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Fast elastice-H„2s… scattering in laser fields
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A numerical method for the evaluation of the Born–Floquet amplitude for laser-assisted scattering is pro-
posed for the case when a large basis set is required to achieve convergence. The method is applied to analyze
the elastic scattering of fast electrons by the H(2s) state in a low-intensity laser field of varying frequency and
to study the resonant scattering with increasing laser intensity. While the behavior of an atom in a resonant
field of low intensity is determined by virtual transitions between resonant levels, at high intensity a great
number of nonresonant virtual transitions may significantly influence laser-assisted processes. As a conse-
quence, the attenuation of resonant effects could appear, as well as the ‘‘local’’ stabilization of the atom against
ionization.@S1050-2947~97!00411-3#

PACS number~s!: 34.80.Qb, 32.80.Cy, 32.80.Rm
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I. INTRODUCTION

Laser-assisted processes involving excited atoms and
lisions of electrons with these excited atoms are of inte
for the understanding of processes in plasma heating b
intense electromagnetic field, gas breakdown, etc. Due to
larger spatial extension of excited atoms and to the clo
coupling with other excited states, the dynamics of th
processes can differ significantly from those involvi
ground-state atoms@1#. The excited species are also of pa
ticular importance in studies of high-intensity laser-assis
phenomena since the same physical effects would appe
much lower intensities if the initial state is chosen to be
excited state, for then the internal Coulomb field scales
n24, wheren is the principal quantum number of the initia
state. This is the reason why considerable effort has b
devoted in recent years to the study of the phenomeno
strong-field suppression of ionization in the initially prepar
excited circular and noncircular states, both experiment
@2# and theoretically@3,4#.

The purpose of this paper is to study the elastic scatte
of fast electrons (Ei5500 eV! by hydrogen in the 2s state, in
the presence of a linearly polarized laser field. Apart from
analysis of scattering in low-intensity fields of various fr
quencies, we will pay particular attention to the investigat
of the intensity dependence of resonant scattering and in
ticular high-intensity scattering, where the initial 2s state is,
by multiphoton transitions, directly or indirectly strong
coupled with Rydberg states.

II. METHOD

We have applied the nonperturbative Born–Floq
theory with a complex Sturmian basis-set expansion met
@5#. During the collision anet number N of photons are
transferred between the electron-atom system and the fi
The geometry in which the polarization vector of the field
oriented along the momentum transferK is adopted. Apart
from some inconvenience in experimental measurements@6#,
this geometry has the advantage of giving the maximal c
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pling between the colliding system and the field when
momentum transfer is small@7#.

Since the Born–Floquet theory is developed and d
cussed in detail in Ref.@5#, we will give here only a brief
outline. The present numerical method is proposed for c
culating the scattering amplitude in the cases where the
tial state is strongly coupled with higher excited stat
which involve an expansion over a large basis set.

Let us consider a collision in a classical, spatially hom
geneous, linearly polarized, monochromatic, and sing
mode electric field. The nonrelativistic incident electro
moving in that field is described by a Volkov wave functio
@8#, which represents the exact solution of the tim
dependent Schro¨dinger equation in the dipole approximatio
The interaction between the laser field and the atom
treated nonperturbatively too by applying the Floqu
method@9#. Finally, the interaction of the fast incident ele
tron and the atom is treated by the first Born approximati
The calculation is performed by expanding the wave fu
tions of the target atom dressed by the field on a disc
basis of complex Sturmian functions, which allows us to ta
exactly into account the bound- and continuum-state con
butions in the dressing of the target atom. This feature of
Sturmian expansion is of crucial importance for electron c
lisions with excited states of atoms, where many states
coupled with the initial one, including high Rydberg stat
and the continuum. The Sturmian functions are given by

Snl
k ~r !5Nnl

k ~2k! l r l 11e2krLn2 l 21
2l 11 ~2kr !, ~1!

