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X-ray-atom scattering in the presence of a laser field
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We consider x-ray-hydrogen atom scattering in the presence of a monochromatic linearly polarized laser
field. The S matrix of this process is presented and an expression for the differential cross $Bx@iBnis
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 nuwibphotons
exchanged with the laser field show a characteristic behavior. The numban only be even. Fon=0,
+2 we have pronounced maxima in the DCS, followed by sharp minime=at 4. After that, we have a
plateau that is different for negative and positive values. @he plateau for negative valuesrofs 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 relatibm=1,— A wy . This condition connects the
number of absorbed or emitted laser field photonthe laser field photon enerdyw, the atomic ionization
potentiall 5, and the energy of the incident x-ray photbmy . [S1050-294{©8)04909-9

PACS numbgs): 32.80.Wr, 42.50.Hz, 32.30.Rj

. INTRODUCTION ing. If the photon energyiwx of the x ray is much larger

than the atomic excitation enerdlput still small enough so

Investigations of atomic processes in the simultaneoushat the dipole approximation is val{®]), then the DCS of
presence of strong laser fields and soft-x-ray pulses are pregtastic scattering corresponds to Thomson scattering and is

ently attrac.ting confsiQerabIe interes?, both exp_erirnentall;@iven by the formulaojoldQ)Th=er§(éK-Aa@)z, where(in
anq 'theoretlcally_. This |s.connected with th_e possibility pf' ang| ynitg ro=e?/(4meomc?) =2.8x 10" ° m is the classical
Eﬁ'c'e’_‘t generation of high-order harmonl_cs_, of the_ driving electron radiusZ is the number of electrons in the atom, and
laser field. The latest reporf4,2] show that it is possible to < - ) o o
generate harmonic photons of the energy 460 eV. The obsefx @nd & are the unit polarization vectors of the incident
vation of the laser-assisted photoelectric eff@jtwas just and scattered photons, respectively. In the opposite case
possib|e by using Soft_x_ray pu|ses generated as high-ordé/]/hereﬁwK is much smaller than the atomic excitation en-
harmonics. There are also other schemes on which soft-x-ra§rgy (which we will not consider hepe the elastic DCS is
lasers can operatesee[4,5] and references therginThere  proportional towy . The intermediate case is analyzed nu-
are only a small number of theoretical contributions to thismerically for scattering by hydrogen in Gavrila’'s wofr8].
field (see, for example, our recent wo&] on x-ray photo- There are a lot of papers in which x-ray scattering by bound
ionization of hydrogen in the presence of a bichromatic lasesystems is considered in the absence of the laser field, of
field, and references thergirin the present contribution we which we mention an early work by LevinggtO] and more
shall consider x-ray scattering in the presence of a laser fieldecent work[11,12 on inelastic x-ray scatterin¢see also
The number of publications concerning this process is evereferences if12]). According to our knowledge, besides the
less than the number devoted to the laser-assisted x-ragferences on x-ray photoionization mentioned 6 x-ray
photoionization process. scattering in the presence of a laser field was considered only
The elements of the x-ray scattering in the absence of i earlier work by Ehlotzky{13] and more recent work by
laser field can be found in the textbooks by Heiflét and  Kalman [14]. The latter is devoted to the laser-assisted in-
by Loudon[8]. The differential cross sectiaC9) for light  elastic x-ray scattering as a tool for determining the length of
scattering is expressed in the quantum-mechanical scatterindtrafast x-ray pulses and is of no interest for our present
theory by the Kramers-Heisenberg formula, which includeswvork. For the laser-assisted x-ray scattering in the context of
both elastic Rayleigh scattering and inelastic Raman scatteelectron-atom collisions in a laser field, see the recent review
article [15].
We shall first present th&matrix theory of laser-assisted
*Present address: Department of Physics and Astronomy, The-ray scattering in Sec. Il. In Sec. lll we introduce some
University of Nebraska, 116 Brace Laboratory, Lincoln, NE 68588-approximations, explain their range of validity, and define
0111. the T matrices of the x-ray scattering processes. An expres-
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sion for the DCS for laser-assisted x-ray scattering is derived E (t)=E V() +E{ (1),

