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Plasmon echoes and polarization dynamics in Young’s double-slit setup with pulsed light
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We consider two closely spaced slits of subwavelength width, pierced in a metal screen, that are illuminated
by short, arbitrarily polarized, plane-wave pulses. The p-polarized component generates plasmonic pulses
propagating on the metal surface between the slits. In addition to the primary transmitted pulses, scattering
of the plasmonic pulses by the opposite slit is found to produce secondary (echo) radiation pulses, which causes
splitting, shaping, and time-dependent polarization modulation of the radiated pulses in the far field. We study
these effects in the linear regime. A previously explored phenomenological model is extended to the time domain
and is validated by rigorous numerical calculations. Our analytical and numerical results have implications for
the transmission of pulsed light through arrangements of nanoscale apertures with plasmonic coupling.
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I. INTRODUCTION

Surface plasmon polariton (SPP) mediated effects in
nanoapertures are a central part of nanophotonics that have
numerous applications [1–5]. These effects include extraordi-
nary optical transmission (EOT) [6], modulation of coherence
and polarization [7–10], and directional excitation of SPPs
[11–13]. Thus far, these effects have been studied for only
continuous-wave quasimonochromatic illumination. In this
work we introduce pulsed illumination for the double-slit
setup. We restrict ourselves to the linear regime.

In a previous study [10] a phenomenological model for
plasmon-modulated transmission through a double-slit setup
was analyzed in detail. The model describes the optical
transmission at each slit (for quasimonochromatic fields) as
consisting of two contributions. The main one is due to direct
transmission of the incident field. The other one is due to
SPPs, generated at each slit, that travel on the metal film
towards the adjacent slit, where they are partly scattered into
a freely propagating field again [14–17]. The transmission is
thus governed by the interference of these two fields, which in
the general form for either one of the two apertures is

E =
[

Ex

Ey

]
=

[
(α + γ K )Ep

βEs

]
. (1)

In these expressions α and β are the transmission coefficients
for p (TM) and s (TE) polarization, respectively. The factor
γ describes the amplitude of the SPP contribution, and K =
exp(ikspa) is the complex plasmon propagation factor over a
distance a, with ksp being the SPP wave number. To determine
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the values of the three unknown parameters a rigorous numer-
ical study was presented in [10]. The model was validated in
the sense that for a given configuration (i.e., choice of metal
and film thickness) the parameters remain essentially constant
over a range of slit widths and separations. This means that the
model not only successfully describes the mechanism behind
EOT and coherence modification, as shown in [6–8], but can
also be used to quickly optimize designs of systems with
nanoapertures without having to resort to time-consuming
rigorous analysis whenever a parameter is adjusted.

The assumption of the incident field being quasimonochro-
matic means that in the model the three parameters (α, β, and
γ ) are constants and thereby the model, in its original form,
cannot be used in the context of pulsed fields. In this paper
we extend the model to cover pulsed illumination by allowing
the coefficients to be dispersive. We show that this leads to
several new physical phenomena, including plasmons echoes
and polarization-dependent pulse shaping.

The organization of this paper is as follows. In Sec. II the
setup geometry and illumination are described. In Sec. III
we present rigorous numerical examples of secondary “echo”
pulses that are the result of SPPs. Next, in Sec. IV, a
phenomenological model [6,7,10] for the double-slit config-
uration is extended to pulsed incident fields with any state of
polarization. In Secs. V–VII we apply the analytical model
to analyze SPP-induced pulse shaping and polarization mod-
ulation in the far zone and verify the results by rigorous
numerical calculations.

II. SETUP AND ILLUMINATION

Figure 1 illustrates a two-slit system, where the sub-
wavelength slits of width w are illuminated from below at
normal incidence by Gaussian plane-wave pulses of length
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FIG. 1. Schematic of the two-slit system with pulsed illumina-
tion. The parameters are fixed as w = 200 nm, h = 200 nm, and
b = 20 nm.

