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Mott scattering in the presence of a linearly polarized laser field
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The Mott scattering in the presence of a linearly polarized laser field is investigated in the first Born
approximation. The theoretical results indicate that at medium and large scattering angles, a large amount of
multiphoton processes take place in the course of scattering. The photoabséirpt@se bremsstrahlung
predominates the photoemissi@remsstrahlung The sum rule for the multiphoton cross sections is notably
violated. When the laser polarization deviates from the incident direction, the laser-mdslifrached cross
section shows a considerable dependence on the azimuthal angle of the scattered electron. The dependencies of
the cross section on the field strength, the frequency, the polarization direction, and the electron-impact energy

are studied.
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[. INTRODUCTION elliptical or linear polarizations. Therefore, the linearly-

polarized case was not investigated in R¢i2,13. Panek
The physics of laser-assisted scattering of electrons begt al. [14] extended the treatment to the scattering by an

ions or atoms is well developed and documented in the litatomic target by modeling the atomic scattering potential as
erature. An overview on this field can be found in the booksa screened Coulomb potential with a nuclear charge
of Mittleman [1] and Fedoro\{2] and some recent reviews =1 a.u. and a screening length=1 a.u. Hovhannisyan
[3-5]. Most of the studies have been carried out in the reet al.[15] studied the scattering at small angles in the eikonal
gime of nonrelativistic collisions and for low- or moderate- approximation forZ=1 a.u. and¢=4 a.u. It should be
field intensities. In the presence of ultrastrong lasers, a relaaoted, however, that for the field intensities considered in
tivistic treatment becomes imperativéeven for slow these studies (£6-10' W cm™?), the target atom becomes
electron$. This is because the averaged quiver energy acextremely unstable, and will be ionized quickly by the laser
quired by a classical electron scales as the modulus square fiéld before the collision takes place.
the field strengtl€,. For contemporary laser sources having In the present contribution, we investigate the relativistic
intensities in the range of ¥W cm™2, the averaged quiver scattering of an electron by a Coulomb potentile Mott
energy may well exceed? [6]. Therefore, several studies scattering in the presence of a linearly polarized laser field
have been carried out to investigate theoretically the relativef a medium intensity. A compact expression for the spin-
istic potential scattering assisted by an extremely intense lainpolarized cross section is derived by the trace procedure
ser field: In the treatments of Refs—9], effects related to without introducing additional quantities as have been done
the electron spin have been neglected and the electron hasprevious derivations. The numerical calculation is carried
been considered as a Klein-Gordon particle. Based on theut for the evaluation of the partial differential cross sections
theory of Refs[10,11], Szymanowskkt al.[12,13 investi-  for multiphoton processes and for the cross section summed
gated the spin effect in the relativistic potential scattering inover all these processes. The cross-section dependencies on
the presence of a circularly polarized field, however, as theyhe field intensity, the frequency, the polarization direction,
stated, the resulting expression for circularly polarized fieldand on the electron-impact energy are reported.
turned out to be more tractable than for the general case of The paper is organized as follows. In Sec. I, we set up the

theory in the first Born approximation. In Sec. Ill, we present

the numerical results for laser-modified cross sections and

*Electronic address: jber@mpi-halle.de discuss their dependencies on the relevant parameters. Sum-
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mary and conclusions are given in Sec. IV. Throughout this 2|
work we use atomic units=m=e=1 and the Minkowski Ji—1(Y) + i a(y) = = di(y), (7)
metric tensog,,,=diag(1,-1,-1,—1). y

the Smatrix of Eq.(5) is recast in the form

Il. THEORY "
1 4 _
In the regime of field intensity as considered in this study, Si=iz > [ — — T Su'fu
the electromagnetic field can be treated classically. For sim- 1=== [ V4QQ'V? |q' —q+IK|

plicity we consider a monochromatic, linearly polarized elec-
tromagnetic field described by the four-potential X2m78(Q — Q-+l w)] , @)