in Sec. IV. In Sec. V we apply the time-dependent WBK

approximation to our problem and present our final expres- (+) ) hoyg \ Y2 ot

sion for the DCS of laser-assisted x-ray scattering by hydro- Ex (t):'; 26V &age ", 4)
gen atoms. Section VI is devoted to the saddle-point method

analysis of the x-ray spectra. Numerical results for a mono-

chromatic linearly polarized laser field are presented in Sec. B ()=—i>
VII. Finally, Sec. VIl is devoted to the conclusions. All our :
results are derived in Sl units. For a better estimate of thevherea, anda,; are the annihilation and creation operators
order of magnitude of the results obtained, we express thgf the x-ray field photons corresponding to the wave vectors
DCS in units of the Thomson DCS, which, for hydrogen K, frequencieswyx, and unit polarization vectorgy . V

atoms and parallel geometry, is equal to the square of the.| 3 5 the quantization volume. We consider the scattering

1/2
%az eIwKt'

ﬁwK
280V

classical electron radius. of an x-ray photon with the initial wave vectér and energy
hwg into a final state with the wave vectét’ and energy
Il. SMATRIX THEORY hwy . If we denote the initial and the final atomic state

vectors and ionization energies py,) andl,, respectively,

In order to derive an expression for the DCS of Iaser—then thein and out states, which appear in E(L), can be

assisted x-ray scattering, we start from a general form of thgitten as

S matrix, —_—
|Pin(t)) = tho)e" 0| 1) O 1),
Sy=ifi lim lim (O (t)|GE DRt (1) " o (5)
t'—ool= = |@ou(1)) = |o)e 0|0y )| 1 ).
In Eq. (1), Gis the total Green’s operator, which correspondsThe total Green’s operator satisfies the Lippmann-Schwinger
to the total Hamiltonian equation
2
H=Hg+er-E,(t), H0=2p—m+VA+er-E(t), 2 G(t,t’)=Go(t,t’)+fdt”G(t,t")er-Ex(t")eo(t",t'),

(6)

where the Green'’s operat@;, of the HamiltonianH, oper-
ates in the vector space of x-ray photons as a unit operator.

whereer - E,(t) is the interaction of the atom with the x-ray
field (in the length gauge and in the dipole approximatjon

er-E(t) is th? Iaser—atqm mtergcnon, also In the Ier]gthlntroducing Eq.(6) into Eqg.(1) and taking into account that
gauge, and/, is the atomic potential. We shall treat the Iaserthe total Green’s operator, by acting on thet state, yields a

field classically, so that, in the case of a linearly polarizedtotal final state at the timet of the form (®(t)]
monochromatic field, the laser electric field vedigt) with — (D4, (*)|G(%,1), while the operatoiG, only actfs on
the unit polarization vectcg, frequencyw, and intensityl, is  the a?gmic pa’rt' of the in state as iAGy(t,

given by — )| o) expll ot/h) =|y(t)), we obtain
E(t)=Epesinwt, |=2%g,cE2. 3) i[>

° 2rommo (S— 1)fi:_gf dt(D¢(t)|er- Ex(t)]|¢i(t))1x)|0k-).

In order to distinguish the x-ray field from the laser field, we o @)

shall consider the x-ray radiation field as quantized, i.e., ac-
cording to[8], we define By applying Eq.(6), once more we get for the final state

(@ (0] =A@ a()]| Gol=,0)+ [ 0/ Golet') er-E1)G(1" 1. ®
Substituting Eq.(8) into Eq. (7) and taking into account thafOx|(1k:|Ex(t)|1k)|0k:)=0 and that(®,(*)|Gy(,t)
= (—i/a)(P()[(O0k[(1k|, we obtain

(s=1g=— 7| _dt| a (w0l (1c ler EIGH ver E01H(1)] 1100 ). ©

IIl. APPROXIMATIONS AND THE T-MATRICES

By now the only approximations we used were the nonrelativistic and the dipole approximation. They are satisfied for x-ray
photon energies less than 100 eV, which we are consid¢8hdSupposing that the x-ray field is not too strong, we obtain
from Eq.(6) G(t,t")~Gy(t,t"). In this case, the remaining matrix elements in the vector space of the x-ray photons give the
following result for theS matrix:
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i 2

he 1/2 * ’ ’ A ’ 2 —lwgt’ +iogt
(S_l)fi:_%m(waﬂK') J:wdtf dt’{{ge(t")|r-exGo(t',t)r-ec [i(t))ye 'k K

