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We report on a combined experimental and theoretical study of XUV ionizatieon of atomic argon
in the presence of a near-infrared (NIR) laser field. Using a table-top sourcefof wavelength-selected
femtosecond XUV pulses in combination with a velocity map imaging spectrometer we'record angle-
and energy-resolved photoelectron distributions and simulate the experimental data by solving the
time-dependent Schrédinger equation ab initio. In order to compare with the expéerimental data we
average the calculated energy-angle probability distributions over the experimental focal volume for
different values of the magnetic quantum number of the photoelectron. This averaging procedure
washes out the intracycle interference pattern, which would otherwisesbe observed in the form of
angular modulations of the photoelectron spectra. We recover these modulations experimentally
and in the simulations by evaluating the difference betweentweo averaged distributions that are
obtained for slightly different NIR laser field intensities.

PACS numbers: 32.80.Rm, 32.80.Fb, 03.65.5q

I. INTRODUCTION

The generation of XUV pulses via high-order harmionic
generation (HHG) opens new routes for time-resolved
spectroscopy with unprecedented time resolution. In
combination with near-infrared or visible (NIR/vis) laser
light, such XUV pulses allow the control of electronimo-
tion on ultrashort timescales. The most readily observed
effect in such experiments is the laser-assisted photoelec-
tric effect (LAPE), where the NIR/vislight controls the
trajectories of free electrons created by the short XUV
pulse [1-3]. For XUV pulses longer than the NIR laser
cycle, the photoelectron spectrum consists of an XUV-
only ionization peak and a sequence’of adjacent equally
spaced sidebands (SB) with a se¢paration equal to the
NIR/vis photon energy [1, 2]. Sidebands, which reflect
the interference of electron{trajectories born in different
cycles of the control field (i.e.nintercycle interference),
have been observed in laser=assisted.iohization of gases,
liquids and solids [4—11]./ Their study can be used to ex-
tract information on the XUV pulse duration, the NIR
laser intensity, and thestime:delay/between the two pulses
[12-14].

For sufficiently high intensity of the NIR /vis pulse an-
other class of features appears in the photoelectron spec-
tra, which stéms from intracycle interferences. For lin-
early polarized pulses‘modulations of the photoelectron
angular distributions that are commonly referred to as
the “gro§s structure” are expected [15-17]. Until now this
effect has not been observed in HHG-based experiments,
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but it has Been reported for the ionization of Ne and
othér noble gases at free-electron laser facilities (FEL),
along with a comparison to calculations [10, 11, 18].

There are a number of approaches to describe the laser-
assisted photoelectric effect theoretically [12-16, 19]. For
example, in Refs. [20, 21] numerical solution of the time-
dependent Schrédinger Equation (TDSE) was used re-
lying on the single-active-electron (SAE) approximation.
The well-known soft-photon approximation [19, 22] and
the theory of Bivona et al [17] describe some general fea-
tures in experiments [8, 10, 23-26]. Furthermore, im-
provements to the soft-photon approximation based on
the strong field approximation (SFA) and the Coulomb-
Volkov approximation were developed by several authors
[15-17] and in our own previous theoretical work [27—
29] in order to gain physical insight into the dynamics
of photoionization in the presence of an oscillating laser
field.

In this paper we use the theoretical tools developed
in Refs. [27-29] to analyze experiments where energy
and angle-resolved photoelectron spectra were measured
utilizing a laboratory-based XUV source. In our exper-
iment, XUV pulses generated by HHG are filtered by a
time-delay-compensating monochromator [30] and com-
bined with a replica of the femtosecond NIR pulse in
order to induce two-color XUV-NIR ionization of argon.
Owing to the precise synchronization of the XUV and
NIR laser pulses this experimental scheme does not suf-
fer from the time jitter experienced in FEL-based exper-
iments [7].

The small bandwidth of the XUV pulses filtered by the
monochromator allows studying photoelectron sidebands
in the absence of interference effects from adjacent har-
monic orders [31, 32]. This setup is hence an ideal tool
for the investigation of sideband generation and the re-
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lated physics of strong-field and multiphoton nonlinear
effects which occur in LAPE . In combination with a ve-
locity map imaging spectrometer [33], angular distribu-
tions are measured, which provide detailed information
on the photoionization process, such as the partial wave
character of the emitted photoelectrons and relative ion-
ization phases. In the experiments the intensity of the
NIR field varies across the laser focus, leading to a “wash-
ing out” of the gross structure, which is very sensitive to
the field strength [34]. We compare the experimental re-
sults with theoretical calculations that solve the TDSE
fully ab initio. To recover the intracycle interference that
results in the gross structure we implement a scheme for
averaging the calculated spectra over the focal volume.

