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steps toward practical applications of SPs 
is to explore metadevices that not only 
can efficiently couple spatial light waves 
into SPs on metallic surfaces, but also 
can independently tune the amplitude 
and phase of the generated SPs. Gener-
ally, SPs excitation is restricted by the 
incidence polarization state due to the 
inherent electromagnetic nature of SPs. 
The widely used metallic gratings for 
SPs excitation require that the external 
light source polarizes along the grating 
period.[4,5] Light in the orthogonal direc-
tion does not contribute to SP excitation, 
intrinsically resulting in substantial incon-
venience and low excitation efficiencies 
for practical applications. In addition, the 
ever-increasing demand for generating 
complex SP field inevitably needs to inde-
pendently modulate the phase and ampli-
tude of SPs.

Metasurfaces have recently provided 
a robust approach to control either free-space light or SPs 
via suitable spatial arrangement of well-designed plasmonic 
metasurfaces.[6,7] As a common building block of plasmonic 
metasurfaces, a subwavelength metallic aperture has been 
extensively explored for SP excitation and wavefront manipu-
lation. A variety of SP wavefront manipulation effects and 

Plasmonic metasurfaces show great potential to manipulate the wavefront 
of surface plasmons (SPs) and enable realization of various chip-level 
photonic devices. However, the current configurations can merely operate 
under specific incident polarization state and/or have limitation in 
independently tuning the phase and amplitude of SPs, although arbitrary 
incident polarization state is allowed. There is still the lack of a metasurface 
scheme that not only can couple spatial light waves into SPs under arbitrary 
polarization states, but also can independently modulate the amplitude 
and phase of the generated SPs. Here, it is proposed and experimentally 
demonstrated that double-lined metallic nanoslits can be well designed to 
overcome these limitations. Practical metadevices are designed and fabricated 
for generating polarization-independent plasmonic Airy beams, near-field 
focusing, and intensity-preserved “lossless” beams, and their excellent 
performances at 633 nm are characterized with near-field scanning optical 
microscope. The presented results will offer opportunities for the practical 
plasmonic devices and applications based on the plasmonic metasurfaces.

1. Introduction

As evanescent waves bound at a metal/dielectric interface, sur-
face plasmons (SPs) can squeeze light field into a deep sub-
wavelength scale, and have opened up a wide range of new 
opportunities in photonic research.[1–3] One of the meaningful 
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applications have been demonstrated, including directional 
launching,[8–10] Airy beams,[4,11–14] near-field focusing,[15–18] 
cosine-Gauss beam,[19–22] and vortex beams.[23–26] However, 
most of these configurations are polarization-sensitive since 
they can only convert spatial light waves into SPs under specific 
incident polarization state. A minority of design strategies can 
operate under arbitrary polarization states, but only have phase 
modulation.[18,24] The absence of flexible amplitude modulation 
limits the capability of generating more complex SP field distri-
butions, such as Airy beams, where both amplitude and phase 
modulation are required.

In this article, we show that well-designed double-lined 
metallic nanoslits can overcome the aforementioned limita-
tions. The amplitude and phase of SPs can be independently 
controlled under arbitrary polarization states by appropriately 
arranging the rotation angles and the positions of nanoslits. 
In addition, one can readily boost the field intensity of SPs by 
simply increasing the number of the nanoslit columns. Three 
kinds of representative plasmon beams, including Airy beams 
(Figure  1a), near-field focusing (Figure  1b), and intensity-
preserved “lossless” beams (Figure  1c), have been experimen-
tally demonstrated, regardless of the incident polarization state.

