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Coulomb focusing in intense field atomic processes
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In the intense fieldlong-wavelength limit, the oscillating motion of an electron wave packet leads to
multiple passes by the scattering Coulomb center. The influence of the Coulomb focusing, in combination with
multiple returns, focuses parts of the electron wave function, increasing the efficiency of such intense field
processes as multiphoton double ionization. Our calculations show enhancement by more than an order of
magnitude for multiphoton double ionization of He at Quén. [S1050-294{@6)50110-1

PACS numbdss): 32.80.Rm, 31.15:p

In the long-wavelength limit, the core mechanism of as high-harmonic generatighiHG) and hot above-threshold
many intense laser-atom or laser-ion interactiphs4] is  ionization(ATI) in atoms, collisional ionization, bremsstrah-
tunnel ionization followed by oscillations of the electron in lung, and inverse bremsstrahlufig) in plasmas.
the laser field. The oscillating electron can reencounter the The theoretical approach used here to model NSI is an
parent ion more than once; see Fig. 1. The returning electro@xtension of that used in R¢®]. lonization of the first elec-
can be regarded as a built-in electron beam incident on th&on is treated by using quantum-mechanical tunnel ioniza-
nucleus, with current densities greatly exceeding state-oftion models. The subsequent evolution of the ionized elec-
the-art electron beams. Our calculations demonstrate that tHeon and the bound electron in the electric field is governed
current density supplied by the returning electron is everdy classical equations. To emulate the evolution of the elec-
higher than anticipated so ff2—4]. The observed increase tron wave packet, a set of trajectories is launched with initial
results from the focusing effect of the Coulomb potential.conditions taken from the wave function of the tunneling
Due to spreading most of the electron wave packet misseglectron. Full quantum-mechanical calculations exceed the
the nucleus at the first return; however, due to small defleccapacity of the fastest computers currently available, while
tions during the firstand highey returns, a significant part of one-dimensional two-electron quantum-mechanical calcula-
the wave packet is focused into an area close to the center §ons do not account for focusing and other three-
the parent ion. dimensional effects.

The purpose of this Rapid Communication is twofold.  Evolution of the two-electron system after the tunnel ion-
First, we demonstrate the importance of Coulomb focusingzation of the first electron is determined by the classical
for nonsequential double ionizatiofb—7]. Nonsequential €quations of motiorfin atomic unitg:
ionization(NSI) is a process where two fundamental areas of
atomic physics, namely, correlated single-photon two-
electron ionization and multiphoton processes, merge. There
exist two theoretical models for NSI, the “shake-off” model
and the ‘“recollision” model. The basis of the shake-off
model[5] is that during tunnel ionization of the first electron

E < (a)

Z
[Fig. 1(a), departing arrowthe second electron is promoted !
to excited states from where it is efficiently ionized by the
laser field. The basis of the recollision mod#|2,6] is that
the second electron is collisionally ionized when the first
electron revisits the parent idirig. 1(a), returning arrow. r, (b)
So far, the NSI rate predicted by the recollision mddeb,8|
has been too small. Our analysis shows that, for the case of JPEEERS RRREEER -~
helium, the double-ionization rate is increased by more than \ N s
an order of magnitude due to Coulomb focusing in combina- ® & " » -
tion with multiple returns of the oscillating electron. Thus, z,(t,), ry(t,) z,

the discrepancy between the theoretical calculations and ex-

periments7] on NSl is reSOIV_ed' . . FIG. 1. Schematic of the evolution of a two-electron atom or ion
The second purpose of this paper is to discuss more gefy 5 strong laser field. The diamond represents the tunnel ionized

eral implications of Coulomb focusing in intense laser fields.gjectron: the circle represents the secébpaund electron.(a) En-

