; Protopapast al., 1997;

ors, Tt e Hoviewer,nary ntermedte (e50ns el 0 oo 100 e
P y anay . eitel, 199%, 199%, 2001: Kylstraet al, 2000; Ryabikin

nately, computers have extraordlnarllym_creasedthelrspee Sergeev, 2000; Hiet al, 2001: Vazquez de Aldana
and memory over the last few years. This opens the door tg

the ab initio study of the ionization dynamics using 3D e_t al, 2009, some (.)f t_hem_ able to include some informa-
S tion on the magnetic field influence.
realistic models.

One of these situations where a fully 3D treatment is
required is the photoionization beyond the dipole approx-
imation (Vazquez de Aldana & Roso, 1999 he effect of

. _ the magnetic component of a linearly polarized laser field
Address correspondence and reprint requests to: Luis Roso, Departa-

mento de FisicaAplicada, Universidad de Salamanca, E-37008 Salamanéé‘,' the mter"."Ct'on. with .atoms has been prewously studied
Spain. E-mail: roso@usal.es with numerical simulationgLatinneet al, 1994 and ap-
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proximated calculations of the 3D nondipole SchrodingerThe spin of the electron is neglected, since it does not con-
equation(Bugacovet al, 1993; Potvliege, 2000 These tribute at all to the dynamics for the laser parameters con-
calculations rely on expansions of the electronic wave funcsidered heréVazquez de Aldana & Roso, 2002
tion in a basis of eigenstates. This equation is solved in Cartesian coordinates by em-
At that time, it was believed that the onset of relativistic ploying a uniformly sampled grid witiAx = Ay = Az =
dynamics(electron speeds close & would appear much 0.3 a.u. The numerical technique we use is based on a split-
before the onset of magnetic field effects. It seems clear nowperator method. The wave function at a given timeAt
that there is a region of laser paramet@isong field and is calculated from the wave function in the previous time
high frequencywhere the magnetic field component of the stept by means of the well-known time-evolution operator.
pulses appears to be relevant with electron speeds very highis worth decomposing the exponential in the following
but slow enough to be still regarded as nonrelativistic. way:
With elliptically polarized lasers, no dimensional reduc-
tion can be assumed either. In the dipole approximation, af(r,t + At)
approach of spectral type for numerically integrating the
time-dependent Schrodinger equation has been developed - exp[—i At At + At/Z)] w(r,t)
in Huenset al.(1997). Arecent paper studies stabilization in h
circular polarization(dipole) in 3D grids(Choi & Chism, At . At
2002. However, we have failed to find references to 3D = exp[fi Py H,(t + At/Z)] exp[fi o Hy(t + At/Z)}
calculations using a circularly polarized laser field without
the dipole approximation. At . At
In this section, we discuss how it is possible to solve, in a X EXP[—i 7 Mt At/z)] eXp[_i o5 Tt At/z)}
3D Cartesian grid, the time-dependent nondipole Schrédinger
equation for atomic hydrogen, interacting with very intense
and high-frequency laser fields. Both linear and circular
polarizations will be considered. Special attention is paid to
the effect of the magnetic field component of the laser. ThevhereH (t) is the whole Hamiltonian, and we have defined
3D time-dependent Schrodinger equation for a hydrogetthe following operators:
atom interacting with a laser fieldransverse plane waye

X exp[—i % H,(t + At/Z)] W(r,t) + O(At3), (4)

described byA(r, t) and with the scalar potential taken to be . h2 9% e?h? e?h?
—0is: He=————+ AZ(x, 1) + AZ(x,t)
n IS 2m ox 2mc? 2mc?
P 52 2 4 h? 92 ieﬁA( 0 i) e?
. _ _ o = —-— — = — X’ —_—— —
ifi = \I'(r,t)—[ 2mVZJerCZAZ(r,t) Y 2may? mc” dy  AxZ+y2+2z2
o G B en 0 5
B m_cA(r,'f)-V + V(r)] w(r,t), ) 7 2maz2 mc 1) 0z’ ®

The exponentials are thus expressed in the Cayley unitary
form, which preserves the norm of the wave function. We
employ a Cartesian grid with up to 48 10° points, with
different sizes and shapes depending on the particular prob-
lem considered. The wave function is usually evaluated 500
times per laser cycle and it requires, with our code, approx-

is the Coulomb potential. Considering a laser pulse propaMately 20 h of a single CPWor a Pentium 11l 866 MHz
gating along the-axis, polarized in thg—z-planeA(r, t) = node at the Beo_wulf cIusten(Hargroyeet _al., 2009 in-
Ay(x, t)e, + AL (x,1)e,, we can write stalled in the Optics Group at the University of Salamanca.

