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Dipole-forbidden transitions induced by the gradient of optical near fields
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The electric-field spatial gradient is a very important property of an optical near-field (ONF). In this study,
its effect on the single-photon ionization is theoretically investigated via the three-dimensional time-dependent
Schrödinger equation and perturbation theory. The results show that the field gradient can lead to dipole-
forbidden transitions, which competes with the usual dipole transition and results in changes of the photoelectron
momentum distribution. Additionally, we establish a relationship between the field gradient with the angular
distribution of the photoelectrons. Through this mapping, the field gradient can be accurately retrieved. Further-
more, a way for extracting the phase difference between the partial waves with odd and even parity from the
photoelectron momentum distribution is proved to be feasible. We find that the Cooper minimum can enhance
the effect of the field gradient and thus improves the accuracy of our proposed retrieval procedure. Our results
pave the way to exploit atomic structural properties as a probe of the gradient of the ONF.

DOI: 10.1103/PhysRevA.106.043518

I. INTRODUCTION

A nanostructure illuminated by a laser field yields to an
optical near-field (ONF) in its vicinity. Due to the strong
localization and coherent properties of such an ONF, the
interaction between this field and matter has a large variety
of applications in different areas and techniques, such as
surface-enhanced Raman scattering [1–3], photoelectric catal-
ysis [4–7], plasmon-enhanced solar cells [8–10], biosensing
[11,12], and so on. In particular, the strong field nonlinear
response of the atoms to the ONFs was also extensively stud-
ied [13–23]. For example, due to the spatial inhomogeneity
and field enhancement of the ONF, the ionized electrons can
gain higher energies from the field, attaining the keV regime
[15]. Additionally, when the electrons return to the vicinity
of the parent ion and recombine with it, high-order harmon-
ics are generated [this is the so-called high-order harmonic
generation (HHG) process]. Here, the HHG harmonic cutoff
is significantly extended [24–28], reaching up to the carbon
K-edge energy, after adequately tunning the driving field and
using an adequate target [29]. This property provides a con-
dition for the generation of pulses with picometer spatial and
attosecond temporal resolution [30,31]. Meanwhile, because
of the high return energies and the modification of the electron
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trajectories, the strong-field photoelectron holography in the
ONF also undergoes significant changes [32].

To investigate the underlying physics behind the
plasmonic-enhanced driven strong-field phenomena, the
characterization of the ONFs is necessary [33]. In past
years, several techniques were developed to retrieve both the
temporal and spatial characteristics of the ONFs. One of the
best methods to image the ONFs is the scanning near-field
microscopy [34–37]. Here, by using a nanotip, the ONF is
far-field mapped, detected, and characterized. Other near-field
imaging techniques are based on electron spectroscopy,
such as electron-energy-loss spectroscopy, energy-filtered
transmission electron microscopy and cathodoluminescence
[38–42]. These ways are based on detecting the loss of
the kinetic energy of the electrons when they interact with
the nanostructure and excite impulsively plasmonic modes,
or using the light emitted during the radiative relaxation
by detecting the cathodoluminescence. Time-resolved
photoemission electron microscopy is also a useful technique
which can probe the ONFs with high spatial and temporal
resolution [43–46]. In this method, photoelectrons are emitted
from a nanostructure illuminated by the far field and imaged
by a detector to yield a high-resolution map of the ONFs. In
addition, because of the importance of the field enhancement
effect, experimental measurements of the local enhanced
field strength is one of the basis of nanooptical studies.
Through rescattering-based near-field probing techniques,
such as the surface-enhanced Raman spectroscopy [47,48],
the local enhanced field strength can be obtained. Moreover,
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by applying a semiclassical-based model, the local enhanced
field strength can be linearly related to the maximum kinetic
energy of the electrons emitted from the nanostructure
[49–52], providing another indirect way to estimate the
enhanced factor.