We show that higher-order returns can enhance the NSdgy evolution of the first electron in time versus thexis. The

mechanism in N&" by two orders of magnitude, which can dotted line indicates tunneling with a rate,,; t, is the time of
be important for recombination x-ray laser schemes. Coubirth. (b) Space evolution of the first electron. The dotted line
lomb focusing will affect other strong field processes, suctshows the Coulomb-focused trajectory.
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Here, r,z are cylindrical coordinates and
E(t)=(0,0,E,cost)) is the electric field. The indiceis=1
and 2 refer to the tunnel ionized and bound electron with 3 ©)

ionization potentiald ,; andl,,, respectively. The nucleus o -

with chargeq is modeled by a softened Coulomb potential § 2} / T —

[9], Vne= —a/(a%+r2+2%)Y2 Softening improves quantita- 8 —
tive agreement with gquantum-mechanical calculatipdk 2 17 /

The parameten is determined by the physical motivation © [\
that the Coulomb potential at the center is equal to the ion- 0 :

ization potentiall ,,. The electron-electron interaction is de- 0 5 10
termined by the Coulomb potentiaWee=1/[(r,—r,)? Electron energy [keV]

+(z2,-2)% Y2

The wave function of the tunneling electron at the time of ~ FIG. 2. ':je|d-ffee+impacfi0ni2ati20+n cross sectiorfor thﬁ pro-
birth t, determines the initial conditions for the classical cessesl@ e” + He™— 2e” + He®" and(b) e” + Ne®" —
equations of motiof10]. The evolution of the wave packet 2¢ + Ne®*. The full and dotted lines denote numerical results and
is traced by launching a set of trajectories with different ini-experimental data of Ref13], respectively.

