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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 §)(&tate 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-
guence, the attenuation of resonant effects could appear, as well as the “local” stabilization of the atom against
ionization.[S1050-2947@7)00411-3

PACS numbgs): 34.80.Qb, 32.80.Cy, 32.80.Rm

[. INTRODUCTION pling between the colliding system and the field when the
momentum transfer is smdl¥].

Laser-assisted processes involving excited atoms and col- Since the Born—Floquet theory is developed and dis-
lisions of electrons with these excited atoms are of interestussed in detail in Ref.5], we will give here only a brief
for the understanding of processes in plasma heating by aputline. The present numerical method is proposed for cal-
intense electromagnetic field, gas breakdown, etc. Due to theulating the scattering amplitude in the cases where the ini-
larger spatial extension of excited atoms and to the closeial state is strongly coupled with higher excited states,
coupling with other excited states, the dynamics of thesevhich involve an expansion over a large basis set.
processes can differ significantly from those involving Let us consider a collision in a classical, spatially homo-
ground-state atomisl]. The excited species are also of par- geneous, linearly polarized, monochromatic, and single-
ticular importance in studies of high-intensity laser-assistednode electric field. The nonrelativistic incident electron
phenomena since the same physical effects would appear @oving in that field is described by a Volkov wave function
much lower intensities if the initial state is chosen to be ar{8], which represents the exact solution of the time-
excited state, for then the internal Coulomb field scales agdependent Schdinger equation in the dipole approximation.
n—“, wheren is the principal quantum number of the initial The interaction between the laser field and the atom is
state. This is the reason why considerable effort has beeieated nonperturbatively too by applying the Floquet
devoted in recent years to the study of the phenomenon aghethod[9]. Finally, the interaction of the fast incident elec-
strong-field suppression of ionization in the initially preparedtron and the atom is treated by the first Born approximation.
excited circular and noncircular states, both experimentallyrhe calculation is performed by expanding the wave func-
[2] and theoretically 3,4]. tions of the target atom dressed by the field on a discrete

The purpose of this paper is to study the elastic scatteringasis of complex Sturmian functions, which allows us to take
of fast electronsE; =500 eV) by hydrogen in the &state, in  exactly into account the bound- and continuum-state contri-
the presence of a linearly polarized laser field. Apart from arbutions in the dressing of the target atom. This feature of the
analysis of scattering in low-intensity fields of various fre- Sturmian expansion is of crucial importance for electron col-
guencies, we will pay particular attention to the investigationlisions with excited states of atoms, where many states are
of the intensity dependence of resonant scattering and in pagoupled with the initial one, including high Rydberg states
ticular high-intensity scattering, where the initias 8tate is, and the continuum. The Sturmian functions are given by
by multiphoton transitions, directly or indirectly strongly
coupled with Rydberg states. SK(N)=NK(2k) T e L2 (2kr), (1)

whereN;, is a normalization constarit,,(x) are the associ-

ated Laguerre polynomials, anédis a complex parameter.
We have applied the nonperturbative Born—FloqueBy choosing the “wave numberks= —i« to lie in the up-

theory with a complex Sturmian basis-set expansion methoger right quadrant, one can implement implicitly the Siegert

[5]. During the collision anet number N of photons are boundary conditions, i.e., those of the atom decaying in a

transferred between the electron-atom system and the fielthser field[9]. In the time-independent Floquet formalism

The geometry in which the polarization vector of the field isthese boundary conditions have the consequence of giving

oriented along the momentum transteris adopted. Apart complex quasienergies

from some inconvenience in experimental measurenjémts

this geometry has the advantage of giving the maximal cou- E=E;+6—il'/2, (2

IIl. METHOD
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where §; is the shift from the unperturbed energy andT’;
is the induced width.