The paper is organized as follows. In Sec. II we de-
scribe the experimental setup to measure velocity-map
images for ionization of argon by narrowband XUV pulses
in the presence of a NIR laser pulse and present the ex-
perimental results. In Sec. III we describe the theoreti-
cal methods for computing angle-resolved photoelectron
spectra and the calculation method to simulate the aver-
aging over the focal volume, which results in a washing
out of the intracycle interference. We show that, un-
der our experimental conditions, the subtraction of two
measured/calculated distributions obtained for slightly
different peak intensities leads to a recovery of the intra-
cycle interference pattern. In Sec. IV, we present the
theoretical results obtained by solving the TDSE, com-
pare them with the measurements, and discuss the details
of the sideband modulation produced by thewimntracycle
interference. Concluding remarks are presented,in Sec:
V. We employ atomic units throughout this work exeept
when stated otherwise.

II. EXPERIMENTAL SETUP AND RESULTS

The experiments are carried out atan XUV time-
delay-compensating monochromator beamline described
in detail elsewhere [30, 35]4lnfshort, 1.5 mJ pulses with
a duration of 25fs from a LkHz Ti:Sa laser system are
used to generate high-ordersharmonics, in argon. The
XUV spectrum consists of a sequence of odd harmonics
of the driving NIR laser field (795nm) spanning a pho-
ton energy range from.10 to 50eV. The XUV beam is
guided through a time-delay-ecompensating monochroma-
tor and one harmonic ig(selected.  Thanks to the compen-
sation scheme the XUV pulse retains its pulse duration,
which is theréfore shorter or equal to that of the NIR
driving pulse. The wavelength-selected XUV pulses are
combined withha replica of the 795 nm NIR pulse using
an annular mirrer,’and are focused into the interaction
region of a velocity map imaging spectrometer (VMIS),
which is eapable of recording energy- and angle-resolved
photoelectronispectra [36]. Both XUV and NIR beams
arerlinearly polarized along the axis perpendicular to the
symmetry axis of the VMIS spectrometer.

LAPE images are recorded using 29.6 eV photons (har-

2

monic 19) at two different NIR peak intensities. The two
images are recorded during the same experimental run
within a short period of time ensuring that that the pa-
rameters of the laser system remain stablen We subtract
weak contributions due to ionization by the NIR pulse
alone and ensure that the XUV beam intensity and de-
tection efficiency are the same (within'0:2%) for the two
images by comparing the total photoelectromyield in the
two measurements. The mode profile. of the NIR laser
beam in the focus, which®is required for a calculation
of the experimentally usedy laser, intensities, cannot be
measured directly in the present.experiments. Therefore,
the NIR intensity of about 5.9 TW/cm? is determined
by comparing the overall shape'of the measured spectra
with the theoretical restlfs of Sec. IV, while the ratio
between the two employed intensities of 1.08 is deter-
mined by the Tatio of theNIR pulse energies used in the
experiment. The uneertainty of the pulse energy mea-
surement 4shapproximately 1%. VMIS records an Abel
projection. of the 3D/photoelectron distributions, the 3D
distributionsrare recovered by Abel inversion of the raw
experimental images using the BASEX reconstruction al-
gorithmy[37]. Figs. 1 (a) and (b) show reconstructed 2D
slices through the full 3D photoelectron distributions as
false=color energy-angle maps. The photoelectron emis-
sion angle is relative to the laser polarization axis. The
energy-and angular resolution in the images is limited
by the VMIS focusing optics: approximately 0.7 eV and
1.5, respectively, in the region of the most intense sig-
nal. Both maps show sets of vertical lines corresponding
to the main photoemission line (XUV-only) and a set of
sidebands with lower and higher kinetic energies.