a(x)=Acog kx), (1
. . where
whereA=(0,A), andA is the amplitude of the vector poten-
tial of the field. The four wave vector of the field Is f=Agyo+ Ay yokA+ A,AKyy+ AzAKy KA. 9
=(w/c,k), wherew andk being the frequency and the wave
number, respectively. The relativistic, asymptotic electrontere, we have introduced the following abbreviations:
state in the laser field, characterized by its four-momerum

can be obtained in the explicit form upon the solution of the Bo=J(D), (10
Dirac equation. Such a solution is called the Volkov wave 13,(D)
function[12,16. When normalized in volum¥, it reads —_n= (12)
17 2¢c(k-p)D’
u
Yo(X)=| 1+ z—— ex;{—iq-x 1J.(D
P 2¢c(k-p)]2Qv A2=—I( ) (12
2c(k-p’)D
. P .
—i sin(k-x) |, 2
c(k-p) k) @ Ji_2(D)+23(D)+J,,4(D)
3: 2 ’ 1 (13)
whereu represents a bispinor for the free electtsatisfying 16c“(k-p)(k-p")D
the_first-order Dirac equation without figldt is normalized
as uu=u"y%u=2c?. Furthermore, we used in E@2) the
Feynman slash notation, i.e., for a certain four-vectore p'-A p-A p p’
write ¥ =v-y=g,,v*y". The four-vectog=(Q/c,q) is the D= - _c(k- ):80- kp) 1
averaged four-momentum of the electron in the presence of c(k-p’) P @K-P) w(k-p’)
the laser field, with (14
- in which &,=(w/c)A is the amplitude of electric field
qh=pH— A KA 3) strength of the field. The cross section for the laser-assisted
2c¢%(k-p) free-free transition is
where A2=A2/2= —|A|%/2 is the time-averaged square of _ISiil?{veiq') Qv
the four-potential. do=— 87 | cZq
The scattering of the Volkov electron from the Coulomb
potential 72 = 1 _
== —————Ju'ful?8(Q' - Q
z c*15== (g’ —q+Ik[*

9’|
+lw)7—=dQ'dQ ;. 15
of the target nucleus can be described within the first Born @) lq| Q 9
approximation. A measure for the probability for the elec-

tron’s initial statey, to go over into the final state, is  Integrating over the final-state enery’, we obtain the

provided by the scattering matrix elements cross section differentiated with the scattering solid afigle
Z — Y z2 S || _
Sq=i —f d*X s (X) = Wn(X). (5 do=— — —————u'ful?dQ. (16
i) X O v 2 T g g
Using the identities for Bessel functiops7], This expression can, in principle, be applied to calculate the
% scattering of an electron from the initial spin-polarization
elysinu — E Ji(y)el 6) states to the final spin stats’. However, in most experi-
== ' ments neither the initial nor the final spin states are mea-
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sured. The cross section which is actually measured is ob- Tr(b1b, - bp)=v1-0,TH(b3b4 - - b))

tained upon summation of EL6) over the final spin states

s’ and then averaging over the initial spin polarizatians —v1-v3Tr(doby b))+
ie.,

FvvaTr(body - -bn-1) (19

— 1
do=z 2, do. 1 . .
772 g 7 (A7) for trace calculation successively, we conclude that the cross

section has the form
The sums in this equation can be performed with the help of
the standard trace procedure

do <& dog < 2Z2|q| 1
2 2 0F 100! ot o2 40 2. 40 02 @ 1d o —ariki ™
> [uful2P=Tif(pc+c?) Pt O (p'c+c?)]. (18 15 1=== ¢2 ld| |q'—q+IkK]|
ss/ (20)
Introducing the four-vectolJ =(1,0,0,0) and using the for-
mula[18] The explicit form of the functiorM reads