+ (1) r- & Go(t!,t)r - &l (1))l 't ity (10)

Our next approximation is to neglect the laser field dressing of the initial and final states, i.e., the sub#tﬁ;{ﬁp}n
~|oyexpll t/h), j=i,f. This approximation is valid for the laser field intensities much less than the atomic unit of intensity

| ,=3.51x 10 W/cn?, which is satisfied in our case. Furthermore, we have shown in our previous [Eptrat the
first-order corrections, obtained for these wave functions from the time-dependent perturbation theory, give only small con-
tributions to the DCS of photoionization processes. Using these approximations and transforming the integrals over the times

in Eq. (10) by means of the identit)ffwdtffdt’f(t’,t)=f°fwdt’ft,'wdtf(t’,t), upon introducing the new variableé=t’,
r=t'—t, and writingt instead oft” in the final expression, we obtain

i he? o ® . . .
(S—l)fi=———(wKwK,)1’zf dtf dre Moyl {r - ece 1 KIGy(t,t— 7)r - g 'Ok ()
h 280V —o0 0

+r. AQ(rein,tGo(t,t_ )0 - é(efio)K(tfr)}l lﬁO)eiIO(t*T)/h. (11)

Our next approximation is to neglect in E4.1) the influence of the Coulomb field on the intermediate propagator, i.e., to
replace the Green'’s operatGi, by the Volkov Green’s operator

Go(t,t—r)~—%f dalxq() ) xq(t=7), (12

where the Volkov state vectors in the length gauge[ &) = — dA(t)/dt,e=|e|]

[xa(0) =+ > A()exp (— {a-a(t) + Ut + EqtliA), a3

with

2
a(t)= %ftdt'A(t’), Ut)= ;—mftdt’Az(t’)=ul(t)+ Uot, (14)

whereUp=e2A§/4m is the ponderomotive potentidﬁq=ﬁ2q2/2m, and A,=Ey/w. This approximation was successfully
used in the analysis of high-order harmonics generatiérl7] and above-threshold ionizati¢©8,19. The corrections to this
approximation can be obtained by replacing the Volkov waves by the Coulomb-Volkov waves or by the laser-field modified
Coulomb-Volkov waves, but we shall not consider this heee[6] and references therginThe quasiclassical action that
corresponds to the propagation from the atomic ground state at timeto the ground state at tinteis

=(EqtlotUp) 7+hig-[a(t) — a(t— D]+ U () ~Uy(t—7).  (15)

e 2
q+ %A(t,)) +1g

t , %2
S(q,t,r):ft_Tdt [ﬁ

Both matrix elements that appear in E¢ll) contain the factor eXfp-i(wx— wg:)t]. Taking into account that
E(t), A(t), a(t), U (t), and S(q;t,7) are 2/ w-periodic functions oft, the remaining part of the two matrix elements

mentioned above can be written in the fo@Q,K,Té?,(cp), with Cy = (fe%/2eV) (wkwk-) Y2 and = wt, while
=)

0= | ar dq<¢olr-é<|q+§A<t>><q+§A<t—T>|r-‘eKrlwo exp{—i[S(@t Do), (16

so that

(S—1>ﬁ=<—i/h>2cK,K/fldt[?’é,“,m)+7*T,>K<<p>]exr{—i(wK—wmt]. (17)
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By expanding the matrix elemerfféf(),(qo) into the Fourier  of the x-ray photon of the wave vectét’ and the energy
series hwg:, then the electron propagation, and, finally, the ab-
. sorption(or emission of n photons of the laser field and the
+) (+) . absorption of one x-ray photon of the wave vedfoand the
’]'Q’K/((P):n:z_OC TK’K/(n)qu_In‘P); energyﬁwK .
(18)
(=) 2rde . ) IV. DIFFERENTIAL CROSS-SECTION
TKYKI(n)z E,];(J('((P)equn()o)a . o o
0 The rate(probability per unit timg of emission of x-ray
photons of frequencies within the intervalv:—e,wg:

we obtain . S within ! :
+¢) and with the polarizatioey . into a solid anglelQ is
N2 (8]
(S=D)y=(—ilh) CK,K’ZW; S wgr—wg—nw) Tg(n),
(19) 40, — 1 V i JwK/+ad ) s 1 )
Tfi(n)=Ti:li,(n)+T(_,’)K(n)_ Wii KT, 2me) < g wo*[(S=1)4]%