Many sidebands can be observed in these experiments,
but no modulations (gross structure) are visible in the
images, although previous calculations predict that at
these laser fields the intracycle interference should play
arole [17, 27-29, 38]. The absence of the gross structure
in these measurements can be adjudicated to the averag-
ing over a range of NIR intensities in the focal volume,
varying from the maximum NIR intensity to almost zero
across the focal volume [34]. Since the positions of an-
gular features induced by intracycle interferences depend
on the intensity of the NIR field, averaging over the ex-
perimental focus washes out these structures. We show
the accuracy of this statement in Sec. IV with the aid of
TDSE calculations.

To recover the gross structure we evaluate the differ-
ence between two angle-resolved photoelectron distribu-
tions recorded at the two slightly different NIR intensities
of Fig. 1(a) and (b) in the spirit of the theory of the next
section. The result after normalization of the individual
measurements and subtraction is shown (as discussed in
Sec. III, Eq. (9) in Fig. 1 (c) as a false-color map. Sub-
tracting one image from the other reveals predominantly
the contributions due to the highest NIR laser intensity
and thus shows modulations in the emission angle cor-
responding to the intracycle interferences. This method
appears to be very practical for observing gross struc-
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FIG. 1. Angle-resolved photoelectron spectra obtained in two-
color XUV +NIR laser-assisted photoionization of argon. The
argon atoms are ionized by 29.6 eV XUV photons (harmonic
19) in the presence of an 795nm NIR laser field with inten-
sities of a) 5.9 TW/cm?, and b) 5.5 TW/cm?. In (c) the dif-
ference between the two measurements shown in (a) and (b)
is presented. Red colors indicate signal enhancement in the
velocity map image taken at higher laser intensity, whilesblue
colors indicate a reduction.

tures in laser-assisted photoemission in the ecommon case
of matched foci of the pump-probe XUV=NIR, beams.

THEORY AND METHODS OF
CALCULATION

II1.

The TDSE is solved in the SAE approximation with
the Hamiltonian of the systemndescribed within the

dipole approximation in the wvelocityrgauge in the form
[39]

v g+

H = (1)
where 7 is thefelectron momentum, V' (r) is a model po-
tential describing the{Coulomb interaction between the
active electromyand the core. The total vector poten-
tial A(t)/= Anm@)F Axyuy(t) is the sume of the vec-
tor potentials of{the XUV and NIR pulses, obtained by
Axuv . Nmit) = = fjoo Fxuy .Nr(t)dt.

The radial'grid coordinate is discretized using 4000
points, with a uniform grid step of Ar = 0.05 a.u.. In or-
der to minimiize unphysical reflections of the wave func-
tionfat the boundary of the simulation box, a complex

v
2

boundary absorber [40] is placed at a distance of 167.3 ag
from the origin. The simulation includes angular mo-
menta channels up to L < 40,|M| < 40.5, The time
step is At = 0.01 a.u.. In order go caleculate‘angle-
and energy-resolved continuum photoelectron distribu-
tions the iSURFV [41] method is ised, which extends to
infinite time the surface flux method [42543).

The parameters of the long range potential V(r) are
chosen to reproduce the ionization potential I, = 15.76
eV of argon and the energiés of lower excited bound states
[44]. Propagation of the wavefunetion starts from the ini-
tial 3p ground state orbitals ¢gp.m, where the magnetic
quantum number m ='=1, 0, or 1 describes the alignment
of the 3p-orbital with respect<to the laser polarization
axis. Our calculationsfshow that the ionization of the
different orbitals has similar total ionization probabili-
ties and thereforérall must be considered in the resulting
spectrum.

Laser intensity variation over the focal volume implies
variationsrof thesLAPE spectra. Following the work of
Posthumus for.a single color laser [45, 46], we consider
thedaser propagation within the framework of Gaussian
opties, where the intensity profile is characterized by a
Lorentzian Qistribution along the laser propagation di-
rection f and by a Gaussian distribution along the radial
direction p, with cylindrical symmetry around the (—
axis. At ¢ = p = 0, the intensity of the XUV and NIR
laser fields are Ixuv,0 and Inir,, respectively. Away
from the focus, the intensity distributions of the XUV
and NIR laser beams thus decrease according to

Ixuv NIR,0
Ixuv .NIR = ﬁ X (2)
1+ (CXUV,NIR)
2 2
X exXp § — p B )
piUV,NIR |:1 + (CXUE.NIR) :|
where pxuv N is  the waist at the focus,

(XUV,NIR

2
PXUV,NIR {14-( < )] describes the evolution

of the waist along the propagation axis, and (xuv Nir is
the Rayleigh range of the XUV and NIR laser beams.
The Rayleigh length (xuv,nir can be calculated as
(XUV,NIR = ng(UV Nir/A where A is the wavelength of
the corresponding léser, or equivalently

2
PXUV,NIR WXUV NIR
2¢ '

3)

CXUV,NIR =

In Eq. (3) the Rayleigh length is proportional to the
frequency wxuv NiR, Where c is the speed of light. The
volume where ionization takes place is limited to the re-
gion of overlap of the argon jet and the laser beam, which
we suppose is symmetric at the waist.

