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Relativistic electronic dressing in laser-assisted ionization of atomic hydrogen by electron impact
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Within the framework of the coplanar binary geometry where it is justified to use plane wave solutions for
the study of thee, 2e) reaction and in the presence of a circularly polarized laser field, we introduce as a first
step the Dirac-Volkov plane wave Born approximation 1 where we take into account only the relativistic
dressing of the incident and scattered electrons. Then, we introduce the Dirac-Volkov plane wave Born ap-
proximation 2 where we take totally into account the relativistic dressing of the incident, scattered, and ejected
electrons. We then compare the corresponding triple differential cross sections for laser-assisted ionization of
atomic hydrogen by electron impact both for the nonrelativistic and the relativistic regime.
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I. INTRODUCTION have been proposefd4] mainly in the nonrelativistic do-

Ehrhardtet al. (1969 [1] were the first to conduct elec- main whereas in the relativistic domain we can only quote

. SR . ; . the work of Reis§1990 [15] and that of Crawford and Reiss
tron impact ionization experiments in which the two outgo- 994,1998 [16] who studied the relativistic ionization of

ing electrons are detegted in coir)c_idence after angular an drogen(without electron impagtby a linearly polarized
energy analysis. The first theoreticians who proposed sucfipnt They focused their work on the calcuiations of the

type of experiment were Smirnov and Neudactlii6d [2]. gifferential transition rates and have shown that strong field
These experiments now are commonly referred t6ea8e).  atomic stabilization is enhanced by relativistic effects.

Since then, thee, 2e) reaction has been studied extensively |n this paper, we present a theoretical model for the rela-
in the nonrelativistic kinematic domaifCamilloni et al. tivistic electronic dressing in laser-assisted ionization of
(1972 [3], Weigold et al. (1973 [4], van der Wiel(1973  atomic hydrogen by electron impact with a circularly polar-
[5], and Brion (1975 [6]]. All these studies show that the ized laser field and in order to check the consistency of our
nonrelativistic(e, 2e) reaction is a very sensitive test of the calculations, we begin our study in the absence of the laser
target electronic structure and the electron impact ionizatiofield. As we devote this analysis to atomic hydrogen, all
reaction mechanism. For the relativistic domain, the firsidistortion effects mentioned ifl3] need not be addressed
electron impact ionization experiments were conducted byince the atomic number we deal with is that of atomic hy-
Dangerfield and Spicefl975 [7], then by Hoffmanet al. drogen, th_at iZ=1.1tis (_:heqked first that, in t_he absence of
(1979 [8] and by Anholt(1979 [9]. Total cross sections the laser fle[d apd work!ng in the coplanar binary geometry
with relativistic electrons were measured for tkeand L ~ WNhere the kinetic energies of the scattered electron and the
shells of heavy elements. Some theoreticidSeoffield ejected electron are nearly the same, it is jUStIerd' to use
(1978 [10], and Moiseiwitsch and Stockmail980 [11]] plane wave solgtlons for the stydy of tlte, 2e) re.actlon.
proposed models for total ionization cross sections. Finallylndeed’ this particular geometry is such that the ejected elec-

tron does not feel the Coulomb influence of the atomic target
Eusset al. (1982 [1.2] proposed a ”?Od‘?' of "’?““3'26) r€ac- and can be described by a plane wave in the nonrelativistic
tion they called a binarye, 2e) reaction in which the maxi-

um t ¢ that i . h thas well as in the relativistic domain. Then, in the presence of
mum momentum transfer occurs, that s, a reaction Wnere g .., 1arly polarized laser field, we introduce as a first step

) ; the DVPWBAL (Dirac-Volkov plane wave Born approxima-
has been since then the most successful for probing atom&

