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Pump-probe processes in the femtosecond domain with a probe VUV and dressing
optical pulses are considered: ionization of the Li atom with the continuum coupled
to the excited 3d state and ionization of the He atom with the coupled flatcontinua.
In the first case, spectra and angular distributions of the photoelectrons were calai-
lated and analyzed for two linearly polarized collinear fields by numerical solution
of the non-stationary Schrodinger equation. The spectrum and the angular distritm-
tions are controlled by the time delay between the pulses and the two-photon detw-
ing. In the second case, we concentrated on the modulation of the He ionization sg-
nal as function of the angle between the field polarization vectors. Within the second
order time-dependent perturbation theory for the Gaussian field envelopes, a partly

analytical solution was found and used.

Introduction

The advent of free electron lasers and la-
sers based upon high harmonic generation
producing intense femtosecond pulses in the
VUV opened up new possibilities in pho-
toionization studies. In particular, the atomic
and molecular ionization processes can now
be investigated and controlled in the time
domain. The corresponding experiments of-
ten use the pump-probe method, when two
electromagnetic pulses act on a system sub-
sequently. In this contribution, we consider
theoretically photoionization in the pump-
probe process with one ionizing VUV
(‘probe’) pulse and one coupling optical
(‘dressing’) pulse. The VUV femtosecond
pulse transfers an atom from the ground state
to the continuum, while the optical pulse
couples this region of the continuum either
with another continuum or with an initially
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unpopulated discrete state, thereby slightly
modifying the continuum. There are many
publications treating such schemes, although
mainly in stationary or adiabatic approaches
and for model systems (see, for example,
[1,2] and references therein). In this paper,
we make theoretical predictions for particu-
lar atomic systems, lithium and helium. In
the next section, we extend our recent
method of the direct numerical solution of
the time-dependent Schrodinger equation
(TDSE) for hydrogen [3] to the lithium atom.
Our goal is to consider the effect of coupling
between the ionization continuum and a dis-
crete state by the optical field on the near-
threshold ionization from the ground state. In
the subsequent section, we analyze the ioni-
zation of the helium atom by the VUV pulse
far from threshold with the optical pulse,
coupling different continua. Such a process
has been already studied experimentally and
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theoretically [4] concentrating on the ioniza-
tion cross section. Here we consider a new
aspect: the polarization dependence of the
ionization cross section. For treating this
process, we apply the second-order time de-
pendent perturbation theory in accordance
with the characteristics of the pulse parame-
ters used in the experiment. In both proc-
esses, involving lithium and helium, we as-
sume moderate field intensities.

Ionization of lithium

In [3] we numerically solved the TDSE
for hydrogen in a bichromatic field, when the
VUV and the optical pulse frequencies were
tuned to couple the same region of the hy-
drogen continuum with the ground, 1s, and
excited, n=3, states, respectively. The optical
pulse of higher intensity generates the so-
called ‘laser induced continuum structure’
(LICS). It was shown that in the near-
threshold region the photoelectron angular
distributions (PAD) and the spectral shape of
the main photoline could be controlled by
the time delay between the two pulses and by
the two-photon detuning. A similar scheme
for the lithium atom is shown in figure 1.
The linear polarizations of the two fields are
collinear. The task of solving the TDSE is
drastically simplified when a single active
atomic electron is considered. This was the
exact model for hydrogen, but it is an ap-
proximation for ionization from the 2s state
of lithium. The potential for the valence
electron in lithium was taken from the local
approximation to the Hartree-Fock potential
with additional polarization terms, thereby
reproducing with an accuracy of 107 ¢V the
energies of the Rydberg excited states and
the ionization threshold. Calculations
showed that the one-electron model with this
potential also very well reproduces the ex-
perimental photoionization cross section [5]
near the threshold. The method of solving
the TDSE for the lithium atom initially in the
ground state in the two fields with Gaussian
envelopes (FWHM = 33 fs) was similar to
that for the hydrogen atom and is described
in detail in [3].
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Fig. 1. Scheme of levels and driving fields for Li.
Excitation energies in eV are given for the Li
states.