It should be noted that the local enhanced field gradient is
also an important property of the ONFs. However, all previous
works were mostly focused on the strong-field regime and
determining the influence of the localized field enhancement
on the electron dynamics. Thus, little attention was paid to
the role of the spatial gradient. In the few-photon region, the
effect of the field gradient becomes obvious. For instance,
the field spatial gradient can influence the selection rules and
enhance dipole-forbidden transitions, which contains not only
the quadrupole transition of the target atom itself [53,54], but
also additional dipole-forbidden transitions induced by such a
spatial gradient. Meanwhile, it was shown that the field gradi-
ent of the ONF can intrinsically lead to two-photon absorption
[55] and generate second harmonics [56,57]. Furthermore,
particularly in the surface-enhanced Raman spectroscopy, the
field gradient plays a significant role [3,58–64]. Furthermore,
from an engineering perspective, ONF can be an instrumen-
tal tool for lithography [65–68]. Coherent light sources in
the ultraviolet (UV) to extreme ultraviolet (XUV) spectral
range are in high demand nowadays for basic research, mate-
rial science, biology, and industrial applications, particularly,
lithography. Their caveat is a demanding infrastructure for
XUV generation and target delivery as well as its low effi-
ciency and low duty cycle. To overcome these problems it was
recently demonstrated that the utilization of surface plasmons,
also known as plasmonics, as light amplifiers was a feasible
alternative. XUV lithography uses light with a wavelength
of 13.5 nanometers. This wavelength is more than 14 times
shorter than deep ultraviolet light, typically generated from
krypton-fluoride (KrF) lasers, that produce light with a wave-
length of 248 nm. Although still challenging, the generation
of XUV light for lithography using plasmonic-enhanced fields
appears to be feasible. To reach this milestone, an accurate
and complete characterization, both in time and space, of the
ONF be required. Thus, the description of the field gradient
in the vicinity of the nanostructure and further techniques to
characterize it, appear to be timely both from fundamental as
well as engineering viewpoints.

In this paper, we study the single-photon ionization in-
duced by a linearly polarized ONF and demonstrate that the
field gradient can be probed by analyzing the photoelectron
momentum distribution (PMD). To this end, we numeri-
cally solve the three-dimensional time-dependent Schrödinger
equation (3D-TDSE) to calculate the PMDs in the ONFs with
different frequencies and spatial gradients. The field gradient
can induce dipole-forbidden transitions, which compete with
the dipole transition and lead to noticeable changes in the
PMD. By invoking perturbation theory, we establish a map-
ping between the field gradient and the angular distribution
of the photoelectrons. This relationship paves the way for
extracting the field gradient from the PMD. Due to the dipole-
forbidden transitions, partial waves with different parity can
interfere with each other. We demonstrate that the phase dif-
ference between these partial waves can be extracted from the
PMD as well. In addition, we show that the Cooper minimum

FIG. 1. Schematic representation of the photoelectron momen-
tum distribution driven by a linearly polarized optical near field.
An incoming low-intensity laser field illuminates a bow-tie-shaped
nanostructure, which yields a much more intense spatially inhomoge-
neous optical near field. This near field ionizes the electrons from the
atoms in the vicinity of the nanostructure and influences the selection
rules in the single-photon ionization. The typical parameters of the
bow-tie-shaped nanostructure are included.

can be used to enhance the effect of the field gradient and im-
prove the accuracy of its estimation. These techniques provide
a tool to probe the field gradient of the ONFs as well as the
atomic structural properties.

II. NUMERICAL METHODS

To obtain the PMDs, we numerically solve the 3D-TDSE
in the length gauge (atomic units are used unless otherwise
stated)

i
∂�(r, t )

∂t
=

(
−1

2
∇2 + Va(r) + Vl (r, t )

)
�(r, t ), (1)

where Vl (r, t ) is the interaction potential between the laser
field and the atom and Va(r) is the model potential of Na that
can be written as [69]

Va(r) = −1

r

(
Z − N + 1 + (N − 1)

S∑
p=0

cprpe−αpr

)
. (2)

Here, these parameters are introduced to reproduce the en-
ergy levels of the atom by the Hartree-Fock theory. Their
values are given in Ref. [69]. In our simulation, the initial
state is the 3s state of the Na atom [70–76], with a potential
Ip = 0.1813 a.u., calculated by using the model potential of
Eq. (2). We place the Na atoms between a bow-tie-shaped
nanostructure and shine a laser field linearly polarized along
the z direction on the nanostructure, as shown in Fig. 1. The
ONF, which is spatially inhomogeneous at an atomic scale,
i.e., at a subnanometer region, is thus generated at the apex
of the nanostructure and interacts with the Na atoms. To ex-
clusively investigate the effect of the field spatial gradient, we
do not consider the surface of the nanostructure. Because of
the spatially inhomogeneity, the ONF, which is also polarized
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FIG. 2. PMDs for single-photon ionization of Na (Ip = 0.1813 a.u.) in a laser field with enhanced intensity I = 1 × 1012 W/cm2 (see
the text for details). (a)–(c) PMDs in a conventional field (ε = 0) with ω = 0.22, 0.25, and 0.28 a.u., respectively. (d)–(f) PMDs in an ONF
(ε = 0.006) with ω = 0.22, 0.25, and 0.28 a.u., respectively. (g)–(i) Angular distributions of the PMDs of (d), (e), and (f), respectively. Solid
lines: 3D-TDSE; red dashed curves: perturbation theory.

