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X-ray-atom scattering in the presence of a laser field
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~Received 30 March 1998!

We consider x-ray-hydrogen atom scattering in the presence of a monochromatic linearly polarized laser
field. TheS matrix of this process is presented and an expression for the differential cross section~DCS! is
derived. We show that the time-dependent Wentzel-Kramers-Brillouin approximation can be applied to the
present problem. The presented numerical results for the DCS as a function of the numbern of photons
exchanged with the laser field show a characteristic behavior. The numbern can only be even. Forn50,
62 we have pronounced maxima in the DCS, followed by sharp minima atn564. After that, we have a
plateau that is different for negative and positive values ofn. The plateau for negative values ofn is much more
extended than for the positive ones. The structure of the plateau and the positions of the minima and maxima
of the DCS do not depend on the laser field intensity, while the height of the plateaus strongly depends on it.
We also analyze the dependence of the matrix elements of the x-ray spectra on the incident x-ray photon
energies by using both the saddle-point method and the numerical evaluation, and we show that the shape and
position of the plateau are determined by the simple relationn\v5I 02\vK . This condition connects the
number of absorbed or emitted laser field photonsn, the laser field photon energy\v, the atomic ionization
potentialI 0, and the energy of the incident x-ray photon\vK . @S1050-2947~98!04909-9#

PACS number~s!: 32.80.Wr, 42.50.Hz, 32.30.Rj
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I. INTRODUCTION

Investigations of atomic processes in the simultane
presence of strong laser fields and soft-x-ray pulses are p
ently attracting considerable interest, both experiment
and theoretically. This is connected with the possibility of
efficient generation of high-order harmonics of the drivi
laser field. The latest reports@1,2# show that it is possible to
generate harmonic photons of the energy 460 eV. The ob
vation of the laser-assisted photoelectric effect@3# was just
possible by using soft-x-ray pulses generated as high-o
harmonics. There are also other schemes on which soft-x
lasers can operate~see@4,5# and references therein!. There
are only a small number of theoretical contributions to t
field ~see, for example, our recent work@6# on x-ray photo-
ionization of hydrogen in the presence of a bichromatic la
field, and references therein!. In the present contribution we
shall consider x-ray scattering in the presence of a laser fi
The number of publications concerning this process is e
less than the number devoted to the laser-assisted x
photoionization process.

The elements of the x-ray scattering in the absence
laser field can be found in the textbooks by Heitler@7# and
by Loudon@8#. The differential cross section~DCS! for light
scattering is expressed in the quantum-mechanical scatte
theory by the Kramers-Heisenberg formula, which includ
both elastic Rayleigh scattering and inelastic Raman sca
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ing. If the photon energy\vK of the x ray is much larger
than the atomic excitation energy~but still small enough so
that the dipole approximation is valid@8#!, then the DCS of
elastic scattering corresponds to Thomson scattering an

given by the formula (ds/dV)Th5Z2r e
2(êK•êK8)

2, where~in
SI units! r e5e2/(4p«0mc2)52.8310215 m is the classical
electron radius,Z is the number of electrons in the atom, an

êK and êK8 are the unit polarization vectors of the incide
and scattered photons, respectively. In the opposite c
where\vK is much smaller than the atomic excitation e
ergy ~which we will not consider here!, the elastic DCS is
proportional tovK

4 . The intermediate case is analyzed n
merically for scattering by hydrogen in Gavrila’s work@9#.
There are a lot of papers in which x-ray scattering by bou
systems is considered in the absence of the laser field
which we mention an early work by Levinger@10# and more
recent work@11,12# on inelastic x-ray scattering~see also
references in@12#!. According to our knowledge, besides th
references on x-ray photoionization mentioned in@6#, x-ray
scattering in the presence of a laser field was considered
in earlier work by Ehlotzky@13# and more recent work by
Kálmán @14#. The latter is devoted to the laser-assisted
elastic x-ray scattering as a tool for determining the length
ultrafast x-ray pulses and is of no interest for our pres
work. For the laser-assisted x-ray scattering in the contex
electron-atom collisions in a laser field, see the recent rev
article @15#.

