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Low-energy structure in the ionization of argon:
Comparison of experiment with theory*
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The above-threshold ionization of argon in an intense 70-fs, 400-nm linearly polarized laser pulse has been investi-
gated by the velocity map imaging techniques, combined with an attosecond-resolution quantum wave packet dynamics
method. There is a quantitative agreement in all dominant features between the experiment and the theory. Moreover, a
peak-splitting phenomenon in the first energy peak has been observed at high pulse intensity. Further, through the theo-
retical analysis, an ac Stark splitting with evident resonant and nonresonant ionization pathways has been found to be the

physical reason for the experimental observations.
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1. Introduction

Understanding the motion of the electrons in strong laser
fields is a fascinating issue with important implications for
making new advances in attosecond physics.['**! When atoms
are exposed to an intense laser field, the motion of the elec-
trons can be mapped into two regimes, depending on the
laser intensity and the wavelength, by using the Keldysh
parameter,”! y = \/m, where I, is the ionization po-
tential of the target atom and U, is the ponderomotive energy
of the electron (Up = €*EZ,./4m.@*). Particularly, if y < 1,
the tunneling ionization becomes dominant.[7! In this regime,
the mechanism of the emitted electron is dominated by direct
ionization. On the other hand, if y > 1, in the multiphoton
regime, the liberation of the electron is understood to proceed
through the absorption of many photons, leading to the above-
threshold ionization (ATI)®! process. The typical features of
the photoelectron spectra of ATI are the plateaus in the high-
energy part of the spectral®! and the jet structures accompanied
by the sub-peaks in the low-energy part of the spectra.l'% It is
widely believed that the high-energy electron is related to the
rescattering (recollision) mechanism,!'!! while the low-energy
part is believed to originate in direct photo-ionization. To date,

h{!>-15] has been reported on the intensity depen-

little researc
dence of the low-energy structure (LES), especially for a de-
tailed comparison of the current state-of-the-art theory and the
experimental data.

Thus,
study of ionizing argon with linearly polarized laser pulses

(70 £5/400 nm, I = 0.6 x 10'* W/cm?-3.2x 10'* W/cm?) aim-

in this paper, we carried out a combined
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ing to explore the features of the electron motion in the ioniza-
tion process, especially for its role in the formation of the LES
(less than 10 eV) in the photoelectron spectrum.

2. Experimental setup

The experimental details of our laser system have been
described elsewhere.[10] Briefly, our femtosecond laser is an
in-house built, solid-state, chirped-pulse amplified Ti:sapphire
femtosecond laser comprising a seed oscillator, an amplifier
The fundamental light
is centered at 800 nm (with a 30-nm bandwidth, 70-fs pulse
width, and 20-Hz repetition rate). The fundamental light is
frequency doubled by a 3-BaB,0j crystal (BBO, type I) to
produce the second harmonic generation (SHG) light, centered
at 400 nm. The SHG light is focused by an f = 30 cm fused
quartz lens and passed into the chamber of a Wiley—McLaren

with a stretcher and a compressor.

time-of-flight mass spectrometer. Peak intensities at the focus
spot could be changed by a neutral density attenuator and are
estimated to be from 0.3x10'* W/cm? to 3.4x10'* W/cm? at
400 nm.

3. Computational aspects

Our theoretical calculations are carried out by solv-
ing the three-dimensional (3D) time-dependent Schrédinger
equation (TDSE) based on the single-active electron (SAE)
approximation.l'’-28! In the dipole approximation and the
length gauge, the TDSE is given by (atomic units are used
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throughout this paper unless stated otherwise)
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The time-dependent wave function ¢ (r,#) can be expanded as

Imax=48 m=l
o (r1) = Y -u(nn)Y]'(6,9), )
=0 mffl

where ;(r,t) and Y}'(0,¢) are the radial and the spherical
harmonic functions. Because a linearly polarized field is used,
only a spherical harmonic with m = 0 has been introduced
for simplicity. With the wave function in this expression the
TDSE can be solved by a set of coupled partial differential
equations

2
L2 vuy+“g;”]mm0

+rE(t)[cl XIH(VJ)"‘C;XIA(”J)L (3)