along the z direction, can be expanded as a Taylor series as

E(r, t ) = E(0, t ) +
∑

i

(
∂E(r, t )

∂ri

)
0

+ O(r2). (3)

We assume that the field gradient direction is along the po-
larization direction, thus the laser electric field can be written
as

E(z, t ) = E (0, t )ẑ + ∂E (z, t )

∂z

∣∣∣∣
z=0

ẑ

= (1 + 2εz)E (0, t )ẑ

= (1 + 2εz)E0 f (t )sin(ωt )ẑ, (4)

where ∂E (z,t )
∂z |z=0 = 2εE (0, t ) is the field spatial gradient at the

position of the atom, with ε the inhomogeneity strength (see,
e.g., Ref. [15]). In this way, Vl (z, t ) results

Vl (z, t ) =
∫ r

dr · E(z, t )

= z(1 + εz)E0 f (t )sin(ωt ). (5)

Here, f (t ) is the pulse envelope, which has a sin2(πt/Tp)
form with a duration of Tp = 16T (T is the optical cycle
T = 2π/ω, where ω is the carrier frequency of the laser field)

and E0 is the peak strength of the enhanced field at the position
of the atom. The plasmonic-enhanced intensity of the laser
field is I = 1 × 1012 W/cm2 and the propagation direction
is along the y direction. Here, the incoming laser intensity
is on the order of 1010–1011 W/cm2, considering that the
plasmonic effect can amplify this field by one or two orders of
magnitude. Because of the form of the interaction potential,
the transition matrix element of single-photon ionization in
the ONF can be written as〈

�l f

∣∣z + εz2
∣∣�li

〉 = 〈
�l f |z

∣∣�li

〉 + ε
〈
�l f

∣∣z2
∣∣�li

〉
= M (1)

l f li
+ εM (2)

l f li
. (6)

Due to the presence of the term z2, dipole-forbidden transi-
tions are now allowed.

It should be noted that the field gradient transition
〈�l f |z2|�li〉 is different from the conventional quadrupole
transition 〈�l f |yz|�li〉. The selection rule for the field gradient
transition is �l = 0,±2 and �m = 0, while for quadrupole
transition it results in �l = 0,±2 and �m = ±1. It can be
seen that the final states of the field gradient transition and the
quadrupole transition are different on the magnetic quantum
number. This means that the spherical harmonics representing
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the angular part of the PMD induced by the field gradient and
the quadrupole transitions are orthogonal and are not affected
by each other. Therefore, for convenience, we only calculate
the field-gradient-induced transition under the dipole approx-
imation and extract the PMDs in the x-z plane (see Fig. 1).

III. RESULTS AND DISCUSSION

We calculate the PMDs for single-photon ionization of
a Na atom at different laser frequencies, namely, ω = 0.22,
0.25, and 0.28 a.u. (the corresponding laser wavelengths are
λ = 207, 182, and 162 nm, respectively), by numerically solv-
ing the 3D-TDSE, as shown in Fig. 2. Figures 2(a)–2(c) and
2(d)–2(f) show the PMDs in the conventional field (ε = 0)
and the ONF (ε = 0.006), respectively. The PMD is plotted
as an x-z profile at py = 0. For the conventional fields, there is
an obvious valley in the PMD for ω = 0.22 a.u., as shown
in Fig. 2(a). This valley disappears in the case of ONF, as
depicted in Fig. 2(d). Meanwhile, the PMDs are symmetric
about pz = 0 in the conventional case, while in the ONF
the symmetry of the PMDs is broken, and the yield of the
ionization increases. The photoelectron yield with negative pz

is higher than that at the positive direction for ω = 0.22 a.u
[Fig. 2(d)]. As the frequency increases to 0.25 [Fig. 2(e)] or
0.28 a.u. [Fig. 2(f)], the yield with the positive pz becomes
higher. This asymmetry is more clearly seen in the angular
distributions, as shown in Figs. 2(g)–2(i) (blue solid curves).
It can be seen that the asymmetry for ω = 0.25 a.u. [Fig. 2(h)]
is stronger than that for ω = 0.22 [Fig. 2(g)] and 0.28 a.u.
[Fig. 2(i)].

