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Elastic electron scattering by excited hydrogen atoms in a laser field
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We consider electron scattering by hydrogen atoms in a linearly polarized laser field. The electrons may have
sufficiently high energy in order that the scattering process can be treated in the first-order Born approximation.
The scattered electrons, embedded in the laser field, are described by Gordon-Volkov waves. We assume that
during the scattering, the hydrogen atoms are in an excited (&gparticular, in the 2, 2p, or 3s state and
that for moderate laser field intensities, it is sufficient to describe the interaction of the target atoms with the
radiation field by first-order time-dependent perturbation theory. We discuss the angular dependence of the
nonlinear differential scattering cross sections for low valNex emitted or absorbed laser photons, inspect-
ing the contributions of the various electronic and atomic terms of the matrix elements. Detailed numerical
results are presented for one-photon absorption at low-field intensities. We also compare our results with those
obtained from the assumption of a static atomic polarizability, describing the laser dressing of the excited
atomic states.
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I. INTRODUCTION present topic were, however, those of Francken and Joachain
and co-workerd12,13. Further work on free-free transi-
The investigation of scattering of electrons by atoms in aions, including the laser-dressing of the atomic target in its
laser field has by now a long history. Introductions into thisground state, was performed by Kraakeal. [14], Dorr et al.
field of research can be found in the books by Mittlerhah  [15], and Ciongaet al [16,17. Various approximation
and by Faisal2]. A comprehensive survey on various as- schemes were discussed in the work of Ga\rlg], Faisal
pects of this problem has been presented in our recent reviepg 9,20, and Maquett al. [21], and we refer to their work
[3]. As long as the laser frequencies are sufficiently low, thefor further details. A summary of the experimental situation
laser dressing of the atomic targets can be neglected and thi¢the field of electron-atom scattering in a laser field can be
atoms can be described by a structureless potential. This apyund in the review by Masof22].
proximation was used in the seminal work of Bunkin and  To our knowledge, the above scattering process has been
Fedorov[4] and of Kroll and Watsor}5]. Investigations of  investigated in less detail for the case where the target atom
laser-assisted electron scattering on a potential beyond thg in an excited state. By intuitive reasoning, we may expect
first-order Born approximation were done by Ha#). Since  that with increasing excitation of the atomic system, the
now, various laser sources of higher frequencies have beaser-dressing effects should become of increasing impor-
come available, the interaction of the laser radiation with theance, in particular, at small scattering angles. Calculations
atomic electrons during the scattering process has become gf the scattering of electrons by hydrogen in its metastable
relevance. As long as the laser fields are of moderate poweps state were performed by Vigcand Hewitt[23]. Related
this laser dressing of the atomic target can be described vestigations were recently presented by Purehil. [24]
the time-dependent perturbation the¢fOPT). The investi-  for resonant frequencies and by Koret al. [25].
gation of free-free transitions during the scattering of elec- |n the present paper, we shall consider the scattering of
trons, mainly by hydrogen atoms in their ground state, haglectrons of higher kinetic energies of at least 100 eV by
been considered by several authors, starting with the work dfydrogen atoms in excited states in the presence of a linearly
Gersten and Mittlemafi7], Mittleman[8], and Zon[9]. The  polarized laser field of moderate power of some
importance of laser-target interaction during electron-atom g2 \WWem™2 such that target dressing can be treated by
scattering in a laser field was discussed quite a number ofppT. Different frequencies of the laser field will be consid-
years ago in two papers by Lami and Rahmiz®,11]. These  ered and we shall discuss the angular distribution of the dif-
authors showed by treating the interaction with the laser fielderential cross sectiondCS) of the scattered electrons for

in the lowest order of TDPT, that. for sm_gle—phofcon INVErsee following two configurations of scattering, nameNIZi
bremsstrahlung the laser-target interaction begins to domi- - - S L
nate over the laser-electron interaction for photon energie@mdg||q wherekir) is the momentum of the ingoin@ut-
above about 4 eV. The most detailed investigations of ougoing electron,q=k;—k;, the momentum transfer of scat-
tering electron, and the unit vector of the linear polariza-
tion of the laser field. We shall devote particular attention to
*Corresponding author. the contributions of the different parts of the matrix elements

Email address: Fritz.Ehlotzky@uibk.ac.at to the final values of the cross sections as a function of the
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scattering angle and compare our results with those obtaine#iere, aq= &,/ w? with the field amplitudeS, and the laser

if the target dressing is described by a laser-induced polafrequencyw. In Eq. (4), the A% part of the electromagnetic

ization potential with a static polarizability. interaction has been dropped since it does not contribute in
Section I will be devoted to the presentation of the the-dipole approximation to scattering processes.

