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Isolating resonant excitation from above-threshold ionization
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We measure photoelectron energy distributions from single ionization of xenon atoms by a linearly
polarized laser pulse (800 nm, 25 fs) with successively varying the laser intensity within the region of
1.4 − 7.0 × 1013 W/cm2. By measuring the photoelectron energy shifted with the ponderomotive potential,
we have calibrated the laser peak intensity precisely with an uncertainty less than 5%. Employing the quantum
trajectory Monte Carlo theory, we simulate the photoelectron energy spectra with respect to the laser intensity.
By comparison between the measurement and the simulation, we are able to identify resonant structures from
photoelectron energy spectra in the low-energy region, which do not shift with the laser intensity. Inspecting the
momentum distribution along the laser propagation axis, we have further shown that the quantum interference
effect has a significant effect on the width of the momentum distribution perpendicular to the laser polarization
direction beside the Coulomb focusing effect.
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I. INTRODUCTION

Above-threshold ionization (ATI) has attracted consider-
able attention since its first observation more than 30 years
ago [1], in which an atom exposing in a strong laser field can
absorb more photons than the minimum necessary numbers to
reach the ionization limit. Thus, ATI manifests itself as many
peaks separated by one photon in the photoelectron energy
spectrum. Owing to the ponderomotive shift of the Rydberg
states close to the ionization limit, these highly populated
excited states will shift upward by approximately Up [2] (Up

is the ponderomotive potential given by Up = E2
0/4ω2, where

E0 is the laser field amplitude and ω is its frequency; atomic
units are used throughout unless otherwise specified). At a
specific intensity, they may come into resonance by absorbing a
certain number of photons from the ground state. This resonant
ionization has been observed in the electron spectra when the
ac Stark shift resonantly excited states absorb one more photon
into the continuum [3]. The resonant structures are usually
embedded in the photoelectron energy spectra, which are
hard to identify. Recently, it was theoretically shown that the
contributions of the resonant excited states can be identified by
Fourier transform of the two-dimensional momentum spectra
[4]. As is well known, the ATI peaks will shift with respect
to the laser intensity, and the nonresonant ATI peaks will shift
towards low energies as the laser intensity increases. The reso-
nantly enhanced ionization via the intermediate Rydberg states
in the multiphoton regime will be independent of the laser
intensity [5,6]. Actually, the laser intensity stands as a crucial
parameter for the accurate comparison between quantitative
simulations with experimental measurement. In recent years,
several methods have been developed to calibrate the laser
intensity. A simplistic but instructive estimation of the laser
intensity is fitting the experimental data of the electron kinetic
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energy spectra with the Ammosov-Delone-Krainov (ADK)
tunneling rate for single ionization [7]. Alnaser et al. [8] put
forward another method to calibrate the laser peak intensity by
comparing the photon-ion momentum spectra with the ADK
theory using circularly polarized laser fields. In consideration
of the initial distribution of the tunneled electron wave packet
in the polarization plane, an improved method based upon
Ref. [8] was further proposed [9]. It was also shown that at low
laser intensity, i.e., below the saturation intensity, the average
intensity can be used to describe the intensity-dependent
features in the photoelectron momentum distributions.

In the present study, we measure the photoelectron energy
distributions and the momentum distributions from single
ionization of xenon atoms in a linearly polarized laser pulse
with successively changing the laser intensity. Using the rela-
tionship of the photoelectron energy shifted with the pondero-
motive energy and the laser intensity, we calibrate the laser
peak intensity precisely. We further use the quantum trajectory
Monte Carlo (QTMC) approach [10] to simulate the photo-
electron energy spectra with respect to the laser peak intensity.
The contribution of the resonant and nonresonant ionization
has been identified by comparing the measurement with the
simulation. Interestingly, inspecting the transverse momentum
distribution along the laser propagation axis, we find that the
quantum interference has a significant effect on the width of the
transverse momentum distributions perpendicular to the laser
polarization direction beside the Coulomb focusing effect.