whereNnl
k is a normalization constant,Ln

a(x) are the associ-
ated Laguerre polynomials, andk is a complex parameter
By choosing the ‘‘wave number’’ks52 ik to lie in the up-
per right quadrant, one can implement implicitly the Sieg
boundary conditions, i.e., those of the atom decaying i
laser field @9#. In the time-independent Floquet formalis
these boundary conditions have the consequence of gi
complex quasienergies

E5Ei1d i2 iG i /2, ~2!
4899 © 1997 The American Physical Society
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4900 56SVETLANA VUČIĆ AND ROBIN HEWITT
whered i is the shift from the unperturbed energyEi andG i
is the induced width.

The first Born–Floquet scattering amplitude for the elas
scattering accompanied by the transfer ofN photons is given
by

f f ,i ,N
B1,F 5e2 iNf (

M ,M852`

1`

i M2M8JN1M82M~K–a0!

3(
n8 l 8

(
nl

cn8 l 8
M8 cnl

M f n8 l 8mi ,nlmi

B1 , ~3!

whereK5k i2k f is the momentum transfer in the collision
Jl is the Bessel function, andcnl

M are coefficients of expan
sion of the radial part of Floquet harmonic compone
FM(r ) on the Sturmian basis functionsSnl

k (r ). FM(r ) rep-
resents the electron that has exchanged a total ofM photons
with the laser field, both real and virtual. The amplitu
f n8 l 8mi ,nlmi

B1 is given by the expression

f n8 l 8mi ,nlmi

B1
5

22

K2 E dr r 22Sn8 l 8
k

~r !Yl 8mi
* ~ r̂ !

3@eiK–r21#Snl
k ~r !Ylmi

* ~ r̂ !. ~4!

The angular part of the integral~4! is performed by expand
ing the plane waveeiK–r in partial waves. This gives rise t
radial integrals of the form

Rn8 l 8,nl
l

5E
0

`

dr Sn8 l 8
k

~r ! j l~Kr !Snl
k ~r !. ~5!

The integral~5! has the same form as the radial part
collisional form factors@10#. An analytical evaluation of this
integral is not readily obtainable, and in the general case
result is expressed in terms of generalized hypergeom
functions. The hypergeometric function represents ess
tially a factorial series, and for large values of the parame
n or n8 it produces a considerable loss of precision. T
arises mainly from the rounding error in the summation
the series in which successive terms can vary by two or th
orders of magnitude. However, if a relatively small basis
~with a basis state numbern,30 and angular basis statesl
,7) is required for convergence, which is usually fulfille
for a low-intensity laser field, one can expand the spher
Bessel function either in a power series inKr , when the
momentum transfer is small, or in a power series in (Kr )21.
In both cases, one is left with the following integrals to co
pute:

I ~n,m!5E
0

`

dr Ln
a~cr !r de~c1s!rLm

g ~cr !, Re~c1s!.0.

~6!

In the earlier papers@5,7,11# we have generated these int
grals by using the following recurrence relation betwe
them @11#:
c
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I ~n11,m!5
c

~c1s!~n11!F S s

c
~2n1a11!1~n1a2m

2d! D I ~n,m!2
s

c
~n1a!I ~n21,m!

1~m1g!I ~n,m21!G . ~7!

However, with the increase of laser intensity many states
the atom become coupled, including high Rydberg states
the continuum. In this situation a large basis set is neces
to achieve converged results. For high values ofn, l , n8, l 8,
the recurrence relation~7! produces a loss of precision due
the rounding error in the summation of the two terms on
right-hand side. We have found that the best method to
culate the scattering amplitude~3! involving high values of
n,l and n8, l 8 is not to calculate separately the integral~5!
and after that to perform the summation overn,l andn8,l 8,
but rather to perform first the summation over the indic
n,n8, before resolving numerically the resulting integral ov
radial variabler , and finally to sum overl ,l 8. Thus we have
first generated the values of the associated Laguerre pol
mials for a given mesh of the points of the radial variabler
by using the upward recurrence relation@12#. This recurrence
relation is found to be stable for values ofn up to 90 and for
small values ofr up to values ofr equal to several thousan
atomic units. Then the summation overn, of the quantities
cnl

MSnl
k (r ), is performed. Finally, the resulting radial integr

tion is performed by employing a Gaussian quadrat
scheme. To test the present method we have, among o
calculations, obtained agreement with the those previou
reported in@5#. The spherical Bessel function appearing
Eq. ~3! is evaluated by Steed’s method@13#.