; on 1) where we take into account only the relativistic dress-
molecular, and solid state structure. In a report devoted bot

i . . g of the incident and scattered electrons. It is shown that
to experimental and theoretical developments in the study is approximation introduces an asymmetry in the descrip-

relativistic (e, 2e) processes, Nakel and WhelgtB99 [13] tion of the scattering process since it does not allow photon

reviewed the goals of these investigations aimed at gaining gychange between the laser field and the ejected electron and
better understanding of the innershell ionization process byq 4omain of validity is only restricted to very weak fields
relativistic electrons up to the highest atomic numbers and,y nonrelativistic electron kinetic energy. Then, we intro-

probing the_quantum. mechanical Coulomb problem in theyuce the DVPWBA2(Dirac-Volkov plane wave Born ap-
regime of high energieeup to 500 keV and strong fields. oy imation 3 where we take totally into account the rela-
With the advent of the laser field, many theoretical models;istic dressing of the incident, scattered, and ejected

electrons.
The organization of this paper is as follows: In Sec. Il we
*Electronic address: attaourti@ucam.ac.ma present the relativistic formalism of tlie, 2e) reaction in the
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absence of the laser field RPWBgelativistic plane wave The sum over the spins of the ejected electron gives

Born approximatiopand we compare it in the nonrelativistic
domain with the NRPWBAnNonrelativistic plane wave Born

approximation as well as the NRCBA(nonrelativistic

> [U(pe,se) ¥ = 4Es. (6)
SB

Coulomb-Born approximationin Sec. Ill we introduce the  The functions®, ;5 1,4q) are the Fourier transforms of the
DVPWBAL. This approximation is introduced as a first step.rg|ativistic atomic hydrogen wave functions

In Sec. IV we introduce the DVPWBA2 in which we take
full account of the relativistic electronic dressing of the inci-
dent, scattered, and ejected electrons. This approximation is
more founded on physical grounds since the ejected electron

can also exchange photogabsorption or emissigrwith the

Dy 1121/49) = (277)(_3/2)J dr e 2W o1 jm12me2T )

()

laser field. This more complete description of the incomingandA=p;-p; is the momentum transfer. This TDCS is to be
and outgoing electrons allows us to investigate the relativiscompared with the corresponding one in the NRPWB#&n-
tic domain. In Sec. V we discuss the results we have obrelativistic plane wave Born approximatipn

tained and we end by a brief conclusion in Sec. VI. Through-

out this work, atomic unit§a.u) are used(A=m,=e=1)

wherem, is the electron mass and TDCS stands for triple dEgdQgdQ;  (2m)? [pj| [A*

differential cross section.

Il. THE TDCS IN THE ABSENCE OF THE LASER FIELD

The transition matrix element for the direct chanaek
neglect exchange effegts given by

Si= - l‘:f_ X4 (X0) 1% [Vl i, (X0 i (X2)), (1)

whereVy=1/r,;,—1/r; is the direct interaction potentidt;
=t,=t[] x1=x(2)=x°) and in the RPWBA;,bpf(xl) is the wave
function describing the scattered electron

u(pfvsf) —i
(X)) = ——=F¢€ Py (2)
‘ﬂpf 1 \’2EfV
given by a free Dirac solution normalized to the voluvie
For the incident electron, we use

u(’piisi)e_ipixll

V2EV )

‘ppi (Xl) =

For the atomic targeip;(X,) = ¢;(t,r,) is the relativistic wave
function of atomic hydrogen in its ground state. For the
ejected electron, we use again a free Dirac solution normal-

ized to the volumeV and ¢;(x,) is given by

u(pBa SB) e_ipBXZ_ (4)

\J”ZEBV

Bi(%o) = Y, (%5) =

The free spinom(p,s) is such thatu(p,s)u(p,s)=2c¢® and

do 2 Ipdlpg 1] 11 ]2
(@2+1?% (g5+1?) "’
(8)

whereq;=A-pg and qo=-pg to the TDCS in the NRCBA
(nonrelativistic Coulomb-Born approximatipn

dO'CB - |pf||pB||f_CBlZ (9)
dEd(2gd(); lpl "

wherefCBl is the first Coulomb-Born amplitude correspond-
ing to the ionization of atomic hydrogen by electron impact

[18]

2
fon = - ——5Mi(A,pg).