The average over the focal volume of the angle-resolved
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photoelectron spectrum is defined as

P 1 P
<sin 9dEd9> Vv / (sin 9dEd9) v, 4

where the dP/(sin 0dEdO) in the right hand side of Eq.
(4) is the electron emission distribution calculated for
the respective XUV and NIR intensities Ixyyv and INig,
according to Eq. (2). Considering that for || < (et the
gas density is constant, and for |{| > (et it is zero, Eq.
(4) becomes

dP 2m J +<‘” P
<sm 9dEd9> / PP / - (sm edEde)
()
In order to calculate the volume average in Eq. (5), we
must integrate over the variables p and ( or, through the
change of variables defined in Eq. (2), over the intensities
Ixuv and Intr. As the calculations of dP/(sin 8dEdf) for
a single intensity are a challenge by themselves, perform-
ing the average of Eq. (5) becomes computationally very
expensive. For example, if we choose a grid of n points
for each of both Ixyv and Intr variables, we would need
n? calculations of the distribution for the n? pairs of in-
tensities (Ixuy, Inir)- In the following we show how to
overcome this difficulty.

At the moderate laser intensities of the present exper-
iment, the contributions from XUV+NIR ionization are
well separated from the above threshold ionization yield
resulting from the NIR pulse alone. Therefore, consider-
ing the first Born approximation for the ionizatiomby one
XUV photon, the ionization probability is proportional
to the intensity of the XUV field, i.e.f P.x Ixuv((, p)-
Hence,

dP
sin 0dEdo

_ ( IXUV ) dP
Ixuv,INIR IXUV*O prol Hdwg IxUV,oJNI(R.)

6
and a grid in the XUV intensity is ot needed within
the TDSE calculations. Thérefore, we only‘need to com-
pute the angle- and energy-resolved photoelectron distri-
butions for different valuesrofulnir.

For the special case of/a narrow,atomic jet, i.e., (et <K
(NIrR < Cxuv [the seéond inequality is reasonably ful-
filled due to wxpyy >wnrrrin Eq. (3)], the laser inten-
sity distribution ngar the focus as given by Eq. (2) can
be approximated removing its ¢ dependence as

2p?
Ixuv Nir = IxvwNiR0€xXp | ——5— | . (7)
PXUV NIR

From Hq. (7), ittis easy to see that both the XUV and
NIR laser intensities at the same radial position p must
be related imnthe following way

2 2
( Ixuv )pXUV _ ( Inr )me (8)
Ixuv,o INTR,0

4

Under these assumptions, each NIR intensity occurs in
combination with only one specific XUV intensity. In
our calculations, once we have chosen a gridiof n points
for the intensity Inmr according to the NIR, peakfinten-
sity in the experiment, the grid in Ixyy is directly deter-
mined by Eq. (8). Therefore, we only need n calculations
of the electron distribution for the n pairs.of intensities
(INIR,ia IXUV,i) with (Z = 0, ,n)

Regarding Eq. (7), the in¢rementalfocal volume com-
prised between two radii p{ and p,, corresponding to two
slightly different intensities Ixugy,nir,1 and Ixuv,NIR,2

is given by [45] AV = 7 CjethUVIOg (w) _

Ixuv,2

7 Ciet PR 108 (INIR 1) When we include the volume dif-

Inig,2
ference into the expressw\for the focal volume average

[Eq. (5)], the average over the focal volume can be ap-
proximated to a discreteSum as

_ap, N\ zn:w _ar
sin@dFdOy. y- ' sin0dEdo

where the weights are given by

)