We shall first present theS-matrix theory of laser-assiste
x-ray scattering in Sec. II. In Sec. III we introduce som
approximations, explain their range of validity, and defi
the T matrices of the x-ray scattering processes. An expr

he
-
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2320 PRA 58D. B. MILOŠEVIĆ AND F. EHLOTZKY
sion for the DCS for laser-assisted x-ray scattering is deri
in Sec. IV. In Sec. V we apply the time-dependent WB
approximation to our problem and present our final expr
sion for the DCS of laser-assisted x-ray scattering by hyd
gen atoms. Section VI is devoted to the saddle-point met
analysis of the x-ray spectra. Numerical results for a mo
chromatic linearly polarized laser field are presented in S
VII. Finally, Sec. VIII is devoted to the conclusions. All ou
results are derived in SI units. For a better estimate of
order of magnitude of the results obtained, we express
DCS in units of the Thomson DCS, which, for hydrog
atoms and parallel geometry, is equal to the square of
classical electron radius.

II. S-MATRIX THEORY

In order to derive an expression for the DCS of las
assisted x-ray scattering, we start from a general form of
S-matrix,

Sf i5 i\ lim
t8→`

lim
t→2`

^Fout~ t8!uG~ t8,t !uF in~ t !&. ~1!

In Eq. ~1!, G is the total Green’s operator, which correspon
to the total Hamiltonian

H5H01er•Ex~ t !, H05
p2

2m
1VA1er•E~ t !, ~2!

whereer•Ex(t) is the interaction of the atom with the x-ra
field ~in the length gauge and in the dipole approximatio!,
er•E(t) is the laser-atom interaction, also in the leng
gauge, andVA is the atomic potential. We shall treat the las
field classically, so that, in the case of a linearly polariz
monochromatic field, the laser electric field vectorE(t) with
the unit polarization vectorê, frequencyv, and intensityI, is
given by

E~ t !5E0ê sin vt, I 5 1
2 «0cE0

2 . ~3!

In order to distinguish the x-ray field from the laser field, w
shall consider the x-ray radiation field as quantized, i.e.,
cording to@8#, we define
d

-
-
d
-
c.

e
e

e

-
e

s

r
d

c-

Ex~ t !5Ex
~1 !~ t !1Ex

~2 !~ t !,

Ex
~1 !~ t !5 i(

K
S \vK

2«0VD 1/2

êKaKe2 ivK t, ~4!

Ex
~2 !~ t !52 i(

K
S \vK

2«0VD 1/2

êKaK
1eivK t,

whereaK andaK
1 are the annihilation and creation operato

of the x-ray field photons corresponding to the wave vect
K , frequenciesvK , and unit polarization vectorsêK . V
5L3 is the quantization volume. We consider the scatter
of an x-ray photon with the initial wave vectorK and energy
\vK into a final state with the wave vectorK 8 and energy
\vK8 . If we denote the initial and the final atomic sta
vectors and ionization energies byuc0& andI 0, respectively,
then thein and out states, which appear in Eq.~1!, can be
written as

uF in~ t !&5uc0&e
iI 0t/\u1K&u0K8&, ~5!

uFout~ t !&5uc0&e
iI 0t/\u0K&u1K8&.

The total Green’s operator satisfies the Lippmann-Schwin
equation

G~ t,t8!5G0~ t,t8!1E dt9G~ t,t9!er•Ex~ t9!G0~ t9,t8!,

~6!

where the Green’s operatorG0 of the HamiltonianH0 oper-
ates in the vector space of x-ray photons as a unit opera
Introducing Eq.~6! into Eq. ~1! and taking into account tha
the total Green’s operator, by acting on theout state, yields a
total final state at the timet of the form ^F f(t)u
5 i\^Fout(`)uG(`,t), while the operatorG0 only acts on
the atomic part of the in state as i\G0(t,
2`)uc0&exp(iI0t/\)5uci(t)&, we obtain

~S21! f i52
i

\E2`

`

dt^F f~ t !uer•Ex~ t !uc i~ t !&u1K&u0K8&.