In single-photon ionization from the 3s initial state of Na,
the PMD can be expressed as [77]

I (θ, ϕ, ε) = ∣∣εAsY
0

0 (θ, ϕ) + ApY
0

1 (θ, ϕ) + εAdY 0
2 (θ, ϕ)

∣∣2

=
4∑

n=0

βn(ε)Pn[cos(θ )], (7)

where θ is the angle between the polarization axis of the ONF
and the direction of the outgoing electron and ϕ is the azimuth
angle. As, Ap, and Ad are the transition amplitudes of the s-s,
s-p, and s-d channels, respectively. The series expansion in
Legendre polynomials Pn extends up to the fourth order and
the anisotropy parameters βn have the following expressions:

β0(ε) = 1

4π
|Ap|2 + 1

4π
[|As|2 + |Ad |2]ε2, (8a)

β1(ε) = 1

4π

[
2
√

3|As||Ap|cos(φs − φp)

+ 4
√

15

5
|Ap||Ad |cos(φp − φd )

]
ε, (8b)

β2(ε) = 1

2π
|Ap|2 + 1

4π

[
10

7
|Ad |2

+ 2
√

5|As||Ad |cos(φs − φd )

]
ε2, (8c)

β3(ε) = 1

4π

6
√

15

5
|Ap||Ad |cos(φp − φd )ε, (8d)

β4(ε) = 1

4π

18

7
|Ad |2ε2. (8e)
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FIG. 3. (a) Anisotropy parameters βn as a function of the laser
frequency ω. Here blue circles: β0; red crosses: β1; black triangles:
β2; purple diamonds: β3; and green squares: β4. The field gradient pa-
rameter is ε = 0.006 and the unit β0,ε=0 is the anisotropy parameter
of the PMD in the conventional field (ε = 0). (b) Amplitude (loga-
rithmic scale) of the dipole and dipole-forbidden transition channels
as a function of the photon energy ω. Black circles: dipole transition
s-p channel (conventional field). Gradient field transitions channels:
blue triangles: s-s channel and red squares: s-d channel. The Cooper
minimum is near ωc = 0.223 a.u.

Here, within the lowest order of perturbation theory, the
transition amplitudes can be written as

Ap(E f ) = −i
∫

dt e−i(E f −Ip)t E (t )M (1)
ps , (9a)

As(E f ) = −i
∫

dt e−i(E f −Ip)t E (t )M (2)
ss , (9b)

Ad (E f ) = −i
∫

dt e−i(E f −Ip)t E (t )M (2)
ds , (9c)

where Ap(E f ) is the dipole transition amplitude and As(E f ),
Ad (E f ) are the amplitudes of the transition (s-s path and s-d
path), which only exist in a laser field with a spatial gradient.
The angular distributions calculated via the perturbation the-
ory are shown in Figs. 2(g)–2(i) (red dashed curves) and they
agree very well with the results obtained from the 3D-TDSE.
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FIG. 4. Photoelectron energy spectra at different laser frequencies ω. (a) ε = 0 and (b) ε = 0.006. The black horizontal dashed line
represents the Cooper minimum (ωc − Ip = 0.0417 a.u.).