AP (0

The quantityM(A,pg) is easily deduced from the Nord-
sieck integral[19]

_ —xreiq'r P
IN)= | eM——1F1| —,1,i(pgr +pg-r) |dr
r Ps

__Am | g*+\°+2q pg—2inpg | P8
q2+)\2 q2+)\2 !

giving the well-known result
em2Pe ( i )( dl()\)>
MiA,pg)=———T'1-——||-——| . (11
13( pB) 2\/5772 pB d)\ o1 ( )

Ill. THE TDCS IN THE PRESENCE OF THE LASER
FIELD: THE DVPWBA1

We begin our study of thée, 2e) reaction by considering

H - .
u'(p,s)u(p,s)=2E. Using the standard methods of QED firt the DVPWBAL where we only take into account the

[17], we obtain for the unpolarized TDCS

do |pf||pB| 2 —
= [ulp ,ss)7°|2>
dEpdQpdQy  pilct ( 5

« (2EE/c® — pips + €9

Ips— pi|4
X|®q 1/21/40:= A — pg)
- @y 1 1400=- pp)[*. (5

dressing of the incident and the scattered electron. The laser
field is circularly polarized. Again, the transition matrix ele-
ment for the direct channel is

i +oo
Si=- Ef dxo<¢qf(xl) ¢f(xz)|vd|‘//qi(X1)¢i(X2)>, (12
where(t;=t,=t0) x=x3=x% and in the DVPWBAL 4, (x;)

is the Dirac-Volkov wave function normalized to the volume
V describing the scattered electron
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KAq) | u(pr,s) gime. On the one hand, the calculations within the frame-
thg(x1) = | 1+ 2o(ko) =, (13)  work of the NRPWBA1(where the incident and scattered
Pr \’ZQf electrons are described by nonrelativistic Volkov plane

whereA 3 =a,c0g ¢y) +a,sin(¢,) is the four potential of the Waves whereas the ejecte_,-d electron is described by a nonrel-
laser field b, =kx, =kp—k -x, =wi—k -x, is the phase of the ativistic free plane wavegive
laser field, andv its frequencyQ is the total energy acquired doNRPWBAL ** =g

by the electron in the presence of a laser field and is given by . (22
2 d EBdQBde s=—» d EBdQBde E{=Ej+swte s~Eg
a‘w
=E-——. 14 i
Q 2C2(kp) ( ) with
2
The phases(x,) is given by do™ __2" lpdlpel Xz
) dEgdQedQ;  2m? [pi| Ip—pi—sk[*
(x1) = = Csin(y) + “cos( ). (15 1 1|2

Si(Xy QX1 = (k ) b1 c(kpy) b1 y . — @

(q]_s+ 1) (q03+ 1)

For the incident electron, we use
wherees=—0.5 a.u. is the nonrelativistic binding energy of
KA1 u(p.,si) s, 16 atomic hydrogen in its ground states=p;+sk—-p;—pg
2c(kp) | \2Qv (16) =ANR-pg andges=—ps. ON the other hand, the calculations
within the framework of the NRCBAIwhere the incident
with the phases(x;) given by and scattered electrons are described by nonrelativistic
Volkov plane waves whereas the ejected electron is described

¢qi(xl) = |:1 +

(X)) = — Xy sin(ey) + P coddy), (17) by a Coulomb wave functiorgive
|
(k ) c(kp) doNRCBAL to dot® 24

where the four vectog* is such that — = T — , (24

> 2 RO Ve A SR T TO M P

a
M= pt— kH, 18 ith
9t =p-7 2(kp) (18  wi

(9 2
and a?=a*a,=a’=a. For the atomic target, ¢(X,) do :i|pf”p5| J(Zr)
et (r ) i : dExdQgdQ  27* [pi| |pr—p; - sk|*
=¢i(t,ry)=eelgs(r,) is the relativistic wave function of gtl2r e [Pl [P+~ Pi

e77/ P

atomic hydrogen in its ground state aggEc?(V1-a?-1) is i)|2 )
the binding energy of the ground state of atomic hydrogen x|T{1 " bs [1(gs= pi= Py + sk — pg)|*.
with a=1/c the fine structure constant. For the ejected elec- .
tron, we use a free Dirac solution normalized to the volume (29
V and ¢(x;) Note that we may writgjs=p;—ps+sk —pg=ANR-pg. The re-
(pB ) sult for 1(qs=AY-pg) is
(x X =2 giPpXe, 19
i) = Ygl2) = V2EgV 19 1(ds = pi— Ps + SK = pp)
Using the standard methods of QED, we have for the unpo- __ 16w ANTALTR - pg(1 +i/pg)] 26
larized TDCS (g2 +1)%>7Pe [(ANR)2 — (pg +i)2]+*/Ps
do B dot® In the expressions of the last two nonrelativistic TDCSs, the

