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Structured light provides unique opportunities to spatially tailor the electromagnetic field of laser beams. These
include the possibility of a sub-wavelength spatial separation of their electric and magnetic fields, which would
allow isolating interactions of matter with pure magnetic (or electric) fields. This could be particularly interesting
in molecular spectroscopy, as excitations due to electric and—usually very weak—magnetic transition dipole
moments can be disentangled. In this work, we show that the use of tailored metallic nanoantennas drastically
enhances the strength of the longitudinal magnetic field carried by an ultrafast azimuthally polarized beam (by a
factor of ~65), which is spatially separated from the electric field by the beam’s symmetry. Such enhancement is
due to favorable phase-matching of the magnetic field induced by the electric current loops created in the anten-
nas. Our particle-in-cell simulation results demonstrate that the interactions of moderately intense
(~10'"" W /cm?) and ultrafast azimuthally polarized laser beams with conical, parabolic, Gaussian, or logarithmic
metallic nanoantennas provide spatially isolated magnetic field pulses of several tens of Tesla.
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must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Current optical techniques allow us to tailor laser light in all
spatiotemporal dimensions, opening the possibility to structure
the electromagnetic field in unprecedented ways [1,2]. One

electric and magnetic dipole transitions of molecules close to
the surface [4—6]. Similar effects are observed near dielectric or
metal photonic nano-structures [7-9], in cavities (referred to
as Purcell effect) [10], or in metasurfaces [11,12], where the

of the most intriguing developments, as highlighted in
Ref. [3], lies in the ability to separate the electric field (E-field)
and the magnetic field (B-field) of a laser beam. This presents
an opportunity to disentangle interactions between purely elec-
tric and purely magnetic field-matter interactions. There are
several approaches to isolate (i.e., to spatially separate) the
E-field and the B-field components of an optical laser beam.
For example, close to mirror surfaces, interference effects lead
to different wavelength-dependent positions of the nodes of the
E-field and B-field, which could affect the emission rate of
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manipulation of electric and magnetic dipole emissions has
been one focus application. A potentially simpler approach con-
sists of using two counter-propagating beams, where the E-field
and B-field nodes can be separated spatially; such a scheme
has been proposed, e.g., utilizing high-power laser beams for
applications in attoscience [13].

Alternatively, spatially isolated E-fields and B-fields can be
achieved with structured light techniques [1], which allow pre-
cisely sculpting the spatial distribution of amplitude, phase, and
polarization state of a laser beam. One prominent example of
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such structured light beams is vector beams, i.e., laser beams
with spatially dependent polarization states [14]. The most
common vector beams are radially polarized and azimuthally
polarized beams (APBs), which show a cylindrically symmetric
linearly polarized pattern [15]. They are of fundamental inter-
est in applications such as optical communication technology,
nano-lithography, and quantum key distribution [3,16,17].
In an APB, the B-field is radially polarized, whereas the E-field
is azimuthally (i.e., tangentially to the beam circumference) po-
larized. This polarization state acts similarly to an oscillating
closed current loop, thus inducing a longitudinally polarized
B-field along the beam’s propagation axis upon focusing of
the APB. Given that the E-field vanishes on the propagation
axis due to symmetry constraints (i.e., it shows a singularity),
in an APB the longitudinal B-field is locally isolated from the
E-field [see Fig. 1(a)]. One major advantage of this scheme
is that the position of the isolated B-field does not move
when changing the wavelength, unlike related setups that ex-
ploit interference close to mirror surfaces [4—6]. Such isolated
B-fields have been proposed as a tool for several applications,
e.g., magnetic spectroscopy [18-20] or force microscopy
[21,22] employing sub-tesla B-fields, or ultrafast nonlinear
magnetization [23] employing multi-tesla B-fields.