~7!

By applying Eq.~6!, once more we get for the final state
or x-ray
ain
ve the
^F f~ t !u5 i\^Fout~`!u S G0~`,t !1E dt8G0~`,t8! er•Ex~ t8!G~ t8,t ! D . ~8!

Substituting Eq.~8! into Eq. ~7! and taking into account that̂0Ku^1K8uEx(t)u1K&u0K8&50 and that ^Fout(`)uG0(`,t)
5(2 i /\)^c f(t)u^0Ku^1K8u, we obtain

~S21! f i52
i

\E2`

`

dtE dt8^c f~ t8!u^0Ku^1K8uer•Ex~ t8!G~ t8,t !er•Ex~ t !uc i~ t !&u1K&u0K8&. ~9!

III. APPROXIMATIONS AND THE T-MATRICES

By now the only approximations we used were the nonrelativistic and the dipole approximation. They are satisfied f
photon energies less than 100 eV, which we are considering@8#. Supposing that the x-ray field is not too strong, we obt
from Eq. ~6! G(t,t8)'G0(t,t8). In this case, the remaining matrix elements in the vector space of the x-ray photons gi
following result for theS matrix:



nsity

all con-
he times

., to

ly

odified
t

ts

PRA 58 2321X-RAY-ATOM SCATTERING IN THE PRESENCE OF A . . .
~S21! f i52
i

\

\e2

2«0V
~vKvK8!

1/2E
2`

`

dtE dt8$^c f~ t8!ur•êKG0~ t8,t !r•êK8uc i~ t !&e2 ivK t81 ivK8t

1^c f~ t8!ur•êK8G0~ t8,t !r•êKuc i~ t !&eivK8t82 ivK t%. ~10!

Our next approximation is to neglect the laser field dressing of the initial and final states, i.e., the substitutionuc j (t)&
'uc0&exp(iI0t/\), j5i,f. This approximation is valid for the laser field intensities much less than the atomic unit of inte
I A53.5131016 W/cm2, which is satisfied in our case. Furthermore, we have shown in our previous paper@6# that the
first-order corrections, obtained for these wave functions from the time-dependent perturbation theory, give only sm
tributions to the DCS of photoionization processes. Using these approximations and transforming the integrals over t

in Eq. ~10! by means of the identity*2`
` dt* t

`dt8 f (t8,t)5*2`
` dt8*2`

t8 dt f(t8,t), upon introducing the new variablest95t8,
t5t82t, and writingt instead oft9 in the final expression, we obtain

~S21! f i52
i

\

\e2

2«0V
~vKvK8!

1/2E
2`

`

dtE
0

`

dte2 i I 0t/\^c0u$r•êKe2 ivK tG0~ t,t2t!r•êK8e
ivK8~ t2t!

1r•êK8e
ivK8tG0~ t,t2t!r•êKe2 ivK~ t2t!%uc0&e

iI 0~ t2t!/\. ~11!

Our next approximation is to neglect in Eq.~11! the influence of the Coulomb field on the intermediate propagator, i.e
replace the Green’s operatorG0 by the Volkov Green’s operator

G0~ t,t2t!'2
i

\E dquxq~ t !&^xq~ t2t!u, ~12!

where the Volkov state vectors in the length gauge are@E(t)52]A(t)/]t,e5ueu#

uxq~ t !&5uq1
e

\
A~ t !&exp „2 i $q•a~ t !1@U~ t !1Eqt#/\%…, ~13!

with

a~ t !5
e

mE t

dt8A~ t8!, U~ t !5
e2

2mE t

dt8A2~ t8!5U1~ t !1Upt, ~14!