oretical basis of our calculations. In Sec. Ill, we shall discuss We restrict our considerations to high scattering energies

a number of representative numerical examples for the hyfor which the first-order Born approximation in terms of the

drogen atom in its & 2p, and 3 state. While the first state scattering potential is sufficiently accurate. Neglecting ex-

is metastable, and therefore, the presented data will be accasiange effects, we describe the electron-atom interaction by

sible to observation, the second and third case will be conthe static potential

sidered to discuss the effect of target dressing as a function

of the excitation of the atom. Finally, in Sec. IV, we shall 1 1

summarize our results and make some concluding remarks. V(r,R)=— F+ ==

Atomic units will be used throughout this paper. r=R|

(6)

Then, theSmatrix element of elastic electron-atom scatter-
ing is given by
We assume that for moderate laser field intensities we can )
treat the field-atom interaction by TDH26]. We shall use Bi_ . |77 . )
first-order TDPT to describe the excited states of hydrogen Si IJW Xk (DY mim( DV R) X (O W im(D).
embedded in a laser field. Based on the work of Florescu (7)
et al.[27], we can write down an approximate solution for an
electron bound to a Coulomb potential in the presence of avhereW,, andxy, =~ are given by Eqstl) and(4), respec-
monochromatic electromagnetic plane wave as follows: tively. As we concentrate on free-free transitions, the initial
and final atomic states will be identical.
e W In the presence of the radiation field, the scattered elec-
|V im(t)) =€~ "' [ nim) + [ mim)], (D tron can gain or lose energy such ti&t=E;+Nw, where
Ei(ry is the initial (final) kinetic energy of the electrom is
the net number of photons exchandgethsorbed or emitted

Il. BASIC THEORY FOR MODERATE INTENSITIES

where|,m) is an unperturbed excited state of hydrogen of
energy E and|y{j),) denotes the related first-order radiative by the colliding system and the laser field. Therefore, the

correction. According to Florescu and Marif28], this cor-- energy spectrum of the scattered electrons consists of the
rection can be written in terms of the linear response, defined|astic term withN=0 and of a number of sidebands. Each
by pair of sidebands has the same valueNf.

The DCS for a process in whidl photons are involved

- - can be expressed by
|Wnlm(Q)>: _GC(Q)P“anm)- 2

Here, G¢(Q) is the Coulomb Green function arfél is the doy k¢(N)
momentum operator of the bound electron. Two values of the a0 - (2m)* m

argument of the Green functions are necessary in order to :
write down the approximate solution E(), namely,

| Twl?, 8

where the transition matrix element, evaluated from &e
matrix element Eq(7), has the following general structure:

0 =E,* o. 3)

As in the formalism developed by Byron and Joachain Ty=TO+ TP, 9
[26], we describe the initial and final states of the scattered _ o
electron by Gordon-Volkov waves. For an electron of kinetic ~ The first term is given by
energy E, and momentumk, the corresponding solution

reads © .. .
TN :‘]N(ao'q)<$nlm|F(Q)|‘//nlm>a (10

- 1 e e -
Xi(r,t)= ———-exp{—iEt+ik-r—ik-a(t)}, (4) and is related to the Bunkin-Fedorov form{id, in which
(2m) the laser dressing of the target is neglected. In this chse,

reduces tor") and the ordinary Bessel functiahy(a- q)
contains all the field dependences of the transition matrix

eIement.F(ﬁ) is the operator of the form factor and reads

Where&(t) describes the classical oscillation of the electron

in the electric fieIdE(t) of the plane wave in dipole approxi-
mation, namely,

- 1 -
F(Q)=2—[6Xp(iq'f)—1], (11)

a(t) = age sinwt. (5) 79
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with q=k; —K; . (16), we can write down the following explicit formula for

The second term on the right-hand side of Eg). de- T\ in the case of linear laser polarization:
scribes the first-order radiative correction to the atomic state.
Here, one of the\ photons exchanged between the field and @ q
i i i i = (a0 ) T0x(@,0),  (17)
the colliding system interacts with the bound electron. This N5 22 In(ao ) To0( @, g
. : 27°q° 4
photon can be emitted or absorbed while the otNer1
photons interact with the scattered electron. After the inte-
gration over the coordinates of the scattered electron hag
been performed, the general structureTﬁf) is given by

>

whereJ; (ao q) is the first derivative of the Bessel function
with respect to its argument. It satisfies the well-known rela-
tion

