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Electron emission during combined attosecond pulses
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When a strong attosecond laser pulse acts simultaneously with a fast ionic projectile, the electronic response
of an atom changes and leads to a drastic change in the final momenta, which may be observed in recoil-ion
momentum experiments. The nonlinear response to the combined fields leads in certain cases to ionization
probabilities more than three times larger than the probabilities by either of the two fields individually. The
results are based on an algorithm for accurate solution of the time-dependendiSgaraquation in three
dimensions, which has the property that it requires CPU time comparable with that of two-dimensional
methods.
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As attosecond laser pulses with full phase control are be- The method we propose solves the TDSE on a grid con-
coming reality[1], a number of electronic processes aresisting of a finite set of points representing three-dimensional
likely to be studied in the time domain. For example, pro-space. On the grid, the dynamical equations are propagated
cesses such as Auger deday and collision-induced charge by a split operatof13]. In Cartesian coordinates the spectral
transfer[3] can in principle be monitored with assisting at- Split-operator method is readily implemented and many ap-
tosecond “camerasf4] to gain new insight into the detailed Plications have been found, but these coordinates are often
electron dynamics. Along these lines it is also interesting tdnconvenient since they do not allow the introduction of any
bear in mind that exposing any electronic system to severafnderlying symmetry pertaining to the problem at hand. In

perturbations may lead to interference effects, testing thgontrast, the core of our method is to expand the wave func-
processes at the level of phases, and resulting in strong jon 1n ort_hogonal polynomlals which diagonalize pa_lrt of the
altered dynamics amiltonian effectively. For the processes we are interested

In a recent worK5] it was suggested that the dynamics of n here, we take advantage of the spherical symmetry Qf the
S . : atomic potentialVy(r) and express the TDSE in spherical
a collision-induced continuum electron would be drastically

oordinates for the scaled wave functidn=r¥ [atomic
changed by the presence of an attosecond laser pulse. T Bits (a.u) are used throughalit
final electron momenta would carry a signature of precisely
how the laser pulse and the projectile Coulomb interaction 1
worked with respect to each other, and it should be possible ( - =
to observe the effects by recoil-ion momentum measure- 2
ments[6]. The conclusion in Ref5] was, however, based on
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classical Monte Carlo calculations. To include possible Co_vvhereW(r,t) is a general pert_urbgtlon depen_dlng on time
herent dynamics and interference the need dbr initio and space. In the present application we gon5|der the hydro-
guantum-mechanical calculations is evident. Such calculad®" a'gom,vo(r)— —1r, but the method will 'work for any
tions are complex since the lack of symmetry requires a ful otentla[ favoring a representation in spherical coordinates.

. ) . / ; ntroducingA= — 3%/ 9r? andB=L2/2r%+V,(r), the wave
three-dimensional solution of the time-dependent SChrOfunction at timet+ At, with At small, can be evaluated in
dinger equation(TDSE). Standard numerical methods for - ’ ’
. . ) the split step fornj13,14

laser-atom interactions rely on the conservation of, e.g., the
magnetic quantum numben in linearly polarized fields — @(r,t+At)=e A1A2e 1AIBI2g =AW o —1AtB/2g —IAtAZZg
[7,8], and such schemes then become inapplicable. Also re- 3
cent advanced three-dimensional methods are either special- X(r,t)+O(At"). )

ized towards atomic collision procesg@s-11] or laser-atom - .
interactiong12], only. This motivated us to develop a flex- The error term represents the splitting error and it disappears
ible method applicable for a general time-dependent field\.’vhen th.e operators commute. TBe)_perator Comb'nes more
Hence, the purpose of the present work is twofold. First, g£ommuting operators, thus evaluat|or_18_)tan be carried out
powerful and very general numerical method will be pre—In |nd|V|QU§1I steps without further ;phttlng errors. .
sented. Second, fully quantum-mechanical calculations, onl An efficient and accurate numerical scheme is obtained by

practical to carry out with the method, address the questio xpar;.di_ngdb(r,tt)) in sfphgricgl h_armonicsf,m(ﬂjk) defined
of collisions in combined fields of attosecond duration and iton @ finite number of point€lj = (6;, $x),

is investigated to which extent the electron dynamics driven I max

by laser pulsesind fast ions is altered compared to “laser d(r, ,ijf[):% fM(r, DY im(Q0), 3)