Ixuv,i,INIR,i

je X I i
w; = TCietPNIR log (NIR’ > (10a)
IS 14 Intr,i-1
TGiet Pxuv Ixuv,i
= 1 : 10b
14 °8 Ixuvi-1)’ (10D)

with Inmr,; and Ixuv, (i = 0,...,n) correspond to the
intensity grid of the respective NIR and XUV laser
pulses used in the TDSE calculations and the ioniza-
tion distribution dP/(sin0dEd0)|; . . ;. - is calcu-

lated for a pair of intensities (Ixuv i, Inir,i) linked be-
tween them through Eq. (8). It is precisely Eq. (8)
which assures that the second right hand of Eq. (10a)
is equal to the second right hand of Eq. (10b). Ac-
cording to Eq. (9) together with Eq. (10a) [Eq.
(10b)], the evaluation of the difference between the
average obtained for two slightly different peak in-
tensities Inir,n (Ixuv,n) and IniRn—1 (Ixuv,n—1) re-
sults in the determination of the single intensity ion-
ization probability dP/(sinf@dEd0)|; . up to

isINIR i
the constant factor w;. This factor can be approx-

imated to (7CetpFr/V)IntR,n — INRn—1)/INIR,n—1,
or to (m¢ietpxuv/V)Uxuv,n — Ixuvin—1)/Ixuvn—1. In
other words, the application of this substraction proce-
dure (to the calculations or to the experimental data)
allows to isolate the energy- and angle-resolved photo-
electron distribution at the higher of the two peak inten-
sities used.

For our experimental conditions in which the waist of
the XUV and NIR laser pulses are roughly equal [34], i.e.,
PXUV = PNIR, Eq. (8) simplifies to a linear correlation,

I I;
Xuv _ INIR (11)
Ixuv,o  INir,0
which means that the ratios of intensities in Eq. (10a)

for the NIR laser field and Eq. (10b) for the XUV laser
field are the same [Eq. (11)].

Page 4 of 9
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IV. THEORETICAL RESULTS AND
DISCUSSION

We now turn to calculating LAPE spectra for the laser
field parameters used in the experiment. We consider a
flat-top envelope for the NIR laser pulse to model long
experimental fields in the calculations (this assumption
has no significant influence on the results). The NIR laser
field is thus written as

— T R
Fir(t) = Frir,o(t) cos [WNIR (t - %)} z, (12)

with the envelope given by

Fxir,0(t) = FNir,0 X (13)
SEt i 0<t<gm
X 1 if wi’ITR <t < TNIR — M?JITR
7(TNIR;)WNIR if TNiR — w?\;ITR <t < 7R

and zero otherwise. This definition of the NIR pulse in
Eqgs. (12) and (14) assures a flat-top vector potential A(t)
fulfilling the boundary conditions A(0) = A(m~r) = 0.
We define the XUV pulse as a smooth sin-squared pulse
between t = ™nir/2 — TxUv/2 and TNIR /2 + TXUV /2, 1.€.,

. - I
Fxuv(t) = Fxuv,o sin? { (t _ NIRXUV)] y
TXUV 2

X COS [wXUV (t — TN%)} 2. (19)
It is well known that the detailed XUV pulse shapes
play a minor role in LAPE, especially for long, NIR
pulses [7, 10, 11]. For convenience, we consider an in-
teger number of optical cycles in the XUV pulse, i.e
N = txyvwxuv/27.

We perform TDSE calculations for argon ionized by
an XUV pulse of frequency wxyy = 1.0925 a.u.| (29.73
CV), duration XUV — 5TNIR =5 X (QWNIR) = 546.4
au. (13.22 fs) and an NIR lager pulse of frequency
wNir = 0.0575 a.u. (1.56 eV),land{ duration g =
TTNir = 764.9 a.u. (18.5 fs),, Of the two different struc-
tures in LAPE, the sidebands stemming from the inter-
cycle are robust enough tossurvive thesintensity averag-
ing of the different laser intensities into the focal vol-
ume, however, the gross structures stemming from in-
tracycle interference are not. Intracycle emission takes
place within one optical cycle and it is inherently inde-
pendent of the pulse duration, aslong as there are enough
optical cycles in_the pulse. For our calculations, we ob-
serve that a laser pulse of five optical cycles of duration
is enough to reach the{limit of long pulses and, therefore,
can reproduce the experimental results. In Ref. [29] we
showed ghe lack of dependence of the intracycle interfer-
ence pattern with respect to the duration of the XUV
pulse. Weiconsider the argon atom initially in its ground
3p state (I, 220.58 a.u. = 15.8 ¢V) and calculate angle-
andrenergy-resolved distributions for photoelectrons with
magnetic quantum numbers m = 0, &1, defining the pro-
jections of the angular momentum along the polarization
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FIG. 2. Angle- and energy-resolved probability distribution
for the ionization of Ar subject to an XUV pulse with wxuyy =
1.0925 a.u. (29.7 eV), duration 7xuv = 5Tnir and an NIR
laser pulse with a frequency wnir = 0.0575 a.u. (1.56 eV),
duration 7wtk = 7TNiR, as calculated by solving the TDSE.
The NIR laser peak field is Fnir,0 = 0.013 a.u. (INIR =59
10'? W/cm?). (a) Result for photoelectrons with magnetic
quantum number m = 0, (b) result for m = £1, and (c) sum
of the distributions for m = —1,0,+1. Classical boundaries
[29] are indicated by dashed lines.