T and a time-independent polarization state. We remove the
fast-oscillating carrier wave of (angular) frequency ω0 by
writing the temporal field at z = 0 in envelope form E(t ) =
a(t ) exp(−iω0t ), where

a(t ) =
[

ax(t )
ay(t )

]
= E0 exp

(
− t2

T 2

)[
Ep

Es

]
. (2)

The (constant) p- and s-polarized components Ep and Es, nor-
malized such that |Ep|2 + |Es|2 = 1, specify the incident state
of polarization. The spectral representation of the incident
field is

E(ω) =
[

Ex(ω)
Ey(ω)

]
= E0√

π�
exp

(
− ω̃2

�2

)[
Ep

Es

]
, (3)

where ω̃ = ω − ω0, � = 2/T , and we assume that � � ω0.
In our examples the carrier frequency is set as ω0 = 2.38 ×
1015 rad/s, corresponding to the central wavelength λ0 = 792
nm of a Ti:sapphire laser.

The incident field excites SPP pulses at both slits on the
top side of the sample. Outwardly propagating SPP pulses
are gradually attenuated due to Ohmic losses. However, SPPs
generated at one slit that travel to the other slit can be scattered
there into a freely propagating field in the z > d half-space
and thus produce what we call a “plasmon echo.” A thin layer
of titanium prevents this process from happening on the lower
side of the metal film.

The thickness h of the metal film is chosen to be suf-
ficiently large to allow the use of the metal-air plasmon
dispersion relation,

ksp(ω) = ω

c

n(ω)√
1 + n2(ω)

, (4)

where n(ω) is the complex refractive index of the metal and c
is the speed of light in vacuum. For the metal we choose silver
with n(ω0) = 0.27 + i5.58 at frequency ω = ω0 [18], giving
an SPP propagation length of lsp = 1/Im[ksp(ω0)] ≈ 77.6 µm
and an SPP wavelength of λsp = 2π/Re[ksp(ω0)] ≈ 779 nm.
The other parameters are chosen as w = 200 nm, h = 200 nm,
and b = 20 nm.

III. GENERATION OF THE PLASMON ECHO PULSE

The space-frequency field in the half-space z � d is calcu-
lated rigorously by using the Fourier modal method (FMM)
[10,19,20]. From this solution the temporal field E(r, t ) =
[Ex(r, t ), Ey(r, t ), Ez(r, t )] is obtained by Fourier integration

FIG. 2. Snapshots of the temporal intensity profiles S0(x, z, t ) of
fields propagating on and above the plane z = d , with 	z = z − d .
The temporal profiles are obtained via FMM by Fourier integration
over all spectral fields. Shown are near-field intensity profiles when
(a) t = 40.8 fs, (b) t = 67.0 fs, (c) t = 134.8 fs, and (d) t = 160.9
fs. (e) Fresnel-domain temporal intensity profiles at t = 1118.3 fs.
Time is measured from the arrival of the center of the incident pulse
at the plane z = 0. Slits 1 and 2 are located at positions x ≈ −20 µm
and x ≈ +20 µm, respectively, and are marked with blue rectangles.
A video of near-field SPP propagation from t = 1 fs to t = 167.6 fs
is provided in the Supplemental Material [22].

over all spectral components [21]. A detailed description
of the calculations is presented in the Appendix. We first
study p-polarized fields to focus solely on plasmonic effects.
Figure 2 illustrates the results for a slit separation a = 51.5λsp

and pulse duration T = 40 fs. The temporal intensity profiles
are given by

S0(x, z, t ) = |Ex(x, z, t )|2 + |Ez(x, z, t )|2, (5)

where Ex and Ez represent the Cartesian components of the
TM field (Es = Ey = 0).
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Figures 2(a)–2(d) and a video [22] illustrate plasmon ex-
citation, propagation, and scattering into the near field. In
Fig. 2(a) the pulses have emerged from the slits, and the pri-
mary radiation pulses that travel upwards are already outside
the depicted 	z = z − d range. Between the slits the coun-
terpropagating SPPs form an interference pattern. In Fig. 2(b)
the SPP pulses have traversed halfway through the distance
a, while in Fig. 2(c) they have reached the other slit and are
partially scattered, producing the echo radiation pulses. Fig-
ure 2(d) illustrates the part of the pulse that continues across
the slit and is eventually absorbed by the metal. Based on our
numerical calculations we estimate that about 1% of the total
energy of the SPP pulse is reflected, 53% is transmitted, and
42% is converted into photons by the slit. The small portion
of the SPP pulse reflected from the slit is visible as a slight
interference around x ≈ ±20 µm in Fig. 2(d).

