
PHYSICAL REVIEW RESEARCH 5, L032044 (2023)
Letter

Transverse momentum resolved angular streaking after tunneling ionization
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The initial momentum along laser propagation plays a significant role in the electron dynamics during
tunneling ionization. Our study shows that the offset emission angle decreases with increasing lateral momentum.
By using three-dimensional strong-field approximation calculations with initial transverse momentum and a
Coulomb correction, we accurately reproduce the transverse momentum-dependent angular shifts of Ar, Kr, and
Xe atoms. We find that these shifts are attributed to the influence of initial momentum, tunneling exits, and a
long-range Coulomb potential during electron propagation. Additionally, we establish a formula to reconstruct
the initial transverse momentum from the final transverse momentum. The result may provide another perspective
on attosecond angular streaking, which is crucial for understanding the influence of the Coulomb potential on
electron motion.
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The angular streaking technique utilizes an elliptically
polarized laser field to map the temporal information of pho-
toelectrons onto their angular spatial distribution. One crucial
aspect of this method is the establishment of a temporal-
angular connection [1–5]. The vectors of the laser field serve
as hands on a clock, with the major axis of the polarization
serving as the time zero reference in strong-field angular
streaking (attoclock) [1,2]. Alternatively, combined linear ex-
treme ultraviolet (XUV) and circular infrared (IR) pulses can
also be used to extract the delay time by setting the po-
larization direction of the XUV as the time zero reference
[6,7]. In cases where the XUV and IR delays are unstable,
self-referenced attosecond streaking has been developed [6,7].
Therefore, the angular streaking method has also been utilized
for reconstructing the pulse duration of attosecond pulses
[6–9], clocking the delay time between the Auger electron
and photoelectrons [10], and tracing the coherent electron
motion from molecular Auger-Meitner decay [11]. In the
strong-field physics, the most probable emission angle of a
photoelectron relative to the instants of the field maximum
can be resolved with attosecond time resolution. This provides
valuable insights into measuring the tunneling time [4,12,13]
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and Wigner delays [2,5,14], studying the nonadiabatic ef-
fects [15–17], and performing initial state reconstructions
[14]. The accuracy of extracting temporal information is
limited by fully evaluating the phase of the electron wave
packet accumulated when propagating out of the Coulomb
potential [18].

Recent research has made significant progress in under-
standing the influence of initial momentum on strong-field
tunneling ionization [15,16,19]. During tunneling ionization,
the electron gains momentum from the combined effects of
the laser field and Coulomb potential. The instantaneous neg-
ative vector potential determines the amount of momentum
added to the initial momentum in the polarization plane at the
tunnel exit. However, obtaining a simple relationship between
the final and initial momentum is difficult, as the laser field
and Coulomb potential both contribute to the final electron
momentum [16,20,21]. Previous angular streaking experi-
ments have focused on integrating photoelectron momentum
distributions (PMDs) over transverse momentum and ignor-
ing its impact on emission directions [1,2,4,20]. Nonetheless,
the transverse momentum information has recently drawn
considerable interest in the strong-field community. Electron
dynamics along the laser propagation direction are criti-
cal in studying nonadiabatic [17,22], nondipole [23–25],
and Coulomb focusing [17,26–30], and even provides zep-
tosecond time resolution information [31]. Since transverse
momentum directly correlates with the Coulomb potential, the
anisotropic molecular orbital can be extracted from the trans-
verse momentum slice of electrons [32–35]. The application
of this information to the study of electron ionization dynam-
ics in chiral molecules is becoming increasingly interesting
[36,37]. Unlike the polarization plane, there is no laser field in
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FIG. 1. Schematic diagram of electron momentum distributions
with different transverse momenta from strong-field tunneling ion-
ization. θ , the offset angle between the most-probable emission
direction and the minor axis y of the laser ellipse.

the propagation direction. As a result, it is possible to retrieve
the initial transverse momentum of the electron along the laser
propagation direction.