whereUp5e2A0
2/4m is the ponderomotive potential,Eq5\2q2/2m, and A05E0 /v. This approximation was successful

used in the analysis of high-order harmonics generation@16,17# and above-threshold ionization@18,19#. The corrections to this
approximation can be obtained by replacing the Volkov waves by the Coulomb-Volkov waves or by the laser-field m
Coulomb-Volkov waves, but we shall not consider this here~see@6# and references therein!. The quasiclassical action tha
corresponds to the propagation from the atomic ground state at timet2t to the ground state at timet is

S~q;t,t!5E
t2t

t

dt8H \2

2m S q1
e

\
A~ t8! D 2

1I 0J 5~Eq1I 01Up!t1\q•@a~ t !2a~ t2t!#1U1~ t !2U1~ t2t!. ~15!

Both matrix elements that appear in Eq.~11! contain the factor exp@2i(vK2vK8)t#. Taking into account that
E(t), A(t), a(t), U1(t), and S(q;t,t) are 2p/v-periodic functions oft, the remaining part of the two matrix elemen
mentioned above can be written in the formCK ,K8TK ,K8

(6) (w), with CK ,K85(\e2/2«0V) (vKvK8)
1/2, andw5vt, while

TK ,K8
~6 !

~w!5E
0

`

dtE dqK c0ur•êKuq1
e

\
A~ t !L K q1

e

\
A~ t2t!ur•êK8uc0L exp$2 i @S~q;t,t!/\6vK8t#%, ~16!

so that

~S21! f i5~2 i /\!2CK ,K8E
2`

`

dt@TK ,K8
~1 !

~w!1TK8,K
~2 !

~w!#exp@2 i ~vK2vK8!t#. ~17!
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By expanding the matrix elementsTK ,K8
(6) (w) into the Fourier

series

TK ,K8
~6 !

~w!5 (
n52`

`

TK ,K8
~6 !

~n!exp~2 inw!,

~18!

TK ,K8
~6 !

~n!5E
0

2p dw

2p
TK ,K8

~6 !
~w!exp~ inw!,

we obtain

~S21! f i5~2 i /\!2CK ,K82p(
n

d~vK82vK2nv! Tf i~n!,

~19!

Tf i~n!5TK ,K8
~1 !

~n!1TK8,K
~2 !

~n!.

The physical meaning of the twoT-matrix elements in Eq.
~19! is the following. The matrix elementTK8,K

(2) (n) corre-
sponds to the processes in which an x-ray photon of the w
vector K and energy\vK is absorbed first. The atom ge
ionized and the electron propagates under the influenc
the laser field only during the time interval fromt2t to t
when it comes back to the atomic core~i.e., the return time
t). At this instant the electron recombines, exchangingn
photons with the laser field and emitting an x-ray photon
the wave vectorK 8 and of the energy\vK85\vK1n\v.
For the matrix elementTK ,K

(1) (n) we have first the emission

8

th

g
f
y

e
el
ve

of

f

of the x-ray photon of the wave vectorK 8 and the energy
\vK8 , then the electron propagation, and, finally, the a
sorption~or emission! of n photons of the laser field and th
absorption of one x-ray photon of the wave vectorK and the
energy\vK .

IV. DIFFERENTIAL CROSS-SECTION

The rate~probability per unit time! of emission of x-ray
photons of frequencies within the interval (vK82«,vK8
1«) and with the polarizationêK8 into a solid angledV K̂8 is
@8#

wf idV K̂85
1

Tp

V

~2pc!3
dV K̂8E

vK82«

vK81«

dvKvK
2u~S21! f i u2,

~20!

where the connection (KW→ @V/(2p)3# *dK
5 @V/(2pc)3# *dvKvK

2 *dV K̂ was used, and« is small
enough so thatvK

2 u(S21) f i u2 is almost constant in the inter
val of integration.Tp is the laser field pulse duration time
The time duration of x-ray pulses generated in high-or
harmonic generation processes is usually shorter than the
ration of the laser field pulse. Hence one can assume
the x-ray scattering process happens at some ins
tsP@0,Tp#. According to Eq.~19!, we obtain for the absolute
square of theS-matrix element
u~S21! f i u25S 2p

\2
CK ,K8D 2

(
n

Tf i~n!d~vK82vK2nv!(
n8

Tf i* ~n8!d~vK82vK2n8v!