2. Results and Discussions

2.1. Operating Principle

A single metallic nanoslit can be approximately seen as an 
in-plane magnetic dipole,[9] where SPs can be excited merely 
if the incident light contains electric field component perpen-
dicular to the long axis of the nanoslit (E1 and E2 in Figure 2a). 
When such nanoslits are distributed along the y direction 
with a spacing d smaller than the SP wavelength, the excited 
SPs are plane waves that travel away from the nanoslits with 
the propagation direction being perpendicular to the nanoslit 
column (along the x direction). By arranging the nanoslits in 
two lines spaced by a, the launched SPs from each column 
of the nanoslits will interfere with each other.[8,9] Assuming a 
plane wave illuminates the paired nanoslits perpendicularly, the 
electric field can be expressed as

incE A e A e ex x y
i

y= + φ ���⇀
 (1)

where Ax and Ay are the amplitudes of the x- and y-components 
of the electric field, respectively, and φ represents the phase 

difference between the x- and y-components. E1 and E2 can thus 
be expressed as
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where θ1 and θ2 are the rotation angles of the left and right 
nanoslits, respectively. Consider two points A (B) spacing 
from the right (left) column with b, as shown in Figure  2a. 
The superimposed electric field at A (B) contributed by the 
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where βr and βi denote the real and imaginary parts of the prop-
agation constant of SPs, respectively. Considering that a is an 
infinitesimal as compared with the propagation length of SPs, 
the influence from the SP propagation loss can be ignored in 
Equations (3) and (4) ( 1i ≈β−e a ). The electric field component at 
A (B) is the superposition of ER

A  (ER
B) and EL

A  (EL
B), and can be 

simplified to
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In the following study, we will focus on the electric field of 
SPs at A. Substituting Equation (2) into Equation (5) yields
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where the first and the second terms in the square bracket arise 
from the x- and y-components of the electric field of the inci-
dent light, respectively. The polarization independency can be 
realized if the two terms inside the parentheses are equal

cos cos sin cos sin cos2
2

2
1 2 2 1 1

r rθ θ θ θ θ θ+ = +β βe ei a i a  (7)

Figure 1. Double-lined metallic nanoslits for polarization-independent plasmonic a) Airy beam, b) near-field focusing, and c) intensity-preserved “loss-
less” beam.
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Equation  (7) can be satisfied only if rβei a is a real number 
(i.e., rβei a = 1 or –1). If 1r =βei a , Equation (6) is transformed to

cos cos2
2

2
1

r iθ θ ( )( )= + + φ β β( )+E A A e eA
x y

i i i b  (8)

The phase modulation is unachievable by changing θ1 
and θ2 since we always have cos 2θ2 + cos 2θ1 ≥ 0. If 1r = −βei a  
(a =  (2N + 1)π/βr, N is a natural number), Equation (6) can be 
transformed to

/ 0.5 cos2 sin 21 1
r iE A A e eA

x y
i i i bθ θ( ) ( )+ = − +φ β β( )+  (9)

with θ1  +  θ2  =  3π/4. The minimum value of a (=π/βr) is  
chosen in the following work to achieve the maximum 
nanoslit density, thus increasing the excited SPs intensity. 

It is should be noted here that the above equations can be 
derived on the prerequisite that the near-field coupling and 
scattering effects are ignored due to the sufficient spacing 
between adjacent nanoslits.[12] To evaluate the influence of the 
near-field coupling or scattering effects on the generated SP 
fields, we have simulated the SPs field generated by the indi-
vidual nanoslit column and the SPs field in the presence of 
the two nanoslit columns. d is set at 300 nm by considering 
the tradeoff between the excited SPs intensity and the fabrica-
tion difficulty (see the SPs field intensity as a function of d in 
Figure S1, Supporting Information). The simulation results by 
finite difference time domain (FDTD) method with a commer-
cial software FDTD Solutions clearly indicate that the linearly 
superposed SPs fields excited by individual nanoslit columns 
match closely with the SPs fields generated when both of the 