The possibility to isolate intense B-fields provides interest-
ing opportunities in optical spectroscopy. A considerable frac-
tion of our knowledge related to electronic states of atoms and
molecules has been obtained by spectroscopic investigations at
optical wavelengths, e.g., by UV/Vis absorption spectroscopy.
At optical wavelengths, the interaction between the E-field
component of the absorbed light and the molecular transition
electric dipole (ED) moment dominates [24-27], whereas the
interaction of the B-field component of light with the molecu-
lar transition magnetic dipole (MD) moment is orders of
magnitude weaker [28]. Although weak, MD transitions are
potentially of strong interest in the elucidation of “dark” states,
which cannot easily be accessed or observed via strong ED
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transitions (e.g., parity-conserving transitions in metal atoms
or ni* states) [5,29-34]. In such systems, the direct observa-
tion of MD transitions would enable a more detailed investi-
gation of the electronic/vibronic structure of the target
molecules, as well as investigations of photoinduced processes
initiated in such states. In order to observe MD transitions,
which are typically concealed by the much stronger ED tran-
sitions, special strategies are required. Circular dichroism (CD)
or magnetic circular dichroism (MCD) are both sensitive to
MD transitions but are only applicable to certain kinds of
molecular systems (chiral molecules or ones that exhibit certain
near-degeneracies, respectively) [35]. Hence, it would be desir-
able to have a general approach that does not only work in cer-
tain systems (e.g., those with very large MD moments or
forbidden ED transitions). As discussed previously in the liter-
ature, such a general approach would require that the E-field is
strongly suppressed at the target molecule’s position [27].
Additionally, due to the intrinsic weakness of MD transitions,
it would be advantageous to employ a B-field that is as strong as
possible. The combination of such spatially isolated and intense
oscillating B-fields could then form the basis for a general
“MD-only optical spectroscopy.”

APBs are excellent candidates for this purpose, as recently
demonstrated by Kasperczyk er al [27], who employed a
focused APB to record a luminescence excitation spectrum
of Eu**-doped Y,O3 nanoparticles. In particular, at the center
of the beam, emission was only detected when the wavelength
was tuned to the relevant MD transition of Eu3*, whereas no
emission was observed when exciting the ED transition. This
shows that suppression of the E-field can be used to observe
MD-exclusive transitions. However, as MD transitions are in-
trinsically weak, a further enhancement of the B-field strength,
beyond what is achievable by a focused APB, would be desir-
able. A simultaneous isolation and enhancement of the B-field
would not only enable MD-only spectroscopy but also provide
opportunities for other applications, e.g., in laser-driven
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Fig. 1. (a) Azimuthally polarized beam (APB) electric field (E-field, upper panel) and magnetic field (B-field, lower panel) spatial distributions.
The arrows in each panel indicate the polarization direction. The donut-shaped radial B-field polarization distribution is depicted in green, while the
blue corresponds to the on-axis longitudinal component (out of plane). (b) The APB (red beam) interacts with a metallic nanoantenna, inducing
strong and fast oscillating currents in the inner surface of the antenna (light blue, double headed arrows). As a result of the coherent superposition of
the B-fields created by the ultrafast induced currents, the longitudinally polarized magnetic field (blue beam) of the APB is amplified by more than

one order of magnitude.
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particle acceleration [36-38], photoinduced force microscopy
[22,39], or other nanoscale force microscopy techniques
[40,41].

The generation of APBs in the visible and near-infrared can
be achieved with the use of spatial light modulators [42], uni-
axial or biaxial crystals [43,44], optical fibers [45], or nano-
structured half-waveplates (known as s-waveplates) [46], which
modify the polarization state distribution of the incident light
beam accordingly. A very attractive possibility to generate
intense APBs—and thus intense and isolated B-fields—is to
move to the ultrafast regime. Recent experiments have shown
the possibility of generating vector beams in the near-infrared/
femtosecond scale using s-waveplates [47], or even in the ex-
treme ultraviolet/attosecond regime through high harmonic
generation [48]. But, most notably, the combination of ultra-
fast vector beams and nanoantennas, where the longitudinal
B-field is enhanced through the creation of oscillating current
loops, has pioneered the generation of isolated tesla-scale mag-
netic fields [49,50], ideal candidates for ultrafast MD-only
spectroscopy and other applications. This combination is
one of a few ways to achieve simultaneous isolation and en-
hancement of B-fields, unlike several other schemes focusing
on isolation [4—6] or enhancement [51-53].

