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Electron scattering from atoms in the presence of a laser field. IIV
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The development of the theory of the effect of a laser on electron-atom scattering is continued by the

derivation of explicit relations between the observed electron-atom scattering cross sections in the presence of
a laser and exact electron-atom scattering cross sections with no laser present. No approximation concerning

the scattering interaction is made. The only approximations concerning the laser are that (l) the laser-atom

interaction energy is small compared to atomic energies, (2) the Rabi frequency times the collision time is

small, and (3) the laser intensity in appropriate units is small.

In two previous papers' the theory of the effect of
a laser on electron-atom scattering was presented.
Here, that development is completed by the deri-
vation of a relation between the observed scattering
in the presence of a laser and the usual cross sec-
tions measured and calculated in ordinary elec-
tron-atom scattering.

It is first necessary to review briefly the content
of the first two papers. In the first (I), a formal
theory of electron-atom scattering in the presence
of a laser was developed. It was applied by using
the approximation that the target-atom wave func-
tions were unaffected by the laser except for the
two target states which are resonantly coupled by
the laser. These two were recoupled by the rota-
ting-wave approximation with a classical descrip-
tion of the laser. These approximations are ex-
tremely good unless the lasers are very intense.
The method was applied to a hydrogen target as an
example, and various long-range interactions be-
tween the projectile and target were obtained. It
was shown that some exotic effects, such as an
oscillating dipole and permanent quadrupole, were
induced in the atom by the laser. These potentials
then produced some novel effects in the forward
scattering.

These results could not be directly compared
with experiment since the coupling of the system to
the spontaneous radiation field was neglected.
Typically, the atom will adiabatically pass into the
laser and spend some time in it before the collision
with the electron occurs. Dur..'ng that time hun-
dreds of spontaneously radiated photons' (SRP's)
will be emitted, so that the coupling to this field
will be crucial in determining the atomic state that
the electron encounters in the collision, that is,
the "initial" state of the collisions described in I.
This defect was remedied in the second paper (II),
where the effect of the laser-atom-SRP coupling in
both initial and final state was obtained. The dy-
namics of the SHP's was treated very crudely
there, but more refined techniques, developed' for

the resonance fluorescence problem, show that the
results obtained are essentially exact. This gave
a relation between the observed cross sections and

those described in I. However, these still con-
tained the laser in that they were electron-atom
scattering cross sections in the presence of a la-
ser. An application was made in which the elec-
tron-atom interaction was treated in the first Born
approximation, and cross sections were then ob-
tained which were directly comparable with experi-
ment. However, because of the Born approxima-
tion they could only be expected to give good agree-
ment at very high projectile energy. It is the pur-
pose of this paper to obtain essentially the same
relation between the laser-modified cross sections
and the exact cross sections defined in the absence
of the laser.

We proceed by defining laser-modified atomic
states, Q„(t). If the atomic states uo and u, are the

two which are resonantly coupled by the laser, then
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where ~ is the laser frequency, W„ is the energy
of u„, and p. is defined by

sinhp, = 2 (e W„)/ ~A ~, W»-W, —W, , (2

with A being the coupling strength of the laser to
the u, —u, transition

A =-,'e (u, /r fu, ) E = [A /e" .

Also,

~ = [ ~A ~2+-.'(~ —W„)']"'.
por n&1 the states are assumed to be undistorted
and

=u e ' ~' n&1.
n n

The S matrix, in the presence of the laser, is
given by
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where H(f) is the full Hamiltonian and

A»„(0) = X»(0; t)(f)„(1.. .z; I) .

Here, X»(0;f) is the wave function of the zeroth
electron with average momentum k in the field of
the laser, and the notation Q„(1.. . g;t) means that
the electrons 1 to z are in the target state n. Vp is
the Coulomb interaction of the zeroth electron with
all other particles, and 8, is the antisymmetrizC-
tion operator which takes care of the Pauli princi-
ple. Several approximations can now be made:

(i) We may neglect the interaction of the laser
with the projectile. This is an expansion in the
parameter

pE N I I /2
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where I, is the Rydberg constant and I is the laser
intensity. This is very small for all currently con-
templated experiments.