TP=— 2210 s(G- MO Q) B L
2 JN(aO'q):E[‘JNfl(‘IO'Q)_JNJrl(a'O'q)]- (18)

+Ins1( @ IM Y (Q)]. 12 " N
Nl @ @) Ma(Q )] (12 Within the framework of the above approximation, in
The transition matrix elementst{)(Q*) refer to the ex- Which the first-order radiative correction to the 3tate is

change of one photon between the atomic electron and th'@ken into account only, the DCS for a process in wHich

ing expression reads in the case of absorption linearly polarized laser field is given by
MPQH= F(O)]e Wym(Q™) doy _ ki -
<¢n|m| q | nim > d_Q:k_ fgll(q)JN(aO'q)
e - — - i
+<8* 'Wnlm(Q )|F(q)|¢nlm> (13) ,
and for emission —Zaow:—th(&oﬁ)NJS()1(w,Q) . (19

MEQ7) = (il F ()] 8™ - Wiy Q7)) _
- s - Taking the low-frequency limit of75,,(w,q), we can
(& Woim(Q ) [F(D)[¢nim), (14 show that the expression for the DCS in Efj9) takes the

. form
respectively.
A. Scattering by hydrogen in the X state d(;%~ — feBI (q)JN(aO q)

For the Z state, the atomic matrix element appearing in

Eq. (10) reads 10— 61q2+ 24q4+ 15:16 g a o 2
C e 24 s e o5 Ilaod)

Ul E @)= 1 q®+4q*+49°+7 1 81 (9°+1)

W2 = e T ()t (2m2 (20

(15
and it is worthwhile to compare this expression with Eq.

wheref§|l is the first-order Born approximation for the tran- (2.313 in the work of Byronet al. [30] and Eq.(1) in the
sition amplitude of elastic electron scattering by a hydrogerpaper of Zon[9], evaluated for the 4 state. Moreover, for
atom in its & state. small scattering angles, and hence, €pg1, the factor in
For the evaluation of the matrix elements E¢E3) and  front of & in Eq. (20) can be approximated by the numerical
(14) the expression for the linear response E2).used was value 240 a.u=2a,s, Wherea,s is the static polarizability
evaluated by Florescu and Marif28] [see Egs(9) and(28) of the 2s state. Its value is much larger than the polarizability
in this work]. After the angular integrations have been per-of the ground statey;s=4.5 a.u.. In general, we learn from
formed, we obtain the tables of Radzig and Smirng29] that the dipole polar-
izability of the subshelhl of the hydrogen atom is given by

- >

€q ~
MPO) == —=T50(w,0), 7
2mq ap=n®+ Zn*(1%+1+2). (21)
oy 2
(')(Q )= © jzm( q). (16) We therefore expect stronger dressing effects for excited
2m°q° states, and consequently, an increased probability for their

_ experimental verification.
We were able to derive an analytic expression8,(,q) For weak laser fields at any scattering angle and for mod-
in terms of hypergeometric functions. The details are preerate laser intensities at small scattering angles, i.e., when-
sented in Appendix A. By means of the expressions in Egever the arguments of the Bessel functions are small, the
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following DCS expression can be derived from Ef9) for ~ Consequently, we obtain after summation over the magnetic

the absorption of one photoiNE 1): guantum numbem the following expression for the matrix
element Eq.(9) in the low-frequency limit and for small

2 momentum transfer:

da—l~(&0‘a)2 Ky (22

40 4 Kk

o~
f2|1_2_3|~762‘01(w1(1) )
q g°—-1

L3 { 2

N= -

o ) . 2 2 2 2+1 4

and a similar expression can be found for — 1, describing (2m~1a7l(a )

one-photon emission in the perturbative regime. e-q. - -
_Zango?\]f\](aoﬂ) :

+11JN(&0-6|>

(28)
B. Scattering by hydrogen in the 2 states
The elastic scattering of electrons by laser-dressed hydrc;[ his is the tran_sition matrix eleme_nt of laser-assisted elastic
gen atoms in the @ states can be treated in a similar manner.€l€ctron scattering by hydrogen in itp 3tates at low-photon