5
Tp

2p S 2p

\2
CK ,K8D 2

(
n

uTf i~n!u2d~vK82vK2nv!, ~21!
l

in
where we used the relation 2pd(0)5Tp ~for Tp→`). The
differential cross section can be obtained by dividing
emission ratewf i(n) by the incident x-ray photon fluxj K
5c/V. Taking into account the quantityCK ,K8 , defined
above Eq.~16!, we obtain

ds~n!

dV K̂8

5S e2

4p«0\ D 2

KK83uTf i~n!u2, vK85vK1nv,

~22!

where K5vK /c, K85vK8 /c, and the energy conservin
condition \vK85\vK1n\v comes from the argument o
the d function. This is our final result for the DCS of x-ra
scattering with the absorption (n.0) or emission (n,0) of
n laser photons.

V. TIME-DEPENDENT WBK APPROXIMATION

In order to determine the DCS we have to compute thT
matrices that are the Fourier components of the matrix
e

e-

mentsTK ,K8
(6) (w) defined by Eq.~16!. The three-dimensiona

integral over the intermediate electron momenta\q can be
computed using the saddle-point method, similarly as
@17#. Denoting the subintegral matrix elements byh(q;t,t),
we obtain (p5\q) the result

\3E dq h~q;t,t!exp@2 iS~q;t,t!/\#

5S 2pm\

i t D 3/2

exp@2 iS~qs ;t,t!/\#

3S 12 i
m\

2t

]2

\2]q2
1••• D h~q;t,t! uq5qs~ t,t! ,

~23!

where the stationary momentum\qs ,
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\qs~ t,t!52
e

t
E

t2t

t

dt8A~ t8!5
m

t
@a~ t2t!2a~ t !#,

~24!

is the solution of the equation¹qS(q;t,t)50. The result
~23! is a version of the time-dependent WBK approximati
@20#. We have shown previously in the context of the hig
order harmonic generation and above-threshold ioniza
within the strong-field approximation@17–19# that satisfac-
tory results can be obtained by keeping only the zeroth-o
term of the expansion of the form~23!. For the processe
mentioned, the number of the exchanged photons is larg
will be worthwhile to check whether this approximation
applicable for relatively smalln, which we shall consider
here. In order to verify this, we computed the first-order c
rection ~the term with]2/]q2) and found that this approxi
mation is satisfactory forunu.2. This is an unexpected re
sult that shows that the above approximation, Eq.~23!, has a
wider range of applicability than it was believed previous
The matrix elements that appear inTK ,K8

(6) (w) are of the form
~for a hydrogen atom in its ground stateuc0&)
ve
n
th
ro
tr

es
ap
-
n

er

It

-

.

^quêK•r uc0&52 i
27/2q•êK

paB
5/2~q21aB

22!3
, ~25!

whereaB is the Bohr radius. In the case of a linearly pola
ized laser field we haveq5qsi ê, so that the DCS contain
the factor (ê•êK)2(ê•êK8)

2. This factor has its maximum
~equal to 1! for parallel geometry:êi êKi êK8 . Therefore, in
order to simplify the situation, we shall compute our nume
cal results for this geometry only.

Our final result for the DCS, for which we shall prese
the numerical result, is given by Eq.~22!, in which

Tf i~n!5TK ,K8
~1 !

~n!1TK8,K
~2 !

~n!,
~26!

TK ,K8
~6 !

