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Bandwidth-induced resonances in laser-assisted electron-atom scattering
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The theory of resonance effects in electron-atom scattering in a chaotic, nonresonant laser field

with a bandwidth is reexamined. It is pointed out that, even though the laser is nonresonant with

any of the atomic frequencies, use of the nonresonant dressed atomic states is not permissible for
this purpose except for very weak fields. An ansatz for estimating the cross sections for these pro-
cesses is presented, which is valid for higher field strengths.

In a recent study' of electron-atom scattering in a
chaotic, nonresonant laser field, intriguingly large cross
sections were obtained for bandwidth-induced resonance
scattering (BIRS), in which photons of energy corre-
sponding to dipole-allowed atomic transition energies are
exchanged. These calculations employed the exact
dressed states for the incident electron in an arbitrary
electromagnetic field, and approximate ones for a hydro-
gen atom, valid in the case of a nonresonant laser field of
strength much less than that of the average atomic field.
Furthermore, the stochastic averaging of the transition
probability was carried out exactly. For electron-
hydrogen-atom scattering in the field of a laser with pho-
ton energy fico= 1 eV and intensity =10" W/cm (a nu-
merical example considered in Refs. 1 and 2, where this
procedure would appear unexceptionable) the differential
cross sections for BIRS corresponding to the 1s-2p transi-
tion turned out to be of comparable magnitude to those
for scattering without any change in energy, for a band-
width as small as 10 co. To understand this curious re-
sult, we note that the laser is nonresonant only for ex-
change of photons of frequencies around the median fre-
quency. On the other hand, the resonances owe their ex-
istence to the spectrum of photons around the atomic
transition frequencies, which are mathematically intro-
duced into the calculation by stochastic averaging, and
therefore the nonresonant approximation cannot be ex-
pected to provide physically meaningful results unless the
field-induced line broadening is much smaller than the
natural linewidth. (In fact, the usual perturbation theory
fails even when the intensity is small for a range of fre-
quencies around the atomic transition frequencies, and
can lead to divergent cross sections, as in Ref. 3.) In
principle, if the dressed atomic states could be specified
for all frequencies, stochastic averaging of the transition
probability should give the correct cross sections for both
types of scattering. However, in the absence of such a
general solution, the only practicable approach is to treat
the BIRS separately, as follows.

The resonant processes can be studied in isolation by
following the recipe described in Ref. 1, which consists of
letting the spectral distribution of the laser photons afFect
only the atom, and assuming that the projectile electron
is in the presence of a monochromatic field (insofar as
BIRS is concerned). As shown in Ref. 1, this procedure

k being the average momentum. (Atomic units are used
throughout. ) To calculate the transition probabilities in-
volving energy changes around coko ——cok —coo, cok being
the energy of the kth atomic state (bare), the appropriate
dressed states in the two-state rotating-wave approxima-
tion are given by '
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In deriving Eqs. (2), we have chosen to specify the atom-
field interaction in the electric field (E.r) gauge and the
resulting wave function is transformed back to the
Coulomb gauge. (A good discussion on the choice of
gauge in the description of atoms in a radiation field may
be found in Ref. 6.) The prime on to in these equations

yields results in agreement with the exact results, for the
(single) diff'erential cross sections, for small bandwidths.
(The calculation of the double differential cross section
for BIRS without making questionable approximations
seems an intractable problem at present. ) Accordingly,
we define the states of the incident electron in a single-
mode laser field E=Eosintot (in Coulomb gauge and di-

pole approximation) by
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has the same function as before it permits averaging
over the laser spectrum without disturbing the states of
the incident electron. The first-order S-matrix element
for direct elastic scattering which leaves the g+ state
unaltered, given by

S+ = —i f (4+xf
I

V
I
x;4+)dt,

where V is the electron-atom interaction potential in the
absence of the field, is readily evaluated as
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where q=k; —kf, Ef; ——(kf —k; )/2, Aq=eE q/ro, and
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+ 2(ro„o—neo), may be calculated to be

The first term in Eq. (3) is clearly a nonresonant one and
hence of no interest here. The other two terms represent
scattering involving a gain or loss of a quantum of energy
%co' (in addition to photons of energy fico }. For
Ef———m'+neo, the scattering amplitude is
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The effect of spontaneous decay of the state
I
k ) may

now be phenomenologically accounted for by means of
the usual prescription ko~coko —ipk where 2yk is the
probability of decay per unit time. We thus get
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Exactly the same squared amplitude is obtained for elas-
tic scattering from the 4 state. The observed cross sec-
tion would be the weighted sum of these partial cross sec-
tions, the weighting factors being the probabilities of en-
countering the atom in the 4+ and 4 states. Since the
partial cross sections are the same in the present case,
there is no need for weighting, and the differential cross
section is given by
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Finally, for a chaotic field, whose amplitude fluctuations
are described by the probability distribution

P(Eo}dEo——e ' 'd(Eo/eo) (lo)

where so is the variance of the field, the stochastic aver-
age (denoted by bold angular brackets) of Eq. (9) is given
by
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This has to be averaged over the spectrum of laser pho-
tons. For comparison with previous work' we assume
this to be a Lorentzian of width b,co, so that the
spectrum-averaged cross section is given by
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resonant scattering we are seeking. Assuming
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FIG. 1. Differential cross sections (a.u. ) per uni& bandwidth,
for bandwidth-induced resonance scattering of 100-eV electrons
from hydrogen in a chaotic laser field, with co ——0.02, co=0.0735,
and polarization parallel to the change in momentum. Solid
curve, Ef; ———,, dashed curve, Ef; ———, +co; dot-dashed curve,

3Ef; = ——co.
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We now consider the following cases.
Case I:

~
Mko

~
&&yk/eo. In this case, carrying out

the integration in Eq. (11), neglecting
~

F
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in compar-
ison with yk in the denominator, we recover Eq. (13) of
Ref. 1, viz. ,
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where Ao=(q Eo)eo/co . However, this is by far the less
interesting case, being applicable to fields so weak as to
be of no consequence in practice. For BIRS correspond-
ing to the 1s~2p transition, this condition can be met
only for co && 10 a.u. It is therefore inappropriate to
use Eq. (13), or its precursor, Eq. (10), of Ref. 1 to the ex-
ample considered there, where Eo =0.2 a.u.

Case 2:
~
M„o

~
&&y„/eo. In this case, we may neglect

y k in the denominator and perform the integration in Eq.
(11) to obtain

and v=
~

n
~

. This equation may now be used to recalcu-
late the BIRS cross section per unit bandwidth, for the
case considered in Ref. 2, namely, with co——0.02,
co =0.0735, E; = 100 eV, and Eo~~q. The results for
n =0, + 1 are presented in Fig. 1 . As one would expect
from qualitative considerations, the cross sections are
indeed small. To conclude, the distinguishing charac-
teristic of BIRS is its linear dependence on the bandwidth
(for small bandwidths and a Lorentzian laser spectrum),
and this process can be significant only for targets with
large dipole polarizability and not too large a detuning of
the laser.
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