, (20 argument of the ordinary Bessel functions is given by
Qf=Q;+swhe—Eg

dEsdQgdQ; = dExdQedQ);

a
where the expression dE(S)/dEBdQBde is ZNR= (|:_VL|ASNR|' (27)
3 MiFe)
(9 (
do 1|qf||pB| S5 7 IV. THE TDCS IN THE PRESENCE OF THE LASER
dEgdedQ 2 [gilc® |ar— g - sk] FIELD: THE DVPWBA2
X(4Ep)|®1,112,1140 = Ag Pe) We now take into account the electronic relativistic dress-
—dy 10140 = -pp)|?. (21) ing of all electrons which are described by Dirac-Volkov

plane waves normalized to the volurde This will give rise
The sum(Ssq [M{P|?/2) has already been evaluated in ato a new trace to be calculated but it will turn out that taking
previous work[20] and A;=q;—qgs+sk is the momentum into account the relativistic electronic dressing of the ejected
transfer in presence of the laser field. This TDCS is com-electron amounts simply to introduce a new sum onlthe
pared to the corresponding TDCSs in the nonrelativistic rephotons that can be exchanged with the laser field. The tran-
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sition amplitude in the DVPWBAZ2 is now given by

‘EJ_ X4, (X0) 1) [Vl g (x0) 1 (%)) - (28)

S

The difference between DVPWBA1 and DVPWBA2 is re-
lated to the way we chooseé;(x,). Now, the Dirac-Volkov
wave function for the ejected electron is such that

.\ Ma]

U(pBa SB) eisB(XZ)
2c(kpg)

V2QgV

Pr(X2) = thgy(X2) = {1 . (29
whereA ;) =a,c09 ¢,) +a,sin(¢,) is the four potential of the

laser field felt by the ejected electro¢2:kx2:koxg—k "Xy
=wt-k -X, is the phase of the laser field, andts frequency.

Proceeding along the same line as before, we get for th

unpolarized TDCS

+00

do > dg's's
dEgd0pd0; .. B0 | g g u(siigmre, -y
(30)
with
(s)
@ _tfaloel (Sas MR o
dEgdQpdQ; 2 [qifc® o qi-sk* o
X P Py 172,140 = Agui,~ dB)
~ @1 12140 =~ g +1gk)[%. (31)

The quantity AS+,B is simply given by AS+,B:qi—qf+(s
+Ig)k. Introducing the factoc(pg)=1/[2c(kpg)], the symbol
F,B is defined as

I, =B (z8) + c(pp)[&1KBy (25) + &:KBy (25)],  (32)

where the three quantitiésj (z), By (zs), andB (zg) are,
respectively, given by

By, (z) = 3 (zg)e a8,
Buy(Ze) = {Jjge1(ze)€ 1870908 + 3 _y(zg)€/ 5™ 08}/2,

Bai () = {3 a(ze)€ (8" D008 = 3 (zg)€/ D P0e}/2i,
(33

wherezg=[|a|/c(k-pg) ]\ (¥ -pg)?+ (X -pg)? is the argument of

PHYSICAL REVIEW A 69, 063411(2004)

> [u(pe, )T,y = 4 EgJ}, (z) — WolPe)[cOS ¢hop) (81Pp)
SB

+ sin(¢op) (a2pe) 191, (28)[J)+1(28)
+31,-1(28)] ~ @wi(kpe)[c(pp)
X3 ea(ze) + 37 _1(z)]}

In the absence of the laser field, only the terEBJFB(zB
:0)@B,o=4EB contributes, which was to be expected. Once
again, one encounters terms proportional ta ¢égg as well

as to siri¢gg) Which contributes to the sum over the spins of
the ejected electron. We compare this TDCS with the corre-
sponding cross sections in the framework of the
NRPWBAZ2 (where the incident, scattered, and ejected elec-
wons are described by nonrelativistic Volkov plane waves