The first Born—Floquet scattering amplitude for the elastic

scattering accompanied by the transfeNophotons is given
by
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whereK =k; —k; is the momentum transfer in the collision
J, is the Bessel function, ancﬂ"I are coefficients of expan-
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I(n+ l,m)= m
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s
—5))I(n,m)—E(n+a)I(n—1,m)

+(m+y)I(nh,m—1)]|. (7

However, with the increase of laser intensity many states of
the atom become coupled, including high Rydberg states and
the continuum. In this situation a large basis set is necessary
to achieve converged results. For high valuesof, n’, |,

the recurrence relatiofY) produces a loss of precision due to

' the rounding error in the summation of the two terms on its

right-hand side. We have found that the best method to cal-

sion of the radial part of Floguet harmonic componentscy|ate the scattering amplitud8) involving high values of

Fum(r) on the Sturmian basis functiorg(r). Fy(r) rep-
resents the electron that has exchanged a tot#l ghotons

n,I andn’, I’ is not to calculate separately the integal
and after that to perform the summation ower andn’,l’,

with the laser field, both real and virtual. The amplitudebut rather to perform first the summation over the indices
fB,l, is given by the expression n,n’, before resolving numerically the resulting integral over
n’l1’m; ,nim; . . / y
radial variabler, and finally to sum ovel,l’. Thus we have

first generated the values of the associated Laguerre polyno-
mials for a given mesh of the points of the radial variable
by using the upward recurrence relati{d?®]. This recurrence
relation is found to be stable for valuesrofip to 90 and for
small values of up to values of equal to several thousand
atomic units. Then the summation ouey of the quantities
c,'\ﬂS;;(r), is performed. Finally, the resulting radial integra-
tion is performed by employing a Gaussian quadrature
scheme. To test the present method we have, among other
calculations, obtained agreement with the those previously
reported in[5]. The spherical Bessel function appearing in
Eq. (3) is evaluated by Steed’s methoii3].

We note that the order of summation and the integration
in Eqg. (3) would not be of importance if the radial integral
] ) (5) can be expressed in closed form instead of being reduced

The integral(5) has the same form as the radial part oftg the summation of a slowly converging or factorial series.
collisional form factor§10]. An analytical evaluation of this |n fact, it has been shown that the radial parts of the colli-
integral is not readily obtainable, and in the general case thgional form factors can be expressed in terms of the integer
result is expressed in terms of generalized hypergeometrigrder Bessel functions, under the condition that<n,n’
functions. The hypergeometric function represents esserand maxAn,An’)<n,n’ [10].
tially a factorial series, and for large values of the parameters
n or n’ it produces a considerable loss of precision. This

ahrlses _ma|_nly fhr_orrr: the “’“F‘d'”g error in the sbummatlonhof The cross sections for the elastic electron-atom scatter-
the series in which successive terms can vary by two or t ref’ﬁg with no photon transfer in a field of moderate intensity
orders of magnitude. However, if a relatively small basis set, o 4jmost indistinguishable from the field-free cross section
(with a basis state number<30 and angular basis states | |nqer the same kinematic conditions. For that reason, in
<7) is required for convergence, which is usually fulfilled Fig. 1 we show only the differential cross sections as a func-
for a low-intensity laser field, one can expand the sphericafion of scattering angl@, corresponding to the exchange of
Bessel function either in a power series Kir, when the  N=-—1 photons by the laser field of the same intensity
momentum transfer is small, or in a power serieskm) L. | =1.327x10° W/cn?, but various frequencies)=4.95 eV

In both cases, one is left with the following integrals to com-(Kr*F excimer laser w=2.0 eV (He:Ne, w=1.165 eV
pute: (Nd:YAG where YAG denotes yttrium aluminum garpet
and its first harmoniew=2.33 eV andw=0.827 eV.