We note that the order of summation and the integrat
in Eq. ~3! would not be of importance if the radial integra
~5! can be expressed in closed form instead of being redu
to the summation of a slowly converging or factorial serie
In fact, it has been shown that the radial parts of the co
sional form factors can be expressed in terms of the inte
order Bessel functions, under the condition thatl ,l 8!n,n8
and max~Dn,Dn8!!n,n8 @10#.

III. RESULTS AND DISCUSSION

The cross sections for the elastic electron-atom sca
ing with no photon transfer in a field of moderate intens
are almost indistinguishable from the field-free cross sec
under the same kinematic conditions. For that reason
Fig. 1 we show only the differential cross sections as a fu
tion of scattering angleu, corresponding to the exchange
N521 photons by the laser field of the same intens
I 51.3273109 W/cm2, but various frequencies:v54.95 eV
~Kr*F excimer laser!, v52.0 eV ~He:Ne!, v51.165 eV
~Nd:YAG where YAG denotes yttrium aluminum garnet!,
and its first harmonicv52.33 eV andv50.827 eV.

The forward differential cross sections rise with decre
ing frequency; one can explain this feature by the augm
tation of the mean size of the atom, whose amplitude
quiver oscillations changes by a factor proportional toa0
5AI /v2, which increases the probability of scattering
large impact parameters. However, the probability of f
ward scattering is not a monotonically increasing function
1/v if v is comparable to any characteristic excitation fr
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56 4901FAST ELASTIC e-H(2s) SCATTERING IN LASER FIELDS
quency of the atom. Thus the He:Ne laser resonantly cou
the 2s state with the 3p state even at low intensities, with
detuning ofdv50.1 eV atI 51.3273109 W/cm2. The same
states are also strongly coupled by the field of the YAG las
The ~nearly! resonant collisions in these fields are govern
by the virtual process of excitation of the H atom, by t
projectile, to the 3p state, and its successive deexcitation
the 2s state, by the stimulated emission of a photon. Aw
from the resonance, the inverse process with the emissio
a photon in the initial state also becomes important. T
constructive interference of the two virtual processes cau
the peak of the differential cross sections in the forward
rection, it being highest in the resonant case. On the o
hand, the minimum in the cross section, appearing at a r
tively small scattering angle, is a consequence of the dest
tive interferences between the process of no photon abs
tion and the above-mentioned virtual processes. With
exception ofv52 eV, the position of the minimum shift
toward a larger scattering angle and almost disappears
increasing frequency. We note that under the same co
tions, the elastic cross sections for the inverse and stimul
bremsstrahlung of the same number of photons are v
close in the whole range of frequencies considered here

As the second example we show in Fig. 2 the differen
cross sections for elastic electron scattering by the H(s)
state in the three distinct cases of a relatively low
moderate-, and high-intensity field with the valu
I 151.3273109 W/cm2, I 251011 W/cm2, and I 351013 W/
cm2, respectively, in the vicinity of the one-photon 2s-3p
resonance. The 2s-3p resonant coupling governs thee-H
scattering involving then52 or 3 level as either the initial o
final state, in the field of the YAG, He:Ne, and not ve
different frequency lasers of low and moderate intensity@7#.