Here, the form-factor matrix elemetp | F ()| #2pm), @p- energiesw and small values of the momentum transfer

pearing ianqo), can be evaluated from the formula @y, denotes the static polarizability of thepZubshell. Its
value, a,,=176 a.u., evaluatet from Eq21), exceeds by

o almost 50% the value ok, for the 2s state.
<’zb2pm|exqiq 1) Yapm) = _2—14{ (9°—1)
(Q°+1) C. Scattering by hydrogen in the 3 state
\/; 5 2 - We shall also devote some attention to the study of the 3
4\ 5a"(BM =2)Yo0(q) - states since, according to the general expressioriZay,. its

static polarizability is even highera;s=1012.5 a.u.) than
those of the first two excited subshells, discussed before. The
formalism, presented in the previous section A for the 2
On the other hand, the matrix elemdif’ of Eq. (12) reads  state, can be extended to lead in the present case to the fol-

(23

after the angular integration was performed lowing DCS formula:
g . .. doy k¢ - -
=0 2 o )| Tk .00 a0 k| Tl (@@
27%g% 9 !
1 7 g(;i 1 A\ Tra ’
+5(4-m)T5dw.q)|. (24) ~2a0” 3 N0 D o0, @) - (29

We want to have the analytic expression in the above for7he evaluation of the field free-scattering amplitud? in
mula as simple as possible for all future calculations. wdhe first-order Born approximation yields, in the present case,

therefore consides to define the guantization axes. For that 2

case, the explicit analytic expressions for the two new radial fgllz —(2m¥ ¢33||:(a)| Y3 =——[Zso(q)— 1],

integrals appearing in Eq&3,29 are presented in Appendix q°

B. (30
In order to be able to trace the relationship between the

laser-induced dressing effects and the static atomic poIarii’—Vhere the .relevant expression for the radial integra{q)
. ~c i ) can be derived from the general formula E413), whereas
ability of the 2p state, we evaluated’,,,, defined in Egs.

. . . : the appropriate structure of the tetffg,,(w,q) in Eq. (29)
Eﬁé)eifﬁr\gspseigg;x B, in the low frequency limit. This leads to can be inferred from EqA9) of Appendix A.
P The straightforward generalization of the above formal-
ism to free-free transitions by hydrogen in ang state is

75w q):4qw2_57q2+ 249"+ 30° (25 possible, if we use the relevant expressionsffijr, Z,0(q),
210 (g%+1)° ' and 73,,(w,q). The general form of the two radial integrals
Tno(q) and 73y,(w,q) have been explicitly written down in
B 65— 3092 — 15q° Appendix A.
Tido,a)=4q0 ——————. (26)
(q°+1) IIl. NUMERICAL RESULTS AND DISCUSSION
If we moreover takeg<1 a.u., then we find In our presentation of numerical examples, we shall first

concentrate on the study of free-free transitions by a hydro-
~c ~c gen atom in its metastablesXtate. Since this state has a
Jandw,d)=8qw and Jzfw,q)=260w. (27) sufficiently long lifetime, the presented effects should be ac-
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3 3 FIG. 1. Shows the DCS data, normalized with
respect to the field intensity and witH|k; , for

scattering by hydrogen and for the parameter val-
uesN=1, E;=100 eV,w=1.17 eV. In the left
panel, hydrogen is in its®2state and for compari-
son, in the right panel are the corresponding data
for the 1s state. The increase of the dressing ef-
fects below the kinematical minimum ét=6° is
remarkably large. Actually, the electronic as well
as the atomic effects are increasing by going to
the metastable excited state.

log ,, (I"'do/dQ)

B(deg)

cessible to observation. We consider the scattering of elegninimum at ¢=arccosk;/k). In laser-assisted elastic
trons of initial kinetic energye;=100 eV, for the kinematic  electron-atom scattering, this angle does not depend on the
geometry in which the initial momentui of the electron particular state of the atomic target but only on the energy of
points parallel to the vectog of linear polarization. The the scattered electron and on the laser frequency. Therefore,

common direction of these vectors will define thaxis. All it has the same value in panél and(b) at approximately
calculations presented below were made for moderate lasé¥=6°. Moreover, the DCS have another minimum caused
field intensities such thdt<3.5x 10'° Wem™2. by the interference between the electronic and the atomic

We shall first demonstrate that at small scattering anglessontributions. This minimum, however, depends on the target
where the dressing effects are important, the laser-assistetate considered. We shall present some further consider-
scattering signals are significantly stronger for hydrogen inations on these interference minima in a paragraph further
the 2s state in comparison with the data for the dtate. This  below.
finding is intuitively understandable, if we remember our In Fig. 2, we show the DCS for a different frequency,
previous remark, using Eq21), about the relationship be- namely,w=2 eV of a He:Ne laser. Some of the comments
tween the dressing effects and the static polarizabilities ofnade about the data of the foregoing Fig. 1 remain also true
the hydrogenic states, namedy,=120 a.u. andu;s=4.5 in the present case. Again, the laser-assisted signals are sig-
a.u. nificantly stronger for hydrogen in thesXtate if compared