In this work, we explore the use of specifically tailored nano-
antennas—rotationally symmetric, metallic nano-structures
[see Fig. 1(b)]—to enhance the spatially isolated longitudinal
B-field of an ultrafast APB. We perform particle-in-cell (PIC)
simulations, using the OSIRIS code [54-56], to simulate and
analyze the spatiotemporal evolution of an ultrafast APB inter-
acting with metallic nanoantennas of cylindrical [49] and vari-
ous other shapes. To understand the underlying physics, we
develop an analytical model based on the retarded potential for-
malism [57,58], which allows us to explain the enhancement
mechanism in terms of favorable phase-matching between ul-
trafast electric currents. Expanding upon the previous simula-
tions [49], we investigate the capabilities of sloped and curved
antennas—conical, parabolic, Gaussian, and logarithmic—
with varying geometric parameters for B-field enhancement
and simultaneous E-field suppression of incident APBs. We
also show how the enhanced B-field spatial distribution de-
pends on the antenna shape. Our work provides a rigorous
study of how to enhance and tailor the spatial distribution of
the B-field carried by an ultrafast APB through the use of cus-

tom metal nanoantennas in the optical, femtosecond regime.

2. METHODS

In our simulations, we predict the temporal and three-dimen-
sional spatial evolution of ultrafast APBs with the goal of
enhancing and isolating its longitudinal B-field. To do so,
we explore its interaction with metallic antennas with different
shapes and geometry parameters.

A. Characterization of an Ultrafast Azimuthally
Polarized Laser Beam

Throughout our simulations, we employ an APB as our inci-
dent laser beam. In principle, it is possible to formulate cylin-
drical vector beams (like APBs) in the Bessel-Gauss framework
[15], which provides exact solutions of the full Helmholtz

equation. Instead, we formulate our incident beam at the en-
trance plane of the simulation box in the paraxial approxima-
tion, propagating in a vacuum along the x direction. In
cylindrical coordinates 7 = (p, ¢, x)T, with the focus placed
at the origin (x = 0), the electromagnetic field of such an
APB can be written as

> 2
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where wj is the beam waist, 4 is the central wavelength, and ¢ is
the vacuum speed of light. %, 7, #, are unit polarization vec-
tors, and f(¢) = sinz(n'ft d) is the temporal envelope function
for 0 <t < 7,4 To alleviate the high computational cost of
simulations, we employed a short laser pulse with a pulse du-
ration 7.q = 10 fs.

The spatial distributions of the E-field and B-field intensities
at the focal plane are represented in Fig. 1(a). In contrast to a
fundamental Gaussian beam, the E-field peak amplitude
E..« = Ey/+/e is not reached at the minimum waist w,
but instead at p,.. = wy/~/2. Also note that the radially
polarized (ZZP) component of the B-field spatially coincides with
the azimuthally polarized (#y) E-field. Directly on-axis
(p = 0), all transverse (th and 1_,2¢) E-field and B-field compo-
nents vanish, and only the longitudinally polarized B-field (%)
remains non-zero, reproducing the above-mentioned E-field—
B-field separation. The latter component increases with
decreasing waist parameter wy, i.e., upon focusing [18].

Within our PIC simulations (see details below), we set the
minimum waist to wy = 2.5 pm and the E-field peak ampli-
tude to £, = 1.2 GV/m (equivalent to £, = 1.98 GV/m
and a peak intensity of 1.9 x 10! W /cm? at p,,,). With the
above parameters, the longitudinal B-field peak amplitude at
the focus of the beam is B, (p = 0,x =0) = 0.6 T. The
central wavelength is set to A = 527.5 nm, motivated by
the excitation wavelength of the prominent 7Fy — °D,
MD-exclusive absorption band in the Eu®t ion [59,60], which
has been previously used to demonstrate exclusive MD excita-
tion via an APB [27].

B. Simulation Framework
We propagate the described APB numerically using the
Maxwell solver implemented in the PIC package OSIRIS
[54-56]. Here, the E-fields and B-fields are represented on a
3D mesh. In our simulations, we construct the incident APB as
the superposition of two Hermite—Gauss beams that are
orthogonally polarized [15]. In our simulations, we describe the
metallic antenna material as spatially restricted neutral plasma,
which within PIC is described by charged macroparticles that
move according to Newton’s equation and are self-consistently
coupled to the E-field and B-field propagation [61-63].
OSIRIS internally works with a suitably normalized system
of dimensionless units, which can be scaled as desired @ poste-
riori. In order to relate our simulations to the parameters
mentioned above (minimum waist, peak amplitude, central



Research Article

wavelength), we chose a reference frequency with a value
of wp = 27¢/527.5 nm.