M =TI f(p+c) vof Tyo(P' +c)]
=T (AU + A UKA+ ALAKU + A3AKUKA) (p+C) (AW + A AKU + A ,UKA+ A AKUKA) (P’ +¢) ]
=C?[AG+4(A14,— AgA5) APKG]+AG(2popo—p-p’) +AT{2AZ (k- p) (K- p') — 2kopo(K- P) I} + AZ{2A7[ (k- p)(k-p")
— 2koPo(k- p') 1} + AS[8A*KG(K- p) (K- p")]+240A1[ 2koPo(A- p) + (K- p)(A-p") = (K- p')(A-p)]
+2A0A 5[ 2koPo(A-p’) + (k- p’)(A-p) = (k- p)(A-p’)]+2A0A5{2A%K[ ko(p- ') — Po(k-p’) = po(k- p)1}
+2A18,{4K3(A-p)(A-p')+2A7 kopo(K- p') +kopo(k- ) —k§(p-p’) = (K- p) (K- ') ]} + 241 A 5[ — 4A%KG (K- p)
X(A-p')]+28,A5[ —4A%KE(k-p')(A-p)]. (21)

Ill. RESULTS AND DISCUSSION different |. Furthermore, the contributions of various
In this section, we present and discuss the numerical rel_—photon processes are cut off at two edges which are asym-

sults for cross sections of the Mott scattering assisted by q etric with respect td=0. The cutoff for positivel is a

linearly polarized laser field. The target is assumed to be afior - ca-cNce of the energy conservation imposed on Eq.
nnearty p . L g - r(115). On the other hand, the origin of the cutoff for negative
infinitely massive nucleus having a chaige 10. The origin . :
. . values ofl can be inferred by the properties of the Bessel

of the coordinate system is chosen to be on the targetzThe . . . ;

o S function J;(D) when its argumenD is approximately equal
axis is set along the incident electron momentpmthe y . . . .

. S . to its orderl. This has already been pointed out in Ré£].
axis along the direction of the field wave vectarand the The results shown in Fig.(.0 indicate that photon absor
electric-field vectot€, of the field lies in thexz plane. g, b P

Figure 1 displays the partial differential cross sectlonstIon processed.e., | <0 contributions predominant the pho

— ton emission onesl £&0).
da, /d() versus the net photon numbetransferred between  £igyre 2 shows the differential cross sections summed

the colliding system and the laser field. The electron-impacp,er g multiphoton processes, as given by E20). In-
energy |sTi=m((::22= 0.511 Mczev(ﬂlg corresponding Lorentz ¢jyded in Fig. 2 are the results for the laser-free scattering
factor y =Q/mc"=(T;tmc)/mc'=2), field strength is (spiq ling) and for the laser-assisted scatteriugshed line
€=0.01 a.u=>5.14<10" Vem 7, and photon energifield ¢, 15 “and dotted line fo€,Lp). At small angles, the

frequency is ﬁw:l'l.7 ev. The laser polarization is chosen summed cross section is almost unmodified by laser. Classi-
to be parallel to the incident momentum. At a small scatter-