In Fig. 1, we plotted the DC#hormalized with respect to  with the data for the & state, namely almost four orders of
the laser intensityfor one-photon absorptionN=1). We  magnitude in the forward direction. Similarly, the kinemati-
used the frequency=1.17 eV of a Nd:YAG laser and we cal minimum has the same position for the and the &
present the free-free transition data for thes2ate in panel states. Here, however, it is locatedéat 8°, which is differ-

(@) and for the & state in panelb). Full lines are used to ent from the value in Fig. 1. Moreover, we stress the different
show the DCS, evaluated by including the dressing of theharacter of the interferences between the electronic and
target and dotted lines refer to the corresponding data okatomic contributions for the excited state and for the ground
tained from the Bunkin-Fedorov low-frequency approxima-state, respectively. These interferences are constructive for
tion Eq.(10). The dash-dotted curves are used to present thghe 2s state, but they are destructive for the dtate.

dressing contributions of (qi)“(kf/ki)|T(ll)|2 to the DCS For a better understanding of this changing behavior, we
only. We immediately see that at small scattering angles, thpresent in Fig. 3, the frequency dependence of the DCS as a
laser-assisted signals are by roughly three orders of magniull line, as well as the separate frequency behavior of the
tude stronger for the 2than for the » state. We also note electronic(dotted ling and of the atomidchain line term,

that in this scattering geometry, all curves shown have aespectively. We used the same geometry and the same initial

10

0
T

FIG. 2. Presents similar data for the same pa-
rameters as in Fig. 1, except for the higher laser
frequencyw=2 eV. The kinematical minimum
is now at #=8° and the dressing effects have
increased further, if compared with the results of
Fig. 1, for the &, as well as for the & state.

log,, (I 'do/dQ)

0 s 10 15 20 25 0 ST 10 15 20 25
6(deg) 6(deg)
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FIG. 3. Discusses for the same configuration
as before the frequency dependence of the DCS
for N=1 at the fixed scattering angle=5°, if
the hydrogen target is in thesXtate. While the
data, evaluated from the electronic tefas a dot-
ted line), show a rather smooth behavior, the re-
sults of the atomic contributiofas a dash-dotted
line) are passing through various resonances with
increasing frequency, yielding constructive and
destructive interferences with the electronic term.
For w—0, target dressing becomes a negligible
effect.

log,, ( 1"'do/dQ)

_4|||||
0.0 0.5 1.0 1.5 2.0 2.5 3.0

o (eV)

energy of the scattered electron as in the previous two figsure approximation is no longer a useful approximation,
ures. The scattering angle was chosen t@be5°. We im-  since it is unable to describe the known decrease of the
mediately recognize that the chosen laser frequency dressing effects. An improvement of the closure approxima-
=2 eV is close to the atomic resonance-23p. Hence, tion, suggested by Milasic et al.[31], consists in replacing
whenever a crpssing of an at_omiC resonance takes place, tfie static polarizabilityrs by the so-called dynamic polariz-
atomic term will change its sign, and thus, the character OBbiIity ad(d)=2/E(l+q2/4)3 where E~4/9 a.u.. But,

the interferences will change, as can be seen at the IOOin\tﬁhenever the laser frequeney matches an atomic reso-
denoted byc and byd, respectively. The data of this figure . S
nance, neither the low-frequency limit is useful nor the clo-

also indicate that laser dressing of the atomic states becomgare aporoximation can be appropriately aoplied. This situa-
negligible for small radiation frequencies. PP pprop y applied.

It is quite useful to discuss under what circumstances wdlon IS demonstrated fop=2 eV by the data shown in the
can safely use the closure approximation or, alternatively, th§9ht panel of Fig. 4. Here, neither of the two approximations
low-frequency approximation to describe the laser dressing@n describe the dressing effects fairly well. _
of the target atom. For that purpose we plotted in Fig. 4 the N the following, we shall compare the numerical data
atomic contribution, given by (2)*(k;/k;)|T{V|2, to the obtained from our present theoretical anlysis with those re-
DCS_T(ll) was evaluated from Ed12) for small arguments sultg that were evaluated by means of apothgr approach to
of the Bessel functions using for comparison of the déa: the investigation of the same problem, using different meth-
the explicit first-order dressing calculation, adopted here?ds: . o ) .