The accuracy of the numerical technique is expected to lead
to maximum errors in the range of 6 to 8%. This estimation
9 2 (92 9% 92 e? : ;
ih—vr)=|-—=|5+5+5|+ Z A2(x,1) has been done by comparing the results obtained for the
at 2mi\ox® - oy* - oz 2m trajectory computed for a free wave-packab Coulomb
potentia) with classical result&Newton—Lorentz equation

wherer = (X, Y, z) in Cartesian coordinates, and

e? e?
Vi) = —— = ——— 2
(r) p iyiis )

_ @A X 9 @A X 9 In the simulations, the electron starts from the ground
y(X, 1) (X, 1) . )
mc dy ~mc 9z state, 3, W(r,t = 0) = 15(r). This state, computed in a
) 200X 200x 200 grid with the imaginary-time propagation
_ € ] w(r,t). 3) method, overlaps with the analytical ground state of atomic
X2 +y2 + 72 ’ hydrogen better than 99%. The energies obtained for this
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state and for a few excited states in that grid &e; = compute the wave function during the turn-on and some
—0.491 a.u.Fys= —0.124 a.u.Fy,, ., = —0.125a.u,, and cycles at the constant intensity part until the amount of
E;s= —0.060 a.u., in good agreement with theoretical valuespopulation reaching the absorbing boundaries makes the
We consider plane—wave laser pulses that propagate alorsgmulation unrealistic. In Figure 1 we show snhapshots of the
the x-direction and are thus polarized in tigez-plane. We  wave function at a time equal to 9.5 cycl@scycles ramp
plan to study both linearly and circularly polarized laserplus 5.5 cycles of constant amplituddhe contour plots
fields. To do so, an ellipticity parametet, is introduced. represent slices of the electronic probability density at the

Pulses are described by the electric field: z= 0 (upper plo}, y = 0 (middle plob, andx = 0 (lower plot
planes. Contour lines are in linear scale. It should be noted
E(x,t) = Eof (X, t)[sin(kx — w _t)e, + e coskx — w_t)e,], that the magnetic drift is in the positive direction of tke

axis. The effect of the magnetic field is clearly observed in
(6)  this drawing. In the dipole approximation, it would have
been symmetrical with respect to tke= 0 plane.
wheref (x,t) is the pulse envelope ard= w, /c. Retarda- Now, let us consider a circularly polarized pulse= 1,
tion is also included in the envelogee., the envelope is \jth the same laser parameters as above. Contour plots in
a function ofx — ct). We consider two polarization states: Figure 2 are similar to the previous figure. The laser pulse

e =0foralinearly polarized pulse ard=1 foracircularly  has a 4-cycle linear turn-on and then a constant envelope.
polarized one. The vector potential is computed from the

electric field by means of

. 30
A(x,t) = —cfo E(x,t)dt". (7 15!
(The scalar potential is taken to be zerdhe validity of y 0
employing propagating electromagnetic fields, that is, 15
Lorentz-invariant fields, with a nonrelativistic wave equa-
tion, Galilean-invariant equation, does not constitute a ma- )
jor problem for the frequency and intensity considered -30
throughout this section. Laser frequencyds = 1 a.u.
(corresponding to an ultraviolet photon energy of 27.2 eV, 30
and a wavelength of 45.6 nmWe have selected an ampli-
tude of Ey = 15 a.u.(intensityl, = 7.9 X 10*® W/cm? for 15 RN
the linearly polarized pulse ang = 1.6 x 10*° W/cm? for //’P—"‘\“\‘?\ '
the circularly polarized one With this choice of wave- z 0 . |
length and intensity, we reach a region where the electric- @/’
dipole approximation in the Schrodinger equation fails, -15 \‘\_‘_i/
and a large displacement of the electron wave-packet in
the propagation direction appears. It is caused by the cou- ) 3‘? 30 -15 0 15 30
pling of the magnetic field component and the velocity X
achieved by the electron in the fiel@arachik & Schap-
pert, 1970; Keitel & Knight, 1995; Urbach & Keitel, 2000 30
The intensity selected represents a compromise between 15
the failure of the dipole approximation and the onset of
relativistic dynamics. z 0
Considering a long pulse involves the problem that the
ionized population reaches the boundaries of the integration _15
box, and some kind of absorbing mask must be employed in
order to avoid reflections. When absorbing boundaries are -30

-30 -15 0 15 30

used, the norm of the wave function decreases artificially y

and it is therefore not possible to compute expectation val-
ues of physical magnitudésperatorgthat do not vanish in  Fig. 1. Atomic hydrogen interacting with a linearly polarized laser field.
the vicinity of the origin. The contour plots are slides of the probability density at the plare$
We first simulate a linearly polarized pulée= 0) witha  (P'otatthe top,y =0 (plotin the middlg, andx = 0 (plot at the bottorh