(35

V. RESULTS AND DISCUSSION
A. In the absence of the laser field

We begin our discussion by the kinematics of the prob-
lem. In the absence of the laser field, there is no dressing of
angular coordinate®2] and we choose a geometry where
is along theOz axis (6,=¢;=0). For the scattered electron,
we choosg#;=45°, ¢:=0) and for the ejected electron we
choose@z=180° and the angl®g varies from 0° to 360°.
This is an angular situation where we have a coplanar geom-
etry. Spin effects are fully included and we use an exact
relativistic description of the electrons and the atomic target.
In order to check the validity of the coplanar binary geom-
etry, we begin first by comparing the three TDGBSWBA,
NRPWBA, and NRCBA in the nonrelativistic domain. In
the expression of the Fourier transfornds, ;,, 1, {q=A
-pg) and P, 1/, 1, 4q=-pg), ONe has to determine the angle
betweemA-pg andp; on the one hand and the angle between
—pg and p; on the other hand. Keeping in mind that is
along theOz axis, one finds

[pi — Pr COSY; — pg COY b) ]
|A_ pB|

while cog—pg,p;)=—-cog6g) from which one deduces the
corresponding angles. To have an idea of how the ejected
electron loses its Coulombian behavior, we begin with a pro-
cess where the incident electron kinetic energy Tis
=1350 eV, and the ejected electron kinetic energyTgs
=5745¢eV. In Fig. 1, we see that both RPWBA and
NRPWBA give nearly the same results whereas NRCBA
gives a higher TDCS due to the fact that the ejected electron
still feels the influence of the atomic field. Increasing this

cOSA=pg,p)) = . (36)

the ordinary Bessel functions that will appear in the calcula£nergy of the ejected electron from 574.5 to 674.5 eV gives

tions and the phaségg is defined by

¢og = arctaf(y-pg)/(X-pp)]. (34)

rise to almost three indistinguishable curves. This situation is
shown in Fig. 2. As the incident electron kinetic energy is
increased to 2700 eV which corresponds to a relativistic pa-
rametery=(1-v?/c?)~?=1.0053, that of the ejected elec-

The sum over the spins of the ejected electron can be trangon is increased to 1349.5 eV; we have very good agreement

formed to traces of gamma matrices. USREPUCE [21], we
find

between the three TDCSs. This is a crucial test for the mod-
els we will develop in the presence of a laser field since the

063411-4
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FIG. 1. The three TDCSs scaled in units of 4@.u. The solid ] )
line represents the nonrelativistic TDCS in the Coulomb-Born ap- FIG. 2. Same as in Fig. 1 but fol;=1350 eV andTg
proximation, the long-dashed line represents the correspondin§674-5 ev.

TDCS in the plane wave approximation, and the dotted lineyo aser field. We have done these checks for all approxima-
sketches the relativistic TDCS in the plane wave approximation

The incidgnt 9Iectron kipetic energy 1$5=1350 eV and the ejected 2%”843“ (,:3'5, \t/)v?](iaghsgc())r\xaﬁszs]():&zt t?;e}alsgf:):]ﬁgl;}egr?g‘gy of
electron kinetic energy i§=574.5 eV. 1.17 eV, dressing effects due to the atomic target are not
very important. A complete and exact relativistic treatment of
adjunction of the latter cannot be done without a judiciousthe ejected electron is not analytically possible since the non-
choice of a geometry. It must be borne in mind that thisrelativistic wave equation for continuum states in a Coulomb
coplanar binary geometry is not well suited for the study offield is separable in parabolic coordinates, but the corre-
the domain of low kinetic energy for the ejected electron.sponding Dirac equation is not. In other words, a decompo-
The agreement between these three approaches remains gaitibn of the relativistic continuum wave function into partial
up to T;=15 keV from which the RPWBA gives results that waves is not as straightforward as for the nonrelativistic case
are a little lower than NRPWBA and NRCBA because rela-and the quantum numbers of each partial wave have to be
tivistic and spin effects can no longer be ignored. Due to theaken into account very carefully. However, a tedious nu-
relative simplicity of the mode{even if the calculations are merical construction of the first few partial waves is possible.
far from being obviousand the exact nondressed relativistic ~ We first compare the results obtained within the three ap-
description of the target, it is remarkable that such an agregroximations (DVPWBA1, NRPWBA1, and NRCBAL
ment should be reached for these energies. When the lasehere it is expected on physical grounds that these cannot be
field is introduced, the dressing of angular coordinates is notised to study the relativistic regime. The three summed
important for the nonrelativistic regimgy=1.0053, & TDCSs are all peaked aroumg=45°, ¢5=180° which was
=0.05 a.u) but becomes noticeable for the relativistic regimeto be expected for the case of the geometry chosen since for
(y=2.0,£=1.00 a.u) where & is the electric field strength. the scattered electron, the choice we have madg=¢5°,