(shown as the dash-dotted lin¢ii) the low-frequency limit We begin by showing in Fig. 5, using full lines, the DCS
of this calculation(dashed ling or (iii) the corresponding for a different initial electron energy df;=500 eV and for
closure approximatiofdotted ling. We conclude from these @ different scjattering geometry where the unit vector ofﬁlaser
respective data that the two latter approximations work quitgpolarizatione is taken parallel to the momentum transéer
well at very small scattering angles and for laser frequenciesuch that no kinematical minimum exists. For the data pre-
that are sufficiently far away from any resonances, as we casented, we used four laser frequencies, namety2.33, 2,
quite clearly see by considering the data in the left panel fod.165, and 0.825 eV. The quantum- interference between the
w=1.17 eV. At larger scattering angles, however, the clo-electronic contribution(dotted ling and the atomic part

FIG. 4. Shows a comparison between the re-
sults for the atomic contribution
(2m)* (k¢ /k)|T{V|? evaluated by usingi) the
first-order dressing calculation, adopted here
(dash-dotted ling (ii) the corresponding low-
frequency limit(dashed ling or (iii) the closure
approximation(dotted ling. w=1.17 eV in the
left panel andw=2 eV in the right one. The
electron energy i€;=100 eV and the kinematic
choice ise||K; .

log ,, (I'do/d)

6 (deg) 0 (deg)
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[ ©=233eV

FIG. 5. Discusses for hydrogen in the &tate
and the higher electron energ§y=500 eV thed
dependence of the DCS with increasing laser fre-
. . . . ; quencies. Depending on the constructive or de-
©=0.825 eV ] structive interferences of the electroridotted
and atomic(dash-dottefterm, the final appear-
ance of dressing effects will be enhanced or sup-

pressed. In all panels we hag#{q.

log , (I"'do/dQ2)

W v N 0 O
T T T T T

log , (I"'do/dQ)

W R Y 1 00 D
T T T T

(dash-dotted lingis apparently destructive for the lower-two less thought it worthwhile to present the corresponding scat-
frequencies ¢=0.825 and 1.165 eV), leading to deep tering data for comparison with the foregoing findings. The
minima atf=1° and 2°, respectively. The behavior of the considered scattering geometry, initial electron energy, and
DCS for the other two frequencies is quite different. Forlaser intensity will be the same as in Figs. 1-4.
example, aw=2 eV there is a constructive interferences at In Fig. 6, we show the DCS data fdf=1 in the panels
#=3°. This is followed by a destructive interference leading(a) and(b) for electron scattering by hydrogen in thp &tate
to a minimum neard=5°. The change in the interference and in the panel&) and(d) for scattering by hydrogen in the
character is the result of a change in the sign of the atomi@s state. In panel(a), we took the laser frequencw
contribution (determined by the matrix elemefit'), at # =1.17 eV and in panelb) we chosew=2 eV. The kine-
=3.5°. The data for the DCS, shown in the panels of thismatical minimum is atd=6° in the left panel and a®
figure as a full line, are in quantitative agreement with those=8° in the right panel. The DCS, including the atomic laser
results presented by Viccand Hewitt[23] in their Fig. 1.  dressing, are drawn as full lines, the Bunkin-Fedorov data,
These authors used the Born-Floquet theory to evaluate thevaluated from the static atomic potentié), are presented
DCS at the laser intensity=1.327<10° Wem 2. Our as dotted lines, and the purely atomic part
present comparison confirms that the method employed bg/277)4(kf/ki)|T(11)|2 is shown by dash-dotted lines. We rec-
the above authors and our approach are comparable in thegnize that below the kinematical minimum, the dressing
results at moderate laser intensities, as long as our perturbaffects have markedly increased, if compared with the data in
tive treatment includes the appropriate number of terms.  Figs. 1 and 2 for hydrogen in thes&tate foro=1.17 and 2
Next, we inspect the explicit expression {G6y,(7,q) in eV, respectively. This is understandable since the static po-
Eq. (A4) of Appendix A. Here, the radial integral larizability of the 2o state is larger by a factor 1.46 than the
JT30(Q7F,q) has poles forr™ =n with n=3. These poles are polarizability of the 2 state. For considering scattering by
related to the resonances seen in our Fig. 3 and correspondhydrogen in the 8 state, we tooke=0.117 eV for the data
frequencies which match thes2 np atomic transitions. We in the panelc) andw=1.17 eV for the results in the panel
conclude that our formalism permits to treat resonance eftd). As before, the full lines represent the DCS including the
fects in laser-assisted electron-atom scattering that go bdaser dressing and the dotted lines represent the Bunkin-
yond the two-level approximation of the atomic system and-edorov approximation. We also plotted the atomic contribu-
does not require the use of the rotating-wave approximatiortjon (27-r)4(kf/ki)|T(ll)|2 shown by a dash-dotted line, and
as considered by Purohet al. [24]. Our formulation of the finally, the corresponding data in the closure approximation
problem is much more general, being suitable for the appliby a dashed line. As expected, the DCS have increased since
cation of linearly, as well as circularly, polarized laser light. a3s=1012.5 a.u. is almost one order of magnitude larger
If we look at the radial probability distributions of hydro- than @,s=120 a.u. In addition, the DCS fap=0.117 eV
gen for its lowest levels, presented in the book by Condorare still larger than those fap=1.17 eV. This can be ex-
and Shortley33], we immediately realize that thep2and 3  plained by means of the*-power law of the low-frequency
states should have even higher static polarizabilities than thgneorem of Brown and Goblg4]. Although the closure ap-
1s and X states considered before. These polarizabilities caproximation might be considered fair for forward scattering
indeed be calculated from the general form(®d) to be atw=0.117 eV, we find it interesting to note that it is quite
=176 a.u. andazs=1012.5 a.u.. We therefore expect inadequate forw=1.17 eV. We therefore call attention to
that laser dressing in electron scattering by hydrogen in théhe fact that a statement concerning the validity of the clo-
2p and 3 states will be even more important. Although sure approximation at low frequency should be critically
these states rapidly decay by dipole transitions, we neverthenalyzed.
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)