~n!5E
0

2pdw

2p
TK ,K8

~6 !
~w!exp~ inw!,

where theTK ,K8
(6) (w) are given by Eq.~16!. According to Eq.

~25!, for the parallel geometry the zeroth-order term of t
WBK expansion~23! yields
TK ,K8
~6 !~0!

~w!52S 2pm

i\ D 3/2 27

p2aB
5E0

` dt

t3/2
exp$2 i @S~qs ;t,t!6\vK8t#/\%

3

S qs1
e

\
A~ t ! D S qs1

e

\
A~ t2t! D

F S qs1
e

\
A~ t ! D 2

1aB
22G3F S qs1

e

\
A~ t2t! D 2

1aB
22G3 , ~27!
the

the

is

e
on
q.
whereSandqs[qsê are given by Eqs.~15! and~24!, respec-
tively, andA(t)[A(t)ê.

VI. SADDLE-POINT METHOD ANALYSIS
OF THE X-RAY SPECTRA

According to Eqs.~19! and~22!, the DCS for scattering in
a laser field is determined by theT matrix Tf i(n)
5TK ,K8

(1) (n)1TK8,K
(2) (n). The matrix elementsTK ,K8

(6) (n) can
be evaluated by computing the five-dimensional integral o
the time t, the return timet, and the intermediate electro
momentaq. We have shown in the preceding section that
three-dimensional integral over the intermediate elect
momenta can be replaced by an infinite sum of the ma
elements. The remaining integrals can also be analyzed
applying the saddle-point method. The behavior of all th
matrix elements is mainly determined by the factors that
pear in the exponent. According to Eqs.~16!–~18! and~23!,
we have

TK ,K8
~6 !

~n!}E dtE dt t23/2 h~qs ;t,t!

3exp$2 i @S~qs ;t,t!/\6vK8t2nvt#%.

~28!
r

e
n
ix
by
e
-

By applying the saddle-point method to the integral over
time t, we obtain the condition]S/]t5n\v, which can be
written in the form

p2~ t !

2m
2

p2~ t2t!

2m
5n\v, ~29!

where p(t8)5\qs(t,t)1eA(t8) is the momentum of the
electron in the laser field at timet8. The second condition
can be obtained by applying the saddle-point method to
integral overt. This condition depends on theT-matrix ele-
ment that we are considering, and it is, respectively,

p2~ t2t!

2m
52\vK82I 0 for TK ,K8

~1 !
~n!,

~30!

p2~ t2t!

2m
51\vK2I 0 for TK8,K

~2 !
~n!.

The right-hand side of the first of the above equations
always negative, so that the solutions fort and t are com-
plex. A similar condition was obtained in the context of th
analysis of the cutoff law in high-order harmonic generati
@16,17#. The more interesting is the second condition of E
~30!, because for\vK>I 0 it corresponds to real timest and
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t. By using numerical examples we shall show in the n
section that this term essentially determines the behavio
the final x-ray spectra. The matrix elementTK8,K

(2) (n) corre-
sponds to a process in which an x-ray photon is absor
first. For \vK>I 0 the electron can really be ionized and
has the energyp2(t2t)/2m in the laser field at the instan
t2t. Then this electron moves under the influence of
laser field only. At some timet it gets close to the atomic
core and can be recaptured by the nucleus. The recomb
tion process is the most probable one for low electron en
gies, i.e., forp2(t)/2m'0. Introducing this condition into
Eq. ~29!, we obtainp2(t2t)/2m52n\v, which, in com-
bination with the second condition in Eq.~30!, gives

n\v5I 02\vK . ~31!