FIG. 1. Differential cross section~in a.u.! for the elastic electron
scattering on hydrogen in the 2s state in the presence of a linear
polarized laser field~parallel to the momentum transfer! of various
frequenciesv and intensityI 51.3273109 W/cm2, as a function of
the scattering angleu ~in degrees!. The incident electron energy i
Ei5500 eV.N is thenetnumber of photons exchanged by thee-H
system and the field in the collision.
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At low intensity I 1 , the real adiabatic quasienergy curv
2s and 3p are very distorted by the mutual coupling in
narrow region of wavelengths, where they exhibit an avoid
crossing close to the wavelength 6566 Å. The coupling of
resonant levels by the rest of the spectrum is negligible. T
character interchange of the two resonant levels at a reso
wavelength manifests clearly in theN50 cross sections for
the elastic electron scattering by the 2s and 3p states evolv-
ing adiabatically with laser frequency. On the other hand
one considers collisions by the diabatic quasienergy lev
along which the initial character of the state is preserved,
can see that the cross sections show pronounced extrem
the resonant region. This is a consequence of the increa
contribution of the virtual process in which the atom by res
nant absorption of a photon passes to the 3p state and then
deexcites either by the collision with the projectile~this is
the dominant process for theN51 amplitude! or by a stimu-
lated emission of a photon, with the intermediate elastic s
tering with the projectile~the dominant process for theN
50 scattering amplitude!. Far from resonance, the elast
scattering of the dressed projectile with the static potentia
the nondressed H(2s) state is the dominant process. In oth
words, thee-H(2s) scattering in a low-intensity field whos
frequency brings the 2s state into resonance with a highe
state may be regarded as a field-free electron scattering
mixed state, which can be expressed by a linear superp
tion ~with equal coefficients at the resonance! of the two
unperturbed states to which the resonant ‘‘dressed’’ sta
reduce in the low-intensity limit. Since the ‘‘mixed’’ stat

FIG. 2. Differential cross sections for the elastice-H(2s) scat-
tering, in the vicinity of a one-photon 2s-3p resonance, atu
50.5°, versus wavelength~in angstroms!. Solid line, cross sections
corresponding to the intensityI 151.3273109 W/cm2; dotted line,
cross sections corresponding to the intensityI 251011 W/cm2;
dashed line, cross sections corresponding to the intensityI 351013

W/cm2.
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acquires larger spatial extension when one approaches
resonant frequency~due to an increasing contribution of th
higher state!, the small-angle elastice-H(2s) cross sections
grow in the resonant region. Furthermore, at low intens
theN51 cross sections for electron scattering from the ad
batic dressed 2s or 3p level are different only by a few
percent in the resonant region. It is a consequence of the
that the 2s and 3p Floquet wave functions are essentia
similar superpositions of the same unperturbed states
resonance. The small differences in the cross sections
caused by respective constructive and destructive inte
ences of the above-mentioned dominant process for a
ticular collision and other virtual processes whose individ
contributions are rather small.

As the intensity increases (I 2), the coupling between
resonant levels~which is proportional to their separation
the point of the closest approach! increases, as well as th
coupling of a resonant level by the rest of the spectrum~the
measure of this coupling is given by the induced widthG i).
The slopes of the real quasienergy curves 2s and 3p are
smaller in the resonant region than at low intensity, due
larger influence of higher nonresonant states. The cross
tions show a similar behavior. While the crossing of thes
and 3p adiabatic quasienergy levels shifts towards lar
wavelength with increasing intensity, theN50 cross sec-
tions for electron collisions with an atom in these levels
tersect by small angle at lower wavelength~for several tens
of angstroms!, owing to the interference effects. The sepa
tion of theN51 cross sections enlarges with intensity due
the simultaneous increasing contribution of higher-order p
cesses and decreasing contribution of the dominant one
their interferences that keep the same trend as at low in
sities.