The forward differential cross sections rise with decreas-
ing frequency; one can explain this feature by the augmen-
tation of the mean size of the atom, whose amplitude of
quiver oscillations changes by a factor proportionalatg
= llw?, which increases the probability of scattering at
In the earlier paperf5,7,11 we have generated these inte- large impact parameters. However, the probability of for-
grals by using the following recurrence relation betweernward scattering is not a monotonically increasing function of
them[11]: l/w if w is comparable to any characteristic excitation fre-

-9 A
fE’ll'mi ,nlmizﬁf dr I’iZSn,I,(r)Yr,mi(r)

X[ T 1]S5(r) Y (7). (4

The angular part of the integréd) is performed by expand-
ing the plane wave'® " in partial waves. This gives rise to
radial integrals of the form

Ry~ | ar SO KDSHO. ©

Ill. RESULTS AND DISCUSSION

I(n,m)=J:dr L&cr)réel*s Y (cr), Rec+s)>0.
(6)
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FIG. 1. Differential cross sectiofin a.u) for the elastic electron 6450 6500 6550 6600, 8690
scattering on hydrogen in thestate in the presence of a linearly Wavelength (A)
polarized laser fieldparallel to the momentum transfesf various
frequenciesv and intensityl = 1.327x 10° W/cn?, as a function of FIG. 2. Differential cross sections for the elastid(2s) scat-
the scattering anglé (in degreep The incident electron energy is tering, in the vicinity of a one-photon £23p resonance, a®¥
E;=500 eV.N is thenetnumber of photons exchanged by i =0.5°, versus wavelengilin angstroms Solid line, cross sections
system and the field in the collision. corresponding to the intensity=1.327x 10° W/cn?; dotted line,

cross sections corresponding to the intendigy= 10" Wicn?;
quency of the atom. Thus the He:Ne laser resonantly couplegashed line, cross sections corresponding to the intehgityl 0'3
the 2s state with the § state even at low intensities, with a Wicn?.
detuning of6w=0.1 eV atl =1.327x 10° W/cn?. The same
states are also strongly coupled by the field of the YAG laser.
The (nearly resonant collisions in these fields are governed2S

by the virtual process of excitation of the H atom, by thenarrow region of wavelengths, where they exhibit an avoided

projectile, to the P state, and its successive deexcitation to WTeg gins, Ay .

the 2s state, by the stimulated emission of a photon. AWaycrossmg close to the wavelength 6566 A. The coupling of the
! T}sonant levels by the rest of the spectrum is negligible. The

from the resonance, the inverse process with the emission _
a photon in the initial state also becomes important Th&haracter interchange of the two resonant levels at a resonant

constructive interference of the two virtual processes cause¥avelength manifests clearly in té=0 cross sections for
the peak of the differential cross sections in the forward dithe elastic electron scattering by the @nd 3 states evolv-
rection, it being highest in the resonant case. On the othdPg adiabatically with laser frequency. On the other hand, if
hand, the minimum in the cross section, appearing at a rel@ne considers collisions by the diabatic quasienergy levels
tively small scattering angle, is a consequence of the destru@long which the initial character of the state is preserved, one
tive interferences between the process of no photon absorgan see that the cross sections show pronounced extrema in
tion and the above-mentioned virtual processes. With théhe resonant region. This is a consequence of the increasing
exception ofo=2 eV, the position of the minimum shifts contribution of the virtual process in which the atom by reso-
toward a larger scattering angle and almost disappears withant absorption of a photon passes to tipesBate and then
increasing frequency. We note that under the same condileexcites either by the collision with the projectilhis is
tions, the elastic cross sections for the inverse and stimulatetie dominant process for ti=1 amplitude or by a stimu-
bremsstrahlung of the same number of photons are verlated emission of a photon, with the intermediate elastic scat-
close in the whole range of frequencies considered here. tering with the projectile(the dominant process for the

