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Rescattering effect on phase-dependent ionization of atoms in two-color intense fields
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Influence of rescattering process on the two-color laser ionization is investigated by using an improved
two-step quasistatic model, in which the Coulomb focusing effect is considered. We focus on phase-dependent
rescattering process and “phase-control.” It is found that the rescattering leads to further forward/backward
asymmetry, breaks the symmetry of rate-phase relation apeut 7/2, and accounts for the departure of the
prediction of a simple two-step model from the experimental {Bteys. Rev. Lett73, 1344(1994; Phys.
Rev.Ab54, 4271(1996]. Our results are in good agreement with the experimental observations.

PACS numbd(s): 32.80.Rm

In the past two decades, the study of the interaction oRecently, a fully high-precision experiment was performed
atoms with intense laser fields led to a comprehensive undeby Schumacheet al. [16,17]. Their measurements confirm
standing of the nonlinear physics in the underlying dynamicgnany predictions of the quasistatic model, but there exists an

of the ionized electron§l]. This advance was driven by important discrepancy: An asymmetry in the ATI rates rela-

significant progress in both experimental and theoretical callVe {0 the sign of the two-color phase. Although some at-

pabilities. The recognition of the rescattering process and itgerppts;_afre :nadEO] to explain the departure, the results are

leading to phenomeri2—4] was one of the most important noTii. Ifng?nor%rpose of this paper is to observe the rescat
steps in complete understanding the atom in laser fields. Ip._ . R e
fac{) this thinkping merely comes ?rom a simple quasiclassic ering effect on the phase-dependence ionization dynamics in

ton: O lectron | ¢ field h d wo-color intense fields. To this end, we introduce a three-
hotion: YNce an electron n a strong field has Undergone g ensional(3n) guasistatic model which generalizes the
transition into continuum from its initial bound state, its mo-

L , o ) X ) well-known quasistatic model by including the effect of the
tion is dominated by its interaction with the laser field. In the cou10mb potential on the electron motion after tunneling

case of linearly polarized fiel, a majority of these electrons ignjzation, and therefore, can describe the rescattering pro-
will be driven back into the vicinity of ion core and undergo cess. Our calculations show that, the rescattering effect leads
elastic or inelastic scattering, or be recaptured into theo further forward/backward asymmetry and the breaking of
ground state by emitting a high-energy photon. This procesghe symmetry aboup= + 7/2, and resulting in a shift of the
is the so-called rescattering process. Now, it is commonlyphase yielding the peak signal of the total ionization rate at
believed that the rescattering is responsible for many unusudligh intensity. Our discussions also give a satisfactory expla-
observations, such as the cut-off law in high-order harmonigqation for the experimeritl6,17.
generation, a plateau formed by high-order ATI peaks, and As a beginning, we briefly represent the improved two-
the singular angular distributions of the photoelectrons in th&tep quasistatic model adopted in our calculations. The first
plateau regimg2—9]. Various theories are developed to treatstep, i.e., the ionization of the electron from the bound state
the rescattering. Fully quantum-mechanical calculationso the continuous state, is treated by tunneling ionization
were presented both for simplified delta Source and reaheory generalized by Deloret al. [21]. In the second step,
atomic potential5,7]; Lewenstein and coworkers have madethe motion of an electron in the combined Coulomb potential
analyses in the semiclassical framew®®. Another treat- and the laser fields is described by a classical Newtonian
ment towards rescattering is directly modifying the quasi-equation.
static model by considering Coulomb focusing effect in its  The initial condition of the Newtonian equation is deter-
second steps,9]. mined by a equation including the effective potential given
In the other aspect, two-color laser ionization of atomsin Ref.[22] and a generalized tunneling formula obtained by
became an interesting topic recently, benefiting from the adbeloneet al.[21]. In parabolic coordinates, the Schrodinger
vances in laser technology of “phase-locking.” It shows equation for a hydrogen atom in a uniform fiedds written,
many important novel features that cannot be seen with

single-frequency driving10—20. Additional interests have d?¢ 1 1 1 _

risen from the application implemented successfully in the d_772+ N Z+ Zf" 4_772"' 2€7 $=0. @
past for “coherent control” of atomic and chemical pro-

cesse$14]. Experimentally, Mulleret al. [11]. observed the The above equation has the form of an one-dimensional

dependence of the ionization yields and ATI spectra on th&chrodinger equation with the potentidd(7)=—1/47
relative phase in the MPI regime; With more intense lasers;- 1/87°— ey and the energK =—%. The turning point,
Watanabd 15] observed the phase-dependence ionization ofvhere the electron burn at tintg, is determined byJ(#)
lo—3w lasers, their experiment falls into tunneling regime =K. In the quasistatic approximation, the above field param-
and was explained satisfactorily by the quasistatic modeleter e relates to the laser field amplitudi€t) by e=F(t,).
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FIG. 1. Electron kinetic energy versust,. ¢=0. Improved FIG. 2. Emission angle of the electron versu,. ¢=0. Im-
two-step mode(Solid); Simple two-step modefdotted. proved two-step moddSolid); Simple two-step modedotted.