Figure 2(e) shows the space-time intensity distribution
in the Fresnel region at t = 1118.3 fs, where the emanated
primary radiation and the secondary echo pulses are visible
simultaneously (notice the change of scale of both axes). The
two radiation pulses interfere with each other, as do the two
echo pulses. The circular arcs shown by the solid lines indicate
the wave fronts of the pulses that originate from the pinholes.

The time delay 	td between the primary pulse and the
echo is defined as the axial peak-to-peak time separation in
the far zone. In this example we find 	td = 142.1 fs. The
time separation could show angular dependence for off-axis
far-zone directions. With longer incident pulses, the primary
and echo pulses would partially overlap in time, leading to
temporal pulse shaping rather than pulse splitting, as we will
demonstrate in a later example. Additionally, higher-order
echo pulses are generated by SPP pulses that undergo multiple
reflections, but these are not visible due to their relatively low
intensities.

IV. PHENOMENOLOGICAL TRANSMISSION MODEL
FOR PULSES

We next proceed to formulate the phenomenological model
for pulses in a plasmonic two-slit setup. For this purpose
we evaluate rigorously the dispersion of the model coeffi-
cients using polarized monochromatic fields. For arbitrarily
polarized quasimonochromatic fields the model was recently
shown to be highly accurate with slit separations above a ∼
10λsp [10]. As in the quasimonochromatic model in Eq. (1),
the spectral field emerging from a single slit is

E(ω) =
[
α(ω)Ep(ω) + γ (ω)K (ω)Ep(ω)

β(ω)Es(ω)

]
, (6)

where the frequency-dependent coefficients are determined
for each frequency ω separately by using FMM.

The coefficient α(ω) is obtained by considering a single slit
illuminated by a p-polarized unit-amplitude field. It is taken
as the field value at height z = d in the center of the slit.
The evanescent part of the field is filtered out, and only the
propagating part remains. The coefficient β(ω) is determined
similarly, but with a unit-amplitude s-polarized field as input.

The scattering plasmon coefficient γ (ω) is found by
analyzing a unit-amplitude p-polarized illumination on a
double-slit structure, in which slit 1 is open but the direct

transmission is blocked at slit 2. The two beams of complex
amplitudes α(ω) (slit 1) and γ (ω)K (ω) (slit 2) then interfere
in the far zone. The resulting normalized spectral intensity
pattern and fringe visibility near the forward direction are of
the form [10]

S′
0(θ, ω) = |α(ω)|2 + |γ (ω)|2 exp{−2Im[ksp(ω)a]}

+ 2|α(ω)||γ (ω)| exp{−Im[ksp(ω)]a}
× cos{arg γ (ω) − arg α(ω) + Re[ksp(ω)]a

− k0(ω)θa}, (7)

V (ω) = 2|α(ω)||γ (ω)| exp{−Im[ksp(ω)]a}
|α(ω)|2 + |γ (ω)|2 exp{−2Im[ksp(ω)]a} , (8)

where Re and Im stand for the real and imaginary parts,
respectively. It is seen that the phase of γ (ω) is obtained from
the direction θ0 of maximum S′

0(θ, ω), which is attained when
the argument of the cosine term in Eq. (7) is zero. The abso-
lute value |γ (ω)| can be computed from V (ω) using Eq. (8)
when |α(ω)| is known. In the determination of γ (ω) the slit
separation a was set near the plasmon propagation length lsp

to suppress the effects of SPPs reflected between the slits. We
averaged γ (ω) using 20 different slit separations over 2λsp for
better statistical accuracy. As a result, γ is independent of the
SPP propagation distance a.