The influence of the field gradient is reflected in the com-
petition of the above three transition channels, which leads
to changes in the angular distribution of the PMD. Figure 3
displays the variation of the anisotropy parameters βn and the
different transition amplitudes with ω. In Fig. 3(a), we show
that β0, β2, and β4 have maximal values near ωc = 0.223 a.u.,
and β1, β3 change their signs. Similarly, in Fig. 3(b), the s-p
channel has a Cooper minimum near ωc, which is induced by
the nodes of the 3s initial state radial wave function of the Na
atom [78]. This minimum is represented as a narrow valley in
the PMD, as shown in Fig. 2(a). Due to the Cooper minimum,
the contribution of the s-p channel to the PMD becomes weak,
leading to a dominance of the other transition channels (s-s
and s-d). This enhances the influence of the field gradient
transitions. Therefore, β0, β2, and β4, which are composed of
the contributions of the field gradient transitions, reach their
maximum values with respect to the gradient-free anisotropy
parameter β0,ε=0 at ωc. Meanwhile, the Cooper minimum can
result in a phase jump of the s-p channel, which explains
why β1 and β3, formed by the interference between the dipole
transition and the field gradient transitions, change signs near
ωc. In addition, the asymmetry of the PMD results from the
interference between the partial waves with odd and even
parity. Thus the phase jump of the p wave can invert the con-
structive and destructive interference near the photoelectron
energy extremes, resulting in the opposite asymmetric form
of the PMD on both sides of ωc, as shown in Figs. 2(d), 2(e)
2(g), and 2(h).

In Fig. 3(b), with the increase of the laser frequency,
the contribution of the field gradient transitions decreases
gradually. When the laser frequency is around 0.24 a.u., the
contributions of the three transition channels are roughly
equal, i.e., M (1)

ps ≈ εM (2)
ss ≈ εM (2)

ds , leading to a strong inter-
ference between them. In this frequency region, the ratio
of the interference terms β1, β3 in the PMD can reach the
maximum. Thus, the asymmetry of the angular distribution
is most obvious, as shown in Fig. 2(h). But, as the frequency
continues to increase, the contributions of the field gradient
transitions to the PMD are much less important than that of
the dipole transition and the effect of the field gradient be-
comes insignificant. Therefore, in the high-frequency region,

β1, β3, β4 tend to zero; β0 tends to β0,ε=0; and β2/β0 tends to
2/1, which is the conventional relationship of these anisotropy
parameters in single-photon ionization without a field gradi-
ent. In Fig. 2, it also can be seen that the enhancement of the
ionization yield becomes weaker as the frequency increases.
These phenomena are more obvious in Fig. 4, which shows the
photoelectron energy spectra at different laser frequencies. In
the case of ε = 0, a valley produced by the Cooper minimum
can be clearly seen. When the field gradient is turned on, the
valley is filled in by the nonzero gradient transition channels.
In the high-frequency region, however, there is no significant
difference between these two spectra due to the weak effect
of the field gradient transitions. In general, by changing the
frequency, the competition of the different transition channels
can be controlled and the field gradient influence can be am-
plified, which is beneficial for us to extract useful information
from the PMD.

In the following, we discuss an interesting point. Equa-
tions (8a)–(8e) reveal a mapping between the anisotropy
parameters βn and the field gradient parameter ε. Figure 5
shows this relationship for different frequencies, calculated
by the 3D-TDSE and perturbation theory. We observe an
excellent agreement between both approaches. It can be seen
that β0, β2, β4 are proportional to ε2, and β1, β3, which are
only formed by the interference between the dipole and the
field gradient transitions, are proportional to ε. Through this
mapping, the field spatial gradient can be extracted from the
PMD in the ONF. When the laser frequency varies, however,
the sensitivity of the PMD to the spatial gradient also changes.
Thus, the accuracy of the field gradient estimation procedure
results are affected. In Fig. 5(a), it is shown that βn varies
dramatically with ε for the case of ω = 0.22 a.u., which is
near the frequency of the Cooper minimum. In this frequency
the PMD is very sensitive to the field gradient. A tiny spatial
gradient can significantly influence the PMD, e.g., as β2 dou-
bles at ε = 0.004, it is clear that this small spatial gradient can
be probed easily and accurately. As ω increases, the variation
of βn with ε slows down, as shown in Figs. 5(b) and 5(c).
When the frequency increases to 0.28 a.u., the field gradient
has little influence in the PMD. Even if ε = 0.01, β0 and β2

increase to no more than 5%. Thus, in the high-frequency
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FIG. 5. Dependence of the anisotropy parameters βn on the field
gradient ε. Here open circles: β0; red crosses: β1; black triangles: β2;
purple diamond: β3; and green squares: β4. The symbols and the solid
curves are the results of the TDSE and perturbation theory, respec-
tively. (a) ω = 0.22 a.u., (b) ω = 0.25 a.u., and (c) ω = 0.28 a.u.,
respectively. The enhanced laser intensity is I = 1 × 1012 W/cm2.
The unit β0,ε=0 is the anisotropy parameter of the PMD in the con-
ventional field (ε = 0) at the respective laser frequencies.

region, the field gradient effect becomes too weak to extract
any precise information about it from the photoelectron angu-
lar distributions.

