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Mott scattering in an elliptically polarized laser field
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We study Mott scattering in the presence of a strong elliptically polarized field. Using the first Born
approximation and the Dirac—Volkov states for the electron, we obtain an analytic formula for the unpolarized
differential cross section. This generalizes the results found for the linearly polarized fielddbali 67,
063409(2003] and for the circularly polarized field by Attaourti and Man&u68, 067401(2003)].
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I. INTRODUCTION potential corresponding to the laser field satisfies the Lorentz

A R
In this paper we consider Mott scattering in the presencgondlt'on& A,=0 and is given by

of a strong elliptically polarized field. Using the first Born A=a; coq o) +a, sin()tan5/2), (1)
approximation, we give complete analytical results; these re- ,

duce to those found in earlier work for linearly polarized With #=k-x=k“x,=wt-k-x and where is the degree of
field by Li et al. [1] and for circularly polarized field by €llipticity of the Ia§erf|ezld.'lz'he21‘ourvectoa§ anda, satisfy
Attaourti et al. [2,3]. An analytical expression for the spin- the following relationsaj=a;=a" and the Lorentz condition
unpolarized differential cross section is derived using tracéC"A implies a,-k=a;-k=0. The linear polarization is ob-
calculations. The electric field strength as well as the fref@ined for»=0 and the circular polarization is obtained for
quency of the laser field and the kinetic energy of the incom-7= 77/2.' Th_e electric field associated with the potential of the
ing electron are key parameters, the study of the process GiSer field is
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laser field introduces another key parameter, namely the de- E=-—-——A. (2
gree of ellipticity . The cross section dependence on this cat

key parameter is reported. The general features of the Motbifferential cross sectionThe interaction potential is the

scattering process are qualitatively modified when a laseCoulomb potential of a target nucleus of cha#je
field is present and this is particularly true when one studies

the spin-dependent relativistic Mott scattering. Not only it is AL = (_ z 0.0 O) )
important to take care of the fact that the electron is a Dirac oul Ix|" )

particle but also to describe this particle by the appropriate _ . o . .
wave function in a nonperturbative way. This is done byand in the first Born_ _ap_prOX|n_1at|on, the transition matrix
using the Dirac-Volkov wave functiord] which contain the  €lément for the transitiofi — f) is
interaction of the electron with the laser field to all orders. iz o
The organization of this paper is as follows. In Sec. Il, we Si=— f d*x g, (X)
present the theory in the first Born approximation. In Sec. lll, ¢

we discuss the results for the spin-unpolarized differentialrhe Dirac-Volkov wave functiongy, (x) and g, (x) describe

cross section modified by the laser field and analyze theifyg jncident and scattered electron, respectively. Such wave
dependencies on the degree of ellipticily We end by a f,nctions normalized to the volumé are [4]
brief summary and conclusion in Sec. IV. Throughout this

work, we use atomic unit4¢=m=e=1 and work with the _ u(p,s) iS(0%)
metric tensorg**=diag1,-1,-1,-2. lﬁq(x)-R(Q)We' Y, (5)

b
X

Y6, (x). (4)

whereu(p,s) represents a free Dirac bispinor normalized as

u(p,s)u(p,s)=2c? and g*=(Q/c,q) is the quasimomentum
We treat the laser field classically since we are consideracquired by the electron in the presence of the laser field

ing intensities that do not allow pair creati¢f]. The four

Il. THEORY

1 —
= pht— ————A%KE, 6
=P ®)