. . and the contour lines are in linear scale. The laser pulse has a 4-cycle linear
trapezmdal enveIOpe' The envelo‘piex, t) includes retarda- turn-on and then a constant envelope part: The snapshot was taken at
tion and the turn-on lasts 4 cycles. Note that we have not= g5 1. The amplitude of the laser B = 15 a.u. and the frequency is
included the turn-off of the pulse because we will only v, =1a.u.
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-30 '\\\ Fig. 3. Parametric plot of the expectation value of the electron’s trajectory

-30 -15 0 15 30 for the linearly polarized laser pul$a) and for the circularly polarized one
y (b). The pulse has a 6-cycles dianvelope. The amplitude of the laser is
Eo = 15 a.u. and the frequencyds =1 a.u.
Fig. 2. Atomic hydrogen interacting with a circularly polarized laser field.
The contour plots are slides of the probability density at the plare$
(plot at the top, y = 0 (plot in the middle, andx = 0 (plot at the bottomn

and the contour lines are in linear scale.The laser pulse has a 4-cycle Iineeliable contribution to the radiation emitted by the electron

turn-on and then a constant envelope part: The snapshot was take8.&t . . . . .

T. The amplitude of the laser & = 15 a.u. and the frequencyds =1 a.u. Wlth _thls polarization. From the expectatl_on_ value_of the
position operator, the spectrum of the radiation emitted by
the electron can be computed. The far field is giveridae,

The snapshot is taken at time equal to 8.5 cycles. Of course,g., Jackson, 1998

the window of the plot is much narrower that the size of the

grid. The dynamics of the electron in the circularly polar- E_ g[n X (n X a)]

ized case is very peculiar: Because of the very high intensity c cR ret’

of the laser, the electron is almost released during the first

few cycles of the interaction. As the laser becomes more andrherea is the acceleration of the electron. This expression

more intense, the helicoidal trajectory of the elect(tivat  is directly computed frona = d?(r)/dt?. We compute the

now behaves nearly as frggushes it far from the nucleus, intensity of the radiation emitted in the longitudinal direc-
and the interaction with the nucleus is very small. tion, n = (1,0,0. By performing a Fourier transform, we

Figure 3 shows the expectation value of the electron'calculate the radiated spectrum, shown in Figure 4 for the
trajectory. In this case, the pulse duration is taken to be @ase of linear polarization. This direction is relevant to un-
optical cycles, with a sihenvelope. Using this ultrashort derstand the magnetic field effects because in the dipole
pulse, almost no population reaches the boundaries of th@proximation the radiation in this direction vanishes. This
integration grid at the end of the pulse. Thus, we do not neeémission evidences a motion along the longitudinal direc-
to employ any absorbing mask close to the boundaries, antibn that has components at twice the fundamental fre-
expected values can be safely computed with no artificiauency. Therefore even-order harmonics appear. Observe
change in the norm of the wave function. The nonnegligiblethat for this direction, even-order harmonics dominate the
dynamics in the longitudinal direction will lead to an appre- radiation spectrum.

®

https://doi.org/10.1017/50263034602202050 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034602202050

Magnetic field effects in strong field ionization of single-electron atoms 189

It is clear that such virtual photons can ionize the atom,
but the ionization dynamics should be quite different from
the laser field case. Recently, considerable interest has been
devoted to this subjectBurgdorfer et al, 1994; Wang
et al, 1996; Stolterfohiet al, 1998, both for single and
multiple ionization of atoms with fast ions. However, very
few experiments have been reported with relativistic inci-
dent ions. At the GSI in DarmstadiMoshammeret al.,
1997), experiments with relativistic incident ions have been
performed. The GSI experiments studied the single and
double ionization of helium by 1 Geviucleon UW?* im-
pact. As the authors state, the relativistic ion generates a

T B SO R SO R LY subattosecond superintense electromagnetic pulse that is

12 3 4 5 6 7 8 9 10 11 12 13 14 more similar to a “kick” than to an oscillating wave. It has
Harmonic Order a maximum that only lasts for a very short time with long
Fig. 4. Spectrum of the radiation emitted with polarization along the prop-WiNgs due to the long range of the Coulomb potential.
agation direction(x-axis). Such radiation is not present in the dipole ap- That pulse has some common features with half-cycle pulses
proximation. Dominance of the even harmonics results from the motion in(Reinhold & Burgdorfer, 1995; Reinholét al., 1996.
the longitudinal direction induced by the magnetic_ field. The_spect_rumHowever, when the impact parameter of the ion is short
corresp.ond.stothe same parametersasthe elegtronlcexpectatlontra]ectory] h to cross over the eleCtroniC wave function the
shown in Figure 3: The pulse has a 6-cycles sinvelope, the peak am- enoug . . !
plitude Eo = 15 a.u., and the frequencyds = 1 a.u. strong space dependence of the fields will lead to a dynam-
ics of the electron very different from the laser pulse case.
Some of these features will be analyzed in this section, for