axis. Note that for symmetry reasons the calculation for
m = +1 gives the same angle- and energy-resolved pho-
toelectron distribution as a calculation for m = —1. The
results of the calculations are shown in Fig. 2 for an
NIR peak field Fxiro = 0.013 a.u. (Inr = 5.9 x 1012
W/cm?). Due to the linear dependence of the electron
yield on the XUV pulse intensity, we have arbitrarily cho-
sen Fxyv,o = 0.0065 a.u. (Ixyy = 1.485x 1012 W/Cm2).
In Fig. 2 (a), calculated for photoelectrons with m = 0,
we observe that the electron emission is peaked along the
polarization axis, i.e. at # = 0° and 180°. Instead, in Fig.
2 (b) for ionization with m = 1, selection rules prohibit
emission along the polarization axis enhancing, thus, the
perpendicular emission [47]. The classical boundaries of
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the electron distributions according to Refs. [27-29] are
shown in dashed lines in Fig. 2. For emission parallel
to both polarization axis the classically allowed region is
limited to

— R 2 F 2
(vo — FNiR,0/WNIR) < B< (vo + FNiR,0/WNIR) 7
2 2
(15)
where vg /2 = wxuv — I, corresponds to the electron
kinetic energy for ionization by the XUV pulse only [27].
In the perpendicular direction the electron kinetic energy
is classically restricted to [28]

[U(Q) - (FNIR,O/WNIR)Z] 02
> <E< 5 (16)

For argon ionization by the laser fields described above
(v3/2 = 0.51 a.u. = 13.9 eV) the energy domain is clas-
sically limited to 0.309 a.u. (8.41 eV) < E < 0.767 a.u.
(20.87 eV) along the polarization axis and to 0.487 a.u.
(13.25 eV) < E < 0.51 a.u. (13.9 ¢V) in the perpendicu-
lar direction. The calculated distributions extend beyond
these classical boundaries due to the quantum nature of
the final wave function.

The vertical iso-energy stripes in Fig. 2 correspond to
sidebands arising from the absorption of an XUV photon
accompanied by the absorption (emission) of a positive
(negative) integer number n of NIR photons in agreement
with the conservation of energy

E, = nwNir +wxuv — I, — Up. (17)

Eq. (17) expresses that the energy of all photoelectron
peaks (i.e. both the XUV mainline and‘albsidebands) are
shifted down by the ponderomotive energy of the NIR
laser U, = (Fyir,0/2wnir)? = 0.0128 a.u. (0.348 eV).
Odd sidebands arise as a result of the absorption of an
even number of photons (one XUVsphoton and‘an odd
number of NIR photons). For perpendicular emission
(8 = 90°), the odd sidebands are missing for ionization
with the magnetic quantumy, ntimber m =40 due to the
selection rule for angular momentum, or equivalently, as a
result of the destructive interhalfeyele interference, thus
we can see the zero order sideband in Fig. 2 (a) [28,
47]. Instead, for ionization with m = £1 even sidebands
are missing as a result,of the selection rule for angular
momentum [47], thus Fig. 2 (b) exhibits no zero-order
sideband, and the first order{sidebands are clearly visible
for perpendicular_emission {at both sides of the main
ionization ling) at £ ~13:5 eV .