) D : cally the small scattering angle region corresponds to large
ing angle 0.:1 in Fig. 1(a)], only a fe\_/v multlphoton pro- impact parameters, for which the orbits of the incoming elec-
cesses are Important, and the partial differential cross SectiqPon are hardly deflected by the target Coulomb field. As it is
do/dQ) is sharply peaked arourld=0. At large scattering known, a free-electron exchange energy with the radiation
angles[ =90° in Fig. 1b) and 180° in Fig. Ic)], a large  field only in the presence of a charged scattering ce(tiver
amount of multiphoton processes have significant contribuatomic nucleus in the present casghe weaker the target
tions, the origin of this behavior will be given below. The jnteraction is, the lesser is the ability of the electron to ex-
magnitudes fodo, /d(} varies in the range of few orders for change photons with the radiation field. Thus, for medium-
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FIG. 2. The differential cross sections summed over all the mul-
tiphoton processes. The solid line is the result for the laser-free
or case, whereas the dashed line is the result for the laser-modified
= cross section for the geomet&g||p. The dotted line stands for the
g laser-modified cross section for the ca&g p (the azimuthal angle
% -5 1 is =0°). The inpact energy and the laser parameters are the same
% as in Fig. 1.
©,
g‘f » an efficient exchange of a large number of photons with the
I laser field. Therefore, the summed cross section is greatly
enhanced at large scattering andlaso cf. Figs. 1a—9].
In the backward direction=180°), the modification of
B e i o 050 2em o 20002000 the cross section by the laser field in the geom&yip is of
| most significant. In contrast, if we choogg 1 p, the laser-
5 assisted cross section 8=180° drops to the results for
laser-free case. This behavior is due to the properties of the
© Bessel functions in Eq910)—(13). When the electric-field
ol polarization is parallel to the incident direction, their argu-
— mentD [see Eq(14)] reaches a maximum and hence many
3 partial cross sections contribute to the summed cross section.
=1 On the other hand, for the perpendicular geometry we find
%'15 [ . AR A . D=0. Therefore, we obtain the same result for the cross
g e TS section in the presence of the laser as that for the laser-free.
8? 0 ) Figure 3 indicates that at the polar scattering angle
=T =90°, the summed differential cross section is strongly de-
pendent on the azimuthal angfeof the scattered electron. In
contrast to the case of the nonrelativistic scattering in which
25 [ 1 1 1 1 1 1 1

20000 -16000 -12000 -8000 4000 O 4000 8000 the cross section is symmetric ababi= 180°, the cross sec-

| tions for relativistic collisions do not show such a symmetry
property. This asymmetry is inferred from the asymmetric
‘ﬁ)roperties of the factop’ - k that occurs in the denominator
in the argumentD of Eq. (14) [which in turn enters the
Bessel functions appearing in Eqe0)—(13)]. At ¢=90°
and 270°, the cross section in the presence of the laser drops
direction of the electron. The field strengthfg=0.01 a.u=5.14 to the results for the laser-free case, because ".ﬂ th_ese angles
%10/ Vem™L, and the photon energyfield frequency % the argumenD of the Bessel functions occurring in Eqs.
—1.17 eV. (10)—(13) vanishes.

Figure 4 reveals the dependence of the summed cross sec-
field intensities as considered here, the laser-induced modiftton on the laser field strength. The field strength enters the
cations of the cross section at small angles are negligible. Idetermining equations for the cross section through the argu-
contrast, for medium and large scattering angles the momemrent D of the Bessel functions in Eqg10)—(13), and
tum transfer during the collision is large, i.e., the electronghrough theA-dependent terms in Ed21). Although for
are strongly scattered from the Coulomb field of the targekeach multiphoton process, the Bessel functions in the partial
nucleus. The strong coupling of the electron to the ion allowsross section oscillate with the field strength, the summed

FIG. 1. The multiphoton cross sections for the laser-assiste
Mott scattering at an electron-impact energy df=mc?
=0.511 MeV as a function of the number of the involved photons
The scattering angles are {8 6=1°, in (b) #=90°, and in(c)
#=180°. The laser field is linearly polarized along the incident
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FIG. 3. The a;imuthal-angle dependence of the summed differ- kg, 5. The photon energffield frequency dependence of the
ential cross section for the geomei#y | p at the scattering angle  gymmed differential cross section for the field stren§gh-5.14
¢=90°. The solid line represents the result for the laser-free cross 17 vy cm=* at 9= 90° and¢=0°. The solid line shows the cross

section. The dotted line is the result for the cross section when thgetion for the laser-free case. The dashed line is the result for the

laser is present. The impact energy and the laser parameters are {gss section when the laser is present. The impact energy and the
same as in Fig. 1. laser polarization geometry are the same as in Fig. 1.

cross section increases steadily by about two orders as thggumentD of Bessel functions is inversely proportional to
field strength increases from 0 to®19 cm™1. The stronger 2 through k and A. In addition to the Bessel-function-
the field is, the more the electron state is distorted, thus thgetermined factord, Ay, A,, andAs, Eq.(21) also con-
more the cross section is modified. tains other factors that depend &rand A. In these factors