*Electronic address: attaourti@ucam.ac.ma The quantityR(q)=R(p) is defined by
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R(a) = R(p) iz f 1 1 _
= — | d*x—=——=—=—=—=u(p;,s)[Cy+ C,CO
L. 1 " S o 2Qv \"ﬁ/ (1, s0)[Co + C1 cOL¢h)
2c(k-q) +C, sin(¢) + C3 cog2¢)Ju(p;, s)exli(gs - gp)x
1 —izsi -
=1+ K oS ¢) + &y sin()an 7/2)], i2sin(é = do]. 14
c(k-q) where the four coefficient§;, i=0, 1,2,3, are given by
7
v Co= 7~ KoaPko(p)c(py)[1 + tarf(7/2)],
where the Feynmann slash notation is ugd for a given
four vectorA, we haveA=y*A,,. The phases(q,x) is such C, = c(p;) Y°kd, + c(pr) & ky°,
that
kx 1 C, = [c(p) Y'ké, + c(pr)dkyTtan(7/2),
S(a.x)=-p -x-f —{p-A(i) -—Az(f)}dg
o clk-p) 2 Cy = kaPke(py)e(pltarf(7/2) - 1], (15
_ (a-p . (a2 p) andc(p)=1/[2c(k-p)].
=Tanx= ck-p) sin(¢) + ck-p) cod p)tan(/2) We now invoke the well-known identities for the ordinary
(a9) (@) Bessel function$6]
1° . 2"
=—Q-X————sin(¢) + —— cog H)tan(7/2).
q olk-q) @ ok-q) P)tan(n 1 » B,
(8) C?E(¢) x drizsind-dl= 3 Bin ¢ g-ino),
Finally the averaged squared poten#dlis given by sin(¢) = | Ban
e cog2¢) Ban
A?=a1+tarf(5/2)]/2, 9 (16)
from which one deduces®=a? for the case of a circular i do=arctarfa,/ ;) and
polarization of the laser field ant¥=a?/2 for the case of a .
linear polarization of the laser field. We transform the expo- Bn Jn(2)en %o
nential of the two phases as Bin | ) [3hn1@€™D%0+ 3 (2)MV%0]/2
& i[8(01,0-S(0 0] = il (6-0y) X2 sin( =) ] (10) Boy | | [3ns1(2€™ V%0 = 3,1 (2)€™D%0]/2i
i(N+2) i(n-2)¢
In Eq. (10), the argument is Ban [n2(2)€ °+ Jn-2(2)€ V2
2, 2 7
Z=Napay, (19 Using the standard procedures of QER), we obtain for the
with spin-unpolarized differential cross section evaluatedQer
(ap) (apy SQrnw
A - & - P
a; = - ) (12) — e —n)
Y elhep) ek do_ 5 dof (18
and de n=-w« de
with
(a-p) (8- pf):|
a,= - tan(»/2). (13 —n) 52
2 [c(k-po ok py) o _ 54@;4(12 |Mgin>|2). (19
dQ;  c*|ail g —ai - nk| 245

Therefore, we can recast the transition matrix element in the
form Using REDUCE for the trace calculationf8,9], we obtain

1
> ?sf IM{P]2 = 2{32(2)A+[32,1(2) + B2_1(D) 1B + J0e1(2)31-1(2C + Iy(D[In41(2) + 3022 ID + In(D)[Ins2(2) + In2(DIE + [I2.5(2)

+ Jﬁ—z(z)]F + [In-1(2)In+2(2) + In41(2)In-2(2)1G + [J141(2) Ins2(2) + In-1(2)In-2(2) JH}. (20

The eight coefficienté\, B, C, D, E, F, G andH are given, respectively, by
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(k-ar) . (k-q)
(k-a) " (k-ap

2,
) Ll [(q; - q) - c?][1 + tarf(5/2)]/2

— (g - a)c® + 2QiQ; - —( (k- (k- q)

2 2
* (k( q?)(k qﬂ(lta”l(”’z“5““"%“”2)) WLkQ;.) +<kc-2<'qf) '<<kc.2'qi) ' (k?;f))“”aﬁ(”’zﬂ’z]
(21)
w? (a; -g)(ay - o) (az'Qi)(az'Qf) a2 (a2)°w? (k-qp)  (k-qp)
_( k-ak-a)  (k-g)k tar?(”/z)) {2 2%k gk ) (<k-qi>+<k-qf>)
b B g - 2 Q)( . —i)}[utaﬁ( 2))2 (22
22K gk g @0 k-qp  (k-qp) e

C= m(coﬂ%){(al -0)(ay - Or) — (ap - ) (@ - aptart(7/2)} + sin(2¢p){(ay - o) (ag - af) + (ay - G)

(3 -qpMar(7/2) - {a—z( b (0 - s+ TH0-q)

X ( K _1qf) - ﬁ) - E}cos(zqso [tarf(7/2) - 1], (23
g e LS e RN G i e R GRS e
= 1[A-a) + (A - ap)], (24)
B= cod2dg)ltar(n/2) - 1)azw{- % : é( (k?;qi) : (k?;f)) " 8k -a;;v(k PRRPTRr To

a’w
- mtar?(wﬁ)}, (25)