Let us remark that in the electric dipole approximation, aU®*" colliding against atomic hydrogen at 1 Ge\icleon.
hydrogen atom in the ground state interacting with a truly Due to the geometry of the systdimcident projectile and
optical laser puls€E(t)) =0, does not emit even harmonics nucleus, there are no symmetries present except for a mir-
due to parity and symmetry considerations. There are, how:or symmetry along the plane defined by the projectile tra-
ever, certain spectral lines that under given circumstancegctory and the initial position of the nucleus. Therefore, 3D
will lie close to the position of the even harmonics, but thesestudies are needed and this is extremely difficult to carry out
emission lines should not be interpreted as harmonics. Thab initio for a two-electron system. In the present work, we
same result holds for molecules. For example, in the electrioffer a very realistic description of the ion—atom interaction
dipole approximation, the fHimolecule does not generate but just for one-electron atoms. We compute the electron
even harmonics, while the HD molecule do@éreibich  wave function in a Cartesian 3D lattice, taking into account
et al,, 2002). the relativistic dynamics of the projectile.

The existence of even harmonics, along the longitudinal Calculations in 3D Cartesian grids have been shown to be
direction (as shown in Fig. ¥#as well as along the laser a very good description fgy + H collisions(Gavraset al,,
polarization directior{not shown in this articleevidences 1995; Kolakowskaet al., 1998, 1999; Schultet al,, 1999
the influence of the magnetic field component and the osandp + He* (Tonget al, 200 with nonrelativistic inci-
cillation that it induces at twice the fundamental frequency.dent protons. The agreement with the experimental results is
The fully 3D treatment is thus required for certain range ofremarkably good for the range of parameters considered.
laser parameters. Collisions with antiprotons have also been investigated with
these simulationéSchultzet al., 1996, 1997; Well=t al,,
1996. However, these calculations are done in a context
that is not able to describe the peculiar features of the elec-
tromagnetic fieldgelectric and magnetic fieldgenerated
Atomic ionization due to an electromagnetic wave, eitherby the relativistically moving projectile. To our knowledge,
incoherent or coherent, has been widely studied since theo previous studies have been performed based on the direct
old times of Quantum Mechanics in many different situa-numerical resolution of the wave equation in cases where
tions. However, it is also possible but much less common irthe incident ion is relativistic.
this context, to study ionization by the electromagnetic fields To proceed with this simulation, we first need to calculate
generated by a fast charged projectile passing nearby. In thbe electromagnetic field generated by the relativistic ion.
case of a laser field, or indeed of any other electromagnetiés our particular choice of coordinates, in order to simplify
wave, the field is a radiation field far from the sources; inthe notation without loss of generality, we consider that the
other words, itis made of real photons. However, in the casbeavy ion projectile is moving in the plaze= 0 in a direc-
of a rapidly passing projectile, the field has different prop-tion parallel to thex-axis. The hydrogen nucleus is initially
erties and is made of virtual photons. at the origin and the projectile trajectory{gt) = Xy + vt =

Intensity (arb. units)

3. RELATIVISTIC HEAVY-ION IMPACT
AGAINST ATOMIC HYDROGEN
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Xo + Bct, Y(t) = bandZ(t) = 0. b is the impact parameter cause of the short interaction time, to consider that the hy-
(minimum distance to the nucleus in the trajectory of thedrogen nucleus remains unaltered atits initial position. There-
ion). The notationB = v/c is standard in relativity. The fore, only the electron motion needs to be described in detail.
projectile is so heav§M,,, = 238my, my being the nucleon Moreover, except for very small impact parameters, the dy-
mas$ and so energetic that we can perfectly assume that itsamics of the electron remains nonrelativistic, and a nonrel-
trajectory is not affected by the atom. It is not difficult to ativistic wave equation to describe the interaction of the
show (see, e.g., Jackson, 199at the electric and mag- atom with the ion is thus justified. Because the electron is
netic fields created by such a relativistic projectile at aninteracting with such time- and space-dependent scalar and

arbitrary point(x, y, z) of space are vector potentials, the correct nonrelativistic spinless wave
equation is
Zey
E(r,t) =
)T = Xo— )P+ (Y- b7 + 2T v e &
|h¥ = Enq”r m—CA~p\If+ 2m02A2\If—en\If—eV\If
X [(x=Xo—ot),y,2] 9
and =i i(V-AJr}a—n)xp. (13
2mc c ot
—Zey3v/c . . . .
B(r,t) = T Z X=X~ o2+ (y — b T 22T 0,z,-y), (A similar equation can be seen in Greiri@097). To our
Y X=Xo—v -

knowledge, not exhaustive, this is the only textbook that
mentions the need for the time derivative of the scalar po-
tential) Because the scalar and vector potentials verify the
Lorentz gauge condition,