The unit of electric field strength in atomic units &  ¢;=0° and in thexOy plane, this amounts to a scattered

=5.142 25< 10° V/cm. electron and an ejected electron having an opposite value of
0. Even with no photon exchange and for an electric field
B. In the presence of the laser field strength of 0.05 a.u., the presence of the laser field reduces

R : considerably the magnitude of the TDCSs. The NRPWBAL1
1. The nonrelativistic regime ¥=1.0053 £=0.05a.u.) and NRCBA1 TDCSs are nearly indistinguishable whereas
The first check to be done is to take a zero electric fieldhe DVPWBA1 TDCS is lower than the former ones in the
strength in order to recover all the results in the absence oficinity of the maximum for6z=45°. For this angle, we have

063411-5
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—— DVRPWBA2
-k —— DVPWBA 1 6P | _____ NRPWBA 2
----- NRPWBA 1
NRCBA 1
14 |
6 -
1.2 |
5 =
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3 3
= L M
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» 8 0.8 |-
Q a
F a3l =
0.6 |
2 04
ik 02|
1 " 1 1 " 00 . ; . *
0 30 60 65 70
30 40 50 60 70

Angle 8, (degree)
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FIG. 4. The two TDCSs fos=1 andlg=-1 in the nonrelativ-
FIG. 3. The summed TDCSs for an exchange of +100 photonsstic regime scaled in units of I®a.u. We obtain the same figure
in a nonrelativistic regime scaled in units of 1G.u. for s=-1 andlg=1.

TDCSNRPWBAD=0.717x10°a.u, TDCSNRCBAL)  gime this maximum is shifted. Also, we have compared the
=0.7115<10°%a.u,, and TDC@VPWBA1)=0.472 relativistic TDCS for different numbers of photons ex-
X 107 a.u. Two interesting cases are those corresponding tehanged, typically +50, +100, and +150 photons. The
the absorption and emission of one photon. We have shownDCSs increase when the number of the photons exchanged
in a previous worlf24] that when all electrons are described increases, and finally, we have compared the relativistic
by Dirac-Volkov planes, the corresponding differential crossTDCS without laser field with these summed relativistic
sections for the absorption and emiss{ohone photonpro-  TDCSs in order to obtain a check of the well known pseudo
cesses are identical. It is not the case for these three approxsum-rule[25]. We have obtained results that converge to the
mations since the ejected electron is described by a freeelativistic TDCS without laser field but complete conver-
Dirac plane wave. The DVPWBA1 TDCS is larger than thegence is not reached since the ejected electron is not properly
two other nonrelativistic TDCSs by a factor of 4 at the maxi-described. Now, we discuss the results obtained within the
mum for §3=45° for the absorption process and the emissiorframework of the three more accurate approximations
process but these relativistic TDCSs are not identical. ThéDVPWBA2, NRPWBA2, and NRCBARIn the same non-
TDCS for the emission of one photon is smaller than therelativistic regime. The description of the ejected electron by
corresponding one for the absorption of one photon by a Dirac-Volkov plane wave is more accurate and necessary
factor of 2 at the same maximum. These remarks are natn physical groundsgthere is no constraint that forbids the
without interest since a crucial test of our next mo¢all ejected electron to exchange photons with the lasen)fiéld
electrons are described by Dirac-Volkov plane wawved be have first investigated the case where no photon is ex-
to compare the two TDCSs within the framework of changed at alls=0,1z=0). There is a shift of the location for
DVPWBA2 for these two processes. It will be a sound con-the maximum corresponding to the relativistic TDCS while
sistency check of our calculations. In Fig. 3 we show thethe two nonrelativistic TDCSs are nearly the same. The mag-
three summed TDCSs for an exchange of £100 photons antitude of the TDCSs is also considerably reduced. We have
we obtain close curves for the nonrelativistic plane wave andDCSDVPWBA2) =0.347xX 108 a.u. for #g=41° while
Coulomb-Born results with the relativistic plane wave TDCSTDCSNRPWBA2 =  TDCSINRCBA2  =0.3326

a little lower than the former ones in the vicinity of the peak X 1078 a.u. for 6g=43°. There are three small secondary
at g=45°. For angles lower or larger th#lg=45°, the three  peaks for the relativistic TDCS and two secondary peaks for
TDCSs give nearly the same results. The dressing of anguldhe two nonrelativistic TDCSs. This behavior stems in the
coordinates being negligible, the maximum is maintained forelativistic description from the contribution of the sum over
the above-mentioned value @ but in the relativistic re- the spins of the ejected electron. This sum shows a narrow
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FIG. 5. The envelope of the TDCS scaled im4@s function of

