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Classical collisional trajectories as the source of strong-field double ionization
of helium in the knee regime
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In this paper, the quasistatic model is extended to describe the double ionization of helium in an intense
linearly polarized field, yielding insight into the two-electron correlation effect in the ionization dynamics. Our
numerical calculations reproduce the excessive double ionization and the photoelectron spectra observed ex-
perimentally both quantitatively and qualitatively. Moreover, it is shown that the classical collisional trajecto-
ries are the main source of the double ionization in the knee regime where the double ionization yield is much
higher than that predicted by the sequential single active electron models, and responsible for the unusual
angular distribution of the photoelectrons.
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Recently, the excessive double ionization observed in hesharing” model to describe the NSI processes and nuclei
lium experiments by Fittinghofét al. [1], Walkeret al.[2],  recoil experimenta]10—12. The model is based on the so-
and Sheehst al. [3] has drawn much attention to multiple- called intense-field many-bod§rmatrix theory derived by a
electron dynamics in laser-atom interactions. In these experf€arrangement of the usugimatrix series and includes time,
ments the single ionization yield of He in a linearly polarized €/€ctron correlation, and the rescattering mehanism.
field is accurately predicted by the single active electron | 1€ €xperiments on the double ionization of helium are
(SAB) approximation[2], well described by the Ammosov- mainly confined to the tunneling regime, i.e., the ratio be-

: . tween the tunneling time of the outer electron and the inverse
Delone-Krainov(ADK) tunneling theory[4]. However, the  htica) frequency(Keldysh parameteris less than 1. In this

case of double ionization is more complicated. In the regim&?egime, the quasistatic mode] provides a perfect descrip-

of very high intensities I(>10'® W/cn?), where strong tion for hydrogenlike atoms in intense fields and successfully
double ionization occurs, the double ionization is in goodexplains most nonlinear phenomena observed experimentally
agreement with the sequential SAE models as is that in thgs,13,14. Inspired by this success, in this paper we extend it
lower intensity regime (<10 W/cn?). The double ion- to develop a three-dimensional 3D quasistatic md@aeivo-
ization yield deviates seriously from the sequential SAEstep procegswhich we use to investigate the mechanism of
model and shows great enhancement in the knee reginouble ionization of helium by tracing the classical trajecto-
[(0.8—-3.0x 10*> W/cn?], where the H&'/He" yield ratio  ries of the two correlated electrons. We attribute the double
is close to a constant: 0.002. This surprising|y |arge y|e|d oﬂonization to the classical collisional trajectories: Distinct tra-
double ionization obviously indicates that sequential ionizaJéctory configurations corresponding to the shake-off and
tion is no longer the dominating process in this regime andecollision mechanisms contribute to the nonsequential
that electron-electron correlation has to be taken into acdouble ionization of helium. Our numerical simulations suc-
count. cessfully reproduce the excessive double ionization and the

Both the shake-off model and the recollision model haveohotoelectron spectra observed experimentally in the knee

been suggested to describe the electron correlafi®)5.6. r(_agime. An _intuitive picture of double ionization will be pro-
99 5.8\ ded by this model,

However, neither of these two nonsequential ionization As a beqinni he i d :
(NSI) mechanisms can completely explain the experimental 'S a beginning, we present the improve tyvo-step quasi-
observations. The shake-off model cannot explain the de3talic model adopted in our calculations. The first step, where
crease in the double ionization yields as the polarization the_ ou_ter electron tunne_ls free, is treated by t_he tunneling
the laser field departs from line&7—9]. In the recollision Ionization theory generalized by Delone and Kraifib§]. In

model, the returning electrons are known to have a maxithe second step, the evolution of the two electrons after the

mum classical kinetic energy of ~3.2U, (U, I!rst eIecéron hssdtttj)nr:ﬁledl anq thle ele?rpn—::‘lec_tron !tnterac—
= e2F2/4m,w?), S0 one can determine the minimum inten- 10N are described by the classical equatiGnstomic unit3

sity required for the rescattering electron to have enough d2r 2r r—r

. g S 1 1 17 T2
energy to excite the inner electron. But the double ionization — =5t ———=—F(), (1)
yields observed in experiments have no such intensity dt ri[ri—ry
threshold. In fact, the double ionization process is rather )
complicated and subtle; both the two NSI processes and se- dr, 2, =1 it 5
guential ionization contribute to the double ionization yields dez 13 =13 (1), @

and may dominate in the different regimes. In another ap-
proach, Becker and Faisal proposed a ‘“correlated energwhereF(t) is the laser field.
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The initial condition of the tunneled electron, under the
SAE approximation for Hg, is determined by an equation
including the effective potential given in Reff20] and a
generalized tunneling formula developed by Delone and
Krainov [15]. In parabolic coordinates, the ScHinger
equation for a hydrogenlike atom in a uniform fiekis
written (in atomic unitg