In this Letter, we systematically examine the PMDs of
noble gas atoms (Ar, Kr, and Xe) in an intense elliptically po-
larized laser pulse to evaluate the influence of initial transverse
momentum distribution. We collect the three-dimensional
(3D) photoelectron momentum in a cold target recoil ion
spectrometer (COLTRIMS) [38,39]. A 35-fs laser centered
at 800 nm passes through a quarter-wave (λ/4) plate and a
half-wave (λ/2) plate and then is focused onto a mixture gas
of Ar, Kr, and Xe atoms by a 75-mm concave mirror, with
a laser intensity of I ∼ 1.6 × 1014 W/cm2 and an ellipticity
of ε = 0.8. The electron momenta for three atoms are col-
lected simultaneously to retain absolutely identical laser and
experimental parameters, and the PMDs of three species are
separated unambiguously by ion tagging. By slicing PMDs
with varying transverse momenta under the same conditions,
it is possible to directly compare and extract Coulomb effects
for different targets with different initial transverse momenta.
Figure 1 displays the transverse momentum resolved 3D
PMDs, from which the offset angles are extracted to track the
electron dynamics.

Theoretically, we analyze the emission angles of the
PMDs using a semiclassical two-step (SCTS) [15] model
that includes a Coulomb interaction after tunneling [see Sup-
plemental Material (SM) [40] for details]. By solving the
saddle-point equation [41]

[p + A(ts)]2/2 + Ip = 0, (1)

the corresponding tunneling amplitude F (p, ts) for the trajec-
tory (p, ts) can be written as

F (p, ts) ∝
∑

s

γ E(ts) · di[p + A(ts)]eiS(p,ts ), (2)

where S(p, ts) = ∫ ts{[p + A(t ′)]2/2 + Ip}dt ′ is the semiclas-
sical action and γ = [1/det(ts)]1/2. The index s runs over
the relevant saddle points, which are also termed as quantum
orbits. After tunneling, the 3D electron motion in the com-
bined laser and Coulomb field is governed by the Newtonian

FIG. 2. (a)–(c) show the measured angular distributions of pho-
toelectrons from Ar, Kr, and Xe atoms at three transverse momenta
px . (d)–(f) present the corresponding SCTS simulated results.

equation [42]

r̈(p, t ) = −E(t ) − ∇rV (r), (3)

with V (r) = Zee−ρr/
√

x2 + y2 + z2. The screening parameter
ρ = 0 for the long-range Coulomb potential (LRP) and the
parameters ρ for Ar, Kr, and Xe atoms are 0.5, 0.48, and
0.44 a.u. for the short-range potential (SRP) case. Ze = √

2Ip

is the effective charge. For each trajectory, the initial mo-
mentum is ṙ(p, t r

s ) = p + A(t r
s ) and the exiting position can

be determined by r(p, t r
s ) = Re

∫ t r
s

ts
[p + A(t ′)]dt ′, t r

s is the
real part of the saddle-point time ts which is considered as
the time of the electron tunneling through the laser-Coulomb
barrier. The Newton equation Eq. (3) is solved using the
Runge-Kutta method with adaptive step-size control. Then,
the final Coulomb-modified drift momentum is obtained with
p′ = ṙ(p, t∞). Compared to the 2D case, Eq. (3) includes
the electron’s motion along the laser propagation direction,
leading to a weakening of the Coulomb effect and a reduction
of the offset angles of PMDs (see SM [40] for the measured
and simulated PMDs).

Figures 2(a)–2(c) display the measured photoelectron an-
gular distributions from Ar, Kr, and Xe atoms at three
transverse momenta px, with the signals projected onto the
py pz plane. The data were selected for each px using a uniform
increment of �px = 0.05 a.u. Figures 2(d)–2(f) present the
results obtained from SCTS. Both the experimental and SCTS
results indicate a decrease in the offset emission angles as the
final transverse momentum increases.