(ii) We may neglect the lager-atom interaction in
all but the states uo and u, which leads to (5). Fur-

ther, we may neglect the laser-atom interaction in
these states, u, and u„when they occur as inter-
mediate states. This is simply the statement that
an intermediate state must exist for a time which
is less than the total scattering time, and dgring
the scattering time the lasers contemplat are not
intense enough to pump between the esonant
states. This was discussed in II in the first sec-
tion.

The first of these approximations allows the re-
placement of the states )(» in (7) by plane waves,
and the two together allow the replacement of H(f)
in (6) by the Hamiltonian H, for scattering without
the laser. The resulting S matrix then contains
mention of the laser only through the laser-distort-
ed states P, and Q, when they occur as initial or
final states. Since the states all have exponential
time dependence and this is the only remaining
time dependence left in Eq. (6), then i 8/9t can be
replaced by an energy and the S matrix can be re-
lated to conventional T matrices.

For example, if we are interested in scattering
between excited states n and n' & 1, then the laser
has no affect at all and the observed cross section
will be identical with the no-laser cross section.

A more interesting example occurs when we
scatter from states coupled by the laser to a state
n &1 unaffected by the laser. In that case,
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where

(9)

and where the notation ~P, n) means the time-inde-
penderit states

e' 'ou„(1. . .z) . (1o)

The two energy 5 functions in (8) give different fi-
nal energies for the projectile; so the two T rna-
trices add incoherently. The square of the individ-
ual T matrices would be proportional to conven-
tional cross sections were it not for the fact that
the T matrices are slightly off shell by an energy
of the order of y and e. These have been assumed
to be small compared to gyp in the derivation, so
it is consistent to neglect them, In that case only
on-shell T matrices occur.

In addition, it has been shown in II [Eq. (2.14)]
that the only observable is the averaged cross sec-
tion

QO'

&&
(n; P„P,)

where I', a,re the probabilities of.an electron finding
the states Q, or Q„as an "initial" state for the
collision. These are given by

P, = e"~/2cosh2 p, . (12)

—(n; II)~, P. ;) = (1 —P") (Pq, n; P. ;, 0);

for final electron energy given by

Combining (8), (11), and (12) we obtain the two

possible cross sections which leave the atom in the
excited state n&1. For final electron energy given
by

Pg P$
2~ =2~
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Pf Pg Q7 d~'(el; Pg, P)) ='(1 —p") (P~, 1;P,, 0) . (20)

and

P"= (2cosh2@) '.
The bar over the cross s ec tion denotes the ob-
served cross section in the presence of the laser,
while the cross sections on the right-hand side of
these equations are the exact cross sections mea-
sured in the absence of the lasei'.

Finally, the final atomic state can be either P, or
@„but in that case the final state is also strongly
coupled to the laser and the SBP's; therefore, as
was pointed out in II, the only observable "elastic"
cross section, after the on-shell approximation is
made, is

so that v = 0 is truly elas tic, v = 1 is superelastic,
and v=-1 is inelastic. These three cross sections
are given by

d~' (el; Pq, P, ) = (1 P")de
—(P~t 0; P;, 0)

+ P"—(P~, 1; P „1), (18)

'(el; P„P,.) =P"—„(P„O;I, , 1),

&&
"(el; P&, P, ) = d&" (0; 9&, P,.) +d&" (1;pz, P,.) . (16)

The integer v is defined by

Pf Pj
2m 2m

These results are a generalization of those ob-
tained in a first Born approximation in the scat-
tering potential obtained in II.

Note that our results allow for at most the trans-
fer of one quantum of energy between the projectile
and the laser. This result is inherent i.n our ap-
proximation: which (i) does not allow for direct cou-
pling between the projectile and the laser, and (ii)
does not allow for the atom to be pumped during
the collision. These results allow for a connection
between laser'-modified cross sections and the
usual electron-atom scattering cross sections and
permit the measurement of cross sections which
are otherwise not measurable.

Finally, it shouM be pointed out that if either of
the cross sections on the right-hand side of (16)
were measurable, then interference terms between
T D1atr1ceS such as

could occur. These cancel in the sum. These in-
terference terms contain the exotic effects pointed
out in I which are not observable here. The mea-
surement of either of the cross sections on the
right-hand side of (16) individually requires an
identifica, tion of the final state of the collision as
either Qo or P, . This could be accomplished if the
atom could be extracted from the laser immediate-
ly after the collision. Here, "immediately" means
after only a few SBP's have been emitted. This
would appear to be a formidable technological
problem.
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