. Since the system is azimuthal symmetric about the polarghere is the phase difference between two fields. The field
ization axis, we can restrict the motion of the electron on theyarameters are chosen a@8,=F,=0.025 a.u. (;=1,

plane ,z). The initial velocity is set to be,=0vy=vyx. =2 25x 103 Wicm?) and w;=0.04242%,=1064 nm),
The weight of each trajectory is evaluated [I1] w,=0.084844,=532 nm). Thus, the ponderomotive po-
— 4 100
W(tg,vy0)=W(0)w(1), W(O):;exp(—2/36),
£l
S 50 1
— oy Ux0 2 >
w(l)= Eexp(—vxole). 2 i
=0
The Newtonian equation describing the motion of the elec- T v =0.05
tron after tunneling ionization is -50 4 wf0=-0.2512
v e’r -100 . T . r . T .
mer=— ——eR(t)e,. ©) -50 25 0 25 50
r 100
Compensated enerdy,. advocated by Leopold and Percival 0_-
[23] is introduced by E)
©
7 -100
m[. e z >
EC—? r+ He F(t)dte,| —e/r. (4) 200 - $=0
v, =0.05
When an electron is ionized completely, the Coulomb poten- -300 ot,=-1.8212
tial is weak enough ané&, tends to be a positive constant 1
which is just the ATI energy in an ultrashort pulse laser. -400 T . T
We apply our theory to hydrogen atom in the two-color 200 X (a.u) 0

laser field. The laser field is expressed as
FIG. 3. Typical trajectories of the electrota) Multiple return
F(t)=F,cosw;t+F,cof w,t+ ¢), (5) occurs.(b) Direct escape.
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FIG. 4. Phase dependence of ATL)-(6) are the first through sixth forward ATI peaks.

tential U, = €’F?/4m.w®=0.08683. The ionization potential time, i.e.,y<1. Otherwise, the multiphoton ionization domi-
[,=0.5 a.u.(13.6 eV). Then the Keldysh parametgr nates in the regimey>1. Even so, there is no definite
:(I0/2Up)1’2~ 1.69. boundary between multiphoton and tunneling ionization, es-
The parameter is so chosen to match the experimemiecially in the practical applications. In the regime where

[16,17). As is well known, the Keldysh parameter is definedis around 1, one find that both multiphoton and tunneling
as the ratio of the tunneling time and the inverse opticacharacters preseni6,17. This is the so-called “mixing re-
frequency. The tunneling ionization applies as long as thgime.” Tunneling theory was extended to calculate the ion
electric field may be regarded constant during the tunnelingield in many experimentgl0,24—-28, and the calculations
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are consistent with the experimental data even in the regime 6.0x10” - T T T : T
v around 1[25]. It has been shown in Reffl6] and[17] ]

that althoughy>1 and the ATI spectrum evidently showed d=n
the multiphoton character, the phase-dependent variation of 5.0x107 - =0 Simple two-step model \
the ATl peaks was largely consistent with the phase- / $=0 and ¢=n

dependent predictions of tunneling theory. In practice, we
recognize the two essential conditions for the tunneling ion-
ization. That is, the frequency of the laser field is much
smaller than the frequency of the motion of the bound elec-
tron and the strength of the laser field is less than the value of
the critical field(critical field is defined by equating the ion-
ization potential of the bound state to the potential of the
saddle point of the combined potential consisting of the laser
field and the Coulomb potentjalThese two conditions are
essential and are satisfied by our case. So, we try to use the ©oxt” )
improved quasistatic model to study the phase dependent N
rescattering effect. As will be shown later, our results are in e T
good agreement with the experiment. oo [

In our computations, Foinitial points are randomly dis-
tributed in the parameter plarer<owt,<m, vx0>0 so that 0

50 100
the weight of the chosen trajectory is larger than #0Each Angle (degree)
trajectory Is tr_aced by numerical evgluatlon of .Ea). for FIG. 5. Angular distribution calculated by the improved two-
such a long time that the electron is actually ionized. As

X . step model and the simple two-step model.
shown above, in our model the rescattering process of the P P P

electron after tunneling is described by the Newtonian equaregular or irregular trajectories calculated by the improved
tion (3) including the Coulomb potential. ATI spectra and two-step model are demonstrated in Fig. 3. In recent works
angular distribution can be obtained by calculating the statisof G. Sand and J.M. Ro§R9], these irregular orbits are also
tics on an ensemble of trajectories corresponding to varioushown to play a dominating role in the high-order harmonic
initial field phases and perpendicular velocities. To investi-generation.

