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We study the influence of a laser field on the dynamics of fast (e, 2e) collisions on atomic hydrogen, in

the asymmetric coplanar geometry. We find that the triply diA'erential cross sections are strongly depen-
dent on the "dressing" of the atomic target by the laser.

PACS numbers: 34.80.Qb, 32.80.—t

In this Letter, we present a theoretical treatment of
fast (e, 2e) reactions in a laser field, and report a number
of new results concerning the modifications of the angu-
lar distributions of the ejected electrons due to the pres-
ence of the laser. In particular, we have found that
dramatic changes in the triply differential cross sections
(TDCS) can occur because of the "dressing" of the
atomic target states by the laser.

In order to keep the discussion simple, we shall assume
that the laser is treated classically as a spatially homo-
geneous electric field, linearly polarized and single mode,
C(t) =rosin(rut), and that the target consists of atomic
hydrogen. The (e,2e) kinematical arrangement which
we have selected is the Ehrhardt asymmetric coplanar
geometry, ' such that a fast electron of momentum k; is
incident on the target, and a fast ("scattered") electron
of momentum kg is detected in coincidence with a slow

("ejected") electron of momentum kp, the three momen-
ta k;, kq, and kq being in the same plane. Moreover, the
scattering angle 8~ of the fast electron is fixed and small,
while the angle eg of the slow electron is varied. The
reasons for our choice of the Ehrhardt geometry are that
(i) at high incident energies most of the (e,2e) collisions
occur in this kinematical regime and (ii) accurate experi-
mental and theoretical' results are available in this
geometry for the corresponding field-free (e,2e) reaction
e +H(ls) ~ H++2e

Remembering that in the Ehrhardt geometry ex-
change effects between the projectile and target electrons
are small, and that a perturbative treatment of the
(direct) interaction between the fast projectile electron
and the target atom is justified, 3 4 we start from the first
Born ionization S-matrix element, which for the present
laser-assisted (e,2e) reaction is given (in atomic units)
by

++oo
S~„' = —i dt(Zg„(ro, t)@g,(ri, t) i I/rol —I/roiZg, (ro, l)@p(rl, t)), (1)

where ro and rl are respectively the coordinates of the projectile and target electrons, and rol =
i ro —rl i. The wave

functions Xi,, (rp, r) and Zi,„(rp,r) are Volkov wave functions of the form

Xi, (ro, t) =(2x) i exp[i(k ro —k aosincot Ekt)], — (2)

where Ek =k /2 and ao =Co/ro, ru being the laser angular frequency.
The wave functions @o(rl,t) and @i,,(rl, t) in Eq. (1) are the "dressed" states of the hydrogen atom embedded in the

laser field, the first one corresponding to the initial (bound) state and the second one to the final (continuum) state in

which a slow electron of momentum kq has been ejected. In what follows we shall consider laser fields such that
Co«5x10" V m ' (the atomic unit of field strength). The dressed atomic bound states can then be obtained by use
of first-order, time-dependent perturbation theory. In particular, the dressed ground-state wave function @o(ri,t) is
given by

&p(ri, t ) =exp( —iEot)exp( i a r&) y—p(11.)+ g M„olp„(fl )
i exp(irot ) exp( i rot)—

+n Ep+ CO ~n ~p N
(3)

where y„ is a target state of energy E„ in the absence of the laser field, M„o =(y„ i Co r i yo) is a dipole-coupling matrix
element, and the summation runs over the discrete and continuum hydrogen-atom p states. Moreover, a=co 'Co
xcos(rot), the factor exp( ia rl) en—suring gauge consistency between the Volkov wave function (2) and the dressed
target wave function (3).
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For the dressed continuum wave function @g,(r~, t) we have used the expression

eq, (r ~, t ) =exp ( —iEk, t )exp ( —ia r ~ )exp( —iktt ap sin cot )

( )( ) i ~ exp(icot)
2 n En Ekq+

M„~,y„(r~)+ik e apslnNty( g (r~), (4)exp( ic—ot ) + . . )

E„—Ek, —co

where y$ q, is a Coulomb wave function with incoming spherical wave behavior, corresponding to momentum ke and

energy Ek, =kg/2, normalized to a 8 function in momentum space, and M„g, =(y„ I Cp r
I y$ g, ). The wave function

given by Eq. (4) is a generalization of that proposed by Jain and Tzoars and used by Cavaliere, Ferrante, and Leone9 to
study laser-assisted (e,2e) reactions. This generalization, which takes into account (to first order in 8p) the role of all
the target states in "dressing" the ejected-electron wave function, has been obtained by the use of time-dependent per-
turbation theory in a way analogous to the low-frequency analysis of Banerji and Mittleman. '