PHYSICAL REVIEW A 69, 063411(2004
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—— DVPWBA 2 (b)
----- DVPWBA 2 (a)

TDCS (a.u.)

0 1 1 1
the photon energy transfer in the nonrelativistic regime and for an 30 35 40 45 50 55 60

electric field strengttf=0.01 a.u. andlg=45°.
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= 3t
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FIG. 6. The RPWBA TDCS without laser field in the relativistic
regime, scaled in 18° a.u.
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FIG. 7. The summed TDC®&) for an exchange o$=+50, Ig
=+50 and(b) for an exchange a=+100,lg=+100 in the relativ-
istic regime, scaled in 182 a.u.

peak for Gg=41° and presents two minima fek=45° and
0g=50°. The other peaks can also be traced back to the be-
havior of this sum. Relativistic and spin effects begin at this
stage to become noticeable since the shift as well as the
magnitude of the relativistic TDCS with respect to the non-
relativistic TDCSs are clear signatures even in the nonrela-
tivistic regime. Moreover, the most crucial test of our model
is the complete symmetry between the emission and absorp-
tion processes. In Fig. 4, we show the relativistic and non-
relativistic TDCSs fois=1 andlg=-1. We have obtained the
same curve for the case=-1 andlg=1. For these two
curves, the maximum shifts back to the valige=45°. As the
number of exchanged photosass linked both to the incident
and scattered electron, we simulated a process where the
numbers=2lg to check the corresponding influence on the
TDCSs and on the location of the maximum. The summed
TDCSs for (s=x50, Ig=%25) and for (s=+100, |g=%50)

are almost halved when compared to the corresponding
TDCSs fors=Ig. All curves are peaked around a maximum
angle due to the behaviour of the square of the Fourier trans-
form of the relativistic atomic hydrogen wave functions that
falls off rapidly to zero in a small region around this maxi-
mum. Another interesting remark concerns once again the
behavior of the sum over the spins of the ejected electron
with the number of photons exchanged. As £500, this
sum is almost zero and contributes also to the rapid falloff of
the corresponding relativistic TDCS. To illustrate the com-
plexity of the location of the visual cutoff of the relativistic
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TDCS, we consider an electric field strengfl=0.01 a.u. than 40° and at this value we have for the corresponding
where it is expected that the numbessand | of photons TDCSDVPWBA1L) =0.5X 102 a.u. Once again, there is
exchanged will not be high. The envelope of photon energyan asymmetry between the absorption and emission pro-
transfer obtained is a curve in three dimensions. As in theesses of one photon. Due to a lack of high speed computing
case of the process of Mott scattering in a strong laser fieldacilities we cannot check the pseudo sum-rule but we have a
we observe in Fig5 a rapid falloff of the relativistic TDCS TDCS that increases when the number of photons exchanged
for s=1= %40 where the absolute value of the indices of theincreases. For the DVPWBA2, there is also a considerable
ordinary Bessel functions are close to their arguments. Alsaeduction of the TDCS fos=15=0. In Fig. 7 we compare the

as a side result, we see clearly in this figure that there is aummed relativistic TDCS fofs= 50, |g=+50) and for(s
complete symmetry betweerand|. To obtain a converging =+100,lz3=+100 where the shift of the maximum is clearly
envelope, one has to sum over the same numbargll of  visible. We still have complete symmetry between the ab-
photons exchanged. sorption and emission processes.

