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ABSTRACT
An analytic expression for the gauge independent transi-

tion probability amplitudes is found for a . ene<dimensional

Dirac-delta function potential at Strong Electric Fields.
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We will examine the case in which the optical radiation in
tensity is of such magnitude that the usual perturbative treat
ment can not be employed. Therefore we will deal .with  the
construction of a non-perturbative expansion in an electromag
netic field.

The Schrddinger's equation for an hydrogen-like atom in the
presence of a spatially homogeneous eléctromagnetic field

can be written as:
Ay, = [51-5(5 velhw))t sV by mthdilv ey W)
The solution of this eguation in the integral form is

¥, ¥ =T ¥ ' (2)
[ (t) (t:,t&)l (to)
where

t -
T(t, to) =T, (t,-to) -1/h J[ dt'Td (£, t') ‘H—HOJT({:' ,to) {3)
: -
o
is the temporal evolution operator associated to the . opexator
H and To(t.tO) is assoeiated to H . The non-~perturbative ex-

pansion in the electromagnetic field consists in setting ﬁo = h0=
f%(ﬁ-&% K(t))z and the temporal evolution operator associated

to this operator has the form:

T (t,t ) = exp {— ilh .J’tdt'zl—m(ﬁ +Z AN )?} (4)
t
o
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In the expression (3) an iterative process results in an
expansion in terms of the intra-atomic potential v(r) which
is useful for the case of interaction of strong fields with
the atomic system. Taking this expansion in expression (2} and

using the coordinate representation we obtain:

v(E,t) = Jatr g (E,t]F) 000, () -

-

£ rf
- Tii j at? J'a=r1da.r2_go (F,tfr, ,£IV(E) g, F ), ¢ [z,,0)v, (z,) + ...
° (5)
where it isassumed thatint =0 the atomic system is in: the
> .
ground state Lwﬁ(o)> and g°(§,t|r1,tf) is given by:
3 + ! — l 3 . i L] 1 +\ e . 1] 2 i > +—+
go(r,t[rl SE') -m d P, eXp {—ﬁﬁt m(plhai(t )),.}gxp{ﬁp.(r rl)}
.t" : .
(6)
The transition amplitude to an eigenstate of the atomic ha

miltonian is:

. 1 ie + -
L |exp {R A(t).r} lo(t)» (7N

and the appearance of the gauge term exp -%% A(t).£) in this
expression preserves the gauge invariance of the transition prob
ability [1].

We will now apply this to the case in which the atomic sys-
tem is represented by a particle bound by aone-dimensional Di-
rac;delta functioﬁ potential V(x) = - Bé(x)[2]. As-Uﬁj;pouéﬂﬁal
adnits only one bound state, the time dependent ionization prcb

ability can be written: (Atomic unit are now used).
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P(t) = 1 - [Mj, (6" (8)

where M. (t) = <wb[exp{%h(t) . } [#(t)> represents the pvoba-
bility amplitude for the particle to remain in a bound state.

Using in this expression the expansion (5) we obtain:

(0) (1) '
Mii(t)==uii (t) + Mii (£) + ... (9)

, Mg?(t) =Iii"x¢.‘; (x)yexp {%—::A(t)x}jdxlgo(x,tlxl,O)qs_.b (xk)

where (10}

v _-

] t
Mﬁ) =_ijdx¢:(x)exp{%h(i':)x}'[ dtfdxlgo (x,t|x1,t_')V(x1)
© (11)

; Idngo(xl,tllx2,0)¢b(x2)

and so on,

At strong electric fields, the main contribution +to the
transition probability comes from the first term of the expan:
sion (9) which can be interpreted as the evolution -of the
initial packet in the presence of the electric field [3]. Thus,

we can describe:
2 .
Mgg) (t) = exp(~iB{t)) Jd_pexp (—i%—t)exp(iﬁa(t) )Ub (p)I_Jb {p) (12)

where Ub(p) is the Fourier transform of the bound state mod-

ified by the presence of the electric field

B 3/2 - 3/2
2 B . . 2 B
O, ) =°V7 1 RN =.\/?—E=‘1—p1"

T BZ4(p + ZA(D)
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5(1?- r.dt'A" t")

o

g{t)

and

1 {* |
o {t) - E'J A(t")at’

]

Let us introduce the adimensional variables

A{T)

T=B*t; A(T) = =

3 G(1) =Ba(T); B(T) = B2R{T)

Thus the term. Lig):("r) can be expressed in a closed form at

cost of noticeable manipulations on the integrals involwed:

Mgg) () =.exP“"i§,""” {(1/2 « 1/K (1) l-m(-e'i(n'),-- 1, 7) + m(E(fr),-iF*,ﬂ:)] +
1+ A _
)

+ (1/2-1i/A(8))} [m(@ (1) ,~i,7) + m{-&(T),-1iF,T ]]} {13)
where m(x,k,t) are the Moshinsky's function [4] giwven by:

m(x,k,t) = -32: expl-i(kx-]—{-;:-)]erfc[w exp(-iTrM):I

with W= (x-kt)/(2t)%/% ; Erfc(z) =% r\'dt:exp(—tz)
Vi
Z
If one puts A(t) éi---cht in the expression (13), one. finds

the results obtained by Arrighini et al. [5]. An extensive dis
cussion about the problem analized here but without considering

the gauge term exp{-%a(t) x }is found in [6]. We present nu-
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merical results as a check of the ‘quality of our ' approximate
ionization probability P (1) =1 - |M(0) (ty|?. As in references
[3] and [[6] we consider two fundamentals parameters in the behavior of
Po(ﬂ.zlo/m and. Eo/Ec' where E  ig the critical field and I, is
the ionization energy. The case examined here, with Io/m =20
for all curves and E /E_ = 10%:10% 10 and 1 for figures (1)
@, @ and @respectively, correspond to an ionization by a
statical field. Since the ionikation time is shorter than the
period of the oscillating fixed [see Ref. EB] and (6] in temms
of the "adiabaticity parameter" [ 2] v = .i.(E_) ( _Q.)“l this
gituation corresponds to the “tunnelling regime" Yy <<1,

As expected, our approximation converges for the exact 80
lution in the super=-strong field regime (—:-2 >> l)and presents
some discrepances in the moderate. i:egim; ( __;—':__g 9

We recall that our result is obtained with a correct gauge
invariant procedure while in references [ 3] and ]:6] a hybrid
procedure El] .was"used. However the comparation between fi-
gures@ and @ in the present work with figures (a) and. (b)
in [[67] doesn't enable us to prefer anyone of these two pro-
cedures. This fact reserves a deeper analysis in a future
publication.
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