II. EXPERIMENTAL DETAILS

In the experiment, we used a linearly polarized laser
pulse (800 nm, 25 fs) from a Ti:sapphire laser system with
a repetition of 3 kHz and with amplified pulse energy up to
0.8 mJ. We measured the photoelectron energy distributions
and the momentum distributions with respect to the laser
intensity using a cold target recoil ion momentum spectroscopy
(COLTRIMS) spectrometer [11,12], which has a photoelectron
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FIG. 1. (Color online) (a) Electron energy spectra of xenon atoms measured in a linearly polarized laser field at 800 nm by successively
varying the intensity from 0.2I0 to 1.0I0, with I0 the maximum laser peak intensity. (b) Simulation using the QTMC method. The positions of
channel closing intensity are indicated by arrows.

momentum resolution ∼0.05 a.u. along the transverse direc-
tion and ∼0.02 a.u. along the time-of-flight direction. Ions
and electrons ionized by the laser pulse were accelerated by
the spectrometer’s homogeneous electric field (∼3 V/cm) and
magnetic field (∼5 G) before hitting the microchannel plate
(MCP) detectors along the time-of-flight axis. The positions
and the time of flight of the particles were recorded to
reconstruct the three-dimensional momentum distributions of
the coincident ions and photoelectrons. Experimentally, we
successively monitored the laser intensity using a motorized
rotary stage to rotate a λ/2 plate before a thin-film polarizer.
The laser polarization direction is along the time-of-flight axis.

III. RESULTS AND DISCUSSIONS

When an atom is exposed to an intensity laser field, the
energy levels will shift because of the ac Stark effect. The
shift of the ground state can be neglected while the continuum
threshold as well as the highly populated excited states will be
upshifted by approximately Up, which is linear dependence on
the laser intensity [13]. Figure 1(a) shows the measured pho-
toelectron energy spectra with respect to the laser intensities
from single ionization of xenon atoms by a linearly polarized
laser pulse. The intensity dependence of the photoelectron
energy distributions of the hydrogen atom were theoretically
studied [14], whose main features of the electron energy spec-
tra are roughly the same as compared with our experimental
measurement. In Fig. 1(a), the horizontal axis represents the
relative intensity with respect to I0, i.e., the maximum peak
intensity when successively changing the laser intensity. As the
laser intensity increases, the electron wave packet distributions
shift towards lower-energy regions due to the increase of
the ionization limit. It is conceivable that the photoelectron
energy will shift towards zero with further increasing the laser
intensity. We refer to this critical laser intensity as the channel
closing intensity for the n-photon process (n is the absorbed
number of photons), which is indicated by the arrows in
Fig. 1(a). Besides, because the ATI order is determined by the
number of photons absorbed above the ionization threshold,
each order ATI peak can be clearly identified in Fig. 1(a).

In order to reveal the intensity-dependent photoelectron
energy spectra clearly, we have normalized the yield [the color

scale in Fig. 1(a)] to the maximum value at each laser intensity,
as shown in Fig. 2(a). In fact, the expected ATI peaks in the
photoelectron energy spectrum should satisfy [2]

Ek = nω − (Ip + Up), (1)

where Ip is the ionization potential, n is the number of photons
absorbed in the process, and ω is the laser frequency. To obtain
the relationship between the electron energy and the relative
laser intensity, Eq. (1) can be rewritten as

Ek = nω − Ip − 0.09337I0[W/cm2]λ2[m]
I

I0
, (2)

where λ is the wavelength of the laser pulse, I0 is the peak laser
intensity, and I/I0 is the relative laser intensity. As predicted,
the electron energy of the ATI peak is linear with the laser
intensity, as shown by the stripelike structures shown by the
dashed lines in Fig. 2(a), According to Eq. (2), the slopes of
the line of each order ATI peak with respect to the relative
laser intensity is directly related to the peak laser intensity I0.
One can calibrate the peak laser intensity using this slope. We
first obtain the slope of the stripelike structure corresponding
to each order ATI peak in Fig. 2(a). Taking the average value
of the slopes of different n-photon ATI peaks, we can calibrate
out the maximum laser intensity I0 ∼ 7.0 × 1013W/cm2. We
estimate that the uncertainty of the laser intensity calibration,
including the systematic errors, is almost 5%. We further
calculate the number of photons absorbed in the ATI process,
which are indicated by the pure Arabic numbers in Fig. 2(a).

