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A non-perturbative method is used to investigate the one-dimensional problem
of the electron-atom scattering in the presence of intense field by solving the time-
dependent Schrodinger equation in momentum space. The exact results of the trans-
mission and reflection coefficients for the system are derived. Some errors in the previous
heuristic results are found.

Most of the theoretica studies for the scattering of electron by atoms in the intense
radiation field are based on the perturbative theory [1-3]. Starting with the well-known
Kroll and Watson [4] work on the soft photon approximation, there exists only a few non-
perturbative approaches for this problem. Shakeshaft [5] has formulated a non-perturbative
method of coupled integral equations for calculating the scattering cross section by assum-
ing the potential is seperable. Rosenberg [6] applied the variational method for Coulomb
scattering in the laser field using low-frequency approximation. Bhatt et a [7] and Gavrila
and Kaminski [8] used the Kramers-Henneberger transformation to study the problem and
the one-dimensional scattering by a polarized potential is considered. Recently, a new and
efficient non-perturbative method of solving the time dependent Schrédinger eguation in
the momentum space for a system undergoing multiphoton processes has been introduced
[9-10]. This theory has been applied to study the above-threshold ionization of atoms [11]
and the electron scattering by atoms in the intense laser field [12]. Successful results are
obtained. In the case of one-dimensiona scattering problem, the most important quantities
are the transmission and reflection coefficients during the scattering. These coefficients have
been discussed briefly in the previous paper [10] for the case without radiation field, and
onlyT heuristic results are guessed when the field is included but no detailed derivation is
given. In this report, we present a detailed analysis for this problem and the exact results
for the transmission and reflection coefficeints are derived. Some errors in the previous
heuristic expression are found.
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The time-dependent Schédinger equation for an electron travelling in the radiation
field of a vector potential A(t) and scattering by the atomic potential V is

o) > = [ 2 < ve o )] [pio) > (1)

where Hy is the interaction between the electron and the laser field

Hp= wp-——- -~ e (2)
mc m

with f(t) = %ﬂ. The A%(t) term in H; has been removed by a trivia contact trans-
formation [4]. Initially, at time ¢t — —oo, the electron is far from atom, i.e, free of the
potential; thus V can be replaced by Ve~eltl in which ¢ is positive and infinitesmal. When
the potential V is turned off completely, the problem becomes the free electron scattering in
the radiation field. The solution to the time-dependent Schrodinger equation was originaly
derived by Volkov [13] and can be written in the following form

|Xp(t) > = exp{—i[E(K)t/h + ()]} k> (3)

where E(k) =h?k?/2m, |k > is the eigenvector of p with momentum eigenvalue hk nor-
malized as

<z

k> =(2m)" Y2 (4)

and the rea phase 6i(t) is given by
1 7t '
0ult) = 5 [ at[E) -~ E(K) = 1)

= [E(k) —E(I()]t/h—-%/ot f@hat'

where K& is the initial momentum of the electron.
For our purpose, we take the Volkov states as forming a complete set. The solution
of Eq. (1) is expressed as

[9(t) > = [Xk(t) > +]e(t) > (6)
in which the electron is initidly in the state |Xx(t) > and |¢(t) > is expanded as
6()>= [ dhax(B)x(t) > ™

with the boundary condition |¥(t) > — |Xg(t) > as t ——o00, i.e.: |¢(—00) > = 0. Sub-
stituting Egs. (6) and (7) into Eg. (1), we obtain the inhomogeneous integro-differential
equation for the coefficient ax(t):
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m%ak(t) = e (O[e=0x() < k|Ve M| K > 1by(2)] (®)

br(t) = eBEN/A < kveeld|o(t) >
(9)

/ d' e~ g, (1) < K[Ve M|k >

with the boundary condition a(—oc) =bs(—0o0) = 0. This set of equations have been
used in the previous paper [12] to describe successfully the multiphoton process in the
electron-atom scattering in the intense laser field.