The physical meaning of the twd-matrix elements in Eq. 20

(19) is the following. The matrix eIemean{,)K(n) corre-  where the connection  Zg— [V/(27)3%] fdK
sponds to the processes in which an x-ray pHoton of the wave [V/(2c)3] fdwKwﬁfdQ,z was used, anck is small
vectorK and energy: wy is absorbed first. The atom gets enough so thab2|(S—1)s|? is almost constant in the inter-
ionized and the electron propagates under the influence afal of integration.T, is the laser field pulse duration time.
the laser field only during the time interval frot:-7tot  The time duration of x-ray pulses generated in high-order
when it comes back to the atomic cdiiee., the return time  harmonic generation processes is usually shorter than the du-
7). At this instant the electron recombines, exchanging ration of the laser field pulse. Hence one can assume that
photons with the laser field and emitting an x-ray photon ofthe x-ray scattering process happens at some instant
the wave vectoK' and of the energfi oy =fiox+nfio.  t;e[0,T,]. According to Eq(19), we obtain for the absolute
For the matrix eIemenT(Kf,i,(n) we have first the emission square of the&smatrix element

2

2
[(S—1)4|%= ?CK,K’ ; Ti(n) 8wk — wx—Nw) X, TH(N') 8wy — wx—n' w)
n’
T, (27 ? ,
:E ﬁCK’K, ; |Tfi(n)| 5((DK!_(OK_n(U), (21)

where we used the relationn(0)=T, (for TBH“’,) - The ments?[é?,(@ defined by Eq(16). The three-dimensional
differential cross section can be obtained by dividing thejeq a1 gver the intermediate electron momehtpcan be
emission ratews;(n) by the incident x-ray photon fluxy

coh . : computed using the saddle-point method, similarly as in
=c/V. Taking into account the quantit€y ., defined . : , .
above Eq/(16), we obtain [17]. Denoting the subintegral matrix elementstg;t, 7),

we obtain p=7%q) the result

do(n) e \?
R = 4’778 ﬁ KK,3|Tfi(n)|2, wK,=wK+nw,
dQg 0 h3J dq h(a;t, r)exd —iS(q;t, 7)/%]
(22)

where K=wy /c, K'=wk./c, and the energy conserving 27 | 2
condition i wk:=fhwyx +nhw comes from the argument of = : exd —iS(gs;t, 7/ ]
the & function. This is our final result for the DCS of x-ray T
scattering with the absorptiom0) or emission (<0) of i 2

I hotons. i .
(RESCORISaNS X _'Eﬁz&qur"')h(q,t,T) |q:qs(t,r>,

V. TIME-DEPENDENT WBK APPROXIMATION 23

In order to determine the DCS we have to computeTthe
matrices that are the Fourier components of the matrix elewhere the stationary momentufiy,,
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2" &

—_——, 25
Wag/Z(qZ_i_aEZ)B ( )

et m
pastr=——[  dvA®)="la(t-7)-a(v)] (& Tl go)=—i
(24)
is the solution of the equatioR,S(q;t,’)=0. The result whereag is the Bohr radius. In the case of a linearly polar-

(23) is a version of the time-dependent WBK approximation2€d 1aser field we havg=qjle, so that the DCS contains
[20]. We have shown previously in the context of the high-the factor €-ex)?(e-ec/)?. This factor has its maximum
order harmonic generation and above-threshold ionizatioequal to ) for parallel geometryg|ec|ec. . Therefore, in
within the strong-field approximatiofl7—19 that satisfac- order to simplify the situation, we shall compute our numeri-
tory results can be obtained by keeping only the zeroth-ordetal results for this geometry only.

term of the expansion of the forrf23). For the processes Our final result for the DCS, for which we shall present
mentioned, the number of the exchanged photons is large. the numerical result, is given by E(R2), in which

will be worthwhile to check whether this approximation is

applicable for relatively smalh, which we shall consider Tfi(n)ZTff,z/(n)JrT:(, «(n),

here. In order to verify this, we computed the first-order cor- Y ’ (26)
rection (the term with?/9g%) and found that this approxi- () Zﬂdqoﬁi) .