only” or to “collision only” processes.
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wherer; defines the radial grid points. For fixed (fixed §s Laser Pulse
¢\), the discrete versions of the spherical harmonics main- 2
tain their unitarity property if theg;’'s in Q;,=(6;,¢\) are X
chosen as the Gauss-Jacobi quadrature ppidfs However, /
when the azimuthal symmetry is brokemis not conserved,
and no known two-dimensional analog exists and in fact the Y € R
Gauss-Jacobi points and weights dependpnvhich again
makes the method unattractive. The way out of this dilemma
from related mathematical physics of, e.g., methods of geo-
physical researciil5] has been to reexpand the spherical
harmonics in a basis of associated Legendre polynomials in FIG. 1. Collision geometry. The collision plangy) is defined
6 and a Fourier basis isp on a regular grid. A consequence by the projectile trajectorfR(t). The laser is propagating perpen-
of this is a clustering of evaluation points near the po|esgicular to the scattering plane with an in-plane linear polarization
which implies several undesirable features. These can bctore=(cos®,sin®). In the calculations we considgrH(1s)
eliminated by adding clever “filtering” technique, with the collisions with impact parametdr=3e, and velocityv = 2e,. The
unavoidable consequence of a rather complicated code. laser is modeled by a sinusoidal pulse with & sinvelope of du-
Alternatively one may take any interpolatory quadratureration 7=16. See text for details.
rule over the sphere which integrates exactly all polynomials . ) o
of degree<2l ... Recently abscissas and weights for such With the central r'ole ofsphenqal hgrmonlcs in many areas
rules were computef16,17 and made available over the of quantum dynamics, the practical |mpleme_ntat|on of Egs.
Internet[18]. The points are distributed almost equidistant,(2)—(6) in computer codes cannot be overestimated. The ad-
thus no “pole problem” exists and for a specifig,,, the vantage of the present method is foremost_that rglatlvely few
number of angular points is (2ac+1)% In the calculations Points O make the method quasi-two-dimensional when
we have used,,,=7 and on the radial grid with radiug, high values of max @re not generated by the thernal potentlal
—100 we have used 2048 points, and in the propagation w¥/(r.t). Keeping the total number of numerical mesh points
have used\t=0.01. We have integrated untit=60, with ~ constant, the present method thus allows for a much larger
v=2 the velocity of the proton projectile. Tests for conver- radial mesh compared to, e.g., Cartesian grid points. A larger

gence were performed with 4096 radial points ang, spgtial volume may thl_Js be discretized at the same compu-
—15. tational cost. The Fourier transform as well as the propagat-
ing potential can be performed in parall@9] with a mini-
mum of communication time.

The method is therefore ideal for a range of time-
dependent phenomena such as vortex dynamics in Bose-
811 S = 20 Wik s (1) YVim( Q). (4)  Einstein condensaté¢&0], atoms and artificial atom®1] in

Ik time-dependent electromagnetic fields, as well as ion-atom
The radial basis functions can at any time be constructed bcgollisions. For eIe(_:tron emission in partiqular, the _outgoing
oulomb wave is obtained by a direct radial one-

dimensional integration and the differential cross section in a

Taking Q;,,wj, as the set of abscissas and weights en
sures that the standard orthogonality property is fulfilled,

fh(r; ,t):% wjle*,m,(ij)d)(ri Qi ), (5) certain direction is given by
I ; ; P— dp NP s [ m ?
which is a discrete version of textbook projection theory of K" lE (—i)e IY,m(k)f drrRy (Nf(r)| , (7
,m 0

guantum mechanics. The application of the time propagator
(2) involves first that each radial functidiy'(r; ,t) is repre-

. whered, is the phase shift of theh partial wave andR, ((r)
sented in momentum space, '

is a radial continuum function. The exact total ionization
probability can be evaluated by performing the radial projec-
fM(r; ,t)=>, gmnel(™Rokr, (6)  tion onto all positivek states which vanish @&, or, when
ke capture can be neglected, by su%tracting the sum of all popu-
. ) m
The kinetic-energy operator results in a multiplicative factor 160 excited states, A, [ drTRy(n)fi (r). The
continuum-electron analysis discussed here is more compli-

. . — i (7r/Rg) 2k?/24m . . .
onto each Fourier coefficient, i.@y,—e 9k - T cated on a Cartesian grid where the angular behavior cannot
inverse Fourier transform is applied, and the effect of thgyg t5ctored out.
angular-momentum operatozr is a multiplicative factor, consider now the physical situation shown in Fig. 1. A
e "ABEN(r; 1) —e IAIIFDR2THV(IIE M, ), Finally, the  collision plane is identified by the projectile trajectdR{t)
total wave function is reconstructed as in E§) and the =wvt+b with v the velocity andb the impact parameter,
effect of the external potential is evaluated ®yr;,(; ,t which can be detected by coincidence measuremafk
+At)=e AW DR (r, Q1) These steps are repeated in The laser propagates perpendicular to the collision plane and
appropriate order to propagate the wave function. The initiahas an in-plane linear polarization vectes (co$d,sin®)
state may be found by propagation in imaginary time. where® is the angle with respect to theaxis. The corre-
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FIG. 2. lonization probability inp-H(1s) collisions as a func-
tion of the direction of the in-plane laser polarization vectobat
=3¢, andv=2¢,. The collision only probability(dashed-dotted
line) and the laser only ionization probabilifdashed ling are
marked as straight lines. See text for the parameters of the laser
pulse.

