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The absorption of x rays in atoms assisted by an intense laser field is considered. The general
expression for the x-ray absorption cross section (o) as a function of the laser field is obtained in
the intense-field regime using the Seely and Harris approximation [Phys. Rev. A 7, 1064 (1973)].
We find that in this regime, and when the two photon fields are polarized in the same direction,
the cross section o, decreases as £, € being a factor proportional to the intense-field amplitude.

When the field is further increased to the limit of superintense fields, o, varies as €

explanation for this behavior is provided.

I. INTRODUCTION

The advent of the laser has stimulated the study of
multiphoton processes in atoms,'™* plasmas,>® and
solids.”~® In particular, multiphoton absorption has
been investigated (in Ref. 10) in connection with the
problem of x-ray absorption in atoms. In Ref. 10 the au-
thors considered the changes in the cross section of
deep-level absorption of x rays in an atom due to the
simultaneous irradiation of the system by an intense op-
tical laser field. Considering the electromagnetic interac-
tion between the x-ray photon and the electron as the
perturbation, transition probabilities were calculated
from which the x-ray cross section o, was obtained.
Formally, the formula for the cross section obtained in
Ref. 10 solves the problem of the influence of the intense
field on the processes of electron scattering. But the re-
sult (containing an infinite series of Bessel functions) is
not satisfactory from the physical point of view. So it is
necessary to learn to analyze such expressions when the
argument of the Bessel function is not small and, conse-
quently, it is impossible to restrain the infinite series in n
(n is an integer) to the first few terms.

In this paper we shall consider the x-ray absorption in
atoms in the presence of an intense laser field by using a
similar approach to the one used by Seely and Harris® in
the study of multiphoton inverse bremsstrahlung in plas-
mas. They noticed that when the argument of the Bessel
function is large (intense-field regime), in the whole
series only those terms for which the order is equal to
the argument are essential and they approximated a typi-
cal series of Bessel functions by the sum of two 8 func-
tions, as shown below. This approximation is simple and
very convenient in treating the problem in the intense-
field regime and it has successfully been employed for
the study of multiphoton processes in solids.® %1112

We have therefore considered an x-ray beam interact-
ing with a deep-level atomic electron in the simultaneous
presence of an intense laser field. The laser field is con-
sidered to be small relative to atomic fields but strongly
interacting with the outgoing electron represented by a
plane wave. Considering the electromagnetic interaction
between the x-ray photon and the electron to be the per-
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turbation, transition probabilities are calculated between
the unperturbed states. The electrons are treated quan-
tum mechanically, while the laser field is treated classi-
cally, since there are a large number of photons in the
same state. Having obtained the transition probability
the x-ray absorption cross section is calculated using the
Seely and Harris approximation. One finds a simple ex-
pression for the cross section with a similar behavior to
that obtained, for instance, in processes such as atomic
ionization in ultrastrong laser fields.>

II. CALCULATIONS

The S matrix which describes the electronic transition
between states i and f due to the interaction of the elec-
tron, x-ray, and photon field in the presence of a super-
intense laser field is taken as

sf,.:_é fj: dt d>c (e, OH' (Y,(r,1) (1)

where 1,(r,?) is the intense-field-dependent wave func-
tion for the ejected electron, ¥;(r,¢) is the intense-field-
free wave function for the bound electron (considered to
be, for the sake of simplicity, the hydrogenlike 1s state),
and

H'(t)=—(e/mc)A,-P
=—(e/mc) Ay (Z-P)explio, 1) (2)

is the interaction Hamiltonian arising from a linearly po-
larized x-ray radiation, o, being the x-ray frequency.
The initial electronic state 1; is in this case given by

iE,t
T a &

Yi(r,t)=(ma’)" 2 exp , (3)

where E, =Z%e?/2a, represents the binding energy of
the electron to the nucleus and a =a,/Z, with a, the
Bohr radius and Z the nuclear charge of the atom.

A Volkov-type wave function is used to represent the
outgoing electron modulated by the intense field and it is
given by
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4)

If we assume the laser field to be a linearly polarized

wave of frequency w, the vector potential can be written
as

AL(t)zAOLiCOS(CL)t) . (5)

Substituting Eqgs. (2)-(5
Sy; is found to be

) into (1), the matrix element

ie 1 12 8ma’
2 e O A Y
X f 2 ar exp— et+—}ism(wt) (6)
-T2 #i
where

e=—(p*/2m)+fiw, —E, ,
A=(eEqy /mw)pz, pz=p cos(p,Z) .

Here E; is the intense-laser-field amplitude. Using a
Bessel function expansion for exp[(iA/#w)sin(wt)], the
time integration for the S matrix can be performed and
the transition probability per unit time can be obtained,

|Ss ]2 _
T mic (1+a’p?/8)*%

1287243 p2a’ +oo
(8 S JHA/ o)

n=—co

Xdle—nfw) ,

(7)
where J, is the Bessel function of order n.
In obtaining Eq. (6), we have omitted the term
2A}(t)/2mc? from the argument of the exponential
function. This term represents the kinetic energy shift
for an electron having a momentum p, in the presence of
the laser field E; (¢). This may easily be understood by
noticing that, similarly, the second-order energy shift of
the ground state appearing in the expression for y;(r,?),
Eq. (3), is given by

AR, — (0|H1|1>(I|H1|0>
=2 E,_E, ’

where (E;—E,)>>#io. Here |I) and E; are the
excited-state eigenfunctions and eigenvalues, respective-
ly, and

H,=—(iefi/mc)V- A, (t) .
Using the fact that [r,H | ]=ifip/m, we find that

e?A}(t) e?A}(1)
AE,=——(0|[zp,]110)= ,
D T (o[ [zp:1| 2mc?

which equals the uniform energy shift of the final elec-
tron state. We thus obtain the result that AE, exactly
cancels the 4/ (¢) term in the argument of the exponen-

tial function in Eq. (6). It thus follows that the energy
E, is truly the unperturbed ground-state energy of the
bound electron.