mation is satisfactory fom|>2. This is an unexpected re- Ty (M= fo 2 k. (@)exping),

sult that shows that the above approximation, 8), has a
wider range of applicability than it vxas believed previously.\where the]k(i)’(@) are given by Eq(16). According to Eq.
The matrix elements that appeardji,/, (¢) are of the form  (25), for the parallel geometry the zeroth-order term of the

(for a hydrogen atom in its ground stdt,)) WBK expansion(23) yields
|
)0 2am\%2 27 redr irs . " "
+ __[c™ ar B o /
Kk (@) = a8 )o exp{ —i[S(gs;t, 7) Fh oy, TR}
e e
At =AW || aet ~A(t—1)
X e 2 3 e 2 3 (27)
As+ A1) +ag?| || gt ZA(t=1) +ag?

whereSandq.=q.e are given by Eqs(15) and(24), respec- By applying the saddle-point method to the integral over the

tively, andA(t)EA(t)é. t|m_e t, we obtain the conditio@S/dt=n#Aw, which can be
written in the form
VI. SADDLE-POINT METHOD ANALYSIS wz(t) ﬂ_z(t_ 7) -

OF THE X-RAY SPECTRA

m >m nfiw, (29

According to Egs(19) and(22), the DCS for scattering in
a laser field is determined by th& matrix T¢(n) where @(t") =%q4(t,7) +eA(t’) is the momentum of the
=Tf<+,1,(n)+Tf<_,)K(n). The matrix elementé'l(f&,(n) can electron in the laser field at timg. The second condition
be evaluated by computing the five-dimensional integral ovefan be obtained by applying the saddle-point method to the
the timet, the return timer, and the intermediate electron integral overr. This condition depends on thiematrix ele-
momentag. We have shown in the preceding section that theMent that we are considering, and it is, respectively,

three-dimensional integral over the intermediate electron

momenta can be replaced by an infinite sum of the matrix M:_h 1. f T+

.. . Wk 0 or K Kr(n)a
elements. The remaining integrals can also be analyzed by 2m ' (30)
applying the saddle-point method. The behavior of all these
matrix elements is mainly determined by the factors that ap- (1= 7) =t how—1 for T (n)
pear in the exponent. According to Eq$6)—(18) and(23), 2m K70 K7 KA
we have

The right-hand side of the first of the above equations is

() -312 . always negative, so that the solutions faand = are com-
TKvK'(n)Mf dtf dr 7 h(as;t,7) plex. A similar condition was obtained in the context of the
analysis of the cutoff law in high-order harmonic generation
[16,17. The more interesting is the second condition of Eq.

(280  (30), because fofiwk =1, it corresponds to real timesand

Xexp{—i[S(qs;t, 7))/ * ok T—Nwt]}.
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7. By using numerical examples we shall show in the next 10°
section that this term essentially determines the behavior of

the final x-ray spectra. The matrix eIemeTﬁT?K(n) corre-

sponds to a process in which an x-ray photon is absorbed 105 | =10 W/em?
first. Foriwy =1, the electron can really be ionized and it /,/ﬂv,v‘\

has the energyr(t— 7)/2m in the laser field at the instant 7 g

t—7. Then this electron moves under the influence of the .

laser field only. At some time¢ it gets close to the atomic

core and can be recaptured by the nucleus. The recombina
tion process is the most probable one for low electron ener-
gies, i.e., form?(t)/2m~0. Introducing this condition into 1015 | .1 o 4
Eq. (29), we obtainm?(t— 7)/2m=—n#w, which, in com- I = 5x10'3 Wiom? '
bination with the second condition in E(B0), gives po'“'a"ax '

)

2
e
A

do/dQ (units of r
3
>
|,
u,
o]
B
P
e

N «ﬁ
o 5, d

_ _ 10_20 ﬁ 1 1
nfiw IO th- (31) .40 -20 0 20

We, therefore, obtained a simple linear dependence that con- n
nects the number of absorbéat emitted laser field photons
n, the atomic ionization potentidl, and the energy of the
incident x-ray photonfwy . Besides this condition, one

FIG. 1. The DCS of x-ray scattering in units of (r,=2.8
X 10~ *® m is the classical electron radjuss functions of the num-