Figure 2. a) Schematic diagram of double-lined nanoslits with the rotation angles of θ1 and θ2 on a gold film. The period of the nanoslit segments 
along the y direction is d, and the distance between the two columns is a. b) The designed and simulated amplitude, represented by E Ez z2 | | /max(| |), 
and c) phase of the SP electric field for the x and y polarizations at 633 nm versus θ1 with θ1 + θ2 = 3π/4 for a single column of nanoslit pair. The black 
solid lines represent the designed values extracted from Equation (9). d) The simulated E Ez z2 | | /max(| |) versus the number of nanoslit column pairs 
under the x- and y-polarized incidences, where θ1 is set to be π/4 or π/8. e) The simulated E Ez z2 | | /max(| |) for the x- and y-polarized incidences as a 
function of θ1, when the number of nanoslit column pairs is 13. In the simulations, a = 305 nm, d = 300 nm, w = 60 nm, and l = 200 nm are used, and 
the gold film is 150 nm thick.
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two columns are present with a  =  π/βr (see Figure S2, Sup-
porting Information). By changing θ1 and θ2, the phase can 
suffer from a π shift, and the amplitude profile can follow a 
sine function. FDTD simulations are conducted to verify the 
amplitude and phase predicted by Equation (9). Figure  2b,c 
shows the amplitude represented by 2 | | /max(| |)E Ez z ,  
and the phase of the SP electric field at A, versus θ1 with  
θ1 + θ2 = 3π/4, respectively, where the largest amplitude of Ez 
at θ1 = π/8 is represented by max(|Ez|). In the FDTD simula-
tions, Ez is extracted at 10 nm above the metal surface and 
10 µm away from the right nanoslit column. The simulated 
amplitude and phase of the SPs are well consistent with those 
predicted by Equation (9). To maximize the SP field intensity, 
we can as well increase the number of column pairs.[8] By 
placing m column pairs with an interval of a SP wavelength 
on the left side of the nanoslit column presented in Figure 2a, 
the electric field intensity at A can be written as
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where λspp is the SP wavelength. Notably, the electric field inten-
sity at A is enhanced with the increased number of column 
pairs. However, the growth rate is gradually reduced with the 
increase of the number of column pairs, which can be attrib-
uted to the fact that the SPs excited by the left column nanoslits 
have increased propagation distance from A, and hence 
undergo larger propagation loss. Figure  2d clearly illustrates 
that the field intensity at A eventually approaches a constant 
value for both x- and y-polarized incidences with θ1 = π/8 and 
π/4. This conclusion also applies to the field intensity at other 
θ1, which is not shown here. It should be noted that the electric 
field intensity shows gentle variation in the range of θ1 ∈ [π/8, 
π/4] and θ1 ∈  [π/2, 5π/8], if more column pairs are used. This 
can be verified by Figure  2e, which clearly shows the electric 
field intensity in the range of θ1  ∈  [π/8, π/4] and θ1  ∈  [π/2, 
5π/8] changes smoothly, as compared to that in the remaining 
angle region. As a result, we have simply used the angle range 
of θ1 ∈  [π/4, π/2] to enable the polarization-independent func-
tionalities presented in Figure 1.

2.2. Design, Fabrication, and Measurement of Plasmonic 
Metadevices

Airy beams, analogous to Airy wave-packet solution for a 
free particle derived from the free particle Schrödinger equa-
tion in electromagnetism,[27–29] have aroused considerable 
research interest owing to their intriguing diffraction-free, self-
accelerating, and self-healing properties.[29,30] Plasmonic Airy 
beams have great potential for energy routing in plasmonic cir-
cuits or surface particle manipulation.[31] The truncated 1D Airy 
function can be described as

( ) Airy( )exp( )ξ ξ αξ=f  (11)