The dispersive behavior of the model coefficients for
silver is illustrated in Fig. 3 over a wavelength range of
752–842 nm. We attribute the peaks in |γ (ω)| to minor
numerical instabilities, further explained in the Appendix.
From Fig. 3(a) we observe that the amplitudes of the
coefficients vary fairly slowly. We have found that the ap-

FIG. 3. Dispersion of the model coefficients α (blue dash-dotted
line), β (red dashed line), and γ (yellow solid line) for silver:
(a) magnitudes and (b) unwrapped phases.
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TABLE I. Model coefficients ζ (ω) for silver with center wave-
length λ0 = 792 nm. These values are for a slit with both a width
and height of 200 nm. The rms errors are given for magnitude εabs

and phase εarg, whereas the standard errors εc are given for the phase
slopes.

ζ (ω) |ζ (ω0)| εabs arg[ζ (ω0)] εarg Cζ εc

α(ω) 0.493 ±0.061 −1.144 rad ±0.054 26.9 ±0.2
β(ω) 0.101 ±0.020 2.168 rad ±0.072 27.1 ±0.2
γ (ω) 0.097 ±0.025 2.757 rad ±0.094 27.7 ±0.3

proximation |ζ (ω)| = |ζ (ω0)|, ζ (ω) = α(ω), β(ω), γ (ω), is
warranted since the bandwidth satisfies � � ω0. The phases
arg[ζ (ω)] in Fig. 3(b) are approximately linear, which allows
us to write

ζ (ω) = ζ (ω0) exp(iCζ ω̃/ω0), (9)

where ω̃ = ω − ω0, as before, and Cζ denotes the disper-
sive phase slope. The phase slopes are calculated from
the FMM data set by linear least-squares estimation [23]. The
coefficients, standard errors of the phase slopes εc, and the
rms errors (magnitude εabs and phase εarg) are collected in
Table I, corresponding to the geometry of Fig. 1. In particular,
the phase slopes Cα and Cβ are nearly identical, with values
residing within the standard-error ranges of each other, even
though the absolute values and phases of α(ω0) and β(ω0)
at the center wavelength of 792 nm are different. Further, the
phase slope Cγ differs from the others and has a higher value.
We note that |α(ω0)| ≈ 5|γ (ω0)|, indicating that the echo is
weaker than the primary, directly transmitted pulse.

V. ANALYTICAL MODEL FOR FAR-FIELD RADIATION
FOR PULSES

In order to utilize Eq. (9) in an analytical expression we
first consider the spectral electric field in the paraxial region of
the far zone, where the Ez component is approximately zero.
The derivations are presented with the carrier frequency ω0

exposed. The spatial frequencies of the field that contribute in
the far zone are defined as kx = k0(ω/ω0) sin θ , where k0 =
ω0/c and θ is the diffraction angle as measured from the z
direction. The field is expressed in the form (Eq. (A5) of [10])

E(x, z, ω) =
√

2πk0/	z exp(−iπ/4)E(θ, ω), (10)

where 	z = z − d . The far field E(θ, ω) in the near forward
direction (θ ≈ 0) is directly related to the angular spectrum
A(kx, ω) of the electric field as

E(θ, ω) =
√

ω/ω0A(k0θω/ω0, ω) exp

(
ik0	zω

ω0

)
. (11)

Here, the frequency-dependent components Ax(kx, ω) and
Ay(kx, ω) follow from the phenomenological model when the
two slits are taken as appropriate line sources [10]. The com-
ponents assume the form

Ax(kx, ω) = Ex(ω)[α(ω) + γ (ω)K (ω)] cos

(
kxa

2

)
, (12)

Ay(kx, ω) = Ey(ω)β(ω) cos

(
kxa

2

)
, (13)

where the cos(kxa/2) factors follow from the symmetry of the
two slits.