Figure 2 shows our first lithium results
for the integral photoelectron spectra with
and without the coupling optical pulse. The
peak intensities of the probe and the dressing
fields were taken as 10'° and 10" W/cm?,
respectively, similar to [3]. The spectrum
with the two switched pulses consists of ad-
ditional lines due to the multiphoton ioniza-
tion from the ground state, including above-
threshold ionization (ATI) peaks. Owing to
the smaller ionization potential and larger
photon energy of the dressing field, the lith-
ium spectrum, in contrast to hydrogen [3],
contains a strong line due to three-photon
ionization from the ground state as well as
the four-photon ATI peak. The main photo-
line in lithium changes only slightly when
switching on the dressing pulse. The PAD in
the main photoline is sensitive to the time
delay between the pulses. The PAD from the
probe pulse only is described by (atomic
units are used here and below)

d’w W,

= 1+ pBP. o),
dEdQ, 47r[ PP, (cos0)]

(1)

where [ is the anisotropy coefficient with the
value B = 2 within our nonrelativistic ap-
proach, 0 is the angle between the direction
of the photoemission with the momentum &
(energy E=K*/2) and collinear polarizations
of the VUV and optical fields, P,(x) is the
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Legendre polynomial. Switching on the
dressing pulse leads to additional Legendre
polynomials of the even order in eq. (1).

W _W,
dEAQ,  4Ar

with the corresponding anisotropy coeffi-
cients ;. The 6th polynomial corresponds to
outgoing f-waves of the photoelectrons. For
the main photoline, this is interpreted as
population transfer to the f-continuum from
the p-continuum through the 3d lithium state
(see fig. 1). The delayed optical pulse leads
to stronger modification of the PAD than any
other time ordering of the pulses. As an ex-
ample, for a time delay of 40 fs, the coeffi-
cients in (2) take the values B, = +2.62, B4 =
+0.87, B¢ = +0.04 at the photoelectron en-
ergy in the maximum of the main photoline.
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Fig. 2. Examples of the photoelectron spectra of
Li with and without the dressing field (see text).
The density of states integrated over the whole
spectrum, including its discrete part, gives unity.

These our first calculations for lithium,
together with the preceding results for hy-
drogen [3], point to a general character of the
phenomenon of controlling the PAD in the
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Calculations show that the non-negligible
contribution only comes from polynomials
up to the order six

2)

[1+ B,P,(cos 0) + B, P, (cos ) + B, Py (cos 6)]

main photoline by the time delay of the
dressing pulse, which produces the laser in-
duced continuum structure.

Ionization of helium

The direct numerical solving of the
TDSE has obvious drawbacks: it is time con-
suming and the number of spatial dimensions
in the problem is critical, the time and space
propagation can be performed within certain
limits, the dependence of the result on the
input parameters (e.g. the field parameters)
remains unknown and cannot be established
without additional runs of the code. There-
fore, it is advantageous to use other, less ac-
curate, methods, which can simplify the
problem and even lead to (partly) analytical
solutions. One of such situations concerns
recent experiments on ionization of the he-
lium atom by a femtosecond pulse of the
free-electron laser FLASH at DESY (Ham-
burg) with a simultaneous action of an infia-
red dressing pulse [4]. The scheme of the
coupling fields is shown in fig. 3. The ex-
periment was performed with peak intensi-
ties of 7x10'"" W/ecm® for the free-electron
laser and with the frequency-doubled
Nd:YLF laser as a source of the coupling
optical field. The ionization signal shows
only the first sideband, which is two orders
of magnitude weaker than the main photo-
line. It points to the applicability of second-
order perturbation theory for the description
of the sidebands. We use this approximation
for the analysis of the polarization depend-
ence of the sidebands, i.e. the modulation of
the sideband ionization signal with changing
the angle between the directions of the linear
polarization of the two fields. Deviation
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from the axial symmetry, when the fields are
not parallel, makes the direct numerical so-
lution of the TDSE very difficult.