To compare with the experiment results, we have per-
formed the QTMC simulation [10]. Briefly, the laser field
is assumed to be polarized in the z direction given by
�F (t) = F0f (t) sin(ωt + ϕ0)�z with f (t) the pulse envelopes,

and ϕ0 the carrier-envelope phase (CEP), which is set as
zero. We use a half-trapezoidal laser pulse with constant pulse
envelopes for the first four cycles ramping off within the last
three cycles. In the above model, the tunnel exit position along
the laser polarization direction is derived from the Landau
effective potential theory [15]. At the tunnel exit, the electron
wave packet has zero initial longitudinal momentum along
the instantaneous laser field and a Gaussianlike transverse
momentum distribution perpendicular to the polarization
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FIG. 2. (Color online) The experimental (a) and the simulated (b) photoelectron energy distributions with respect to the relative laser
intensity. The n-photon ATI peaks are denoted by the dashed black lines. The color scale is normalized to the maximum rate for each intensity
corresponding to Fig. 1.

direction [16]. The weight of each electron trajectory is
given by the ADK ionization rate [17,18] W (t0,pi

⊥) =
W0(t0)W1(pi

⊥), where t0 is the instant of tunneling,

W0(t0) = [(2Ip)2/| �F (t0)|]2/
√

2Ip−1 exp[−2(2Ip)3/2/|3 �F (t0)|],
(3)

where W0(t0) relates to the tunnel phase of the tunneled
electrons as well as the ionization potential Ip, and W1(pi

⊥) ∝
√

2Ip/| �F (t0)| exp[−√
2Ip(pi

⊥)
2
/| �F (t0)|] determines the dis-

tributions of the electrons’ initial transverse momentum
perpendicular to the laser polarization axis. In the three-
dimensional semiclassical electron ensemble simulations
[19–21], the evolution of the tunneled electrons in the
combined Coulomb field and laser field is governed by the
Newtonian equation �̈r = −�r/r3 − �F (t), with r the distance
between the electron and the nucleus. Building on the semi-
classical model, the QTMC model encodes the trajectory phase
of each tunneled electron with the Feynman path-integral
approach and includes the quantum interference effect among
the trajectories. The phase of the j th trajectory is expressed
as φj = ∫ ∞

t0
{v2(t)/2 − 1/|r(t)| + Ip}dt . Since all electrons

tunnel from the ground state in the QTMC model, there

is no resonant ionization effect. As seen in Fig. 1(b), the
simulated photoelectron energy spectrum using the QTMC
method agrees well with the measurement except for the
resonant structures. In the simulation, the peak intensity is
chosen to be in accord with the experimental results with the
value of 7.0 × 1013 W/cm2.

In Fig. 2(b) we show the normalized photoelectron energy
spectra versus the relative laser intensity by the QTMC method.
The slope of each order ATI peak at different laser intensities
in Fig. 2(b) is the same as in Fig. 2(a). Comparing the
simulation with the measurement, we find that the main
features of the simulated intensity-dependent photoelectron
energy spectra are in good agreement with the experimental
data. This also indicates that the intensity calibration method
using the relationship from the photoelectron energy spectra
with respect to the laser intensity is not only intuitive, but
also is very precise. According to Eq. (2), the nine-photon and
ten-photon channel closing intensities at 800 nm are expected
at ∼3.0 × 1013 W/cm2 and ∼5.6 × 1013 W/cm2, which are in
accordance with the experimental observations in Fig. 2(a), as
well as in Fig. 2(b).

In the measurement, one can find that some structures in
the low-energy region are independent of the laser intensity
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FIG. 3. (Color online) The experimental (black dot-dashed line) and the QTMC simulated (red solid line) photoelectron energy spectra at
the intensity of (a) 2.5 × 1013 W/cm2 and (b) 5.7 × 1013 W/cm2, respectively. The pure Arabic numbers indicate the ATI order and 4f , 7p,
and 8p indicate the resonant Rydberg states.
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FIG. 4. (Color online) (a) The simulated photoelectron transverse momentum distributions of xenon atoms with respect to laser intensity
using the CTMC method. (b) The experimental photoelectron momentum distributions. (c) The same as (b) but normalized to the maximum
rate at each laser intensity. (d) The simulated transverse momentum distributions using the QTMC model. The solid lines in (a), (c), and (d)
show the position of half maximum of py . Note that the color scale is logarithmic in (b).

between two channel closing intensities, which is closely
related to the resonantly enhanced ionization via intermediate
Rydberg states in the multiphoton regime. These structures can
hardly be seen in the QTMC simulation. To see these structures
more clearly, we directly compare the measurement with the
simulation at specific intensity in Fig. 3.