To isolate the carrier wave we express the electric field in
the envelope form E(θ, tr ) = a(θ, tr ) exp(−iω0tr ), where tr =
t − 	z/c. The time-domain contribution a(θ, tr ) is obtained
by Fourier transforming Eq. (11) as

a(θ, tr ) =
∫ ∞

0

√
ω/ω0A(k0θω/ω0, ω) exp (−iω̃tr )dω. (14)

Since � � ω0, we may approximate
√

ω/ω0 ≈ 1 in Eq. (14)
and replace the lower integration limit by −∞. By the same
argument we may ignore the dispersion of n(ω) in Eq. (4) and
express the effective complex refractive index as

N = Nr + iNi = n(ω0)√
1 + n2(ω0)

. (15)

Using this notation, we can write the SPP’s complex propaga-
tion factor as

K (ω) = K (ω0) exp [iN (a/c)ω̃], (16)

where

K (ω0) = exp (−Niω0a/c) exp (iNrω0a/c). (17)

On inserting Eqs. (3), (9), (12), and (13) into Eq. (14) and
integrating, we find analytical expressions for ax(θ, tr ) and
ay(θ, tr ). If we set θ = 0, the analytical expressions for the
temporal-field components simplify to

ax(0, tr ) = E0Epα(ω0) exp

[
− (tr − Cα/ω0)2

T 2

]

+ E0Epγ (ω0)K (ω0)

× exp

[
− (tr − Cγ /ω0 − Na/c)2

T 2

]
(18)

and

ay(0, tr ) = E0Esβ(ω0) exp

[
− (tr − Cβ/ω0)2

T 2

]
. (19)

In Eq. (18) the first and second terms correspond to the pri-
mary and echo pulses, respectively.

Using the relation N = Nr + iNi in the exponential term of
the echo contribution in Eq. (18), we see that only the real
part of N affects the temporal location of the echo pulse. As
the plasmon speed on the interface is νsp = ω0/Re[ksp(ω0)] =
Nr/c, the time delay caused by the SPP propagation between
the slits is τ = Nra/c. Therefore, the time separation between
the primary and echo pulses from Eq. (18) assumes the form

	tr = (
Cγ − Cα

)
/ω0 + τ. (20)

Since Cα ≈ Cβ , the primary p and s pulses have a negligi-
ble time delay, according to dispersive response theory [24],
whereas the difference between Cγ and Cα implies that the
SPP-photon conversion process is dispersive and induces, in
our case, an additional time delay of 	tc = (Cγ − Cα )/ω0 ≈
0.3 fs that is independent of the SPP propagation distance.
Because the coefficient α(ω) refers to a process that does not
involve SPPs, whereas γ (ω) involves SPP conversions from
light and to light, we interpret 	tc as the time delay introduced
by the SPP conversion process.
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VI. PULSE SHAPING AND SPLITTING

If the time shift 	tr is larger than T , as in Fig. 2, the
primary and echo pulses are separated temporally in the far
field, and in the phenomenological model their individual
intensity profiles become Gaussian with pulse duration T .
Figure 4(a) illustrates this splitting with the same parame-
ters as in Fig. 2, i.e., a = 51.5λsp and T = 40 fs. The solid
green line represents the pulse shape given by Eq. (14),
with Ax(0, ω) determined by FMM analysis, and the dashed
blue line is the result given by the phenomenological model,
Eq. (18), with parameters from Table 1. We see good agree-
ment between the two approaches.

For longer pulses, with T ∼ 	tr , the primary and echo
pulses interfere, and the shape of the combined pulse dif-
fers from the Gaussian form. In the region where the two
pulses overlap, we generally see quasiperiodic changes of the
intensity profile as a function of a, featuring alterations in
the plasmon propagator K (ω). The factor K (ω) changes sign
when a is altered by half a plasmon wavelength λsp, manifest-
ing constructive or destructive interference. The pulse-shaping

FIG. 4. (a) Pulse splitting in the far zone with slit separation a =
51.5λsp for a p-polarized T = 40 fs pulse: distributions of |ax (0, tr )|
given by FMM analysis (solid green line) and the phenomenological
model (dashed blue line). Both are normalized to their maximum
values, and the maxima of the primary pulses are set to 1 for compar-
ison. The two vertical lines indicate the moment when the echo pulse
reaches its maximum, according to FMM and the model. (b) Pulse
shaping by the plasmon echo for a p-polarized T = 100 fs pulse:
distributions of |ax (0, tr )| in the cases of constructive a = 24.38λsp