FIG. 6. Presents the DCS for the same con-
figuration and initial energ¥; as in Figs. 1 and 2
but now for hydrogen in its g state in the panels
() and (b), where we tookw=1.17 eV in the
left panel andw=2 eV in the right one. More-
over, panelgc) and(d) show finally the DCS for
hydrogen in its 3 state. The laser frequency is
0=0.117 eV in the left panel an@=1.17 eV
in the right one. The full line represents the DCS,
including laser dressing of the atom and the dot-
ted line refers to the Bunkin-Fedorov approxima-
tion. We also plotted the atomic contribution
(2m)* (ks /k;) | T{M|2 shown by a dash-dotted line
and its results in the closure approximation, rep-
resented by a dashed line.

log,, ( T"do/dQ)

0(deg) 0(deg)

IV. SUMMARY AND CONCLUSIONS Culture. We also acknowledge financial support by the Uni-

In the present paper we investigated the scattering of fasvterSIty of Innsbruck under Reference No. 17011/68-00.

electrons by hydrogen atoms in a laser field. It was assumed

that during the scattering, the hydrogen atoms are not in their APPENDIX A

ground state but in one of the low-lying excited states. We ) ) ~a ) )
included the laser dressing of these excited states by using An analytic expression fa/;, can be obtained by using
TDPT in lowest order of the laser field strength and we dethe relation

scribed the scattered electron, embedded in the laser field, by ~

the well-known Gordon-Volkov solution. Since we chose Ta01(@,0)= T501(Q7,0) — T50/(Q7,0), (A1)
sufficiently high-electron energies, we were permitted to

treat the scattering process within the frame work of the firstwhere the radial integralr5y;,(*,q) is defined by

order Born approximation. For describing the laser-dressed

excited atomic states we used a formalism, developed in ear- 2 S ) .

lier works[27,28. This formalism can be used to describe in JTo0(27,0) = j drreRog(r)j1(qr)Baoy(275r),

X L . 0

first-order TDPT the laser dressing of an arbitrary hydro- (A2)
genic state and the corresponding radial integrals related to

free-free transitions are presented in the two appendices. OWith 3,,,(0*:r) being presented if28] by Eq. (33). J3,

calculations show that also for the discussion of free-freq)my depends on the photon frequency and on the magnitude

transitions by excited states of the laser-dressed hydroge& 5 The dependence on the frequenevis determined
atom, the closure approximation is a reasonable approxima: g- b 9 y

tion below the kinematical minimum of the cross sections aeflg:?)hitgzﬁ%i?meéeﬁj \k’)Vh'Ch are related to the param-
0=arccosk; /k;) and this approximation improves with de- q y

creasing laser frequency. On the other hand, the dressing P Yo

effects increase with increasing excitation of the atomic sys- T =1y=-207 (A3)
tem that is reflected by the increasing static polarizabilify gur result for7%, is shown below, expressed as a combina-