\ d?¢ [lpp 1 1 1 B
-‘\L\ d_7’2+ 74—54-4—7]24‘167] ¢=0, 5)

Distribution

in whichl,,=—-0.9 a.u. is the negative ionization potential
of the outer electron.
. The above equation has the form of a one-dimensional
e Schralinger equation with the potential(7)=—1/47
P —1/87°— en/8 and the energK=1,,/4. The turning point
o o , for an electron tunneling at tim is determined byJ( %)

FIG. 1. MomentL_Jm distribution of the initial state of the inner _ |, the quasistatic approximation, the field parameter
electron. The full circles denote the results of Monte Carlo s yoiated to the laser field amplitud@t) by e=F(ty). One
points; the solid line is the distribution given by the form@g. must point out that, whea>F,,, the turning point will be
complex, which determines the threshold value of the field
F,=0.338 a.u.

The evolution of the outer electron is traced by launching

In our model, the initial state of the inner electron of
helium is described by a microcanonical distribution that is

el s 1 e classicalajectoy Morte CETUCL  set of trajetois with ifrent il parametagan
method has been successfully used in,studying the interad’ whereuv,, is the |n_|t|al_ velocity pe_r_pendlcy_lar to the
tion of atoms with strong laser fields by numerous authoré)OIarization of the electric field. The initial position of the
: gk Nelas by electron tunneling at timeé, is given byX;p=Y10=0,Z10=
[18,19. It provides a statistical distribution of all the param- ~ /2 from Eq. (5). The initial velocity is set to be
eters defining the initial conditions of the trajectory of elec- _ "7° —0 E ' Thus. the weight )c/)f cach tra'ect%)yro is
trons in the ground state of a hydrogenlike atom. Thus, the_ 120~ ~:U1x0— V10 ’ 9 jectory

initial distribution of the inner electron is evaluated by 15]

to, =w(0)w(1), 6
(1. DE2Holr2:P2) 5 Wi(to,v10)=W(O)W(1) ©
pl2,P2 K , 2|plvlo

w(l)= exp(— 2l pvide), 7)

€T
whereHO(rz,pz)=p§/2me—Ze2/r2, K is the normalization

constant, and,=—2 a.u. is the eigenenergy of the inner wherew(0) is the tunneling rate in the quasistatic approxi-
electron. Integrating the above equation, one obtains the manation[21].

mentum distribution Before we go further, we would like to compare our
model with a similar modef22] describing the double ion-
8p;3 ization of helium. First, in our model the initial condition of
p(py)= YTV, (4)  the inner electron is given by the classical-trajectory Monte
7 (P2t Pc) Carlo method; second, the Coulomb interaction is described

by the real Coulomb potential. These improvements are es-

in which pi=2m,U and U is the negative energy of the sential. In the model given in Refi22], the inner electron is
inner electron. assumed to be at rest at the center. This initial condition