As the second example we show in Fig. 2 the differential=0 scattering amplitude Far from resonance, the elastic
cross sections for elastic electron scattering by thesH(2 scattering of the dressed projectile with the static potential of
state in the three distinct cases of a relatively low-,the nondressed HE} state is the dominant process. In other
moderate-, and high-intensity field with the valueswords, thee-H(2s) scattering in a low-intensity field whose
1,=1.327x10° W/cn?, 1,=10'" W/cn?, andl;=10'3 W/  frequency brings the Lstate into resonance with a higher
cn?, respectively, in the vicinity of the one-photors-3p state may be regarded as a field-free electron scattering by a
resonance. The 23p resonant coupling governs treeH mixed state, which can be expressed by a linear superposi-
scattering involving the@=2 or 3 level as either the initial or tion (with equal coefficients at the resonapa# the two
final state, in the field of the YAG, He:Ne, and not very unperturbed states to which the resonant “dressed” states
different frequency lasers of low and moderate intengiy ~ reduce in the low-intensity limit. Since the “mixed” state

At low intensity |, the real adiabatic quasienergy curves
and 3 are very distorted by the mutual coupling in a
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acquires larger spatial extension when one approaches the

resonant frequencfdue to an increasing contribution of the 10 4_ 0-01°

higher statg the small-angle elastie-H(2s) cross sections 10°¢ 7T N=0

grow in the resonant region. Furthermore, at low intensity - 10 °g

theN=1 cross sections for electron scattering from the adia- = 10 E N=—1

batic dressed @ or 3p level are different only by a few —~ 14

percent in the resonant region. It is a consequence of the fact < 10 '3

that the 3 and 3 Floquet wave functions are essentially Qm 24

similar superpositions of the same unperturbed states near % 10 4

resonance. The small differences in the cross sections are 10 *4 N=_3
caused by respective constructive and destructive interfer- 10 -5

ences of the above-mentioned dominant process for a par- w0 qpwe T g
ticular collision and other virtual processes whose individual |ntensity(W/om 2)

contributions are rather small.

As the intensity increasesl), the coupling between
resonant levelgwhich is proportional to their separation at
the point of the closest approgcimcreases, as well as the
coupling of a resonant level by the rest of the spectfthe
measure of this coupling is given by the induced willth. ) _
The slopes of the real quasienergy curvesahd 3 are  convergence of the scattering amplitud® and (4) ex-
smaller in the resonant region than at low intensity, due tg®@nded on a Sturmian basis depends crucially on the “wave
larger influence of higher nonresonant states. The cross se@Umber” s, a parameter that adjusts the tail of the exponen-
tions show a similar behavior. While the crossing of tre 2 tially decreasing Sturmian functions. In the present case the
and 3P adiabatic quasienergy levels shifts towards Iargth0i9? of this parameter is delicate because of the obvious
wavelength with increasing intensity, tié=0 cross sec- m_ablllty of the basis set to represent both the and the
tions for electron collisions with an atom in these levels in-highly excited states with sufficient accuracy. Our intention
tersect by small angle at lower wavelengtor several tens IS to study the influence of high excited states on the scatter-
of angstromy owing to the interference effects. The separa-INd process, which is one of the greatest challenges in atomic
tion of theN =1 cross sections enlarges with intensity due tocollision activities today. The present example gives us a
the simultaneous increasing contribution of higher-order prog00d opportunity to do this by analyzing the forward scatter-
cesses and decreasing contribution of the dominant one arigd. Where the largest contribution comes from the states
their interferences that keep the same trend as at low inteVith broad spatial extension. Of course, it is necessary to
sities. represent adequately the highly excited states in the basis.