where ξ  =  y/y0 represents the dimensionless transverse coor-
dinate, y0 is the transverse scale, and α is a positive value to 
ensure truncated Airy beams. The phase profile of the trun-
cated Airy function is introduced, i.e., 0 phase for f(ξ) > 0 
and π phase shift for f(ξ) < 0. The used amplitude and phase 
profiles are plotted in Figure  3a,b, respectively, which can be 
fulfilled by tuning θ1 and θ2. The detailed values of θ1 and θ2 
used in paired nanoslits along the y direction can be found 
in Figure S3, Supporting Information. The generated beam 
intensity can be enhanced by taking more nanoslit columns 
to couple light source into SPs. The field enhancement of Airy 
beams versus the number of nanoslit column pairs is shown in 
Figure 3c, where the field enhancement is defined as the ratio 
of the maximum electric field intensity 10 µm away from the 
rightmost nanoslits to that of the incident light. We can see 
the increasing field intensity discrepancies among different 
polarized incidences as the column number increases, which 
can be explained as follows. To generate Airy beams, the rota-
tion angles of the nanoslits along the y direction should vary 
to fulfill the amplitude and phase profile required by Airy 
beams. This will render that a small amount of Ey component 
exists in the region of Airy beams, though the dominant elec-
tric field is still Ex and Ez. Different polarization incidences 
more or less generate distinct Ex, Ey, and Ez, and therefore 
lead to some field intensity discrepancies. Although the field 
enhancement reaches its maximum value at around 27 pairs of 
nanoslit column, we have merely used 17 pairs to implement 
the experiment by considering the fabrication complexities of 
more column pairs in focused ion beam (FIB) milling process. 
Compared with one pair of nanoslit column, the average elec-
tric field intensity with the x and y polarization incidences is 
increased by 50-folds with 17 pairs of nanoslit column.

The experimental fabrication of the plasmonic Airy beams 
was implemented by depositing a 150 nm-thick gold film via 
electron-beam vapor deposition on silica substrate. The pre-
designed nanoslit pattern was formed by using FIB, and the 
scanning electron microscopy (SEM) image of the fabricated 
sample is shown in Figure  3d. A near-field scanning optical 
microscope (NSOM) in collection mode is used to measure 
the SP field distributions on the gold surface (Figure 3e). The 
sample is back-illuminated with a 633 nm He–Ne laser. The 
polarization of the incident beam can be flexibly switched 
among x, y, left circular, and right circular polarizations when it 
passes through a linear polarizer (LP) and a quarter-wave plate 
(QWP), and finally reaches the sample. An objective lens (10×, 
numerical aperture: 0.25) is used to slightly focus the normal-
incident light onto the sample from the back. Figure  3f–i 
shows the simulated electric field intensity distributions 
under x-polarized, y-polarized, left circular polarized (LCP), 
and right circular polarized (RCP) incidences, respectively. It 
can be observed that Airy beams can be generated under arbi-
trary polarization states, and their field intensity distributions 
almost coincide. The measured electric field intensity distribu-
tions shown in Figure 3j–m basically agree with the simulated 
results.

Self-accelerating and nondiffraction features are the two key 
properties of Airy beams, which can be indicated by the varia-
tion of the deflection offset and the full width at half maximum 
(FWHM) of the main lobes, respectively. The deflection offsets 
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of the plasmonic Airy beams extracted from the numerical 
and experimental results are basically in accordance with 
the theoretical prediction under different polarization states 
(see Figure S4a–d, Supporting Information). Meanwhile, the 
FWHM oscillates around the predesigned value of 1.64 µm 
and is almost kept below 2.46 µm (1.5 times of the predesigned 
value) even if the propagation distance reaches 40 µm, regard-
less of the polarization states (see Figure S5a–d, Supporting 
Information). These results prove that the generated plasmonic 
Airy beams have very good performances under different polar-
ization incidences.

As a counterpart of optical lens in the free space, near-field 
focusing plays an indispensable role in subwavelength focusing 
and performing SPP Fourier transform on a chip. The phase 
profile along the y direction for plasmonic focusing can be 
described as

2 / 2spp
2 2ϕ π λ π( )( )( ) = − + + +y y f f n  (12)

where f represents the focal length, and n is an arbitrary 
integer. The designed phase profile desired is plotted in 
Figure  4a. There are 35 columns of nanoslits along the y 
direction, and the phase shift of each column is modulated by 
tuning the lateral distance with respect to the central column. 
The rightmost nanoslit of the central column along the y 
direction has a distance of f  =  10  µm from the focal point, 
where the SP intensity reaches the maximum value in the 
observation regions, and the lateral distances of each column 
along the y direction (with respect to the central column along 
the y direction) can be seen in Figure S6, Supporting Infor-
mation. The field enhancement at the focal point increases 
with the nanoslit column pairs along the x direction, but the 
growth rate reduces (Figure 4b), where the field enhancement 
is defined as the ratio of the electric field intensity at the focal 
point to that of the incident light. Eleven nanoslit column 
pairs are used to implement the experiment and the field 
intensity at the focal point has 38-fold increase, in contrast to 