The presence of the multiphoton processes is evident
from the energy-conservation requirement in the argu-
ment of the 8 function in (7). The interpretation is that
positive values of n correspond to the absorption of n
photons, negative values correspond to the emission of

|n | photons, and summation over all »’s must be car-
ried out to add up the contributions of all such processes
to the absorption cross section.

To obtain the x-ray scattering cross section we divide
the transition probability per unit time [Eq. (7)] by the
incident flux of x rays and sum over all possible values of
D, the electron momentum. One gets

_ 327ela’
mico, #
20 sin6
x d g cos nz
n—z—wf pf 1+02p2/ﬁ2)4

X d(e—nfiw) . (8)

In the regime of intense fields, A >>#w and the argu-
ment of the Bessel function in Eq. (8) is large. Of
course, A >>fiw depends upon the direction of p. How-
ever, since we shall be mainly interested in p parallel to
the field amplitude E, which is the direction of accelera-
tion of the electrons in the field, the condition A >>#iw is
essentially | E,| large. For large values of argument,
the Bessel function is small, except when the order is
equal to the argument. The sum over » in Eq. (8) may
then be written approximately as®

S JHA/Hw)d(e—ntiw)=L[8(e—A)+8(e+A)] . (9)

n=-—c

n0

The factor 1 may be verified by the integrating both
sides of Eq. (9) with respect to €. The first § function
corresponds to the absorption and the second to the
emission of A/%w photons of the intense laser field.
Since A>>fiw, only multiphoton processes are
significant. Substituting Eq. (9) into Eq. (8), the x-ray
cross section becomes

dpp“
(1442 2/fiz)

16me2a’ o
o, =
m cco # f

X [T cos*@sin6 dO[8(e—A)
0
+8(e+A)] .

(10)

On carrying out the 0 integration using the & func-
tions, Eq. (10) becomes



402 A.L. A. FONSECA AND O. A. C. NUNES 37

161T€20 o (Ex _Eb_bﬁ)z
O ko, o} I ar (14+p)*
X
(ag=eEy/mo) . (11)

In (11) p is a dimensionless quantity and b =#*/2ma?.
The integration over p is immediate and we finally ob-
tain for the x-ray cross section (normalized to the zero
laser field x-ray cross section o) the expression

o, 1 (1+1/¢e)
= s (12)
gy 8 ' %(1+1/n+e/7n)
with
e=2eEya /v ,

n=2ma’*(fiw, —E,)/#* .

ITII. DISCUSSION

In Sec. II we obtained the absorption cross section for
the x rays in atoms in the presence of an intense laser
field in the limit of intense fields by making use of the
Seely and Harris approximation of plasma physics.®
This intense-field result is of use only when processes in-
volving many photons (n >>1), as is the case here, are
being considered. With the present-day pulsed lasers
available, this intense-field result, Eq. (12), is more likely
to be of great interest than the low-field result treated in
Ref. 10.

Equation (12) immediately tells us that there will be
x-ray absorption only if #w, >E,, as expected. The
intense-field regime of an optical laser field means that
Ey~10% V/cm, and since the available x-ray sources
emit quanta fio, in the range 1-100 keV, 7~ 102-10% so
that o, /0, is seen from (12) to decrease rapidly as €.
This is a behavior which is reminiscent of other phenom-
ena involving multiphoton processes, such as multipho-
ton ionization in atomic systems.’ If we further increase
the field to the limit of superintense fields corresponding
to intensities of the order of 10'®* W cm~2 (which is the
critical intensity for our dipole approximation!®), we find

from (12) that in this case o, /o drops very rapidly as
£ 73, Physically this may be understood as follows: Con-
sider the problem of one electron in the laser field A, (z)
and moving in the Coulomb potential ¥ of the nucleus;
we have

H:ﬁ Ip—(e/c)AL(t) |2+ V =Ho+V .

In the case of superintense fields, such that
l[e Ap | > | V|, the above Hamiltonian may be ap-
proximated by the first term H,, which is the free-
particle Hamiltonian. In order words, for € very large
the electron has large kinetic energy and is no longer
affected by the nucleus; the electron-nucleus interaction
becomes “frozen.” Alternatively, we may say that the
effective coupling between the final electronic state and
the initial Coulomb wave function is very much reduced.
This results in the reduction of o, /o, in superintense
fields.

In conclusion, we have made use in this paper of the
Seely and Harris approximation® of plasma physics to
calculate the x-ray absorption cross section in atoms in
the presence of an intense laser field. This intense-field
approximation, Eq. (9), leads to a straightforward deter-
mination of the cross section without need of power-
series expansions or graphical solutions such as the ones
used in Ref. 10. Moreover, this approximation is able to
reproduce very well universal features reminiscent of
other phenomena involving multiphoton processes and
could be of great utility for investigating high-field
effects in other problems involving electron-photon
scattering.
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