upper sideband

hw, (optical)
L

lower sideband

) 1S o466V
W
(VUV) He+
oev |18
He

Fig. 2. Examples of the photoelectron spectra of
Li with and without the dressing field (see text).
The density of states integrated over the whole
spectrum, including its discrete part, gives unity.
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Here a and b are the time widths of the
optical and the VUV pulses (FWHM=

=2a+In2 and 2b+/In2), respectively; &2 =
a’/(a’+b?); t, is the time delay of the VUV

pulse with respect to the optical one;
R=nabE\E, /8 with E, and E, being the
Gaussian envelope field amplitudes of the
VUV and the optical pulse, respec-
tively; D=(E—-E,)— (o, Fw,)1s the two-
photon detuning, where Ej is the energy of
the ground state and w;(@,) is the fre-
quency of the VUV (optical) photon; sum-
mation/integration is taken over the inter-
mediate discrete and continuum states;

ﬂ ‘Z [dE (2D, (E.E)D(E [
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In second-order perturbation theory, the
ionization probability is given by

dWW

Tl ZkE(L 0)LM |

(LM

€)

where Ly is the orbital angular momentum of
the residual ion, the summation is taken over
the partial waves of the photoelectron () and
the total orbital momentum of the system ion
+ photoelectron and its projection (LM). We
assume Gaussian envelopes for the electro-
magnetic pulses. After identical transforma-
tions within the rotating-wave approximation
and summing over magnetic quantum num-
bers, the result can be cast into the form

aw _

1
e [3(S +8,)+(2S, 38, +5,)cos 6]

)

Equation (4) provides the explicit de-
pendence of the sideband intensity on the
angle between the polarizations. When an s
electron is ionized from the initial atomic S
state, like in helium, the coefficient S; van-
ishes. For the helium case

()

exp(z?) erfe(-iz) is the Faddeva
of the complex argument

o(z) =
function

—é_,(f D— 5)+z§1— where 6=E"-Ey-@;.
a

The reduced dipole matrix elements are
defined D(E") = (E' p|p|0)
DK(E,E')=<E£||p||E'p>, where E{ denotes

electron in continuum with the energy £ and the
orbital angular momentum ¢ (¢ = 1 for Ep), and

(El|p|E ') —sz P,,(rOP,.,.(r)dr  with

as and

the operator Q :i+£ and Pg(r) being
dr 2r

the radial wave function of the electron. The
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parameters B and C take the values the continuum states is a non-trivial task. For

B=y0+l, C=-20" for (=/¢+1 and this purpose we use a recipe developed in [6]
and present the corresponding integral in the
B=—\¢, C=20+2 for ¢=/'-1. Calcu-

form
lating the dipole matrix elements between

F,(E'(",El)

I(EGE) = [Py, (r)QP (7)dr = F (B ENS(E=E) + 9= —

(6)

with easily calculated smooth functions

(b) Ionization proceeds far from the thresh-
F(E'"V',El)yand F,(E'(',El) (see [6] for

old, where the continuum is smooth and

details). N . the matrix elements do not change much
With additional assumptions, a further over the interval that gives the dominat-
simplification of the dynamical factors S; is ing contribution to the amplitude.
possible. Our two principal assumptions are: The properties and the asymptotic form
(a) The optical pulse is much longer than the of the &(z) function are used in further trans-
formations. Keeping the leading terms, the
VUV pulse. .
final result can be cast into the form (for the
upper sideband)
2 2.2 2 22
EE & .| &, b°D
S, == exp| —2&°| &+ 7
” ( 4 j 320 +1) p[ é[az 4 H @

2

I(EL,E p)I(E,p) ,

E,+o +&D-E
x|F (Ep, EO)I(EC,ls) —inF, (E_p, EO)I(E_p,ls) + 0~ 1
((Ep, EO)I(EL,1s) »(E_p, EOI(E_p.ls) Zk:Eo+w1+§2D+Ek

where E_ = E — @, . The first term under the Numerical calculations were performed for
absolute square in eq. (7) corresponds to the helium with the atomic potential of the form
pole contribution, while the second and third rV(r)=-1-(1+13313r)exp(-3.0634r),

terms correspond to the contributions from which provides a good description of the ex-
the continuum and from discrete excitations, cited helium states and the continuum. We
respectively. In this first approximation, the took the time duration of the pulses as a =

intensity of the sideband as function of the 720 fs, b = 30 fs and the frequencies
time delay is Gaussian. The width of this haoy=48.6eV (25.5 nm), Hhw=2.37¢eV