Figure 3. a) The amplitude and b) phase profile for the truncated Airy function with α = 0.005 and y0 =  1 µm. c) Simulated electric field intensity 
enhancement versus the number of nanoslit column pairs, under the x-polarized, y-polarized, LCP, and RCP incidences. d) SEM image of the sample for 
generating plasmonic Airy beams. e) Schematic diagram of the experimental setup with NSOM. f–m) Simulated (f–i) and NSOM-measured (j–m) elec-
tric field intensity distributions for the f,j) x-polarized, g,k) y-polarized, h,l) LCP, and i,m) RCP incidences, respectively.
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that with one pair of nanoslit column. The fabricated sample 
is shown in Figure  4c. The simulated and experimental 
results in Figure 4d–k clearly demonstrate light waves of dif-
ferent polarizations will be focused at the same point, and the 
simulation results agree well with the measured results. The 
extracted focal lengths are all ≈8.3 µm, being smaller than the 
theoretical value due to the finite size of the plasmonic lens. 
The field intensity profiles along the white dashed lines in 
Figure 4d–k can be found in Figure S7a–d, Supporting Infor-
mation. The extracted focusing spot size under the four inci-
dent polarizations are all comparable to one wavelength of the 
SPs, implying highly focusing effect is achievable.

The “lossless” SP beams preserve the nondiffracting char-
acteristic of cosine-Gauss beams, while compensating the 
intrinsic propagation loss of the SPs within a certain range.[20] 
They suggest potential applications in on-chip transmission 
and nondiffractive plasmon optics. The phase profile for “loss-
less” plasmon beams along the y direction should follow

d

d
exp /

2
sppλ
π

ϕ ( )∂
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=
y

x
y l

y

x
c  (13)

where l represents the attenuation length of SPs, and c is a 
constant. The phase profile desired for “lossless” plasmon 
beams is plotted in Figure 5a, which can be realized with the 
same approach for near-field focusing above-mentioned, and 
the lateral distances used for each column along the y direc-
tion can be seen in Figure S8, Supporting Information. Again, 
the field enhancement of “lossless” plasmon beams increases 
with the number of nanoslit column pairs along the x direction 
(Figure  5b), but finally approaches a constant value. Here the 
field enhancement is defined as the ratio of the average elec-
tric field intensity of SPs in the range of 5–15 µm away from 
the rightmost nanoslits to that of the incident light. By taking 
13 pairs of the nanoslit column, we have successfully fabricated 
the sample (Figure 5c) and measured the characteristics of the 
“lossless” plasmon beams under different incident polarizations. 
In this case, the field intensity has 44-fold increase, in contrast 
to that with one pair of nanoslit column. Figure 5d–k presents 
the simulated and experimentally measured “lossless” plasmon 
beams under the four incident polarizations. The intensity pro-
files of the main lobes demonstrate a preserved value within 
≈0–30 µm distance under different polarization states (see 
Figure S9a–d, Supporting Information). The simulated and 

Figure 4. a) The phase profile required for near-field focusing with f = 10 µm. b) Simulated electric field intensity enhancement versus the number of 
nanoslit column pairs. c) SEM image of the sample for near-field focusing. d–k) Simulated (d–g) and NSOM-measured (h–k) electric field intensity 
distributions for the d,h) x-polarized, e,i) y-polarized, f,j) LCP, and g,k) RCP incidences, respectively. White dashed lines in (d–k) show the positions 
of the focal points.
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experimental results are in good accordance. The experimentally 
demonstrated “lossless” beam distance of 30 µm is close to that 
in a previous work,[20] and may find potential applications, such 
as on-chip optical interconnects and optical tweezers.