In order to obtain the transmission and reflection coefficients, introducing the Green®'s
function defined by

2
(QP—m - fl(ri)p - ih%)G(t, ¢ E)=6(t—t) (10)

For positive (¢ —t'), the GreenTs function in coordinate representation is given as [4]

oC

< 2Gle’ > = '2%7? _Ooexp[igk(t’) — igi(t)]e* =TV dk (11)
where
: E(K)t
au(t) = U0 4 g,0) (12

Therefore, the scattering state |¢(t)> corresponding to an incoming wave with momentum
RK in coordinate representation is

i [e’e] ,
< zl(t) > _/ dt’/ IXT < z|Glz’ ><2'|Ve |y (t') >

] t 0 . y !
2lh / dt’ /Oo dm’/ dkexp[igk(t')—zgk(t)]e‘k(x‘r) (13)
™ —00 -0 - OQ

X <z'|Ve~dtljyg(t') >

For a linearly polarized field A(t) = a cos wt, we have

0c(t) = [E(k) — E(K)Jt/h— :fc‘; sinwt (14)

It may be shown, by letting t —t+2% and ¢’ —¢'+ 2% in Egs. (6) and (13), that

exp{i[—E%E —Hg f(t")dt' }vx (t) > is periodic in ¢t with period 27 /w and therefore can
be Fourier expanded
ei{E(K)t/h—i fot f(z:)dt']WK(t) > — Zipn(lfa k)e-inwt (15)

Substituting this expansion into Eg. (13), we obtain
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< z|g(t) >
__ 2;)5 ;/_Z dz’ /:o dk /_too dt/exp{i[w%wt' ~ nwt'] }
X exp{-i[—E-(k—)t _k / t f(t’)dt’] Jereme) < Ve Mg, (K, k) >

/ dxl 1k

_i[E(k,,)t/h-é;l J5 1(enar) < 2'|\Ve o (K, ky) > (16)

where E(k,) = —n = E(K)+nhw. Making use of Egs. (3) and (15), we have for z — + o0
< .’E|¢ > — Z( ml\/_) 1knze—i[E(kn)t/ﬁ——nﬂ‘-ﬂ) Iary

t+27m/w ,
X / dt' < X (O)Ve W pre(t) >
t

Substituting Eq. (6) into above equation and making use of Eqs. (5) and (9), finally we
obtain .

< z|g(t) >
a t42m/w ! / t '
= S() <ol ®> [ atl< X OV e () > an
n n t
+ei0kn(tl)bkn(t’)]
where a = —/27wim/h?. Therefore Eq. (6) gives

<zlpr(t) >= Y Tn < zlXk, (1) >, T — 400
where

t+2m/w
To(t) = 6m0+ —/ dt'[< Xe, () Ve W lxp () >
(18)
+e%n (py (1)
is the transmission coefficient for the electron to absorb n photons. Following the similar
procedures, the reflection coefficient for absorbing n photons, R,(t), can also be obtained
by letting z — —oo in Eq. (16).

< zlp(t) > — ZR ) < z|X_g, () >

' t4+2r/w ,
m() = £ [T oW e > (19)

+ef-xa (b (1]
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Therefore, the exact results of the transmission and reflection coefficients are derived
as given in Egs. (18) and (19). Our work is the first detailed derivation of these coefficients
for the electron scattering by atoms in the intense radiation field. Comparing these exact
results with the heuristic guessed expressions given in the previous work (Eg. (12) of
Ref. 10), it is found that some errors are made in the previous expressions and have been
corrected in our results.

ACKNOWLEDGMENT

This work was supported by the National Science Council of Taiwan, R.O.C..

REFERENCES

[1] 3. 1. Gersten and M. H Mittleman, Phys. Rev. A13, 123 (1976).
[2]F. W. Byson J. and C. J. Joachain, J. Phys. B17, L295 (1984).
M. Gavrila, A. Maguet, and V. Veniard, Phys. Rev. A42, 236 (1990).
N. M. Kroll and K. M. Watson, Phys. Rev. A8, 804 (1973).

R. Shakeshaft, Phys. Rev. A28, 667 (1983).

L. Rosenberg, Phys. Rev. A26, 132 (1982).

R. Bhatt, B. Piraux, and K. Kurnett, Phys. Rev. A37, 98 (1988).
M. Gavrila and J. |. Kaminski, Phys. Rev. Lett. 52, 613 (1984).
[ 9] R. Shakeshaft and M. Dorr, Z. Phys. D8, 255 (1988).

[10] R. Shakeshaft and C. S. Han, Phys. Rev. A38, 2163 (1988).

[11] C. S. Han, J. Phys. B23, L495 (1990).

[12] C. S. Han, Chin J. Phys. 28, 131 (1990).

[13] D. M. Volkov, Z. Phys. 94, 250 (1935).