The spherically symmetric ground-state Hés repre-  confines the motion of both electrons in the same plane de-
sented by the above microcanonical distribution. This state ifined by the polarization axis and the direction of the initial
specified by the binding energy of the electron in the targetransverse momentum, i.e., in fact, the calculations in that
atom and five additional parameters randomly distributed irpaper are for a 2D system, which may increase the probabil-
the following ranges— n<¢=<m, —1<cosb<l, —w<7y ity of collisions between the two electrons. On the other
<, 0<e€?<1, and O< y,<27 [17]. Here, € is the eccen- hand, the softened Coulomb potential approximation adopted
tricity of the orbit, x,, is a parameter of the orbit proportional in Ref. [22] makes the inner electrons more easily excited
to time, and¢, 6, and n are Euler angles. A random distri- and causes an overestimation of the double ionization rate.
bution of these parameters corresponds to equal probabilit9ur model has been employed to understand the momentum
of the inner electron having any phase in its periodic motiondistribution of the recoil ions and shows good agreement
Here, 10 initial points are chosen and their momentum dis-with the experimental record€3]. Here, we note that there
tribution is compared with Eq4). Figure 1 shows that they are several works in which the classical-trajectory treatment
are in agreement. was used to describe above-threshold ionizafih25.
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In our calculation, Egs(1) and (2) are solved in a time To match the experiments, Fig. 3 shows the double ion-
interval betweent, and 13 by employing the standard ization yields of helium calculated by our model at 13 dif-
Runge-Kutta algorithm. After ten optical cycles the electricferent intensities in the range $410*4) —(4x 10'% W/cn?.
field is switched off using a césenvelope during three The dashed line is the single ionization yield of He predicted
cycles, and during the last two optical cycles the electrons iy the ADK tunneling ratg4], and the dotted line is the
free from the electric field. So the electric field can be ex-ADK tunneling rate for Hé. For peak intensities below 3
pressed as X 10'® W/cn?, one sees that the double ionization rate ob-

tained from our numerical simulations is larger than the

F(t)=a(t)F codwt)e,, (80  ADK tunneling rate, but for intensites above 3

X 10' W/cn? the ADK tunneling rate increases rapidly and
whereF andw are the amplitude and frequency of the field, becomes larger than the ionization rate given by our model.
respectively, and the envelope functia(t) is defined by This figure shows that our calculation is able to reproduce,
qualitatively at least, the excessive double ionization ob-

1, t<10T served in helium experimenf&]. The inset in Fig. 3 shows
(t—10T)7r the double ionization rate calculated by our model normal-
a(t)=4 cos %7 10<t=13T (9) ized to the ADK tunneling rate of He versus the intensity.
Our result is in good agreement with the data in the knee
0, t>13T. regime observed in experimeritg]: the H&/He" ratio in

the knee regime is around 0.002. At lower intensitiés (

The wavelength ia =780 nm, which is chosen to match the <0.5x 10" W/cn?), the deviation between our calculation
experiment [2], and the intensities range froml and the experimental records becomes serious. In a word, our
=10 W/cn? to the threshold value=4x 10'° W/cn?. model provides a suitable description for the double ioniza-

In our computations, F0or more initial points are ran- tion in the knee regime, where as shown above the classical
domly distributed in the parameter plane w/2<wt,  collisional trajectorie$Figs. Ac) and 2d)] are believed to be
</2,v1,0>0 for the outer electron and in the microcanoni- the main source of the double ionization. Above this regime,
cal distribution for the inner electron. The probability for tunneling ionization of the inner electron becomes possible
double ionization and the angular distribution can be ob-and the ADK description is available. Below this regime, the
tained by statistical analysis of an ensemble of classical traonization mechanism of the outer electron transits from the
jectories weighted according to E¢6). The results have tunneling regime to the multiphoton regime and the tunnel-
been tested for numerical convergence by increasing thig description is no longer appropriate.
number of trajectories. Figure 4 shows the relations between the ionization rate