tial parametersy, andv,,, wherev,, is the initial velocity  the eyolution of the ionized electron in the laser field is very
perpendicular to the polarization of the electric field. Thecomplex. Therefore, in Fig. 1 we have chosen two trajecto-
weight of each classical trajectory in the ensemble is propories that llustrate the effect of Coulomb focusing on the
tional 1o W(tp ,vy) =Wion(tp)W(vr1). Here, wion(ty) is the gy giution of the wave packet. During the periodic motion the
tunneling rate in the quasistatic approximatifitd]. The  gjecron can revisit the parent ion. For small impact param-
quantum—mechagucal transverse velocity distributioflig] eters[Fig. 1(b), solid ling| the electron interacts strongly
W, (vr1) =1/(mbv7;)expl—(vra/81)7], where dvr1=(E,/  with the ion to collisionally excite or ionize the bound elec-
V21 ;)2 The simulation range for the transverse velocitytron during its first return. However, only a small fraction of
distribution is chosen as two time#; and is divided into  the trajectories with low initial transverse velocities pass
60 000 equidistant trajectories. The results have been testelbse enough to the nucleus to contribute to double ioniza-
for numerical convergence by increasing the number of tration. Electrons with large impact parameters miss the nucleus
jectories. The time,, is varied over one optical half cycle. at the first return. Due to small deflections during each en-
The remaining initial conditions for the first electron are counter these trajectories can be focused into the double-
v(tp) =0, ri(ty) =0, andz, is determined by the solution jonization cross section after multiple retufiség. 1(b), dot-
of the equatiorzE,(tp) —V,e=1,1 (see Fig. 1LThe second ted lingl. Thus, the part of the wave function that contributes
electron is assumed to rest at the center of the model poteffio nonsequential double ionization is considerably increased.
tial, i.e., Z,=r,=v,,=v,=0. This can be seen in Fig. 3, where the ionization rate
To evaluate the probability for double ionization, E#)  wyg(t,) is depicted versus the phase of the laser field at the
is solved in a time interval betwedp andt,+ 157/ w. Dur- time of birth; laser wavelength is=780 nm, and the elec-
ing the last five half cycles the electric field is switched tric field strength isE,=0.169 a.u. (=1 PWi/cn?). At this
off using a co$ envelope. Then, the double-ionization intensity the tunneling probability of the second electron is
rate is determined by the integral wy(t,)  small and the ionization rate is determined by the nonsequen-
= [odv,1v,10(ty,v,1)W(ty,vr1). The function 6(ty,,v,1) tial process. The open diamonds and the lower shelf of the
identifies the parameter ranges for which double ionizatiorcurve indicate the contribution to double ionization coming
occurs, i.e.,f=1 when the kinetic energy of both electrons from the first recollision. The nonsequential ionization rate is
after the end of the laser pulse is greater than zero anihcreased by a factor of 30 due to higher returns. This factor
0=0 elsewhere. is characteristic of intensities in the tunneling regime. The
Before studying the double-ionization problem we con-main contribution to double ionization comes from the pla-
firm the validity of our classical approach by calculating theteau region close to the peak of the electric field. There,
field-free impact ionization cross section of Hee — tunnel ionization is most efficient and electrons are born with
He?* +2e~. The parameters ang,;=0.9 a.u.(24.12 eV, low drift velocity so that higher-order returns are possible.
l,2=2 a.u.(54.4 eV}, anda=1 a.u. Numerical results and The calculations show that the enhanced nonsequential ion-
experimental datfl3] are in reasonable agreement; see Fig.ization comes from trajectories with initial transverse veloci-
2(a). ties <6v,41/2 that pass the nucleus at a distance between
A schematic of the evolution of the two electrons of He in5 a.u. (2.5 A and 20 a.u. (10 Aduring the first return. For
the laser field is shown in Fig. 1. The tunneling electron istrajectories with initial velocities well within the &/width,
born on the outer edge of the barrier at the initial-state bindthe velocity distribution does not sensitively depend on
ing energy[8]. The complete set of trajectories representingév,;, and small changes to the initial width of the wave
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104 two reasons. First, the classical model has a continuum of
i L9 bound states. In our case this is not a severe overestimate,
2 since in the barrier-suppressed region, where double ioniza-
sl tion is most effective, the electronic states form a quasicon-
£ tinuum. Second, excitation to low-energy continuum levels is
"3 3 , \ overestimated by our classical model, as can be seen from
04 08 12 16 Fig. 2@).
I . 2 In the remainder of the paper we discuss the implications
ntensity [PW/em™] L . .
of nonsequential ionization on the generation of multiply
charged ions. One application of NSI at reduced intensities
might be recombination x-ray lasers; see, e.g., R&d].
Consider, as an example, a neon atom in a laser field with
parameters similar to those used in two recent experiments
[15]: A=250 nm, E,=2.38 a.u.(1=200 PWi/cnf). The
smoothing parameter &°=0.0419. For the calculation it is
ot assumed that the first seven electrons have been field ion-
ized. The remaining N€" ion is approximated by the two-
FIG. 3. NSI ratewy;(ty) for double ionization in He versus the electron model used above. The first electron is tunnel ion-
p_hasp of the laser fieldt,, at th(_e moment of birttl. Thf laser inten- jzed from the 2! state withl p1=8.79 a.u.(239.1 eVl. The
sity is 1 PW/cnf. Inset: Relative ion yield H&'/He" averaged  second electron is bound in the?istate withl ,,=43.96 a.u.
over one laser cycle, versus laser intensity. (1195.8 eV.
As before, we first test the applicability of the model atom