In Fig. 5, the frequencyphoton energy dependence of however, thew dependence is canceled. Physically, the de-
cross section is depicted. Contrary to the field strength degline of the laser-assisted cross section with increasing laser
pendence, the lower the frequency is, the more the summegequencies is due to the inertia of the electron in responding
cross section is modified. As the photon energy increases i@ the laser-field oscillations. In Fig. 5 we also observe some
about 9 eV, both cross sections for the laser-assisted and f@mgoth steps in the cross section, which are caused by the
the laser-free cases merge together. From a mathematicgdcillations of the Bessel functions.
pOint Of VieW, thIS behaVior iS Comprehel’lsib|e because ac- Figure 6 gives the dependence of the summed cross sec-
cording to Eq.(14), when the field strengtt is fixed, the  tjon on the (linean polarization direction of the field. The

4

5 o 4 ~

6+ -

log, [do/dQ (a.u.)]
log, [do/dQ (a.u.)]

~

7k Tk ! !

-8 = 1 + L - 1 - L . -8 . 1 . 1 . 1 . 1 . 1 . 1 N 1
0 2 4 6 10 o 50 100 150 200 250 300 50

g, (107 vem”) o (deg)

[--

FIG. 4. The field strength dependence of the summed differen- FIG. 6. The summed differential cross sections versus the polar
tial cross section a#=90° and¢=0° for the field frequency: w angle of the polarization vector of the fielthe polarization vector
=1.17 eV. The solid line is the result for the laser-free cross sec€, varies in thezx plane for §=90° and¢$=0°. The solid line
tion, whereas the dashed line stands for the laser-assisted cross sshews the cross section for the laser-free case, whereas the dashed
tion. The impact energy and the laser polarization geometry are thkne stands for the cross section in the presence of the laser. The
same as in Fig. 1. impact energy and the laser parameters are the same as in Fig. 1.
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-4 sus the kinetic energy of the incident electron at the scatter-
ing angle#=90°. In the energy regime considered here, the

free-free transition cross section is enhanced by more than
one order of magnitude, this is attributed to the large amount
of multiphoton processes accompanying the scattering.

IV. CONCLUSIONS

The general features of the Mott scattering are modified
decisively when a radiation field is present. The colliding
system can exchange a large amount of photons with the
laser field, depending on the properties of the field and on the
Mott-scattering geometry. Although in this work we studied
) . such processes in the simple case of linearly polarized laser

0 20 40 60 80 100 field in geometries different from previous investigations
T (mc?) [12-15, the treatment can be readily extended to the case of
a general polarization of the field and to the scattering by

FIG. 7. The summed differential cross sectionfat90° and  atomic targets.
¢=0° versus the kinetic energy of the incident electron. The solid The theoretical results for the linear polarization case
line displays the Mott-scattering cross section for the laser-freeshow that the Mott cross section is greatly enhanced by the
case, whereas the dashed line indicates the laser-modified resyifresence of the laser field within a wide energy range of
The laser parameters and the polarization geometry are the sameigspact electron. The laser-induced inverse bremsstrahlung
in Fig. 1. dominates the induced bremsstrahlung. The stronger the laser
Sand the lower the frequency are, the more prominent the
cross section enhancement will be.

log, [do/d2 (a.u.)]

polarization dependence is approximately periodic. This i
explained by the periodic nature of the arguménfEqg.
(14)] of the Bessel functions. When the magnitudes of the
field strength and the momenta of the electron in the initial
and the final states are fixed, the scalar product betgen This work was supported by the National Natural Science
andp (or p") varies periodically with the polar angl® of  Foundation of China under Grant Nos. 10074060 and
&o. 10075043. S.-M.L. would like to thank the DAAD for the
Figure 7 shows the summed differential cross section verfinancial support of his stay at the MPI in Halle, Germany.
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