At the highest intensityl) there is no avoided crossing 1he choice of the parameteg, which has a small real part,
between the & and 3 levels and no structure in the cross sat|sf|§s this re_qwrement since it produces a long tail of the
sections is observed in a wide region of wavelengths. Al-Sturmian functions. In the present example we have used
though the successive one-photon inverse and stimulate= «s/2=—0.05 a.u. and),_=10°. The basis set presently
bremsstrahlung is still the process with the largest contribuemployed consists of harmonic components with photon in-
tion, the virtual processes involving bremsstrahlung with updex between—7 and 13, each of these components being
to four photons give individual contributions to the scatteringexpanded on a basis of §0r 90) complex Sturmian func-
amplitude greater than 1%. It is obvious that in a strong fieldions for each value of (0<I=<7) that is used. The inte-
the dominant type of coupling is the Raman coupling withgration is carried out over the radial variable by a Gaussian
the high Rydberg levels and the low continuum. The physi-quadrature scheme, up to 400 a.u. or 1000 @o.that the
cal consequence of this type of coupling is a formation of agrid spacing is set to aboutad in the most unfavorable
spatially extended wave packet that manifests itselé-id caseg. We have been able to obtain convergent cross sections
collisions by large forward differential cross sections. up to the intensity X 10'* W/cn?. Our results for the nearly

The electron collision with the H(® state of hydrogen in  forward differential cross sections are presented in Fig. 3.
the field of a YAG laser of intensity greater thanrk20®  The cross sections show a rapid increase with intensity, be-
W/cn? is influenced by the strong three-photon resonaning faster for largemM. This is a consequence of both the
coupling of the 2 state with a high Rydberg levgd]. The three-photon resonant transitions and other higher-order pro-
quasienergy curves of these two levels exhibit an avoidedesses that are more important for scattering Wih> 1.
crossing not far below the multiphoton ionization thresholdAway from the resonant intensity, the dominant contribution
of 2s state at about=7x10" W/cn?. The calculation is to the scattering amplitude comes from the virtual processes
difficult to handle in the vicinity of this resonance because ofin which the atom first passes to a high Rydberg state lying
the large spatial extension of the atomic wave functionjn a band=%w around the resonant level and subsequently
which, being a linear superposition of thes 2nd Rydberg collides with the dressed projectile, which leads to the redis-
wave function, may range up to several thousand atomitribution of population of atomic electrons. Finally, by the
units. The additional complication arises from the high oscil-process of stimulated bremsstrahlung it is deexcited from the
latory character of the low-angular-momentum resonanband =#w to the X state. In the vicinity of the resonant
Rydberg levelwith | <3), which requires a large number of intensity, the three-photon resonant transitions govern the
the mesh points in the numerical integration. Further, thescattering. Among them, those ending in the Rydberg state

FIG. 3. Differential cross sections for the elastid(2s) scat-
tering, in the field of a Nd:YAG laser of a varying intensity, at a
scattering anglé=0.1°.



56 FAST ELASTIC e-H(2s) SCATTERING IN LASER FIELDS 4903

3 -0.120
10 = C 10 °
- c 10 '3
E C ~ 103
oy s - > 5 10 23
21073 Ret S 5 5
E e F---= - F-0.125 ~ 10 +
LI_|10 E SO I: ® % 1 r
E 1073 AN i & 1078
o E T 10 4
107 /ImE ~or 10 74 N=—3 N=-4
3 r el
10 -0 1I°IIII|||| |l1|||||||| 1|2|||||||| ‘|3|||||||| ‘|4 —0.130 ::8 _53 S —
10 10 10 10 T T TTTTI UBRIRERRLN T T T
10 Intensity (W/cm 2) 10" 10" 10" 10" o™

Intensity (W/cm?2)

FIG. 4. Realdashed linpand imaginarysolid line) parts of the
energy eigenvalue of thesXstate vs intensity, for hydrogen irradi-
ated by linearly polarized light of frequeney=2.8 eV.