sponding interaction part of the Hamiltonian readsgr,t)
=—Z,/|R(t)—r|—E(t)[xcos®+ysin®],  with  E(t)
=f (t)Epcoswt— ) the laser field,E, the field strength,
f_(t) the pulse shapey the laser frequency, anglthe phase p, (au.)

of the field, adjusted to secure a zero dc field component (b) Collision only
after the end of the pulde3]. In the calculations, we use a
finite sirf pulse, f (t)=sirm(t/r—1/2) for — r/2<t<1/2,
7=16 andf (t) =0 otherwiseEy=0.1 andw=0.375 corre-
sponding to two-photon ionization. The Keldysh parameter
of y=3.75 places the study in the multiphoton ionization
regime (tunneling ionization corresponds 0<1) [24].

We focus at an impact velocity of the proton which is
sufficiently high to minimize captura;zzéx. The impact
parameteb= Séy was chosen because our previous sty
indicated pronounced interference effects between excitation
induced by the projectile and excitation induced by the laser
for impact parameters between 1 and 7 a.u.

Figure 2 displays the ionization probability as a function p, (a.u)
of the angle®. A strong dependence on the polarization (c) Collision and laser
direction is observed. When the laser polarization is parallel
with the projectile velocity @ =0°), the probability for FIG. 3. Differential cross section of the ejected electron mo-

electron emission in a combined process is seen to be clogeenta in the collision plane for ionization j-H(1s) for b=3e,

to a factor of 3 larger than if any of the ionization processesandv=2g, and polarization vector wit) =90°. See text for the

acts isolated. Furthermore, there is a backward-forwargarameters of the laser pulse. The origin is highlighted by a bullet.

asymmetry of the probability which is intimately linked to

the phase of the laser pulse. In the backward direction the

effect of the two fields adds up to an emission probabilityonly, or a mixed type. In Fig. 3 the final electron momenta in

only slightly larger than the single-field probability. In both the collision plane are plotted in the target frame. It is seen

directions, only a strong interference effect between the twahat the laser only and collision only processes remain sepa-

perturbations can cause this result. rated: the laser puls@t ®=90°, corresponding to a polar-
We now address the suggestion that the present attoseieation vector perpendicular to the impact parameitarizes

ond interference phenomena might be measured in recogredominantly along the positiveaxis. Asymmetric photo-

measurementg5]. The impact parameter is assumed fixedelectron emission is well known in few-cycle fielf@5,26|

and detected by the “ion” detector. The question is thenand was recently measured and related to the carrier-

whether the electron sign@homenta carries information on  envelope phase differen¢27,28.

which type of process took place, i.e., laser only, collision The collision only process drags the electron towards the
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projectile, and the electrons tend to have a large poskive surement of sophisticated interference effects on the attosec-
component peaked at longitudinal momengg)(of half the  ond time scale.
projectile momentum, and with a peak at negative transverse In summary, we have shown the results of a spectral al-
momenta. This confirms previous experimef29-31 and  gorithm which allow for full advantage of parallel comput-
theoretical[9,31] studies. What is important in Fig.(l® is  ers, to the solution of the TDSE in three dimensions. The
the detailed diffractionlike pattern at the backside of the scatgeneral idea of the method is to use coordinates accounting
terer. . o for part of the symmetry in the problem in combination with
The fact that the two processes in the emission spectrugyanced quadrature rules. Based on its generality we fore-
are rather isolated opens the possibility for electron emissiogeg implementations in many branches of physics, and here,
ip combined fields to take p!aqe with .its own characteristicyg gn example of current interest, we have used the compu-
final momenta. In Fig. @) this is precisely what happens: ational algorithm to show that electron emission momenta. in
the strongy component of the momentum of the laser emis-girong combined attosecond fields carry information on

sion is combined with a strong positivecomponent from  hich type of attosecond process was working.
the collision resulting in electrons arriving with both positive

x andy components. Thus under certain ideal experimental The present research was supported by Notur and Norfa.
conditions the electron momenta in combination with con-L.B.M. was supported by the Danish Natural Science Re-
trolled impact parameters allow for a trace back and measearch Counci(Grant No. 51-00-0569
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