To prove the validity of our method, we demonstrate the
extraction of the field gradient from the PMDs in an ONF with
ε = 0.006, with a assumption that the modulus of the transi-
tion amplitudes are known. The results are shown in Fig. 6(a).
In the region near the frequency of the Cooper minimum, the
extracted result is roughly equal to 0.006, agreeing very well
with the set value. When ω < ωc, these two results still agree
with each other. This is because, even if the region is not near
the frequency of the Cooper minimum, the field gradient tran-
sitions dominate in the competition between all transitions.
Thus, the significant effect of the spatial gradient leads to a
high accuracy of the retrieval method. In the high-frequency
region, however, the weakening of the field gradient effect

0.2 0.22 0.24 0.26 0.28 0.3
 (a.u.)

-2
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0

1

2

 
 (
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4
6
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10-3
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from TDSE
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FIG. 6. (a) Field spatial gradient extracted from the PMDs at
different photon energies ω. (b) Phase difference of the partial waves
with different parity as a function of the photon energy ω. Symbols
(squares and triangles): results extracted from the 3D-TDSE calcu-
lations. Blue triangles: φp − φs. Red squares: φp − φd . Solid lines:
results obtained from numerically calculations based on the partial
wave method. Blue line: φp − φs. Red line: φp − φd .

reduces the accuracy of the retrieval procedure, resulting in
an increase of the error in the extracted result. In addition, we
should note the interference between the partial waves with
different parity in the PMD. Using this interference effect, the
phase difference between them can be extracted, which is an
important parameter in the nondipole driven phenomena stud-
ies [79,80]. Figure 6(b) shows the phase difference extracted
by the 3D-TDSE (open squares and triangles) compared with
those calculated using the partial wave method (solid lines)
[81]. An excellent agreement can be observed between these
two approaches. It can be also seen that these two phase
differences have phase jumps of π near ωc, and their trends
with the laser frequency are the opposite. This means that the
phases of the partial waves with different angular momentum
quantum numbers increase at different rates with the laser fre-
quency. The higher the angular momentum quantum number,
the faster the increase rate. As the frequency increases, the
phase difference φp − φs has a small error due to the weak-
ening of the field gradient effect. With this demonstration,
we prove the feasibility of the extraction procedure based on
the anisotropy parameters of the PMD in the ONF and the
application of the Cooper minimum in improving the accuracy
of the retrieval method. Here, the extracted results are accurate
within a certain frequency range. Our approach extends the
application of the atomic response in the ONFs, and provides
a tool to probe the field gradient and the phase difference
between the continuum state wave functions with different
parities.

In our theoretical study, we assume that the Na atom is
placed at a given position. Experimentally speaking, however,
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the atoms are randomly distributed between the bow-tie-
shaped nanostructure. Thus, the measured PMD results as an
average over the region where the atoms are spread. Further-
more, in laser photoionization, the ionization rate depends on
the intensity of the laser field. In the ONF, the field is strongest
near the tip of the nanostructure, and thus it has the largest
contribution to the measured signal. Therefore, we expect the
field gradient extracted from the measured PMD is the one
near the tip of the nanostructure.

IV. CONCLUSION

In this paper we study the PMD in single-photon ionization
induced by an ONF and demonstrate that the field gradient
leads to noticeable variations of the PMD. Through the nu-
merical solution of the 3D-TDSE, the PMD in the ONF can
be obtained. The competition between the dipole transitions
and the field gradient transitions leads to pronounced changes
in the PMD. Through changes in the laser frequency, the
influence of the field gradient can be controlled. Within per-
turbation theory, a mapping between the field gradient and the
anisotropy parameters of the PMD is established, which pro-
vides a tool to probe the spatial gradient of the ONF. We also
verify that the phase difference between the partial waves with

different parity can be extracted from the photoelectron angu-
lar distribution, which can be used to probe atomic structural
properties. It is shown that the Cooper minimum can increase
the proportion of the field gradient transitions in the PMD
through reducing the contribution of the dipole transition and
improve the accuracy of above-described retrieval procedure.
Our method thus provides an alternative feature present in the
atomic response driven by an ONF and paves the way for
simultaneously detecting the field spatial gradient and atomic
structural features.
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