It is worth emphasizing that the number of nanoslit column 
pairs for the three fabricated samples is chosen by considering 
the fabrication complexity and SP intensity. The resultant SP 
field can be made close to the maximum value by use of 17, 11, 
and 13 pairs of nanoslit columns, respectively, with which the 
FIB etching resolution does not reduce. We have simulated the 
electric field intensity distributions of plasmonic Airy beams, 
near-field focusing, and “lossless” beams when the three devices 
are excited by arbitrary polarization states, such as 45° linear 
polarization and three elliptical polarizations (see Figure S10,  
Supporting Information). The simulated results demonstrate 
that the expected plasmonic field intensity distributions can 
still occur under these polarization states, which further vali-
dates the performance of polarization independence. It should 
be emphasized here that although the designed devices can 
operate regardless of the polarization state, i.e., the generated 
plasmonic beam patterns for different polarization excitations 
can overlap for each metadevice, the coupling efficiencies for 
different polarization excitations can be somewhat different 
(see the calculated coupling efficiencies for the three devices 

under the x and y polarizations, LCP, and RCP incidences in 
Table S1, Supporting Information). The reason that causes dif-
ferent coupling efficiencies is attributed to the fact that our 
design strategy is merely based on the excited SPs propagating 
along the x direction, while the contribution from the excited 
SPs propagating along the y direction is ignored. However, the 
later branch of excited SPs propagating along the y direction 
will be inevitably scattered by the nanoslits when they propa-
gate along the y direction, which thus contributes to the SP 
field in the observation regions. Although this portion of SP 
field takes up a small proportion of light energy in the obser-
vation regions, it differs from different polarization excitations. 
Consequently, the actual coupling efficiencies are more or less 
dependent on the polarization state.

Finally, it is important to illustrate the factors that cause the 
deviation between the simulation and experiment for the afore-
mentioned three functionalities. The deviation mainly origi-
nates from imperfect fabrication of the nanoslits arising from 
FIB etching, and NSOM measurement. In the NSOM meas-
urement, the big probe aperture and the vibration also result 
in some differences. In addition, the charge-coupled device 
(CCD) is put along the reflected light path to help us to find 
the sample so as to ensure the incident beam illuminates the 
nanoslit region. These optical elements in the region bounded 

Figure 5. a) The phase profile required for “lossless” plasmon beams with c = 0.03. b) Simulated electric field intensity enhancement versus the number 
of nanoslit column pairs. c) SEM image of the sample for “lossless” plasmon beams. d–k) Simulated (d–g) and NSOM-measured (h–k) electric field 
intensity distributions for the d,h) x-polarized, e,i) y-polarized, f,j) LCP, and g,k) RCP incidences, respectively.
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by the rectangle shown in Figure  3e are fastened. We, there-
fore, have to adjust the laser beam direction to guarantee the 
light waves reflected by the sample reach the CCD. Actually, 
the incident beam upon the sample is not absolutely vertical 
to the metallic surface, and has an angle of ≈5° with respect to 
the normal incidence in the NSOM measurement. If the inci-
dent light has an oblique angle to the normal direction of the 
metallic surface, the generated plasmon beam quality reduces 
with the increase of the incidence angle since the amplitude 
and phase distributions of SPs do not fully follow the required 
conditions (see Figures S11–S13, Supporting Information).[32]

3. Conclusion

In conclusion, we have proposed a strategy for constructing a 
polarization-independent plasmonic metasurfaces based on 
double-lined metallic nanoslits. The presented metasurface 
scheme not only can couple spatial light waves into SPs under 
arbitrary polarization states, but also can independently mod-
ulate the amplitude and phase of the generated SPs. We can, 
thus, flexibly manipulate the wavefront of the SPs for various 
potential applications, regardless of the incident polarization 
state. The plasmonic metasurfaces for polarization-independent 
plasmonic Airy beams, near-field focusing, and intensity-
preserved “lossless” beams have been designed, fabricated, and 
experimentally characterized at 633 nm. The NSOM measure-
ment results are well consistent with the simulated results, and 
validate the generation of high-performance plasmon beams. 
These results may pave a meaningful step toward exploration 
of high-performance polarization-independent plasmon devices 
based on plasmonic metasurfaces.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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