We, therefore, obtained a simple linear dependence that
nects the number of absorbed~or emitted! laser field photons
n, the atomic ionization potentialI 0, and the energy of the
incident x-ray photon\vK . Besides this condition, on
should take into account the energy conserving condi
\vK85\vK1n\v>0, which determines the cutoff of th
spectrum at large negative values ofn, and, according to
symmetry and parity considerations of the matrix eleme
that moreover the number of the exchanged photonsn must
be even. We shall show in the next section that the x-
spectrum is mainly determined by these conditions. The c
dition ~31!, and, therefore, the values ofn that characterize
the spectrum, do not depend on the intensity of the la
field. As we shall show, the DCS increases with the incre
of the laser field intensity, but the general shape of the sp
trum is determined by the simple condition~31!.

VII. NUMERICAL RESULTS

We shall first check whether our time-dependent WB
approximation gives reasonable results. In Fig. 1 we pre
our data for the laser-assisted x-ray scattering DCS in u
of r e

2 as functions of the number of photons exchanged w
the laser field, for two values of the laser field intensity. T
triangles and squares represent the results obtained usin
zeroth- and the first-order term of the WBK expansion~23!,
while the dotted and the dashed line correspond to
zeroth-order term only. As one can see, forunu.2, the
zeroth-order approximation gives satisfactory results. Bes
this, the results presented in Fig. 1 show a typical behavio
the x-ray spectra that we obtained in the present paper. F
only an even number of laser field photons is absorbed
emitted. Next, forn50,62 we have a pronounced max
mum in the spectrum and then a rapid drop atn564. After
that, there is a plateau that is quite different for the posit
and the negative values ofn. The height of the plateau i
determined by the laser field intensity. The plateau for po
tive n is small ~almost negligible! in comparison with the
plateau for the negative values ofn. In Fig. 2 we analyze
the contributions of the matrix elementsTK ,K8

(1) (n) and

TK8,K
(2) (n) to the DCS. The results denoted by ‘‘a’’ corre-

spond to the matrix elementsTK8,K
(2) (n) and to the processe

in which an x-ray photon is absorbed first, while the resu
denoted by ‘‘e’’ correspond to theTK ,K8

(1) (n) and to the pro-
t
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cesses in which we have first the emission of an x-ray p
ton. We see that the ‘‘e’’ spectrum is symmetric with respec
to n50, while the ‘‘a’’ spectrum has a broad plateau for th
negative values ofn. Therefore, the x-ray spectra are main
determined by the process in which we have the absorp

FIG. 1. The DCS of x-ray scattering in units ofr e
2 (r e52.8

310215 m is the classical electron radius! as functions of the num-
bern of absorbed~or emitted! laser field photons, for two values o
the laser field intensity:I 5531013 W/cm2 ~squares and dotted
curve! and I 51014 W/cm2 ~triangles and dashed curve!. The laser
field is linearly polarized and monochromatic with the photon e
ergy \v51.17 eV. The energy of the incident x-ray photons
\vK550 eV. The results presented by the dotted and dashed cu
are obtained using the zeroth-order term of the WBK approxima
~see text!, while the triangles and squares correspond to the res
that are obtained taking into account the first-order correction.

FIG. 2. The DCS of x-ray scattering in the presence of a la
field presented as in Fig. 1. The curves denoted by 6 and 10 co
spond to the laser field intensitiesI 5631013 W/cm2 and I
51014 W/cm2, respectively. The results obtained using only t
matrix element that corresponds to the processes in which an x
photon is absorbed first are denoted by the letter ‘‘a,’’ while the
letter ‘‘e’’ corresponds to the processes in which we have first
emission of an x-ray photon.
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of the x-ray photon first, which is in accordance with o
analysis presented in the preceding section. For the re
shown in Figs. 1 and 2 the incident x-ray photon energy w
fixed to \vK550 eV and the laser field photon energy
\v51.17 eV, while the laser field intensities wereI 55
31013 W/cm2, I 5631013 W/cm2, and I 51014 W/cm2. In
Fig. 3 we present the DCS for a fixed laser field intensity,
for different values of\vK . The spectra for\vK530 eV,
40 eV, and 50 eV are similar to the one presented in Fig
and 2, while for\vK510 eV, 13.6 eV, and 20 eV the spe
tra are different. In the latter case, the cutoff for the nega
values ofn appears earlier~i.e., for smaller values ofunu) due
to the energy conserving condition, and the plateau is shi
to the positive values ofn. A sharp maximum appears fo
\vK5I 0 andn50. Finally, in Fig. 4 we present as a func
tion of the incident x-ray photon energy\vK those numbers
of photonsn, exchanged with the laser field, for which th
DCS of x-ray scattering have their first minimum before t