In our treatment, the behavior of the classical trajectoriegind the phase of the laser field when the outer electron tun-
plays an important role and determines the ionization dyfeled. One finds that the double ionization yields mainly
namics of the electrons. There are four kinds of typical tracome from the region-0.2<wt;<0.4 close to the peak of
jectory. Figure 2a) shows a simple behavior. After tunneling the electric field. There is a tail in the regime,>0.4 and a
out, the outer electron is driven mainly by the field and di-cutoff for wty<—0.2. We know that when the outer electron
rectly moves away. It collides neither with the core nor with tunnels out near the peak of the laser field its canonical mo-
the inner electron. Figure(B) gives a more complicated pic- mentum is almost zero. Hence, the outer electron tends to
ture in which multiple returns and long-time trapping areoscillate in the combined laser and Coulomb fields for sev-
experienced by the outer electron. The outer electron firs¢ral optical periods, and then returns to the neighborhood of
tunnels out, and then oscillates in the combined laser anthe core to collide with the inner electron. In this case, the
Coulomb fields. After several optical periods, it collides with typical trajectory of the double ionization process corre-
the core and then absorbs enough energy to escape. In thesggonds to Fig. €). For phasesty<—0.2, the tunneled elec-
two cases, no double ionization occurs since collisions betrons have a nonzero canonical momentum directed outward
tween the two electrons are not probable or slight. Figurefrom the core. Consequently, they will be driven by the laser
2(c) and 2d) give typical pictures of the double ionization field and escape directly from the core. That is, in this pro-
process. In Fig. @), the outer electron tunnels at the mo- cess, the outer electron has no chance to return to the core
ment close to the peak of the electric field and oscillates irand no double ionization occurs. For phasg>0.4, the
the combined laser and Coulomb fields. After several opticabuter tunneled electron has a nonzero canonical momentum
periods, it returns to the neighborhood of the core and coltoward the core, and soon after it has tunneled out the laser
lides strongly with the inner electron. This collision providesfield also reverses its own direction to the same direction. So
enough energy for the inner bounded electron to get freethe electron is driven back to the core by the external field
Figure Zd) shows that, after the outer electron has tunneledand collides with the inner electron. Figuréd® shows the
the laser field reverses its direction within less than a quartetlypical trajectory for this case. In this region the tunneling
of the optical period, so that this electron is driven back,onization of the outer electron is not efficient, and the
collides with the inner electron near the core, and ionizes itdouble ionization rate is low. Comparing the two typical pro-
As we will show later, the resulting energy spectra and thecesses of double ionization, one can find some intrinsic dif-
angular distributions of the photoelectrons for the two pro-ferences. In Fig. @) the outer electron was first ionized out
cesses are quite distinct. and then driven by the field to collide with the inner electron
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FIG. 2. Four typical trajectoriega) The final energies arE;=4.694 a.u. an&,=—2.01 a.u., and the emission angle of the outer
electrond=2.26°;(b) The final energies arg; =8.683 a.u. and,= —1.153 a.u., and the emission angle of the outer ele®rob.67°.(c)
The typical trajectories of electrons in double ionization correspondtan the phase interval<{0.2,0.4). The initialwty= —0.087, the
weight of the trajectory is 0.168, the final energies Be=3.407 a.u.E,=3.278 a.u., and the emission angles of the two electrons are
0,=25.15° 9,=30.86°.(d) The typical trajectories of electrons in double ionization correspond to the phase intetyat {.4). Here
wty=0.924, the weight of the trajectory is 0.014, the final energie€are2.663 a.u.E,=0.237 a.u., and the emission angles of the two
electronsf, =19.2° 6,=129.0°.

and cause the double ionization, which is a typical picture ofvith the inner electron. This collision causes a sudden incre-
the recollision process. In Fig.(® the inner electron was ment in the energy of the inner electron, which soon be-
ionized during the process when the outer electron wasomes free. Because the collision between the two electrons
driven away from core by the external field; both electronsis almost instantaneous the energy is approximately con-
ionize simultaneously, which possesses the properties of theerved when the collision happens. In the case of Fig), 5
shake-off mechanism. The difference between the two produring the escape process of the outer electron it collides
cesses, manifested clearly in the energy evolution of the twavith the inner one. Consequently, both electrons become free
electrons. As shown in Fig.(8), the outer electron becomes almost simultaneously. From our calculation we know that
free with a positive energy and then comes back to collidédoth processes contribute to the double ionization in the knee
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FIG. 5. The energy evolution of the two electrons during the

FIG. 3. The dashed and dotted lines correspond to the singlgouble ionization proceds) corresponding to the case of Figcp
ionization yields of He and He predicted by ADK tunneling ion-  and(b) corresponding to the case of Figd2 The solid line rep-
ization; the full circles correspond to the results from our model.resents the outer electron and the dashed line represents the inner
Inset: Intensity dependence of HéHe" ratio given by our model. ~ electron.