+

where ¢; are the coupling constants related to Clebsch—

Gordan coefficients, having the form

+_ - _ (141)2
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and the initial wave function is chosen to be Yinital (1) =
x1(r,t) (3p state with [ = 1).
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is the effective atomic potential with Z = 1.0, a; = 16.039,
ar =2.007, a3 = —25.534, a, =4.525, a5 =0.961, ag = 0.443
to match the ionization potential of 15.76 eV for the ground
state of a real argon atom.[*”! The linearly polarized laser field
= Esin®(nt/T)cos(wt). Further, in the
propagated process, the time-dependent wave function can

is expressed as E(t)

be advanced using the standard second-order split-operator
method:[3%-31]

xl(t+5t) — e_iKTSt/ze_iV&e_iKT&/le(t)—|—0(5t3), 5)

where Kt and V are the kinetic-energy operator and the inter-
action potential, respectively.

The angular distributions and the photoelectron energy
spectra can be extracted by projecting the final wave func-
tion at the end of the pulse onto the continuum field-free wave

functions:32!
lmaX
Zz exp(—l Z arctan(—1/v2El' )) %)
=1
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and
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where P, is the partial angular ATI contribution.

4. Results and discussion
4.1. Comparison between experiment and theory

Figures 1(a) and 1(c) show a selection of two pairs of
experimental images (I = 0.8 x 10'* W/cm?, top row and
I = 1.4 x 10" W/cm?, bottom row), which we consider repre-
sentative of the various regimes encountered. Our theoretical
simulation is also shown in this figure (Figs. 1(b) and 1(d)).
Clearly, we see that the experimental data have been repro-
duced very well by the theory, and the emitted electrons are
predominantly distributed along the polarization direction.
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Fig. 1. (color online) 3D angular distributions of the ATI spectra un-
der a 70-fs/400-nm pulse with 7 = 0.8 x 10'* W/ecm? [(a) and (b)], and
I=1.4x10" W/ecm? [(c) and (d)]. Experiment: left column; theory:
right column.

For a clear observation of the LES, in Fig. 2, we show the
(experimental and theoretical) low-energy ATI spectra (less
than 10 eV) and the angular distributions of the emitted elec-
tron for each of the ATI peaks.
the low-energy ATI spectra for the above two selected pulse

Figures 2(a) and 2(e) show

intensities. It can be seen that, at the low intensity (Fig. 2(a)),
the ATT spectra are well documented showing three main ATI
peaks which are regularly separated by the photon energy of
3.1 eV. However, at the high pulse intensity (Fig. 2(e)), both
the experiment and the theory demonstrate that the 1st ATI
peak is split into two subpeaks with a splitting energy space
of 0.42 eV. Figures 2(b)-2(d) and 2(f)-2(i) show the angular
distributions of the corresponding ATI peaks for the two pulse
intensities. Clearly, except for the dominant emitted direction
as seen in Fig. 1, there are some subtle emissions in other di-
rections due to the presence of several small subpeaks. Par-
ticularly, there are respectively two, three, and four subpeaks
between 0° and 180° for the 1st (sub2 for the high pulse inten-
sity), the 2nd, and the 3rd ATT peaks.
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Fig. 2. (color online) ATI spectra and the angular distributions of the first three ATI peaks. Top row, I = 0.8x10'* W/cm?; bottom
row, I = 1.4x 10" W/cm?. Experiment: solid black line; theory: dashed red line.

4.2. Theoretical analysis

4.2.1. Il-states contributions and angular distributions

As of now, the agreement between the experiment and
the theory is fully established. Then, to better understand the
physical origin of the LES, a detailed analysis to explore the
electron motion is necessary.

By carrying out the 3D-TDSE calculations and using
Eq. (8), we obtain the [-states? contributions of the above two
ATI spectra, as shown in Table 1. Clearly, we see that the 1st
(sub2 at high pulse intensity), the 2nd, and the 3rd ATI peaks

receive dominant contributions from the angular states with

[ =3,1 =4, and =5, respectively. Further, through analyzing
the spherical harmonics functions, we see that the [ = 0 state (s
state) is spherical symmetry and the / > 0 states will have / — 1
subpeaks between 0° and 180°. Therefore, the respective num-
ber of the subpeaks in the angular distributions for each of the
ATI peaks (i.e., 2, 3, 4 at low intensity), as mentioned above,
is just the rough reflection of the main [/-states? contributions
received by these ATI peaks. It is noted that for the high pulse
intensity, the 3rd peak receives two similar contributions from
I =3 and 5 states. However, it causes no obvious changes on
the subpeaks between 0° and 180° (still four subpeaks but with
different positions).