(a2) 2W2 ) (2 6)

— {tarf(m/2) - 2(—,
F=1ar (12~ TN ot g

2
G =[tarf(5/2) - HW

202

8c3(k - ) (k - q)

{cogBe)[(ag - q) + (ag - qr)] + sin(3¢p)[(az - G) + (az - gf) Jtan(7/2)}, (27)

H =[tarf(5/2) - 1] {cod ¢o)l(ay . q) + (a; - qp)] — sin(g)[ (az - o) + (az - gy) Jtan(7/2)}, (29)

where A=a, coq ¢)+a, sin(¢g)tan(7/2). In the absence of =0 and the results of Let al. [1] are straightforward to
the laser field, all the contributions coming from the sumobtain whereas for the circular polarizatidm=1/2), we
overn of the various ordmary Bessel functions vanish excepfind the results previously found by Attaoueti al.[2]. Equa-

for n=0 whereJ,(0)=6,, and we recover the well-known tion (18) is the relativistic generalization of the Bunkin and
formula for Mott scattering in the absence of the laser fieldFedorov[7] treatment and it contains the degree of ellipticity
[6] of the laser field.

do _ 1 Z%7 [1-p*sin(6/2)] (29
dQ¢ 4[p|?g?  sinf(e2) IIl. RESULTS AND DISCUSSION

whered=(p;, ps). It can easily be checked that for the case of In this section, we discuss the numerical simulations for
a linear polarization of the laser field;=0), the phasep, the differential cross sections of the Mott scattering by an
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elliptically polarized laser field. We assume without loss of 25

generality that the target is a proton having a chatgrel. — Elliptical
The dependence of the unpolarized DCS on the atomic Y B Circular
charge is quadratic. For an arbitrary target with atomc | A |7 Linear
chargez, the unpolarized DCS is related to that correspond- Y A U Laser-free

ing to a proton target bylo(Z)/dQ¢=22 do(Z,=1)/dQy, The
Z axis is set along the direction of the field wave vedtor
ay=(0,a;) anday=(0,a,) with the vectorsa; anda, such
thata,=|a| (1,0,0 anda,=|al (0,1,0 from which one de-
duces thatA?=a[1+tarf(5/2)]/2=al[1+tarf(5/2)]/2. 1.5

Thus, as found by L[1] for the linear polarization, we have '5
AZ:—£a|2/ 2 and for the case of circular polarizati§®], A’ N2
=—|al*. The laser frequency used v¥8=0.043(a.u) which a2
corresponds to a photon enerfiw=1.17 eV. The incident a 10}

electron kinetic energy i$;,=2.7 keV which corresponds to a
relativistic parametety=(1-%)"12=1.0053 and the electric
field strength has the valug=0.05(a.u)=2.57x 10° V/cm.

Let #; and ¢ be the polar angles of the three-dimensional
momentump; and let§, and ¢; be the polar angles of the 05 |-
three-dimensional momenturp;. The various differential
cross sections are plotted as functions of the arigld=or
small scattering angles, typicallyl°®=< 6 <15°,1°< ¢

=<15°), (-180°< ;< 180°,¢p:= ¢+ 90°), the summed spin- 0.0 N T W T

unpolarized differential cross sections are sharply peaked -60 -40 -20 0 20 40 60
around#;=0° and are all close to the corresponding unpolar- Angle 6, (degree)

ized laser-free differential cross section given in E2p).

The three DCSs corresponding tp=0, »=27/3, and 5 FIG. 1. The summed spin-unpolarized cross sections for an in-

=/2 are given in Fig. 1 together with the laser-free DCS forcident electron kinetic energy of 2.7 keV as a function of the angle
the geometry(6,=15°,¢,=15° (-180°< #;<180°,p:=¢), 6 scaled in 102. The electric field strength §=0.05(a.u) and the
+90°). In the three figures, the expression scaled in™0 laser frequency isv=0.043(a.u). The parameters of the geometry
(wheremis an positive integgrmeans that the DCSs read on are 6,=¢;=15°, ¢;=105°.