packet do not critically influence the double-ionization rate.by calculating the impact ionization cross section®Ne
For phasesot,>0.16 andwt,< —0.16 classical Eqg1), in  +e~—Ne®" +2e . The numerical results show reasonable
combination with initial conditions, do not allow for higher agreement with experimental ddta3]; see Fig. 2b). The
order returns. overall difference of a factor of 2 is likely the result of ap-
Double ionization can take place when a trajectory is fo-proximating the two bound electrons by one electron. Re-
cused into an area close to the nucleus. The second importagéating the same calculation as performed for He we obtain
parameter determining the NSI rate is the energy of the rethe relative number of ions averaged over one optical cycle,
turning electron. Calculations have shown that nonsequentiale®*/Ne®* =3x10*. Taking into account only the contri-
ionization works efficiently when the bound electron is eitherputions from the first return yields Né/Ne®*~3x1075.
knocked out by the returning electron or excited above thq’he absolute ionization probabmty per laser Cyclue]( fs)
field-suppressed barrigf;,=1,,—2qE,. The barrier sup- for Ne®* is ~1075.
pression changes with the electric field and is strongest at the |n the experiment of Leet al. [15] the flourescence of
maximum of the electric fieldz,. Even when the barrier is various species of ionized noble gases has been measured.
not strongly suppressed at the time of excitation, the excite@lthough core vacancies in the 1-keV rangXe!'",
electron is ionized at the time of maximum barrier suppresiNe®*) have been observed experimentaily], no immedi-
sion during the next quarter cycle. We have found thatate relaxation radiation has been found. Our qualitative re-
double ionization can also occur when the kinetic energysults are completely consistent with these data. At intensities
supplied by the returning electron is less thgp. In this  greater than 100 PW/cfn all excited states of studied ions
case the energy is gained by laser-assisted collision with thare above the field-suppressed barrier and are immediately
core. This mechanism gains importance with decreasing laenized. Therefore, no prompt radiation coming from a field-
ser intensity. In quantum language, at lower intensities ionassisted collisionally excited core vacancy should be ob-
ization proceeds via intermediate doubly excited states creserved.
ated during the recollision of the returning electron with the  Finally, Coulomb focusing is important for other areas of
core. strong-field physics. In atomic physics, NSI, high-harmonic
The inset in Fig. 3 shows the double-ionization rate nor-generation, and hot above-threshold ionization are based on
malized to the tunnel ionization rate versus the laser intenthe same physical mechanisf]. A tunnel [16] ionized
sity. The ionization rates have been averaged over one optélectron is accelerated in the electric field and interacts with
cal cycle. We have chosen the intensity rarge0.5 PW/  the parent ion during subsequent recollisions. Therefore,
cm?, where the Keldysh parametarzw\/Tp/EZw<0.5 Coulomb focusing must make a significant contribution from
and ionization is dominated by tunneling. Due to the strondhigh-order returns to ATI. Similarly, the single-atom dipole
nonlinearity of tunnel ionization the peak intensity deter-moment—the source term for HHG—will be increased.
mines the nonsequential double ioniziation rate, and the datdowever, experiments on HHG are influenced by propaga-
plotted in the inset in Fig. 3 are rather insensitive to pulsdion effects as well. Whether the more complicated phase
parameters. Inclusion of the pulse parameters of Héfte-  structure of the dipole moment for higher-order returns in
duces the double-ionization rate by 20%. Qualitatively, ourcombination with the accumulation of the phase during
calculations agree with the experimental data presented ipropagation will result in the suppression of the contribution
Fig. 3 of Ref.[7]. Quantitatively, we calculate an ionization from high-order returns requires further study.
rate three times too high. In general, we expect classical Plasma processes, such as bremsstrahlung, inverse brems-
calculations to overestimate the double-ionziation rate fostrahlung, and collisional ionization in laser fields, are
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closely related to ATI and NSI. If the driftherma) energy  amplitude of the electron oscillation in the electric field
of the electron is smaller than the quiver energy, focusing oﬁq=2EZ/w2. For the parameters used abayg=150 a.u(8
electrons in the combined action of the electric field and thexm) and d,~a, for a density of %10'® cm~3 Many
Coulomb potential makes several encounters possible. Thislasma experiments, including those of Rab|, fall within
will lead to corrections to current theorigs7]. this low-density range. Electron-electron collsions become
We have only considered interaction with a single ion.relevant at significantly higher densities and are not consid-
For plasma applications often a high gas density is desirablered here.
With increasing density, interactions with other electrons or
neigbor ions have to be taken into account. These interac- We acknowledge very helpful discussions with N. H. Bur-
tions perturb the focusing of the electron trajectories andiett. This work was partially supported by thesterre-
weaken the enhancement of the nonsequential ionizatioithische Nationalbank Jubilansfondprojekt No. 5124. T.
rate. A conservative estimate for the density at which theBrabec is supported by thes@rreichische Akademie der
effect of adjacent ions becomes relevant can be obtained B¥issenschaften, APART Grant. M. Yu. lvanov is supported
comparing the average distance between thedgnsith the by an NSERC collaborative research grant.
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