Using Eqs. (2)-(4), one finds that the S-matrix element (1) can be rewritten as

Sp, „' =(2z) 'i g b(Ek„+Ek, Ek —Ep —ltd)—f;,„" (s)
I ~ —oo

where f„„,the first Born approximation to the (e,2e) scattering amplitude with the transfer of 1 photons, is given by

f0"=fi+f«+f«i
with

f~ = —2K Jt(k)&yh, t~
I exp(iK r) I yo)

ftr=iK g&y$, q Iexp(iK r) I yn)Mno
) . Jt ((X)

E„—Ep
—a)

and

J(-)() )ft t t =i K g (y„ I exp(iK r) I yp)M„*g,
n En Ekz+

Jt+ ~(~)
E„—Ep+

Jt+ ~ (~)
E„—Ek, —co

(7b)

I

—K ks ao[Jt i(&) Jt+i(X)](yh, g, exp(iK r)
I yp). (7c)

In these equations, Jt is a Bessel function of order 1,
K=k; —kg is the momentum transfer, and we have
defined &=(K—ktt) ap. The first Born TDCS corre-
sponding to the laser-assisted (e,2e) reaction accom-
panied by the transfer of i photons is given by

3 Pl, lo'ion' kA kB g l, t 2

dQg dQttdE k;

and we note that the results of Cavaliere, Ferrante, and
Leone can be recovered from the foregoing treatment if
only the first term f& is kept in Eq. (6).

In the case of the absorption of one photon (I =1) we

have also derived the lowest-order time-dependent per-
turbative version of the scattering amplitudes. These re-
sults can be recovered from Eqs. (7) by retaining only
the first term (lowest order in the field strength) in the
expansion of the Bessel functions.

The amplitudes f«and f«t contain infinite sums run-

ning over the whole atomic spectrum. These sums have
been accurately computed with the help of the Dalgarno
method, " which we found to be more tractable for the
present problem than other techniques we had used pre-
viously in similar instances. ' ' The implementation
of Dalgarno's method presented some technical diS-
culties caused by the fact that the argument of the

Coulomb Green's function Gc can become positive in

cases of physical interest (typically if to&ke/2). In
such a situation the argument of Gc is on its cut in the
complex plane and one has to determine the analytically
continued values of the matrix elements. This diSculty
was overcome by generalization of the technique of Zer-
nik and Klopfenstein, '6 originally devised to compute
two-photon-ionization dipole matrix elements, to the
case of second-order amplitudes containing the
exp(iK r) operator. '7

Our results clearly demonstrate the strong influence of
the laser parameters on the dynamics of laser-assisted
(e,2e) reactions. Figure 1 displays the effects of the
field strength Cp at a fixed frequency (here to =1.17 eV,
corresponding to a Nd-doped yttrium aluminum garnet
laser). We have presented the angular distributions of
the ejected electrons at two different field strengths,
Co=5X10 V m ' [Fig. 1(a)] and Co=10 V m

[Fig. 1(b)1, which correspond respectively to a nonper-
turbative regime and a perturbative regime. For com-
parison we also show angular distributions obtained
when the dressing of the target is neglected; the resulting
curve is then homothetic to the first Born field-free re-
sult.
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nances, the resonance conditions being

co =E„—Ep

for the photon energy and

Ek, =E„+a) (10)

for the energy of the ejected electron (at a fixed laser
frequency co).

Figure 2 displays the important modifications of the
angular distribution of the ejected electron, observed
when we vary the laser energy between 8.4 and 10.2 eV
for a fixed ejected-electron kinetic energy of 5 eV. At
to 8.4 eV, Eq. (10) shows that the process is close to
resonance on the state n 2 (E2= —3.4 eV). This
means that the ground state is dominantly coupled to the
n=2 manifold via the operator exp(iK r). We note
that these states are, in turn, coupled to s, p, and d con-
tinua through the dipole interaction. The corresponding
angular distribution, shown in Fig. 2(a), displays split
binary and recoil peaks. Another extreme situation
occurs when to=10.2 eV. The process is again nearly
resonant, the ground state being dominantly coupled to
the 2p state via the dipole interaction t'o. r. The TDCS
is then strongly modified with respect to the previous
case, the recoil peak being almost completely suppressed
[see Fig. 2(b)]. Finally, Fig. 2(c) corresponds to a typi-
cally nonresonant situation such that to =9.3 eV, so that
none of the resonance conditions Eq. (9) or Eq. (10) is
fulfilled. The general shape of the angular distribution
appears as a mixture of the two previous cases though
the magnitude of the cross section is smaller by several
orders of magnitude.
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