FIG. 5. Differential cross sections for the elastid(2s) scat-
tering, in the field of a varying intensity and a frequency of 2.8 eV,
at a fixed scattering angleé=0.1°.

with angular momenturh=3 give the dominant contribution . _—
to the scattering amplitude. This leads to the conclusion thalt@t of the__atomlc wave packet, Wh'Ch. is located between the
the Rydberg state that is resonant with tizesgate is one that Mean radii of the 8 and 5p/5f states, it has also a part that
hasf symmetry. We have not been able to extract from ours far from the nucleus, where it is unlikely that it can ab;orp
results more information about the state. Anyway, having ir® Photon, and another one closer to the nucleus, which is
mind the impossibility to calculate precisely the eigenvalueMore strongly bound and thus requires more photons to be
of a state just below a multiphoton ionization threshold, beJonized. This “spreading” of the atomic electron distribution
cause an infinite number of Rydberg states accumulate therBrovides more stability against ionization. Indeed, one can
and other limitations in our calculations, we may considerobserve a plateau and a region where the imaginary part of
our analysis rather qualitative. the 2s state is seen to decrease, for intensities in the region
Finally, we have made an investigatione®H(2s) elastic  between & 10" and 2.2<10" W/cn?. Of course, with the
scattering in a field whose frequeney=2.8 eV almost tunes increase of intensity, the coupling with the continuum be-
the 25 state into resonance with thepSstate in the low- comes more important and causes the increase of photoion-
intensity limit. This is an interesting example to investigateization yield.
because a substantial suppression of ionization has been ob-The forward differential cross sections, shown in Fig. 5,
served for the H atom exposed to both short and relativelyre increasingly peaked in the forward direction with increas-
long laser pulses of peak intensities of ordef®1@/cn?.  ing intensity, with a somewhat slower rate of increase of the
The question is whether the same physical effects are obser=( cross section in the region of “stabilization.” This
able for stationary pulses under similar conditions, which isapid rise is an indirect manifestation of the fact that the
implemented implicitly in the Floquet description of an atom glectron collides with a spatially very large and growing
in a laser field 14]. In order to answer this question we have wave packet with increasing intensity. At the highest inten-
studied the eigenenergy curve of thef2ate as a function of = sities considered here, the largest basis set that was necessary
the laser intensity, as shown in Fig. 4. At intensities aboven order to obtain convergence consists of harmonic compo-
10'2 w/en, the one-photon coupling of thes2state with  npents with photon indices ranging from7 to 19, together
superposition of the p and 5 states, which are degenerate yjith the radial Sturmian basis with indicég,,=19 andn
in the low-intensity limit, becomes increasingly important. =50, The destructive interferences cause the minimum in the
This coupling achieves its maximum value at about 8N=—1 cross section.
X 10" W/en, but no crossing of the eigenenergy curves is  |n conclusion, we have observed a region of local sup-
found. In addition to &nearly resonant transition between pression of ionization, around ¥ow/cn? in intensity, in a
the two levels, at high intensities a number of nonresonangie|d of 4428 A wavelength. It is located on the higher-
virtual transitions could influence the total effect in a laser-jntensity side of the resonant intensity, where tre ahd
assisted atomic process. Thus, at the intensity16'®  g5p/5¢ states have the maximum coupling. This phenomenon
Wi/cn?, the two-photon virtual transitions to higher- and js a consequence of the redistribution of the population from
lower-energy spectra give a contribution that contributes althe 25 state to higher- and lower-energy states rather than
most 10% to the norm of the Floquet wave function. A simi- predominantly to thex=5 states as is the case under fully

lar conclusion follows from the investigation of forward yesonant conditions, which results in a smaller ionization
elastice-H(2s) differential cross sections. The contribution (gte.

from two-photon and higher-order processes increases rap-
idly with the intensity. Since the Floquet wave function can
be viewed as a linear superposition of states of the entire
spectrum, it is obvious that the spatial distribution of the
atomic wave function is less compact at higher intensities The authors are grateful to Professor C. J. Joachain and
than at those where a strong coupling between thestdte Dr. R. M. Potvliege for very helpful comments. S.V. has
and 5p/5f states is dominant. Thus, in addition to the centralbeen supported by MSRS.
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