gate the detailed dynamical mechanism of the process and to e calculate the statistics on the ionized electron energy
show the rescattering effect due to the Coulomb focusing, weorresponding to different ATl peaksince the electron en-
fix the perpendicular velocity and calculate the initial phas%rgy spectrum obtained by E@L) is continuous, so the count
(wto) dependence of the ATl energy and emission angle obf the nth ATI peak is defined as the sum of the points
different ¢ by using both the improved two-step model andleading to the energy between< 3)%w and 1+ %)% w in

the simple two-step mod¢in which the Coulomb potential our calculatiod. Figure 4 shows the relativé dependence

is neglected in Eq(3)]. Figure 1 shows the energyt, de-  for the first six different ATl peaks. The ATl peaks corre-
pendence and Fig. 2 shows the emission aaglgdepen-  spond to electrons in the forward directiéthe direction of
dence. As the initial velocityu(y ) perpendicular to the po- g) just as same as the ATI peaks detected in the experiments
larization of the electric field is relatively large, the improved [16,17. Comparing with predictions of simple two-step
two-step model predicts a smooth phase dependence of timeodel, the most essential difference is that, only one phase
ATI energy and emission angle almost coincident with thosenot two phase as the simple two-step model predicts where
predicted by the simple two-step model. This is because ththe peak signal appears for lower ATI peaks. Obviously, a
Coulomb focusing effect on the electron with large perpenssymmetry abouip= * /2 appears in theb dependence of
dicular velocity is small, i.e., the electron does not rescattethe ATI peaks in the prediction of the simple two-step model
with the nucleon when it quiver in the external field with a but the symmetry no longer remains in the prediction of the
large initial perpendicular velocity. Things change in casesmproved two-step model. This kind of breakdown of the
where the perpendicular velocity of the electron is quitesymmetry can also be found in the experimental data of Refs.
small. The electron has large probability to collide with the[16] and[17], especially remarkable in the low energy ATI
nucleon. This leads to an obvious difference between thpeaks of Xenon spectrum.

predictions of two models. The dependence of ATl energy Inspection shows that this asymmetry is due to the break-
and the emission angle on the initial phase is poorly resolvedown of forward/backward symmetry showed in the angular
in many regions indicating that chaotic scattering happenslistribution Fig. 5. This is one of the important rescattering
[9]. In these regions, any arbitrary small change in the initialeffects and will lead to the fore-aft asymmetry showed in
phase may result in a substantial change of the final electrohig. 8 of Ref.[17].

energy and emission angle. Multiple returns and even an Figure 6 shows the relativé dependence for the back-
infinitely long time trapping can occur in these regions andward ATI peaks. It is clear that the symmetry ababit

they will give the main contribution to the novel distribution = 77/2 also breaks down but the symmetry with respect to
in the plateau region of the ATI spectrui@]. Some typical ¢— ¢+ m, z— —z andwt— wt+ 7, which leads to that the
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FIG. 6. Phase dependence of ATL)-(6) are the first through sixth backward ATI peaks.

backward rate at phas¢ is the forward rate at phas¢  yielding the forward peak signal shifts from 0 #92 as the

+ 7 remains. Figure 7 shows thg dependence of the total energy increases. On the other hand, the phase yielding the
(summed forward and backwarchtes for the ATI peaks. It backward peak signal also shifts froms to — 77/2 for the

is qualitatively consistent with the experiment. The reasorsame reason. As a result, the phase yielding the peak total
for the shift of the phase, which yields the peak total rate camate, which is the sum of forward and backward peak signals
be explained as: with respect to the forward ATI electrons, ashifts to positive as the energy of the peak increases.

stated in Ref[17], the contribution to the high energy elec- We would like to point out that the breakdown of the
tron increases ag increases from 0 tar/2. So the phase symmetry of the rate-phase relation abagut + 7/2 has also
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FIG. 7. Phase dependence of the tgsalmmed forward and backwargield for the ATI peaks.

been shown in paper of K.J. Schafer and K.C. Kulard8t. the photoelectrons with higher ATl energy. This effect leads
However, without including the rescattering process in theto that the contribution from the field witth=0 to the high-
calculation, the phase yielding the peak total rate keeps anergy ATI peaks increases relatively. Then the shift of the
¢=*+ /2 [corresponding tap=0 in the Eq.(5) adopted in  phase yielding peak signal of high energy forward photoelec-
our calculation and then the shift cannot be predicted by tron from ¢=0 is smaller than that predicted by the simple
their theory. two-step model. This can be shown by comparing Fig. 8 with
Another important rescattering effect is the increment ofFig. 4 and is readily proved by the fact that the prediction of
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FIG. 8. Phase dependence of the forward ATI peaks predicted by the simple two-step model.

the simple two-step model is more consistent with the extescattering influences the phase-dependent ionization in

perimental data for low intensity than for high intensity. two-color intense fields dramatically. It is shown that the
In conclusion, we have studied the influence of rescatterdeparture of the predictions of the simple two-step quasi-

ing on the phase-dependent effect in the two-color laser fieldtatic model from the experiment is indeed due to the rescat-

ionization by using an improved two-step quasistatic modetering effect. Rescattering breaks the symmetry of the ATI

developed recently. The behavior of the classical trajectoriesate-phase relation aboudt= + 7/2. This breakdown of the

of an electron after tunneling are analyzed. We find that theymmetry leads to the shift of the phase, which yields the
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peak signal of the total rate of the ATl peaks. Our results carably described classically, a fully quantum wave evolution is
give a satisfactory explanation to recent experiments on twoworthy of developing in the future work.

color ionization in intense fields. The author J. Chen want to thank Dr. Cheng for helpful
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