of these states. Moreover, for scattering angles beyond tht f nine Aopell functi f b iabl
kinematical minimum, the details of the atomic structure''©" O NINE APPEI functions of two varnables

will, in general, become apparent in the scattering data
evaluated by including all the details of the atomic and elec-
tronic contributions. We have compared our results for scat-
tering by the metastables2state of hydrogen with similar
calculations performed with Floquet methods and we found o ea . a2
excellent agreement, showing the accuracy and efficiency of x Re{ AxaliSi+(29-1)xS;—3ax°S;]
our method for moderate laser field intensities where TDPT (2472

is a reliable procedure to treat the laser dressing of the T oriab : b b
atomic states.p ’ R XIS+ (20-)x S - 3ax°S;]

3+

a T ( 4
Tool 7=~ 5o 57
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S, S}’, andS; stand for and d,ﬁ;gk is defined by Eq(22) in [28]. (n),, denotes the
Pochhammer’s symbol and the following notations are used
in addition:

Sj=F1(2—7,—2—71+],3-7,£,{2),

SJb:Fl(3—T,_1_7',1+j14_71§Zl§2)1 nz

Xn , a=2—71+utv. (Al1)

n+r—ignr

SS=F1(3—7,—2-7,2+],4-1,6.,00), (A5

The evaluation of the form-factor Eql1) requires the

and we quote[32] for the definition of the function evaluation of the radial integral

F.(a,b,b’,c;x,y). The foregoing Eq(A4) is written down
for frequencies below the ionization threshold, where the pa-
rametersr= are real. The following additional notations are
used

InO(T,q)Zf:dl’l’ano(I’)jO(QF)RnO(I’), (A12)

B 27 A6
X2= o Ziqr (A6)
and this is given by
¢ 2—7 ; 2—7 (A7)
2= y zzf. 1 n2
‘ e Too(7,0) = gl ﬁFz(z,l_n.l—n,Z,Z,
In the more general case, the radial integral reads (2=ian)
n n
o _ 2—ign’2—iqgn
~7§01(T*,Q):f drr@Rao(r)j1(ar)Baoa(Q ;1) (A8)
0 (_1)n71 4
:4TF1 1—n,1—n,2,—?
. ) " . n°q gn
and appears in free-free transitions by hydrogen in asy
state. This leads witl) *=E,*+ o to an 2n
. . xlm( - ) (A13)
. 1 23 1 2n \"[n—7 2—iqn
jn01(7,q)——a3(2_7_) ni(n—r)2\n+7/ \n+r
1 S\ P
1+p)! | APPENDIX B
oo 2o
p=o p!(1-p)!\2q In analogy to the case of thes&tate, the analytic expres-
kn—1 o\ m sions of the two radial integrals that appear in E2f) for
x S dlok n+r S (1-Mm < the 2p state are obtained by means of the relation
k=11 ™ An—1/ 7o m(2),\n
3 - 2 m v ~
e B Uk S Ton(0,0)=T%(Q7,0)— T%.(Q7,9),  (BD)
pozo pl | 2n(n—7)| v1(4),\n—7
X(2=p+m+ V)!Xﬁ_p+m+v(2+k_n)ﬂﬂ where we have defined
(2_ T);L+V
X————Fia,—n—7+1+k+u,3—p+m
(3-1,., a( T M p )
JZ]J,(Q,QFL drr?Roy(r)j(ar) By (Q:r), (B2)
+V1a+17§n1§n)]' (Ag)
The two variables of the Appell functions are then with |'=1%1. The functions5,1(€;r) and B,;(;r) are
presented in Eqg34,39 of [28]. In particular, 75,{£,q)
_n-r __N=7 can be written down as a combination of two Appell func-
gn_ ’ gn_ o ’ (Alo) H
2n n+7—ignr tions, namely,
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. T 4 \3t7 16 487
jzlz(T-Q)Z—m ZTT) +3—X2(4 PIS; 1= XZ(Z_p)!ﬂfp
i 2
x Re{x‘z‘ axsS5+ '585” ®3) AR ” ©4)

while 75,£€,q) is a combination of 10 Appell functions,
viZ., With reference to Eq(A5), two additional notations were

(1+ A\ p introduced here, namely,
p)! i
e{ o pl(1-p)! ( Ci)

—24x,(3—p)ISs

jgl({T’q): 2+T

S?:Fl(l—r,—2—7,1+j,2—T,§2y§2)a (B5)
XX L

6(2+7)?
-3 x3-P)!S5 S=F1(3—7,— 7.1+].4-1,6,.00). (B6)
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