(10

with y = 1/V1— B2. Zindicates the projectile ion charge,
which in the case studied hereds= 92. These fields are

generated by a scalar potential VA & % % —0, (14)
Zey
(.t = \y2(x—Xo— vt)2 + (y — b)? + 22 = the wave equation is much simplified. Note that this equa-
tion is different from the standard time-dependent Schro-
and a vector potential dinger equation, which considers the tetop + eA)?: It
includes the divergence of the vector potential but does not
Zeyv/c include the very importantzn/dt term. Such an equation is

A(r,t) =

(12 not general and cannot be safely employed to describe the
interaction with arbitrary electromagnetic fields. Only trans-

, versal electromagnetic fields can be described accurately. The

The velocity vector has only one componewnt= (v,0,0 derivation of Eq(13) will be given elsewhere.

and hencé\(r, t) = Ax(r,tl) &candA, = A, = 0. o Another important point to clarify for the correctness of
In our St‘,‘dy’ we are ab € togive a'quantur'n des'crlptlo.n 0{)ur model is the following. The fields that we describe with
the dynamics of the atomic electron interacting with the ion. 5 andn, Eq.(11) and Eq(12), are invariant under Lorentz
Honeve_:r, vlve_have; als: pe”‘?rme‘fj f]ome <_:Ias_|5|c_al M(;]nt ansformations and, on the contrary, the time-dependent
Carlo S'm%art]'onf or the rr:]otlonloft e Erqjecfle_ lon, the sehrgdinger equation is invariant under Galilean transfor-
proton, andthe electron. The goal of such simulations is jusf, 4tions due to its nonrelativistic nature. Fortunately, this
to introduce th_e r|ght approxmatlops for the subsequen*ormal inconsistency in our model is not importafriom
quantum description. Some conclusions can be drawn fro%e practical point of viewif the dynamics of the electron is

. ) : oo
the classmg[ S|.mulat|ons for heavy projectiles . ) that nonrelativistic, and hence Lorentz transformations reduce
move relativistically(1 GeV/nucleon, or morg First, the t

N . , ocl) Galilean transformatiofin the low velocity regimg
projectile trajectory is not changed at the space scale an The final equation that we consider is
with the precision in which we are interested. Second, the
hydrogen nucleus is accelerated after the collision with the )
projectile, but the momentum transfer is negligible unless ;5 ow(r. Y - _A V2U(r,t) — i iA(r,t)-V\If(r,t)
we consider impact parameters smaller than 0.1 a.u. We are at 2m mc
not interested in head-on collisions, although these could

\y2(x—=Xo—vt)2+ (y—b)? + 22

relevant for nuclear physics. One result is clear: To study *h? 5

VR ; . . + A(r,t)2w(r,t) — t)W(r,t
ionization up to the level of accuracy in which we are inter- 2mc? (r Q=) = en(r, H¥(, 1)
ested, it is fairly exact to consider that the projectile ion

follows its trajectory unaltered. It is also reasonable, be- —eV(r)w(r,t). (15
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V(r) is the Coulomb potential of the hydrogen nucleus. Thetance equal to the grid spacir{§.3 a.u) each time step
electromagnetic potentials are given by E@d) and(12), (At = Ax/v = 0.00592 a.y. To avoid problems with the
and they already satisfy the Lorentz condition because thegingularity of the Coulomb potential of the ion, the projec-
come from the Lorentz transform of a Coulomb potential. tile moves equidistantly to the nearest points of the lattice.
We solve Eq(15) with the same kind of algorithms that ~ An example of the impact of ¥* against atomic hy-
were described for the laser—atom interacti@mqj. 1) with drogen withb = 5 a.u. is shown in Figure 5. Contour plots
slight modifications. The time-evolved wave function is com-represent the probability density at different times of the

puted from interaction with the ion, at the planes= 0 (plots at the top
y = 0 (plots in the middlg¢, andx = 0 (plots at the bottom
W(r,t+ At) The column on the left corresponds to the time at which

the ion is placed at the minimum distance to the nucleus
[Xion(t) = 0]. At this time, the wave function is slightly
distorted, but the acceleration of the electrons reach the
maximum. The column in the middle corresponds to
Xion(t) = 236 a.u.(t = 6.9 a.u) and the column on the
right for Xion(t) = 472 a.u.(t = 12.6 a.u). The contour
lines are in logarithmic scale. In the franze= 0 in the
< exp[fi At Fi (t + At/Z)} exp[fi At Fy (t + At/Z)] first co!umn,. the effect of the incident ion can be observed
f 2h as a distortion of the wave packet, that crosses over the
electron wave function. Once the projectile has passed, the
X exp[—i At H,(t + At/Z)]\If(r,t) + O(At3). (16)  ionized population mainly moves along the transverse di-
2h rection(y-axis), but a clear asymmetry in the wave packet

caused by the strong nondipole interaction can be seen.
We have now defined the Hamiltonian operators as follows:

At
= exp[—l ") H(t + At/Z)]\If(r,t)

= [—'Eﬁ(t-i-At/Z)] [—'Eﬁ(t-‘rAt/Z)]
= exp I2ﬁ 2 exp IZh y

) 02 92 e e ; 4. CONCLUSIONS
M= omae T oma A DT T A D o Three-dimensional numerical simulations constitute an ex-
cellent tool to investigate magnetic field effects on the ion-
—en(r,t) —eV(r) ization of single electron atoms. A few years ago, such
simulations, within realistic conditions, were restricted to
b= k% % 1 — _h? 92 17 supercomputer centers. Today the cheap price of ordinary
y 2m ay?’ z 2m 9z?’ PC computers, together with the possibilities opened by

Linux OS, allows a new strategy: the Beowulf-type Linux

The numerical procedure from this point is nearly the samelusters.
that for the laser—atom interaction. Our numerical simulations are based on the time-

In our calculations, absorbefs mask function were  dependent Schrédinger equation, with some specifications
employed at the integration boundaries in order to avoidor nonsolenoidal vector potentials. The present simulations
reflections of the ionized population. The mask function hashow that the magnetic field effects are present before the
the form sirt’® and is applied over 40 points along the edgeonset of relativistic dynamics. There are certain regions of
of the grid. However, the interaction time is short enough toparameters where the Lorentz force is important but the
prevent a very large amount of the population reaching theelativistic dynamics is not strictly necessary. Regardless of
boundariegthe absorbed population is always smaller thatour interest in magnetic fields, spin effects are meaningless.
1%). It has also been checked that the absorbed populatiowe have repeated some of the calculations using the Pauli
hardly changes when the mask is applied over 30 or 5@vave equation, instead of the spinless Schrodinger equa-
points. The step size is agatrx = Ay = Az= 0.3 a.u. tion, without finding any observable effect of the spin, to the

The hydrogen nucleus is placed at the origin of theaccuracy of our numerical codes.
Cartesian coordinates. For the energy of the incident ion We have presented here simulations for the photoioniza-
chosen(1 GeV/nucleon, the relativistic parameters are tion with a high frequency strong field laser pulse. Those
B =0.3696 andy = 1.076. The U%" nucleus is initially at  realistic simulations evidence the appearance of even har-
X(0) = X, = —200 a.u.,X(0) = b, andX(0) = 0 a.u. This  monics of the incident field induced by the magnetic com-
choice of the initial value oX(0) is a good compromise ponent of the Lorentz force at twice the laser frequency. As
between accuracy—due to the long range of the Coulomieven harmonics are not allowed in the dipole approxima-
potential—and a reasonable computer time. The electronition, those results can be regarded as a possible experimen-
wave function is propagated in time until the ion reachedal clue for the onset of magnetic field drifts.
X(7) = 600 a.u.(r = 15.8 a.u. is the final time We We have also presented results for the impact ionization
employ 2667 time iterations, so that the ion covers a disusing a fast heavy-ion projectile. In this case, ionization is

https://doi.org/10.1017/50263034602202050 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034602202050

192 J.R. Vazquez de Aldana and Luis Roso
X=0 X=236 X=472
15 15 15
AN e o
-15 -15 -15
-15 0 15 -15 0 15 -15 0 15
X X x
X=0 X=236 X=472
15 15 15
7~
z 0 O 0 0 IJI
=
-15 -15 -15
-15 0 15 -15 0 15 -15 0 15
X X X
X=0 X=236 X=472
15 15 15
z 0 ' 0 0
-15 -15 -15
-15 0 15 -15 0 15 -15 0 15
¥ ¥ ¥

Fig. 5. Impact of 2" against atomic hydrogen with= 5 a.u. In the plots, we show the probability density in the plane® (top),
y = 0 (middle), andx = 0 (bottom) at different times of the interaction with the ion. The position of the ion appears at the top of each

plot.

due to an electromagnetic field and not to an electromagBucacov, A., PONT, M. & SHAKESHAFT, R. (1993. Phys. Rev. A

netic wave, that is, longitudinal fields also appear, that evi- 48, R4027.

dence the need for 3D simulations. BURGDORFER, J., ANDERSON, L.R., MCGUIRE, J.H. & ISHIHARA,
T. (1994. Phys. Rev. A0, 349.