. . ... bern of absorbedor emitted laser field photons, for two values of
should take into account the energy conserving condltlofhe laser field intensityl —5x 108 W/en? (squares and dotted

how=hok+nhw=0, Wh'Ch determines the CUtOﬁ. of the curve and| =10 W/cn? (triangles and dashed cuivérhe laser
spectrum at Iarge. negatl\{e Val.ues o and, accgrdlng to field is linearly polarized and monochromatic with the photon en-
symmetry and parity considerations of the matrix elementsergyﬁwzl_17 eV. The energy of the incident x-ray photons is
that moreover the number of the exchanged photomaust 4 - _ 50 ev. The results presented by the dotted and dashed curves
be even. We shall show in the next section that the x-rayye optained using the zeroth-order term of the WBK approximation
spectrum is mainly determined by these conditions. The congsee text, while the triangles and squares correspond to the results
dition (31), and, therefore, the values ofthat characterize that are obtained taking into account the first-order correction.

the spectrum, do not depend on the intensity of the laser

field. As we shall show, the DCS increases with the increasggagses in which we have first the emission of an x-ray pho-
of the laser field intensity, but the general shape of the spegy, \we see that thee” spectrum is symmetric with respect

trum is determined by the simple conditio8d). to n=0, while the “a” spectrum has a broad plateau for the
negative values af. Therefore, the x-ray spectra are mainly
VII. NUMERICAL RESULTS determined by the process in which we have the absorption

We shall first check whether our time-dependent WBK
approximation gives reasonable results. In Fig. 1 we present
our data for the laser-assisted x-ray scattering DCS in units
of r2 as functions of the number of photons exchanged with
the laser field, for two values of the laser field intensity. The
triangles and squares represent the results obtained using th¢X®
zeroth- and the first-order term of the WBK expansigs),
while the dotted and the dashed line correspond to the
zeroth-order term only. As one can see, fof>2, the
zeroth-order approximation gives satisfactory results. Beside
this, the results presented in Fig. 1 show a typical behavior of
the x-ray spectra that we obtained in the present paper. First,
only an even number of laser field photons is absorbed or
emitted. Next, forn=0,£2 we have a pronounced maxi-
mum in the spectrum and then a rapid dromat=4. After
that, there is a plateau that is quite different for the positive
and the negative values of The height of the plateau is
determined by the laser field intensity. The plateau for posi-
tive n is small (almost negligiblg in comparison with the FIG. 2. The DCS of x-ray scattering in the presence of a laser
plateau for the negative values of In Fig. 2 we analyze field presented as in Fig. 1. The curves denoted by 6 and 10 corre-

the contributions of the matrix elemenfﬁl(:&,(n) and spond to the laser field intensitieb=6x 10" W/cn? and |
_ ’ _ 4 . . .
TE« .(n) to the DCS. The results denoted by™ corre- —1& Wicn?, respectively. The results obtained using only the
’ matrix element that corresponds to the processes in which an x-ray

; -)
_SPO”O_' to the matrix elem?n[(l&’,K(n) an_d to th(_a ProCeSSeS photon is absorbed first are denoted by the lettay” ‘while the
in which an x-ray photon is absorbed first, while the resultSetter “e” corresponds to the processes in which we have first the
denoted by ‘€’ correspond to theT(Kf,)(,(n) and to the pro- emission of an x-ray photon.

104 |

108 1

do/dQ (units of
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10° 0
13.6
I = 10" W/cm? @) _ 1014 2
102 10 fes_ I= 10" Wiem
40 oo n:even
o
- 4 N
Z 10 20
2 -
2
g 100 30
3
108 -40
10710 L . . : -50 : . : :
-40 -20 0 20 30 40 50 60 70
n
hay (eV)
10°
FIG. 4. The dots represent as a function of the incident x-ray
1 5 (b) photon energied wy those numbers of photoms exchanged with
102} I'=10" W/em the laser field, for which the DCS of x-ray scattering have their first
minima before the cutoff of the spectrum for large negative values
o 30 of n. The laser field intensity i$= 10 W/cn?. On this figure is
S 104} also presented a straight line denoted ky/f — wy)/w. The equa-
(2] . . .
= tion nhw=1y—hwy follows from the saddle-point method analysis
éﬁ of the T-matrix elementgsee texk
-E 10'6 -
o} .
° cutoff of the spectrum for large negative valuesof-or the
. general shape of the plateau for negative valuas eée, for
10 example, the curve Hiin Fig. 2. We have chosen to present
the positions of these minima because they can be easily
10710 extracted from the spectra. We have also presented for com-