We can observe in Fig. 2 that the sidebands display an
angle-dependent, modulation which stems from intracycle
interference (see [2729]). There is a very good resem-
blance of the TDSE distribution of Fig. 2 (a) to the semi-
classical (strong field) results in Ref. [29], which indicates
a minor role of the Coulomb potential in the photoion-
ization process [48]. In Fig. 2 (c¢) we have equiprobably
summed up the contributions of the three possible pro-
jections of the angular momentum i.e., m = 0,4+1. The
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FIG. 3. Angle- and energy-resolved probability distribution
for the ionization of Ar subject to a flat-top XUV pulse of
wxuv = 1.0925 a.u. (29.73 eV), duration 7xuv = Tnir and
an NIR laser pulse with a frequency wnir = 0.0575 a.u. (1.56
eV) and duration 7nir = 7Tnir. The NIR laser peak field is
Fnir,0 = 0.013 (Inr = 5.9 X 102 W/ch) (a) corresponds
to m = 0, (b) to m = £1, and (c) to the sum of the three
distributions for m = —1,0, +1.

resulting angle- and energy-dependent photoelectron dis-
tribution differs significantly from both the m=0 calcula-
tion and the m = £1 calculation, illustrating that both
must be taken into account in order to properly describe
the experiment.

In order to illustrate that the angular structure of
the sidebands in Fig. 2 stems from intracycle interfer-
ence of electron trajectories released within the same
optical laser cycle, we have performed calculations for
an XUV pulse duration of only one optical cycle, i.e.
TXUV = TNIR = (QW/WNIR) = 109.3 a.u. (264 fS) consid-
ering a flat-top envelope of the XUV pulse instead of the
sin-squared envelope in Eq. (14). In Fig. 3 we observe
that as ionization takes place essentially within a single
cycle of the NIR field, no sidebands resulting from in-
tercycle interferences are formed, and only the intracycle
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interference structures remain visible in the maps. The
angular modulations of the sidebands, which stem from
the intracycle interference for the five-cycle XUV pulse
in Fig. 2 look essentially the same as those arising from
intracycle interference (for 7xyv = Tnir calculation) in
Fig. 3. Semiclassical calculations in Ref. [29] exclude in-
terferences between contributions from the ground state
and from excited states (releasing their wave packets at
the same initial time) since those calculations considers
only one bound state. Therefore, the agreement between
the current TDSE results and the semiclassical calcula-
tions in Ref. [29] leads us to the conclusion that intracy-
cle interferences are the only source of the gross structure.

As discussed in Sec. II, if we want to compare our
simulations with the experiment, we need to average the
electron spectra over the experimental intensity distribu-
tion in the focal volume (see Sec. III) and consider a ran-
dom orientation of the angular momentum. We assume
that both the NIR and the XUV beams have Gaussian
profiles with a waist radius pxyv = pnig = w = 0.1 mm.
For the XUV beam this waist radius corresponds to a
Rayleigh length of (xyv = 190 mm and for the NIR
beam the Rayleigh length is {(yyg = 10 mm. In Fig. 4
(a) we present the result of averaging the distributions
calculated by solving the TDSE over the focal volume
according to Eq. (9) for an XUV peak field at the focus
of Fxuv, = 0.0065 and an NIR laser peak field at the
focus of Fir,0 = 0.013 (Intr = 5.9 X 102 W/cm?). The
NIR and XUV frequencies and laser pulse durations are
the same as in Fig. 2. The general features/ofithe, dis-
tribution are similar to the non-averaged distributions in
Fig. 2 (c) except for the vanishing of the intracyeleyin-
terference pattern. This disappearence of the intracycle
interference pattern agrees with the experimental obser-
vations [see Fig. 1 (a) and (b)]. For the&Sake of compari-
son, we have smoothened the angle- and energy-resolved
probability distribution in Fig. 4 (a) usin&an energy win-
dow of about 0.9 eV and an angular window of about 1°
similar to the experimental resolution{desctibed in Sec.
II. To the extent that the remaining features permit such
a comparison, the resulting smoothed distribution of Fig.
4 (b) exhibits a good agreement with the experimental
distribution in Fig. 1 (a). Tn Fig. 74 (a) and (b) we
observe that the probability distribution in the direction
parallel to both polarization axis/extends from about 6
to 25 eV, very similar to the experimental data in Fig. 1
(a) and (b). Besides, for emissiomperpendicular to both
polarization axis, the. maximum lies'at about 14 eV in the
calculations [in'Fig. 4 (a)and (b)] and the measurements
[in Fig. 1 (a) and (b))