(solid blue line) and destructive a = 24.88λsp (dashed red line) inter-
ference. The individual contributions of the primary [γ (ω0) = 0 in
Eq. (18)] and echo pulses [α(ω0) = 0 in Eq. (18)] are shown by the
solid black and dash-dotted yellow lines, respectively. The vertical
lines indicate the maxima of these contributions.

phenomena predicted by the phenomenological model are
illustrated quantitatively in Fig. 4(b). Here we consider p-
polarized T = 100 fs incident pulses for slit separations of
a = 24.38λsp (solid blue line) and a = 24.88λsp (dashed red
line). These correspond to the constructive and destructive
interferences, respectively, between which plots for other
(close) values of a are bounded. The shapes of the primary
(solid black line) and echo (dash-dotted yellow line) pulses,
given by the first and second terms in Eq. (18), are also shown
for clarity. Inspection of Fig. 4(b) shows that wavelength-scale
changes of a have (perhaps unexpectedly) a significant effect
on the temporal shape of the total far-field pulse. With destruc-
tive interference the total pulse becomes ∼6.4% narrower than
the primary (and the incident) pulse, whereas with construc-
tive interference it is widened by ∼8.3%.

VII. POLARIZATION DYNAMICS

Proceeding to consider polarization dynamics of pulses in
the far zone, the polarization state of the incident field is
determined by the polarization matrix [25]

J =
[

Jpp Jps

Jsp Jss

]
=

[〈E∗
p Ep〉 〈E∗

p Es〉
〈E∗

s Ep〉 〈E∗
s Es〉

]
, (21)

where the asterisk and the brackets denote complex conjuga-
tion and ensemble averaging, respectively, and normalize it
such that tr J = Jpp + Jss = 1. We represent the incident field
as a sum of unpolarized and fully polarized parts, where the
latter is linearly polarized at an angle φ measured from the x
axis. The elements of J are expressed as [10]

Jpp = 1
2 (1 − Pi ) + Pi cos2 φ, (22a)

Jps = Jsp = Pi sin φ cos φ, (22b)

Jss = 1
2 (1 − Pi ) + Pi sin2 φ, (22c)

where Pi denotes the degree of polarization of the incident
field [25]. The far-field temporal polarization matrix in the
paraxial direction θ is defined as

�(θ, tr ) = a∗(θ, tr )JaT(θ, tr ) =
[
�xx(θ, tr ) �xy(θ, tr )
�yx(θ, tr ) �yy(θ, tr )

]

=
[

Jppa∗
x (θ, tr )ax(θ, tr ) Jpsa∗

x (θ, tr )ay(θ, tr )
Jspa∗

y (θ, tr )ax(θ, tr ) Jssa∗
y (θ, tr )ay(θ, tr )

]
,

(23)

where the superscript T denotes the transpose. The tem-
poral polarization properties are characterized by the time-
dependent Stokes parameters

S0(θ, tr ) = �xx(θ, tr ) + �yy(θ, tr ), (24a)

S1(θ, tr ) = �xx(θ, tr ) − �yy(θ, tr ), (24b)

S2(θ, tr ) = �xy(θ, tr ) + �yx(θ, tr ), (24c)

S3(θ, tr ) = i[�yx(θ, tr ) − �xy(θ, tr )] (24d)

and the time-dependent degree of polarization

P(θ, tr ) =
√

s2
1(θ, tr ) + s2

2(θ, tr ) + s2
3(θ, tr ), (25)

where sn(θ, tr ) = Sn(θ, tr )/S0(θ, tr ), n = 1, 2, 3, are the nor-
malized Stokes parameters. In the following analysis we focus
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on the on-axis polarization dynamics, i.e., θ = 0, and suppress
θ from the expressions.