To compare the offset angles, we present the dependence of
the offset angles to the final transverse momenta in Fig. 3(a).
Here, LRP and experiment results show the same tendency,
and the offset angle decreases as transverse momentum in-
creases. The simulated results from SRP give a almost zero
angular offset for all px, indicating that the changing of offset
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FIG. 3. (a) The measured and calculated offset angles as a func-
tion of the final transverse momentum px for Ar, Kr, and Xe atoms.
(b) The measured �px as a function of px for three noble gas atoms
are represented by open symbols. The QRF predicted curves are
represented by a dotted-dashed line and the SCTS simulations with
LRP are shown by spherical symbols.

angles with the transverse momentum px originates from the
long-range Coulomb interaction during the propagation [12].
Under the same laser conditions, the results from Xe atoms
have a stronger dependence than the Ar atoms. This can be
explained by the fact that the tunnel exit of the Xe atoms is
closer than that of the Ar atoms [17].

It is worthwhile to note that when transverse momentum
is integrated, the resulting angular shift is significantly lower
than that obtained using a 2D cutting approach (px � 0.05
a.u.). The difference is approximately 2◦–4◦ corresponding to
a delay of 15–30 attoseconds for three atoms, indicating that
the 2D tunneling model overestimates the angular shift com-
pared to the actual 3D electron dynamics. Thus, to accurately
study strong-field angular streaking, it is important to consider
the electron dynamics in the laser propagation direction.

The dependence of the transverse momentum on the offset
angles can be further discussed by a SCTS model, which
incorporates the initial transverse momentum p0

x and 3D
Coulomb interaction after tunneling. The classical propaga-
tion after tunneling leads to a nonzero offset angle of the
photoelectron angular distributions in the laser polarization
plane, and the offset angle is directly related to the position
of the tunnel exit [16]. The tunnel exit is closer to the core for
a smaller ionization potential under the same laser intensity,
thus the Coulomb potential has a stronger influence on the
released electron wave packet. As a result, the offset angle
for Xe atoms is large for small transverse momentum px, as
shown in Fig. 3(a). For three atoms, as the transverse momen-
tum increases, the accumulation of Coulomb effects increases
along the laser propagation direction, leading to a gradual

reduction of the difference in the offset angles. Meanwhile,
the offset angle tends to be the same when the transverse
momentum increases to the region of px > 0.3 a.u.

In the laser propagation direction, electrons are not af-
fected by the laser field, but only by the Coulomb interaction
of the core. A one-to-one correspondence can therefore be
established between the final momentum and the initial mo-
mentum, that is, a greater initial momentum corresponds to
a greater final momentum. Thus, one can reconstruct the ini-
tial transverse momentum distribution accordingly. Although
the laser fields are absent along the propagation direction, it
is still difficult to analytically establish a quantitative rela-
tionship between the initial and final transverse momentum,
because the motion of the electrons in the oscillating laser
fields and the Coulomb potential along the laser propagation
direction are coupled within the polarization plane, which also
induces a shift of the emission angles. To retrieve the initial
transverse momentum directly, a quantitative reconstruction
formula (QRF) between the final momentum px and initial
momentum p0

x is established,

�px = −A(e−px/σ − 1). (4)

Here, �px = p0
x − px represents the momentum reduction

along the laser propagation under the Coulomb interaction
after tunneling. A and σ give the response of the Coulomb
potential along laser propagation after tunneling, and are re-
lated to the ionization potential and laser intensity. The fitting
curves based on this formula are shown in Fig. 3(b). Based
on the agreement of the measured offset angles as shown in
Fig. 3(a), the initial momentum is obtained from the SCTS
calculation, whereas the final transverse momentum is ob-
tained from measurement (see SM [40]). Both the results from
the experiment and SCTS calculation show that Xe atoms
have a larger �px comparing to the Ar and Kr atoms, due
to the fact that the tunnel exit of Xe atoms is closer to the core
in the polarization plane. Now, utilizing this formula, we can
build the relations between �px and the ionization potential
as well as the laser intensity directly.