the ordinate axis must be multiplied by this number in order

to obtain the appropriate results {a.u). We obtain four

almost indistinguishable curves. The reason why these foung to »=0, »=2#/3, and »=m/2 together with the laser-
curves are indistinguishable is the following: in the nonrela-free DCS for the geometry6,=60°,,=0°) (-180°< 6;
tivistic regime, the convergence to the unpolarized laser-frees 180°,4;=90°) for an exchange of +150 photons. In this
DCS is rapid. For the linear polarization of the laser field, wegeometry, the effect of the laser field polarization is clearly
have summed over 150 photons, for the circular polarizashown since the three DCSs are now well distinguishable.
tion, we have summed over +350 photons and finally, for thedne has to sum over a very large number of photons to
elliptical polarization of the laser field corresponding to arecover the laser-free DCS. Furthermore, all numerical simu-
degree of ellipticityn=27/3, we have summed over +1250 lations have shown the following. The DCS for linear polar-
photons. The situation is more complex in the relativisticization is always higher than the two others. The DCS for
regime since due to a lack of high speed computing facilitieselliptical polarization is lower or higher than the DCS for
we cannot sum over a very large number of photons exeircular polarization depending on the value of the degree of
changed. However, with a Cray computer, this point of inter-ellipticity 7. To have an idea about the behavior of the DCS
est to researchers can easily be answered to. At small anglas a function of the degree of ellipticity, we show in Fig. 3
and in the nonrelativistic regime, the summed unpolarizedh three-dimensional curve for a degree of ellipticitwary-
differential cross sections are almost unmodified by the laseing from 0 to /2. As we used the softwareURFER the
field and its polarization does not play a key role. The physi-axis representing the degree of ellipticityvaries only from

cal explanation of this observation is that classically, wherD to 100, thereby constraining us to scale this axis in mul-
the particles are close to the small angle scattering regioniples of #/200. To illustrate this, let us take an arbitrary
this corresponds to large impact parameters and the incidepbint on this axis, e.g., 20. This means that the actual degree
electron does not deviate notably from its trajectory. Forof ellipticity is 20X #/200=#/10. The oscillations of the
other scattering angles(45°< 6,<89°,45°< ¢;<89°) DCS for the elliptical polarization are shown and the DCS
(-180°=< #;<180°,¢:=¢h; +90°), the situation changes dras- for linear polarization is always the highest DCS. These os-
tically since for medium and large scattering angles, the moeillations decrease as the number of photons exchanged is
mentum transfer during the Mott scattering is large and ancreased. The convergence towards the laser-free DCS is
significant number of photons can be exchanged with théaster for the linear polarization of the laser field. For the
laser field. In Fig. 2, we compare the three DCSs correspondsircular polarization, this convergence is easily obtained
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FIG. 3. The summed spin-unpolarized cross section for an ex-
Angle 6, (degree) change of 40 photons scaled in"#0and for a degree of ellipticity
FIG. 2. The summed spin-unpolarized cross sections for an ex¢arying from 0—100 but scaled inr/200, £=0.025(a.u) andw
change of +150 photons scaled in 10 As in Fig. 1, &  =0.043(a.u). The parameters of the geometry #e45°, 4=0°,
=0.05(a.u) and w=0.043(a.u). The parameters of the geometry and¢¢=135°.
are 6,=60°, ¢;=0°, and¢¢=90°.

modified cross sections become more sharply peaked around

i . the angle#;=0°. A similar result has been reportésl.
when one finds the value for the convergence corresponding

to the linear polarization whereas it is much more difficult to
infer from the previous results for which value of the number
of photons exchanged, the DCS for the elliptical polarization

will converge to the laser-free DCS. However, depending on In this work, we have extended the study of the Mott

the value 9”7 and |n.the nonrelativistic regime we. ha}ve scattering process of an electron by a charged nucleus to the
chosen, this number is +1250 photons. When the incident,se of a general polarization. We have shown that the Mott
electron relativistic parameter is increased from  gcaitering geometry as well as the key parameters such as the
=1.0053 toy=(1-p?)"?=2, the previous mentioned re- glectric field strength and the incident electron kinetic energy
sults remain valid but the corresponding DCSs are very smalhfluence the behavior of the DCSs. Moreover, the degree of
indicating a small probability that the very fast projectile ellipticity 7 is also a key parameter for the description of the
electron will exchange photons with the radiation field. AsMott scattering process particularly in the region of large
for the behavior of the DCSs with respect to the degree omomentum transfer and for a number of photons exchanged
ellipticity, the elliptically and circularly polarized laser lower than that for which the DCSs tend to the laser-free one.

IV. CONCLUSIONS
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