Figure 5 illustrates the time-dependent polarization proper-
ties of the total field under conditions where the incident pulse
is partially polarized and the echo pulse partially overlaps
with both the primary p pulse and the s pulse. The center
of the primary pulse is located at tr = 0 fs. In Fig. 5(a) we
take the same values of a and T as in Fig. 4(b) but consider
the case Pi = 0.92, φ = 90◦. We present both constructive
(a = 24.38λsp) and destructive (a = 24.88λsp) echo interfer-
ence, distinguished by the phase the propagating plasmon
has acquired, as discussed in Sec. V. The predominantly
s-polarized incident pulse was chosen such that the output
pulses would be unpolarized without the echo contribution;
that is, we would have P(tr ) = 0 when neglecting the echo.
With the echo taken into account the degree of polarization
P(tr ) varies significantly over time due to the dynamics of
s1(tr ), whereas the changes in the intensity are negligible.
This behavior is caused by the mainly s-polarized nature of
the incident pulse, where the only p-polarized contribution is
induced from the tiny unpolarized part of the incident pulse.
Since the echo is fully p polarized, the second and third Stokes
parameters remain zero.

In Fig. 5(b) the parameters are chosen as T = 100 fs, Pi =
0.8, and φ = 80◦, implying that all three normalized Stokes
parameters vary with time. We set the echo at the tail of the
primary pulse (tr = −52 fs) to illustrate a case in which the
handedness of the elliptical polarization state is switched by
the echo pulse, achieved with slit separations a = 19.09λsp

and a = 19.73λsp, respectively. In this case the plasmon echo
causes a gradual change in all three Stokes parameters with
negligible modulation in the intensity due to the primary pulse
being mainly s polarized. A slight deviation between the de-
grees of polarization is observed around tr ≈ 80 fs.

Next, in Fig. 5(c), a case of a substantially p-polarized in-
cident pulse (T = 100 fs, Pi = 0.70, φ = 40◦) is studied. The
pulses emerging from the slits have a dominant p-polarized
part, and no large changes take place in the degree of po-
larization. The Stokes parameters s1(tr ) and s2(tr ), however,
undergo a rapid change near the tail of the primary pulse (tr =
−80 fs) for destructive interference (a = 20.88λsp), while
the changes in polarization with constructive (a = 20.38λsp)
interference are negligible. With mainly p-polarized light
the changes in intensity become large in comparison to the
s-polarized cases examined in Figs. 5(a) and 5(b). Similar
behavior can be induced by allowing Pi to be small, since
|α(ω)| � 4|β(ω)|.

The results in Figs. 5(a)–5(c) indicate that for mainly s-
polarized light the plasmonic effects mostly reside in the
temporal polarization of the pulse, meaning that we can in-
troduce gradual polarization dynamics with s-polarized pulses
with little change in intensity. Conversely, use of p-polarized
light induces high variation in the intensity, but the effects on
polarization dynamics are small.

VIII. CONCLUSIONS

In summary, this analytical and numerical study extends
the phenomenological model for a continuous-wave plasmon-

FIG. 5. Intensity S0(tr ), the normalized Stokes parameters sn(tr ),
and the degree of polarization P(tr ) for the analyzed cases. (a) T =
100 fs, Pi = 0.92, φ = 90◦, with slit separations set to construc-
tive a = 24.38λsp (solid lines) and destructive a = 24.88λsp (dotted
lines) interference. (b) T = 100 fs, Pi = 0.80, φ = 80◦ with slit
separations of a = 19.09λsp (solid lines) and a = 19.73λsp (dashed
lines). (c) T = 100 fs, Pi = 0.70, φ = 40◦, with slit separations
set to constructive a = 20.38λsp (solid lines) and destructive a =
20.88λsp (dotted lines) interference. In (a)–(c) the vertical lines
show the centers of the primary (solid) and echo (dotted) p
pulses.

assisted Young’s experiment to pulsed light with an arbitrary
state of polarization. The model was validated by compar-
ison with rigorous diffraction analysis. We found that the
excitation of SPPs and their subsequent conversion into light
cause pulse splitting, pulse shaping, and a change in polar-
ization over time. The precise form of these effects depends
on whether the SPP echo overlaps with the primary pulse
or not.

Notably, the significant effects related to constructive
or destructive interference from the SPP pulse propaga-
tion should be taken into account in the design of metallic
nanoscale apertures. Shaping effects could be enhanced by
implementing dielectric ridges on the outer sides of the slits
to scatter the remaining SPP energy and increase the intensity
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of the echo pulse, but this would also change the shape of
the far-field pattern. Dispersion of the metal film, as shown
in Fig. 3(b), creates an SPP pulse with a delayed center fre-
quency. In this study we restricted ourselves to linear effects,
meaning that the effects we have described always occur. At
high intensities one would also have to take nonlinear effects
into account [26,27].