Gaussian is independent of the transition (523 nm), which correspond to the first test
amplitudes. Since theS, are positively defi- measurements  at the free-electron laser
nite, the intensity of the sideband as function FLASH. Nine discrete intermediate p states

of He were accounted for in the sum over k&
in eq. (7). The contribution from the discrete
states turned out to be much smaller than
from the other two terms in (7). In agreement
with the present theory, the experimental
data show a maximum of the ionization sig-
nal at parallel polarizations and a minimum
at perpendicular polarizations. The relative

of the angle, eq. (4), exhibits a maximum for
parallel polarizations and a minimum for
perpendicular polarizations. The depth of the
signal modulation does not depend on the
time delay #,, but it generally depends on the
two-photon detuning D and the pulse-
duration parameter &.
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contribution of the outgoing s-wave of the
photoelectron is larger than of the d-wave.

The experimental ratio S, :S, 2.5 and its
calculated value at the detuning D = 0,
S, : S, =2.93, are in a good agreement.

In conclusion, we considered two non-
stationary pump-probe photoionization proc-
esses in lithium and helium atoms, accessible
with modern experimental facilities, and ap-
plied two different theoretical approaches: a
direct numerical solution of the TDSE and
second-order perturbation theory. In both
cases one of the radiation pulses is due to the

VUV ionizing field, while the optical laser
dressing field couples the ionization contin-
uum to other channels. For lithium we
showed that the angular distribution of the
photoelectrons can be controlled by ma-
nipulating the time parameters of the femto-
second pulses. Using the example of helium,
where first test experimental results are
available from the FLASH facility, we
showed that second-order time-dependent
perturbation theory is a practical method to
consider the polarization dependence of the
first ionization sidebands.
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PosrisiHyTO mpoliecH Hakayky 1 30HAYBaHHA y (PEMTOCEKYyHIHOMY IHTEpBali 3 BH-
KOPUCTaHHSIM 30Hayrouoro BY® 1 B3aeMOJiFOUOTO ONTHYHOTO IMITYJBCIB: 1OHI3aIlis
aroma Li atom 3 KOHTHHYYMOM, 3B'si3aHMM 31 30ypKeHrM 3d-cTaHOM 1 iOHi3allis atoma
He 3i 3B'I3aHMMH IUIOCKMMHM KOHTHHYYMamu. Y MEpUIOMY BHIAJIKY PO3PaxOBaHO
CIIEKTPH 1 KYTOBI pO3MOALTH (POTOCIECKTPOHIB 1 MPOAHATI30BAHO iX JUIA JBOX JIHIHHO
MOJIIPU30BAHMX KOJIHEApHUX TIIONIB 3a JIOIIOMOTOI0 YHCEJBHOTO PO3B'I3KY HECTa-
mionapaoro piBuAHHA lpeninrepa. CrexTp i KyTOBI pPO3NOAUTH KOHTPOJIOIOTHCS
YacOBOIO 3aTPHMKOIO MDK IMITYJIbCaMH 1 ABO-(DOTOHHUM PO3CTPOIOBAaHHIM. Y Apyromy
BUIIAJIKy YBary CKOHIICHTPOBAHO HA MOIYJIALIII CHTHAIY ioHizalii He sk dyHKIi€o KyTa
MDK BEKTOpaMH TOJA TOJLIpH3alii. Y Teopii 3alieHuX BiJ Yacy 30ypeHb IPYTroro
HOPSIIKY IS TayCCIBCHKHX 3TOPTOK IOJIS OTPUMAHO I BUKOPUCTaHO YaCTKOBO aHa-
JHTUYHUIN PO3B'A30K.
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