CHEN, S., MAKSIMCHUK, A. & UMSTADTER, D. (1998. Nature
ACKNOWLEDGMENTS 396, 653.

This work has been partially supported by the Spanish Direcci6f"HERIAUX, G. & CHAMBARET, J.-P. (2001). Meas. Sci. Technol.
General de Ensefianza Superior e Investigacion Cientiicnt 12,1769.

PB98-0268 and by the Junta de Castilla'y Leén and Unién Euro-CHol, D. & Cuism, W. (2002. Phys. Rev. /&6, 025401.

pea, FSE(grant SA04401). We thank Dr. M.A. Matfas for his DELONE, N.B. & Krainov, V.P. (1993. Multiphoton Processes in
inestimable assistance in setting up the Beowulf Linux cluster and AtomsBerlin: Springer-Verlag.

other computers in the group of Salamanca. Fruitful discussion®ORR, M., POTVLIEGE, R.M., PROULX, D. & SHAKESHAFT, R.

related to programming techniques and computing tasks with C.M.  (1991). Phys. Rev. A3, 3729.
Valverde are also acknowledged. EBERLY, JH. (1969. Prog. Opt vol. 7, p. 359. Amsterdam:

North-Holland.
EBERLY, J.H., GROBE, R., Law, C.K. & Su, Q. (1992. Atoms in

REFERENCES Intense Laser FieldgGavrila, M., Ed) p. 301. New York:
BECKER, W., LONG, S. & MCIVER, JK. (1994). Phys. Rev. 50, Academic Press.
1540. GAMALY, E.G. (1994). Laser Part. Beam42, 185.

https://doi.org/10.1017/50263034602202050 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034602202050

Magnetic field effects in strong field ionization of single-electron atoms

GAVRAS, P, PINpzoLa, M.S., ScHuLTZz, D.R. & WELLS, J.C.
(1995. Phys. Rev. A2, 3868.

GAVRILA, M. (1992. Atoms in Intense Laser FieldSavrila, M.,
Ed) p. 435. New York: Academic Press.

GELTMAN, S. (1994. J. Phys. B: At. Mol. Opt. Phy&7, 257.

GiBBON, P. (1997). IEEE J. Quantum Electror83, 1915.

GREINER, W. (1997). Quantum MechanicsBerlin: Springer.

HARGROVE, W.W., HOFFMAN, F.M. & STERLING, T. (2001). The
Do-It-Yourself Supercompute8ci. Am265(2), 72—79.

Hu, S.X. & KEeITEL, C.H. (199%). Europhys. Lett47, 318.

Hu, S.X. & KEeITEL, C.H. (199%). Phys. Rev. Let83, 4709.

Hu, S.X. & KEITEL, C.H. (200]). Phys. Rev. &3, 053402.

Hu, S.X., MiLosevic, D.B., BECKER, W. & SANDNER, W. (2001J).
Phys. Rev. &4, 013410.

HUENS, E., PIRAUX, B., BuGacov, A. & GADIA, M. (1997). Phys.
Rev. A55, 2132.

JACKSON, J.D. (1998. Classical Electrodynamic®lew York: John
Wiley & Sons.

JoacHAIN, C.J., DORR, M. & KyLsTRrA, N.J. (2000. Adv. At. Mol.
Opt. Phys42, 225.

Kerter, C.H. & KNiGHT, P.L. (1995. Phys. Rev. A1, 1420.

KOoLAKOWSKA, A., PINDZOLA, M.S., ROBICHEAUX, F., SCHULTZ,
D.R. & WELLS, J.C. (1998. Phys. Rev. A8, 2872.

KOoLAKOWSKA, A., PINDzoLA, M.S. & ScHuLTZ, D.R. (1999.
Phys. Rev. A9, 3598.

KremBicH, T., LEIN, M., ENGEL, V. & Gross, E.K.U. (2001).
Phys. Rev. LetB7, 103901.

KrsTI¢, P.S. & MITTLEMAN, M.H. (1990. Phys. Rev. Ad42,
4037.

KULANDER, K.C., SCHAFER, K.J. & KRrAUSE, JL. (1992. Atoms
in Intense Laser Field¢Gavrila, M., Ed) p. 207. New York:
Academic Press.

KYLSTRA, N.J.,, WORTHINGTON, R.A., PATEL, A., KNIGHT, P.L.,
VAZQUEZ DE ALDANA, JLR. & Roso, L. (2000. Phys. Rev.
Lett. 85, 1835.

LATINNE, O., JoACHAIN, C.J. & DORR, M. (1994. Europhys. Lett
26, 333.

MAINFRAY, G. & MaNus, C. (199]). Rep. Prog. Physs4, 1333.

MILoONNI, PW. & SUNDARAM, B. (1993. Prog. Opt.33, 1.