Table 1. Angular momentum states? (/-states) contributions to each ATI peak.

Pulse intensity Peak [1=0%) [=1(%) [=2%) [=3%) [=4%) [=5%) [=6(%) 1=17%)
1st 12 61 8 9
0.8x10™ W.cm2 2nd 3 42 20
3rd 3 25 48 15
Ist Subl 52 39 5
LA 10M Weem-2 Sub2 18 53 13 11
2nd 2 47 18
3rd 7 39 34 18

4.2.2. Resonant/nonresonant ionization and Stark

splitting

As can be seen, the most important characteristic of the

ATT spectra is the 1st-peak-splitting. Therefore, to further un-

derstand this peak-splitting, in Fig. 3, we present the total ATI
spectra as a function of the pulse intensities. Clearly, accord-
ing to the position of the peaks, we see that the sub2 peak
is a resonant ionization process (where the peaks always ap-
pear at the same electron energy at any intensity). Moreover,
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based on the dipole selection rules, the electron must be in ei-
ther the [ = 2 or the [ = 4 state prior to ionization in order
to populate the [ = 3 state (the dominant state to the sub 2
peak as seen from Table 1). Further, through analyzing the

energy levels,*3

we can confirm that the sub2 peak is safely
attributable to resonant ionization through the 3d state. How-
ever, the subl peak, unlike the sub2 peak with Freeman res-
onances, shifts toward the low-energy part as the pulse inten-
sity increases, thus revealing a nonresonant ionization process.
Based on the dipole selection rules, the electron should be in
the / = 0 or [ = 2 state prior to ionization in order to popu-
late states with [ = 1 (the dominant contribution to subl), and

133] we know that the subl

through analyzing the energy levels,
peak is attributable to the 5s state ionization. Actually the en-
ergies of the 3d and the 5s states are very close (the energy
difference is approximately 0.41 eV),*3! thus, they are almost
resonantly coupled at low pulse intensity, which is responsi-
ble for the single ATI peak observed. However, as the pulse
intensity is enhanced, the electron has to overcome a certain
ponderomotive energy (proportional to Up) attributable to its
oscillatory motion in the laser field, and more energy needs to
be deposited in the system for ionization. Thus, the coupling
will repel these two states and further cause the Stark split-
ting of the 1st ATI peak.'*! In addition, by calculating the ATT
spectra at different frequencies (360 nm—420 nm, which are
not shown in this paper), we find that this first-peak-splitting
is a universal phenomenon at high pulse intensity (at least for
the multiphoton regime).

T T T T
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——1.4X10" W/cm?
——2.2x10" W/cm? 7
——2.6X10" W/cm?
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Fig. 3. (color online) The ATT spectra as a function of pulse intensity.
Black line: 7 = 0.8 x 10" W/cm?; red line: I = 1.4 x 10'* W/cm?; blue
line: I =2.2 x 10" W/cm?; dark cyan line: [ =2.6 x 10" W/em?;
magenta line: I = 3.2 x 10'* W/cm?.

5. Conclusion

In conclusion, both the velocity mapping experiment and
the 3D-TDSE analysis have been employed to investigate the
electron motion in argon atoms ionizing with 70-fs/400-nm

linearly polarized laser pulses. Agreement between experi-
ment and theory is quite good for the total ATI spectra and the
angular distributions at each ATI peak. A peak-splitting phe-
nomenon in the first ATT peak has been observed at high pulse
intensity. Further, based on the TDSE analysis, the origin of
this peak-splitting on the LES is linked to the Stark splitting
of the 5s/3d coupled Rydberg states, and it is revealed that
the subl peak is caused by the nonresonant ionization path-
way while the sub2 peak is formed by the resonant ionization
pathway.
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