In order_to recover the intracycle interference pattern,
we repeat the procedure performed for the experimen-
tal data and caleulate photoelectron distributions for
two different NIR laser peak fields Fnir,0 = 0.013 and
Fxiro = 0.0125 (intensities of 5.9 x 102 W/cm? and
5:52¢.1012 W /cm?, respectively). Similar to the analy-
sis of the experimental data in Section II, we normalize
the #wo calculated electron energy- and angular distri-

angle (deg)  angle (deg)

angle (deg)

angle (deg)

5 10 15 20 25

energy (eV)

FIG. 4. TDSE angle- and energy-resolved probability distri-
bution for the ionization of Ar subject to an XUV pulse with
wxuv = 1.0925 a.u. (29.73 eV), duration 7xuv = 5TNir and
an NIR laser pulse with a frequency wnir = 0.0575 a.u. (1.56
eV), duration 7nir = 7Inir and peak field Fnir,0 = 0.013 a.u.
(Intr = 5.9 x 10" W/cm?). (a) corresponds to calculations
averaged over the focal volume [Eq. (5)]. (b) idem (a) where
the distribution was smoothened using an energy window of
about 0.9 eV and an angle window of about 1° to account
for the experimental resolution. (b) idem (a) but (c) corre-
sponds to the difference between the normalized distributions
calculated in (a) and the corresponding to a NIR laser peak
field Fnir,o = 0.0125 a.u. (Intr = 5.5 x 10'2 W/cm?), (not
shown). (d) is the same as (c) but smoothened in the same
way as (b). All intensities are in arbitrary units and plotted
in a linear scale.

butions before subtracting by using Eq. (9). Fig. 4 (c¢)
shows the resulting difference maps for the TDSE cal-
culations. To account for the experimental resolution
we again smoothen the calculated maps in Fig. 4 (d),
whose intracycle structure pattern can be immediately
identified, despite not being visible in Fig. 4 (a) and (b).
There is a strong similarity between the pattern of Fig.
4 (d) and that of Fig. 3 (c) confirming that the subtrac-
tion procedure indeed gives access to the gross structure,
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which is otherwise washed out by averaging over the NIR,
intensity distribution in the focus. The difference maps
are also in very good agreement with the experimental
data in Fig. 1(c). Summing up, the intracycle inter-
ference appearing in LAPE at sufficiently high NIR laser
intensities can be reliably recovered by subtracting distri-
butions recorded at two slightly different NIR laser fields,
even when these interferences are washed out by varia-
tions of the NIR laser intensity in the focus. It is worth to
mention that, due to the normalization of the two prob-
ability distributions averaged over the focal volume, the
resulting difference distributions in Fig. 4 (c) and (d) are
not probability distributions since its integral in energy
and angle is thus zero.

V. CONCLUSIONS

We performed experiments on laser-assisted XUV ion-
ization of argon atoms and recorded energy- and angle-
resolved photoelectron spectra. The sidebands due to
the intercycle interference survive the averaging over the
focal volume because of the small value of the pondero-
motive energy at peak NIR intensity compared to the
NIR photon energy. In contrast, we observe that the
intracycle interference pattern is completely washed.out
and cannot be directly observed in the experimental‘data
due to averaging over the focal volume. However, by
subtracting two photoelectron distributions for slightly

8

different NIR peak laser intensities the intracycle inter-
ference pattern is recovered. We performed full TDSE
calculations for pairs of NIR and XUV ‘peakrintensities,
averaged the resulting distributionsover the foeal vol-
ume of both laser pulses and compared the differential
angle-energy maps with the experimental results. Un-

der

the assumption of a homogeneous gas«density, the

theory supports the subtraction procedure as a reliable
tool to recover intracycle interference.in LAPE. In do-
ing so, we showed for the‘photoelectrons emitted from
the 3p orbital of argon thewrelevance of the three possible
projections of the angular momentum on the laser polar-
ization axis m = 0,+1.. The high degree of resemblance
between the TDSE results,and/the experiment confirms
that the subtraction précedure can be used to unravel

the

intracycle grosssstructure in photoelectron spectra,

despite being washed out by the spatial variation of the
NIR laser intensity in the focus.
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