MOSHAMMER, R., ScamiTT, W., ULLRICH, J., KoLLMUS, H., CAs-
siMI, A., DORNER, R., JAGUuTZKI, O., MANN, R., OLSON, R.E.,
Prinz, H.T., ScHMIDT-BOCKING, H. & SPIELBERG, L. (1997).
Phys. Rev. Let79, 3621.

Mourou, G.A., BarTy, CH.PJ. & PERRY, M.D. (1998. Phys.
TodayJan. 22.

PATEL, A., KYLSTRA, N.J. & KNIGHT, P.L. (199%). Opt. Express
4, 496.

PATEL, A., KYLSTRA, N.J. & KNIGHT, P.L. (199%). J. Phys. B: At.
Mol. Opt. Phys32, 5759.

https://doi.org/10.1017/50263034602202050 Published online by Cambridge University Press

193

PATEL, A., PrRoTOPAPAS, M., LAPPAS, D.G. & KNIGHT, P.L.
(1998. Phys. Rev. A8, R2652.

POTVLIEGE, R.M. (2000. Laser Phys10, 143.

ProTOPAPAS, M., KEITEL, C.H. & KNIGHT, P.L. (1997a). Rep.
Prog. Phys60, 389.

PrOTOPAPAS, M., LAaPPAS, D.G. & KNIGHT, P.L. (1997). Phys.
Rev. Lett.79, 4550.

RAaTHE, U.W., KEITEL, C.H., PROTOPAPAS, M. & KNIGHT, P.L.
(1997. J. Phys. B: At. Mol. Physdl1, L531.

REINHOLD, C.O. & BURGDORFER, J. (1999. Phys. Rev. Abl,
R3410.

REINHOLD, C.O., BURGDORFER, J., FREY, M.T. & DUNNING, E.B.
(1996. Phys. Rev. A4, R33.

REzss, H.R. (1990. J. Opt. Soc. Am. B, 574.

REiss, H.R. (1996. J. Opt. Soc. Am. B3, 355.

REiss, H.R. (2000. Phys. Rev. A3, 013409.

REIss, H.R., SHABAEV, A. & WANG, H. (1999. Laser Phys9, 92.

RYABIKIN, M.YU. & SERGEEV, A.M. (2000. Opt. Expres¥, 217.

SAN RoOMAN, J,, Roso, L. & REiss, H.R. (2000. J. Phys. B: At.
Mol. Opt. Phys33, 1869.

SARACHIK, E.S. & ScHAPPERT, G.T. (1970. Phys. Rev. [1, 2738.

ScuuLtz, D.R., KrsTI¢, P.S., REINHOLD, C.O. & WELLS, J.C.
(1996. Phys. Rev. Let76, 2882.

ScauLTZ, D.R., STRAYER, M.R. & WELLS, J.C. (1999. Phys. Rev.
Lett. 82, 3976.

ScuuLTtz, D.R., WELLS, J.C., KrsTI¢, P.S. & REINHOLD, C.O.
(1997. Phys. Rev. A6, 3710.

STOLTERFOHT, N., CHESNEL, J.-Y., GRETHER, M., SKOGVALL, B.,
FrEMONT, F., LECLER, D., HENNECART, D., HussoN, X.,
GRANDIN, J.P,, SULIK, B., GULYAS, L. & Tanis, T.A. (1998.
Phys. Rev. LetB0, 4649.

Su, Q., EBERLY, J.H. & JAVANAINEN, J. (1990. Phys. Rev. Lett.
64, 862.

ToNG, X.M., WATANABE, T., KaTo, D. & OHTANI, S. (2001).
Phys. Rev. A4, 022711.

UrBAcH, D.J. & KEIteL, C.H. (2000. Phys. Rev. A1, 043409.

VAZQUEZ DE ALDANA, JR., KyLsTRA, N.J, Roso, L., KNIGHT,
P.L., PATEL, A. & WORTHINGTON, R.A. (200)). Phys. Rev. A
64, 013411.

VAZQUEZ DE ALDANA, JR. & Roso, L. (1999. Opt. Express,
144,

VAZQUEZ DE ALDANA, JR. & Roso, L. (2000. J. Phys. B: At.
Mol. Opt. Phys33, 3701.

ViviriTo, RM.A. & KNiGHT, P.L. (1995. J. Phys. B: At. Mol.
Opt. Phys28, 4357.

WANG, J., McGUIRE, J.H., BURGDORFER, J. & Qiu, Y. (1996.
Phys. Rev. Letf77, 1723.

WELLS, J.C., ScHuLTZ, D.R., GAVRAS, P. & PINDZOLA, M.S.
(1996. Phys. Rev. A4, 593.


https://doi.org/10.1017/S0263034602202050