-40 -20 0 20 parison a straight line denoted b (% — wk)/w, which is

determined by the conditio(81), which we obtained in the

preceding section. Our numerical results follow precisely
FIG. 3. The DCS of x-ray scattering presented as in Figs. 1 andhis line. The agreement is even better if one takes into ac-

2. The presented results are obtained by including both the zerotfgount that the numbat can only be an even integer.

and the first-order term of the WBK approximation, and by using

both T-matrix elements. The laser field intensity i$

=10" W/cn®. (a) The results for the following values of the inci- VIIl. CONCLUSIONS

dent x-ray photon energies: 13.6 eV, 20 eV, and 40 eV are pre-

sented, while fo(b) the incident x-ray photon energies are 10 eV

30 eV, and 50 eV.

n

Only a little work has been devoted so far to x-ray-atom
" scattering in the presence of a laser field. We presented in
our present work th&matrix theory of this process, which,
of the x-ray photon first, which is in accordance with our after suitable approximations, leads to a relatively simple
analysis presented in the preceding section. For the resulépression for the DCS, E(R2). The T-matrix element con-
shown in Figs. 1 and 2 the incident x-ray photon energy wasained in this expression consists of two terms that can be
fixed to 2w, =50 eV and the laser field photon energy to explained using two Feynman diagrams: one corresponds to
hw=1.17 eV, while the laser field intensities weltee5  the processes in which the x-ray photon is absorbed first,
X 10 Wicm?, 1=6x 10" W/cn?, and =10 W/cn?. In  while for the other the x-ray photon is emitted first. The
Fig. 3 we present the DCS for a fixed laser field intensity, buintermediate propagator between the absorption and the
for different values ofi wyx . The spectra forhwx =30 eV, emission of the x-ray photon is dressed by the laser field so
40 eV, and 50 eV are similar to the one presented in Figs. that, by taking into account the parity conservation condi-
and 2, while fori wx =10 eV, 13.6 eV, and 20 eV the spec- tion, in x-ray-atom scattering in a laser field an even number
tra are different. In the latter case, the cutoff for the negativeof the laser field photons can be absorbed or emitted only.
values ofn appears earligii.e., for smaller values dh|) due  This is obvious because the atom experiences no change of
to the energy conserving condition, and the plateau is shiftedtate due to the combined effects of x-ray and laser scatter-
to the positive values ofi. A sharp maximum appears for ing. We have shown that the expression obtained for the
hwg=1g andn=0. Finally, in Fig. 4 we present as a func- DCS can be further simplified by applying a particular ver-
tion of the incident x-ray photon enerdywy those numbers sion of the time-dependent WBK approximation. This
of photonsn, exchanged with the laser field, for which the method was developed within the strong-field approximation
DCS of x-ray scattering have their first minimum before thein the context of high-order harmonics generat{d,17]
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and above-threshold ionizatidd8,19 and it is assumed to rayf wg: =% wk + nhw is thus smaller than the energy of the
be applicable in cases where the number of exchanged phocident one.
tonsn is large. Contrary to this assumption, we have shown

here that this method works also well for relatively low laser

field intensities and small values of A further result of the

application of the saddle-point method leads to the conclu- D.M. thanks the Institute for Theoretical Physics, Univer-
sion that the x-ray spectra are mainly determined by thossity of Innsbruck, for its hospitality and financial support.
processes in which the x-ray photon is absorbed first. In thihis work has been supported by the Jubilee Foundation of
case, the atom gets ionized and the electron moves in thtae Austrian National Bank under Project No. 6211/1 and by
laser field. If its energy is small enough when it comes closehe East-West-Program of the Austrian Academy of Sciences
to the atomic core, it can be recaptured and an x-ray photoand the Austrian Ministry of Science and Transportation un-
is emitted. We have shown that this process is the most prolder Project No. 45.372/2-1V/6/97. This work was partially
able when the number of the exchanged photons satisfies tlsaipported by the Buo fur Austauschprogramme mit Mittel-
condition(31), nfw=1y—Awy . Foriwy>1,, photons are und Osteuropa des dferreichischen Akademischen Aust-
emitted into the laser field, and the energy of the scattered uschdienstegContract No. 798-1/1997
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