Light transmission through a set of nanoscale apertures
involves a complex interplay between waveguide modes, sur-
face plasmons, surface corrugations, and field singularities
like vortices and saddle points. It is by a simple and clean
setup like Young’s double-slit experiment that the crucial role
of SPPs can be disentangled from the other contributions [28].
Conversely, the significant effects of SPPs on the transmission
of pulsed fields that we have presented here in a double-slit
context are predicted to also occur in more complex arrange-
ments of nanosized apertures in metal films.
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APPENDIX: FOURIER MODAL METHOD AND
CONVERGENCE OF THE CALCULATIONS

The Fourier modal method is a rigorous computational
method based on calculating monochromatic fields in the
frequency domain [19,20]. The FMM always assumes spatial
periodicity, and to apply it in an aperiodic nanoslit config-
uration (such as ours) we are required to use either large
computational periods or perfectly matched layers (PMLs).
Our implementation of FMM is based on the S-matrix for-
mulation [19] with gradually applied PMLs, where we have
also employed a coordinate transform to the edges. The width
of the PML zones for each edge was set as 20 µm, and
the coordinate transform is applied 8 µm from the edges of
the period. These boundaries implemented on both sides of the
computational area [see Fig. 6(a)] guarantee aperiodicity. An
additional benefit of using PMLs is the reduced computational
period, which reduces the truncation order required for the
calculations to converge [20].

The convergence of the simulations is analyzed by defin-
ing the desired setup and calculating the efficiency of the
first diffraction order as a function of the truncation order.
Figure 6(b) shows the convergence in the system we used
to compute the coefficients [α(ω), β(ω), γ (ω)] presented in
Fig. 3, where the computational period D is 170 µm. This
period was chosen since we define the coefficient γ when the
two slits are located one SPP decay length lsp = 1/Im[ksp(ω)]
apart, which is approximately 101 µm for the last wavelength
(852 nm) of the calculated pulse (see Fig. 3). Here we have
also fixed w = 200 nm, h = 200 nm, and b = 20 nm. The
refractive indices for silver and Ti are taken from [18]. From
Fig. 6(b) we see that although the calculations are already
converged for o = 1500, we opted to use 2500 as our trunca-

FIG. 6. (a) An illustration of the defined geometry, where D is
the computational period, C is the coordinate transform zone, P is
the PML zone, a is the slit separation, b is the thickness of Ti layer, h
is the thickness of the metal screen, d is the thickness of the grating,
w is the width of the slit, and x, y, z are the spatial axes. (b) Con-
vergence of FMM calculations for determination of the coefficients.
The convergence is checked from the diffraction efficiency η of the
positive first transmitted diffraction order as a function of truncation
order o.

tion order. In Table II we give the calculation periods and the
truncation orders for all FMM simulations used in this study.

From the converged results we notice that the determined
value of γ (ω) (Fig. 3) still has some instabilities at a few
wavelengths. These are related to the way the coefficients are
computed numerically [10], which is prone to resonances or
instabilities. More precisely, the coefficients are obtained from
the electric fields computed with the FMM and propagated to
the far field, where the visibility of the interference pattern
gives the magnitude and the location of the fringes gives the
phase. Here any resonances or numerical instabilities instantly
show in the magnitude of the coefficients, but the phase is
mostly error free, as seen from Fig. 3. In this work we use
only the complex value of the central frequency λsp = 792
nm, which is free of the aforementioned instabilities.

TABLE II. Parameters used for all FMM calculations. Here D is
the computational period, and o is the truncation order. Note that
the period includes the two PML zones, which also contain the
coordinate transform zones, as illustrated in Fig. 6(a).

Calculation D (µm) o

Figs. 2(a)–2(d) 100 1500
Figs. 2(e) and 4(a) 400 3500
Coefficients (Fig. 3) 170 2500
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