At the highest intensity (I 3) there is no avoided crossin
between the 2s and 3p levels and no structure in the cros
sections is observed in a wide region of wavelengths.
though the successive one-photon inverse and stimul
bremsstrahlung is still the process with the largest contri
tion, the virtual processes involving bremsstrahlung with
to four photons give individual contributions to the scatteri
amplitude greater than 1%. It is obvious that in a strong fi
the dominant type of coupling is the Raman coupling w
the high Rydberg levels and the low continuum. The phy
cal consequence of this type of coupling is a formation o
spatially extended wave packet that manifests itself ine-H
collisions by large forward differential cross sections.

The electron collision with the H(2s) state of hydrogen in
the field of a YAG laser of intensity greater than 23109

W/cm2 is influenced by the strong three-photon reson
coupling of the 2s state with a high Rydberg level@9#. The
quasienergy curves of these two levels exhibit an avoi
crossing not far below the multiphoton ionization thresho
of 2s state at aboutI 5731011 W/cm2. The calculation is
difficult to handle in the vicinity of this resonance because
the large spatial extension of the atomic wave functi
which, being a linear superposition of the 2s and Rydberg
wave function, may range up to several thousand ato
units. The additional complication arises from the high os
latory character of the low-angular-momentum reson
Rydberg level~with l<3), which requires a large number o
the mesh points in the numerical integration. Further,
the
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convergence of the scattering amplitude~3! and ~4! ex-
panded on a Sturmian basis depends crucially on the ‘‘w
number’’ ks, a parameter that adjusts the tail of the expon
tially decreasing Sturmian functions. In the present case
choice of this parameter is delicate because of the obv
inability of the basis set to represent both the 2s and the
highly excited states with sufficient accuracy. Our intenti
is to study the influence of high excited states on the sca
ing process, which is one of the greatest challenges in ato
collision activities today. The present example gives u
good opportunity to do this by analyzing the forward scatt
ing, where the largest contribution comes from the sta
with broad spatial extension. Of course, it is necessary
represent adequately the highly excited states in the ba
The choice of the parameterks, which has a small real part
satisfies this requirement since it produces a long tail of
Sturmian functions. In the present example we have u
es5ks

2/2520.05 a.u. anduks
510°. The basis set presentl

employed consists of harmonic components with photon
dex between27 and 13, each of these components be
expanded on a basis of 80~or 90! complex Sturmian func-
tions for each value ofl (0< l<7) that is used. The inte
gration is carried out over the radial variable by a Gauss
quadrature scheme, up to 400 a.u. or 1000 a.u.~so that the
grid spacing is set to about 1a0 in the most unfavorable
case!. We have been able to obtain convergent cross sect
up to the intensity 331011 W/cm2. Our results for the nearly
forward differential cross sections are presented in Fig
The cross sections show a rapid increase with intensity,
ing faster for largerN. This is a consequence of both th
three-photon resonant transitions and other higher-order
cesses that are more important for scattering withuNu.1.
Away from the resonant intensity, the dominant contributi
to the scattering amplitude comes from the virtual proces
in which the atom first passes to a high Rydberg state ly
in a band6\v around the resonant level and subsequen
collides with the dressed projectile, which leads to the red
tribution of population of atomic electrons. Finally, by th
process of stimulated bremsstrahlung it is deexcited from
band 6\v to the 2s state. In the vicinity of the resonan
intensity, the three-photon resonant transitions govern
scattering. Among them, those ending in the Rydberg s

FIG. 3. Differential cross sections for the elastice-H(2s) scat-
tering, in the field of a Nd:YAG laser of a varying intensity, at
scattering angleu50.1°.
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with angular momentuml 53 give the dominant contribution
to the scattering amplitude. This leads to the conclusion
the Rydberg state that is resonant with the 2s state is one tha
has f symmetry. We have not been able to extract from o
results more information about the state. Anyway, having
mind the impossibility to calculate precisely the eigenva
of a state just below a multiphoton ionization threshold, b
cause an infinite number of Rydberg states accumulate th
and other limitations in our calculations, we may consid
our analysis rather qualitative.