In Fig. 3(a), we show the measured and the simulated photo-
electron energy spectra at the intensity of I ≈ 0.35I0 = 2.5 ×
1013 W/cm2, which is below the intensity of nine-photon chan-
nel closing. Clearly, the main ATI peaks above 1 eV marked by
the pure Arabic numbers in the simulation are quantitatively
consistent with the measurement. Comparing the simulation
with the experiment, one can find that the resonant structure
which is absent in the QTMC simulation dominates the ATI
spectrum in the low-energy region. We also show the spectra in
Fig. 3(b) at the intensity of I ≈ 0.815I0 = 5.7 × 1013 W/cm2,
which is above the intensity of ten-photon channel closing.
One should note here that in the QTMC model all electrons
are tunneled from the ground state and there is no resonant
ionization effect. So one can isolate the resonant ionization
from the ATI process by comparison between the experiment
and the simulation. Due to the dipolar parity selection rules,
the parity of the resonant Rydberg states at these two laser
intensities should be the same [22]. Successive increase of the
laser intensity allows identification of the high-lying Rydberg
states that manifest themselves as intensity-independent peaks
in the electron energy spectrum [23,24]. As shown in Fig. 3(a),
in (8 + 1)-photon-ionization channel, the resonant ionization
could take place via the 4f Rydberg states. In Fig. 3(b), the
(10 + 1)-photon resonant ionization will take place via the

7p and 8p Rydberg states [25]. The comparison between
the QTMC simulation and the measurement straightforwardly
disentangle the contributions of the resonant ionization and
the nonresonant ionization in above-threshold ionization.

Having identified the contribution of the resonant ioniza-
tion, we have further inspected its effect on the transverse
momentum along the laser propagation direction. Generally,
the Coulomb focusing effect will narrow the momentum
distribution along this direction [26]. As the laser intensity
increases, some tunneling electrons are driven back to the
ion with higher energy and overpass the ion more quickly.
Thus, the narrowing of the transverse momentum distribution
caused by the Coulomb focusing will become weaker [27].
Such subjective deduction can be verified by the classical
trajectory Monte Carlo (CTMC) simulation [19–21], in which
there is no interference effect included. As seen in Fig. 4(a),
the width of the simulated transverse momentum distribution
increases with the laser intensity. In Fig. 4(b) we illustrate
the measured transverse momentum distributions along the
laser propagation axis with respect to the laser intensity. To
obtain the width of the momentum distribution, we further
normalize the yield to the maximum rate at each relative laser
intensity, as shown in Fig. 4(c). One can find that the width of
the transverse momentum distribution does not increase with
the laser intensity, which is in contrast with the simulated
result in Fig. 4(a) when removing the interference effect.
In Fig. 4(d), we have simulated the transverse momentum
distributions along the laser propagation axis using the QTMC
method. One can find that the simulated transverse momentum
distribution width decreases with respect to the laser intensity
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in the vicinity of the channel closing intensity, which is
consistent with the measurement in Fig. 4(c). It is indicated
that the constructive and destructive interference effects of the
tunneled electron wave packets will change the width of the
momentum distributions transverse to the laser polarization
direction.

IV. CONCLUSION

In conclusion, we have measured the intensity-dependent
photoelectron energy and momentum spectra of atoms in
strong linearly polarized laser fields. The spectra show that,
as the laser intensity increases, the ponderomotive shift of
above-threshold ionization peaks shifts into the low-energy
region because the effective ionization potential is upshifted
by the field ponderomotive energy. Using the relationship
between the photoelectron energy and the laser intensity,
we have calibrated the peak laser intensity precisely. This
is an intuitive and accurate method to calibrate the laser

peak intensity. We also disentangle the nonresonant and the
resonant structures by comparing the measurement with the
simulation. We can identify intensity-independent resonant
structures from photoelectron energy spectra in the low-
energy region. We have also studied the intensity dependence
of the final transverse momentum distributions along the
laser propagation direction and have shown the importance
of the interference effect on the transverse momentum
distributions.
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