Based on the agreements achieved in Figs. 2 and 3, the
parameters A and σ in Eq. (4) are extracted from the best
fit of the �px data at different laser intensities and atoms
with artificial ionization potentials (see SM [40] for more
simulation results). Thus, A and σ are written as

A = k(Ip)(I + α) + β (5)

and

σ = ζ Ip − η(E0), (6)

for which the dependence is shown in Figs. 4(a) and 4(c). A
similar role has been found for probing the tunnel exit [20].
In the above expressions, k(Ip) = 0.001 95I−3/2

p is related to
the ionization potential and η(E0) = 0.048(E0/0.0548 + 1) is
a linear function with the field strength as shown in Figs. 4(b)
and 4(d). Here, E0 is the amplitude of the laser field. In
Fig. 4, the parameters labeled as “Exp.” are obtained from best
fitting of the experimental data of Fig. 3(b). Here, α = 2.1,
β = 0.044, and ζ = 0.591 95 are the constant factors. The
formula presented in Eq. (4) can be extended to include addi-
tional atomic and molecular targets and laser conditions (see
SM [40] for the validation). Moreover, the influence of the
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FIG. 4. (a) The parameter A with respect to the laser intensity
for different ionization potentials. (b) The parameter k as a function
of the ionization potential extracted from the intensity dependence
of parameter A. (c) The parameter σ as a function of the ionization
potential for different laser intensities. (d) The parameter η as a
function of external field E0 extracted from Eq. (6).

ionization potential and laser intensity on �px is opposite. As
the ionization potential decreases, the electron’s tunnel exit
moves closer to the core, leading to a larger �px. On the other
hand, decreasing the laser intensity causes the tunnel exit to
move away from the core, resulting in a smaller �px. The
derived equations offer a straightforward method to calculate
the initial momentum of an electron from its final distribution,
which provide a protocol to quantitatively assess the influence
of ionization potential and laser intensity on the electron dy-
namics.

In order to delve deeper into the impact of wavelength
on the distribution of transverse momentum resulting from
tunneling ionization, we have conducted calculations on the
electron distribution arising from the tunneling ionization of
an Ar atom using a laser with wavelengths of 800, 1000, and
1300 nm. Figure 5 presents the relationship between �px and
the final transverse momentum px for each of these wave-
lengths, all while maintaining the same laser intensity (I =
2 × 1014 W/cm2). These insights are garnered from computa-
tions within the SCTS, revealing a trend where increasing the
wavelength leads to a reduction in �px for a given px. This
observation underscores the significant influence of nonadia-
batic effects on the transverse momentum, as governed by the
laser wavelength. Importantly, the QRF method demonstrates
effectiveness across these three wavelengths. This behavior

FIG. 5. The dependence of �px on the final transverse momen-
tum px for different laser wavelengths. The predictions of QRF are
depicted as short dotted lines, while the results of the SCTS simula-
tion are represented by symbols.

can be accurately characterized by fine tuning the constant
ζ within Eq. (6). The agreement between theoretical and
empirical results accentuates the potential utility of the QRF
approach, coupled with the angular streaking measurement of
transverse momentum, in exploring the tunneling ionization
dynamics within a nonadiabatic condition.

In conclusion, the transverse momentum resolved pho-
toionization of Ar, Kr, and Xe atoms, under strong laser fields
has been studied by angular streaking. Three-dimensional
SCTS simulations have confirmed that electron emission an-
gles decrease as transverse momentum increases for all three
atoms. The measured shifts in the electron emission angles
are attributed to the long-range Coulomb potential and initial
momentum during electron propagation. We have summa-
rized formulas that can evaluate the impact of the Coulomb
potential and laser field, and also reconstructed the initial
transverse momentum from the final measured transverse mo-
mentum. These shifts have been observed in different atomic
and molecular systems, providing valuable information on
the laser modification Coulomb potential and allowing for
the tracking of electron dynamics in chiral molecules after
tunneling ionization.
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