Finally, we have made an investigation ofe-H(2s) elastic
scattering in a field whose frequencyv52.8 eV almost tunes
the 2s state into resonance with the 5p state in the low-
intensity limit. This is an interesting example to investiga
because a substantial suppression of ionization has bee
served for the H atom exposed to both short and relativ
long laser pulses of peak intensities of order 1013 W/cm2.
The question is whether the same physical effects are obs
able for stationary pulses under similar conditions, which
implemented implicitly in the Floquet description of an ato
in a laser field@14#. In order to answer this question we ha
studied the eigenenergy curve of the 2s state as a function o
the laser intensity, as shown in Fig. 4. At intensities abo
1012 W/cm2, the one-photon coupling of the 2s state with
superposition of the 5p and 5f states, which are degenera
in the low-intensity limit, becomes increasingly importan
This coupling achieves its maximum value at about
31013 W/cm2, but no crossing of the eigenenergy curves
found. In addition to a~nearly! resonant transition betwee
the two levels, at high intensities a number of nonreson
virtual transitions could influence the total effect in a las
assisted atomic process. Thus, at the intensity 831013

W/cm2, the two-photon virtual transitions to higher- an
lower-energy spectra give a contribution that contributes
most 10% to the norm of the Floquet wave function. A sim
lar conclusion follows from the investigation of forwar
elastice-H(2s) differential cross sections. The contributio
from two-photon and higher-order processes increases
idly with the intensity. Since the Floquet wave function c
be viewed as a linear superposition of states of the en
spectrum, it is obvious that the spatial distribution of t
atomic wave function is less compact at higher intensi
than at those where a strong coupling between the 2s state
and 5p/5f states is dominant. Thus, in addition to the cent

FIG. 4. Real~dashed line! and imaginary~solid line! parts of the
energy eigenvalue of the 2s state vs intensity, for hydrogen irrad
ated by linearly polarized light of frequencyv52.8 eV.
at

r
n
e
-
re,
r

ob-
ly

rv-
s

e

s

nt
-

l-
-

p-

re

s

l

part of the atomic wave packet, which is located between
mean radii of the 2s and 5p/5f states, it has also a part tha
is far from the nucleus, where it is unlikely that it can abso
a photon, and another one closer to the nucleus, whic
more strongly bound and thus requires more photons to
ionized. This ‘‘spreading’’ of the atomic electron distributio
provides more stability against ionization. Indeed, one c
observe a plateau and a region where the imaginary pa
the 2s state is seen to decrease, for intensities in the reg
between 831013 and 2.231014 W/cm2. Of course, with the
increase of intensity, the coupling with the continuum b
comes more important and causes the increase of photo
ization yield.

The forward differential cross sections, shown in Fig.
are increasingly peaked in the forward direction with incre
ing intensity, with a somewhat slower rate of increase of
N50 cross section in the region of ‘‘stabilization.’’ Thi
rapid rise is an indirect manifestation of the fact that t
electron collides with a spatially very large and growin
wave packet with increasing intensity. At the highest inte
sities considered here, the largest basis set that was nece
in order to obtain convergence consists of harmonic com
nents with photon indices ranging from27 to 19, together
with the radial Sturmian basis with indicesl max519 andn
550. The destructive interferences cause the minimum in
N521 cross section.

In conclusion, we have observed a region of local su
pression of ionization, around 1014 W/cm2 in intensity, in a
field of 4428 Å wavelength. It is located on the highe
intensity side of the resonant intensity, where the 2s and
5p/5f states have the maximum coupling. This phenomen
is a consequence of the redistribution of the population fr
the 2s state to higher- and lower-energy states rather t
predominantly to then55 states as is the case under fu
resonant conditions, which results in a smaller ionizat
rate.
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FIG. 5. Differential cross sections for the elastice-H(2s) scat-
tering, in the field of a varying intensity and a frequency of 2.8 e
at a fixed scattering angleu50.1°.
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