The solid line is from the experimefi].

region, but the main contribution comes from the recollision(PAD)' Figure 653hows the total photoeéectron Sneray .dlsm_
proces,s which gives more than 80% of the double ionizatio bution at 1x 1.01 W/en® and at 1610 W/ent (both in
yield ’ The k.nee reglm)eca]culate(_j from our modgl. Ong can see

Frbm our calculations. we can also obtain the photoeleczha.t’ in absolute_ units, an increasing laser intensity results in
tron spectrdPES and the, photoelectron angular distribution an increase of h|gher energy photoelectron_s. But if one scales

the energy units by the pondermotive enerdy,

=e?F?/4m.w? of the electron, one finds that the PES for

1.2 4
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FIG. 4. The double ionization of He versus the phase of the laser
field at the moment when the outer electron tunneled. FIG. 6. Photoelectron energy spectra calculated from our model.
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107 3 ing feature of the plot is the existence of a slight slope up to
] 40° followed by a tail up to 90°. If one compares this result
] \ (a) with the angular distribution of the transition region in re-
107 \\\ scattering processes described in R&8], where there are
no photoelectrons emitted at angles much larger than 40°, it
] is not difficult to conclude that the tail structure is due to the
\‘\.\,\ electron-electron interactions. Because the velocity direction
6 Oxlgjz_ — of the inner electron is random when the collision happens,
' . the instantaneous strong interactions can give rise to large
Z (b) emission angles of the photoelectron. This can be verified
T 40x10° 1 from Fig. 7(c), which shows the total angular distribution of
3 Tt~ photoelectrons in double ionization. The angular distribution
2 2.0x10° \ is almost flat and decreases slowly as the emission angle
o ] ——— increases.
0.0 — In fact, the final energy and angular distribution of the
1.8x10™ photoelectrons are mainly determined by the scattering pro-
1T (c) cesses. The process shown in Fi¢p) Produces only a low
1.2x10™ 4 \ energy photoelectrofregion ) with small emission angle.
] —, However, for the process shown in Figb® the classical
6.0x10° - \/\/ trajectories have complex behavior, and the energy exchange
| in this process is also complicated. The multiple returns and
0.0 - long-time trapping can produc_e high energy_electrons in this
0 20 40 50 80 process. So this process contributes to the high energy part of

the PES. It is also found that the structures of the PES and
PAD are similar to some extent to those from the rescattering

FIG. 7. Photoelectron angular distribution ax 20 W/cn?. model of hydroger{13]. This fact indicates that the .main
(a) shows the total distribution of photoelectrofis} PAD for pho-  Structures of PES and PAD come from the rescattering pro-

toelectrons in energy region ) PAD of the photoelectrons in €SS Of the outer electron with the ion He
double ionization. In conclusion, a quasistatic two-step model was used to

investigate the double ionization of helium in an intense lin-

) . . ..early polarized field. Our calculations reproduce the exces-
both intensities sh_owsa5|m|!ar shape: The spectrum exhibitS,,e qouble ionization and the photoelectron spectra ob-
a sharply decreasing slopeegion I, 0-2J,) followed by an  goryed in experiments. We argue that the classical collisional
extended plateau up tdg, or more(region I)). This spectral  aiectories are the main source of the double ionization in
structure is much closer to experimental observations in thig,q knee regime and responsible for the unusual angular dis-
regime(2]. , _ .. tribution of the photoelectrons. Two distinct typical colli-
~ We know that in our model the electron tunneling is ini- 5iona) trajectories correspond to the recollision process and
tiated in the phase intervah m/2,7/2], so the total photo-  1he shake-off process, respectively. Both processes contrib-
electron angular distribution has to consider the contribution;;e to the double ionization, but the recollision gives the
of electrons originating i 7/2,37/2], which is rotated by  majn contribution and leads to more than 80% of the double
90°. Figure Ta) is the total angular distribution of ionized jonization yields. Our calculations based on classical trajec-
electrons. One finds that, except for a concentration in theyries provide an intuitive picture of the double ionization of
field direction, there exists a long tail decreasing with apgljym, and are helpful in understanding the complicated be-
power-law dependence 1/5(6/2), which is different from  phayior of multielectron atoms in intense laser fields obtained

the angular distribution for pure tunneling where it decreaseg, quantum calculations and future experiments.
exponentially. This structure is due to the scattering from the

core and the interaction between two electrons during the We acknowledge very helpful discussions with Dr. T. W.
rescattering process. Figuréoy shows the angular distribu- Cheng. This work was supported by the Important Funda-
tion of photoelectrons in the energy region Il. The most strik-mental Research Project of China.
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