FIG. 3. The DCS of x-ray scattering presented as in Figs. 1
2. The presented results are obtained by including both the ze
and the first-order term of the WBK approximation, and by us
both T-matrix elements. The laser field intensity isI
51014 W/cm2. ~a! The results for the following values of the inc
dent x-ray photon energies: 13.6 eV, 20 eV, and 40 eV are
sented, while for~b! the incident x-ray photon energies are 10 e
30 eV, and 50 eV.
lts
s

t

1

e

d

cutoff of the spectrum for large negative values ofn. For the
general shape of the plateau for negative values ofn, see, for
example, the curve 10a in Fig. 2. We have chosen to prese
the positions of these minima because they can be ea
extracted from the spectra. We have also presented for c
parison a straight line denoted by (I 0 /\2vK)/v, which is
determined by the condition~31!, which we obtained in the
preceding section. Our numerical results follow precis
this line. The agreement is even better if one takes into
count that the numbern can only be an even integer.

VIII. CONCLUSIONS

Only a little work has been devoted so far to x-ray-ato
scattering in the presence of a laser field. We presente
our present work theS-matrix theory of this process, which
after suitable approximations, leads to a relatively sim
expression for the DCS, Eq.~22!. TheT-matrix element con-
tained in this expression consists of two terms that can
explained using two Feynman diagrams: one correspond
the processes in which the x-ray photon is absorbed fi
while for the other the x-ray photon is emitted first. Th
intermediate propagator between the absorption and
emission of the x-ray photon is dressed by the laser field
that, by taking into account the parity conservation con
tion, in x-ray-atom scattering in a laser field an even num
of the laser field photons can be absorbed or emitted o
This is obvious because the atom experiences no chang
state due to the combined effects of x-ray and laser sca
ing. We have shown that the expression obtained for
DCS can be further simplified by applying a particular ve
sion of the time-dependent WBK approximation. Th
method was developed within the strong-field approximat
in the context of high-order harmonics generation@16,17#

d
th-

e-

FIG. 4. The dots represent as a function of the incident x-
photon energies\vK those numbers of photonsn, exchanged with
the laser field, for which the DCS of x-ray scattering have their fi
minima before the cutoff of the spectrum for large negative val
of n. The laser field intensity isI 51014 W/cm2. On this figure is
also presented a straight line denoted by (I 0 /\2vK)/v. The equa-
tion n\v5I 02\vK follows from the saddle-point method analys
of the T-matrix elements~see text!.
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and above-threshold ionization@18,19# and it is assumed to
be applicable in cases where the number of exchanged
tonsn is large. Contrary to this assumption, we have sho
here that this method works also well for relatively low las
field intensities and small values ofn. A further result of the
application of the saddle-point method leads to the con
sion that the x-ray spectra are mainly determined by th
processes in which the x-ray photon is absorbed first. In
case, the atom gets ionized and the electron moves in
laser field. If its energy is small enough when it comes clo
to the atomic core, it can be recaptured and an x-ray pho
is emitted. We have shown that this process is the most p
able when the number of the exchanged photons satisfie
condition ~31!, n\v5I 02\vK . For \vK.I 0 , photons are
emitted into the laser field, and the energy of the scattere
C.

M
F

k

N.
o-
n
r

-
e
is
he
e
n
b-
the

x

ray \vK85\vK1n\v is thus smaller than the energy of th
incident one.
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