2. The relativistic regime =2, £=1.00a.u.) VI. CONCLUSION

In the relativistic regime, dressing of angular coordinates In this work, we have investigated the contribution of the
is not negligible and we indeed observed as in the case aklativistic electronic dressing in laser-assisted ionization of
excitation a shift fromgg=45° to lower values. The relativ- atomic hydrogen by electronic impact using the Dirac-
istic parametery=2 corresponds to an incident electron ki- Volkov plane wave solutions to describe the incoming and
netic energy ofc? in atomic units or the rest mass of the the two outgoing electrons. We have worked in the binary
electron(0.511 Me\). In Fig. 6 we show the behavior of the coplanar geometry where the description of the ejected elec-
relativistic TDCS in absence of a laser field in order to havetron by a relativistic Coulomb wave function is not neces-
an idea about the reduction of the corresponding TDCS whesary. The influence of the laser field is taken into account to
the laser field is introduced. The maximum is well located atall orders in the Dirac-Volkov description of electrons and
0p=40° and at this value we have for the correspondinghe description of the atomic target used is the analytical
TDCSRPWBA) =0.54x 107*° a.u. For this regime and in relativistic atomic hydrogen wave function. It turns out that
the presence of a strong laser field, the nonrelativistic TDCSall the TDCSs are well peaked around a maximum angle due
are no longer reliable and we will focus instead on the disto the behavior of the Fourier transforms of the relativistic
cussion of the results obtained within the DVPWBA1 andatomic hydrogen wave functions. Symmetry between the ab-
DVPWBA2. For the DVPWBAL, we first analyzed what sorption and emission processes is obtained when all elec-
happens when no photon is exchanged. There is a drastirons are described by Dirac-Volkov plane waves both for the
reduction of the TDCS with a maximum shifted f@g lower  nonrelativistic and relativistic regime.

[1] H. Ehrhardt, M. Schulz, T. Tekaat, and K. Willmann, Phys. [13] W. Nakel and C. T. Whelan, Phys. Rep15 409 (1999.

Rev. Lett. 22, 89 (1969. [14] P. Martin, V. Veniard, A. Maquet, P. Francken, and C. J.
[2] Y. Smirnov and V. G. Neudachin, JETP Lef, 192(1966. Joachain, Phys. Rev. 89, 6178(1989.
[3] R. Camilloni, A. Giardini-Guidoni, R. Tiribelli, and G. Stefani, [15] H. R. Reiss, J. Opt. Soc. Am. B, 574 (1990.

Phys. Rev. Lett.29, 618(1972. [16] D. P. Crawford and H. R. Reiss, Phys. Revb8, 1844(1994);
[4] E. Weigold, S. J. Hood, and P. J.O. Teubner, Phys. Rev. Lett. =~ Opt. Express2, 289 (1998.

30, 475(1973. [17] W. Greiner and J. ReinhardtQuantum Electrodynamics
[5] M. H. van der Wiel, inProceedings of the 8th International (Springer-Verlag, Berlin, 1992

Conference on Physics of Electronic and Atomic Collisjons [18] F. W. Byron, Jr. and C. J. Joachain, Phys. R4g9 211

Invited Lectures and Progress Repofisstitute of Physics, (1989.

Belgrade, 1978 p. 417. [19] H. S.W. Massey and C. B.O. Mohr, Proc. R. Soc. London, Ser.
[6] C. E. Brion, Radiat. Res64, 37 (1975. A 140 613(1933.

[7] G. R. Dangerfield and B. M. Spicer, J. Phys831744(1975. [20] Y. Attaourti and B. Manaut, Phys. Rev. 88, 067401(2003.
[8] D. H. Hoffmann, C. Brendel, H Genz, W. Loéw, S. Miller, and [21] A. G. Grozin,Using REDUCE in High Energy Physi¢€am-

A. Richter, Z. Phys. A293 187 (1979. bridge University Press, Cambridge, England, 1997
[9] R. Anholt, Phys. Rev. A19, 1004(1979. [22] Y. Attaourti and B. Manaut, e-print hep-ph/0207200.
[10] J. H. Scoffield, Phys. Rev. A8, 963(1978. [23] P. Francken, Ph.D. thesis, Université Libre de Bruxelles, 1988.
[11] B. L. Moiseiwitsch and S. G. Stockmann, J. Phys1B 2975 [24] Y. Attaourti, B. Manaut, and A. Makhoute, Phys. Rev.@9,
(1980. 063407(2004).
[12] I. Fuss, J. Mitroy, and B. M. Spicer, J. Phys. B5, 3321  [25] H. Kruiger and C. Jung, Phys. Rev.2, 1706(1978; 21, 408
(1982. (1980.

063411-8