The neutral plasma representing the antenna material is
made up of two particle species, motivated by the presence of
electrons and gold ions in metallic gold. For both species, we
consider a particle species density 7, = 7, = 5.9 x 10> cm™
(assuming monovalent gold ions). The mass-to-charge ratio for
the gold ions was set to m,,/q,, = 361630m,/¢e. Note that
such a neutral plasma cannot accurately represent material
parameters such as the frequency-dependent electric permittiv-
ity or magnetic permeability. Hence, we do not include a di-
electric substrate in our simulations, as is commonly used to
support thin metal films [64]. Given that our total pulse du-
ration (10 fs) is below the room temperature carrier relaxation
time of the metallic antenna (27.3 fs in Au, ~36 fs in other
metals as Ag or Cu [65]), the material properties can be ap-
proximated with a free electron model, described by this neutral
plasma. We also note that the fluence of such short pulses
(1.9 x 10" W /cm? times 10 fs yields 1.9 mJ/cm?) is signifi-
cantly lower than the laser-induced damage threshold of Au
(about 0.2 J/cm? at about 800 nm for films of at least
0.2 pm thickness) [66] and other metals. For larger pulse du-
rations, relaxation and damping effects should be taken into
account for a realistic description, as they would lower the ring
currents [67] and thus strongly affect the achievable B-field en-
hancement. However, the cylindrical symmetry of the setup
would maintain the E-field-B-field isolation even when consid-
ering relaxation and damping effects.

C. Antenna Shapes and Geometry Parameters

In this work we explore the B-field enhancement and isolation
in five different antennas: cylindrical, conical, parabolic,
Gaussian, and logarithmic. The investigated shapes all exhibit
cylindrical symmetry around the optical axis of the laser beam.

) “ - Q Vol. 12, No. 5 / May 2024 / Photonics Research 1081
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Note that deviations from this symmetry (i.e., using an ellip-
tical aperture) were shown to diminish the B-field enhance-
ment [49]. The profiles for the proposed antennas are
shown in Figs. 2(a)-2(e), and the corresponding parameters
are detailed in Table 1 in Appendix A.

In our simulations for conical, cylindrical, and logarithmic
antennas we use a box size of /, = 2.5 pm (longitudinal) and
l, = [, = 13 pm (transverse). With the employed omnidirec-
tional spatial resolution of 9.0 nm, this yields a grid of 279 x
1445 x 1445 cells. For the parabolic and Gaussian shapes, the
longitudinal box size was doubled to /, = 5.0 pm (with
558 x 1445 x 1445 cells). This was necessary to retain the
B-field maximum inside the simulation box for the wide set
of geometry parameters that we consider. All antennas are cen-
tered in the longitudinal direction at the beam focus, which is
placed at xq = /,./2. The simulation time was set to 15 fs for
the conical, cylindrical, and logarithmic antennas, and to 30 fs
for the parabolic and Gaussian ones, with a temporal resolution
of 5.6 as, which is well within the limits given by the Courant-
Friedrichs-Lewy (CFL) condition [68]. For all walls of the sim-
ulation box, we employ perfectly matched layers with 90 nm
thickness as absorbing boundary conditions [69].

The OSIRIS input files and evaluation scripts are made
publicly available at Zenodo [70].

3. RESULTS AND DISCUSSION

In this section, we start with an analysis of the B-field enhance-
ment upon the optimization of the antenna geometries with a
linear orifice slope along the optical axis, i.e., cylindrical and
conical antennas. Thereafter, we introduce an analytical model
that allows us to understand the physics beyond the longi-
tudinal B-field enhancement in a cylindrical antenna. Then,
we extend our study to antenna geometries that present a
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Fig. 2. Vertical section of the considered antenna shapes (all antennas are cylindrically symmetric around the propagation axis). The orifice
dimensions are governed by analytical functions (see Table 1, indicated by the red dashed lines). The Gaussian antenna case is parametrized
to fit to the parabola shape (green). The shapes are labeled (a)—(e) in the order they are discussed below. The scale bars show the employed wavelength
(527.5 nm) relative to the transverse and longitudinal dimensions of the antennas.
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non-linear profile along the optical axis, i.e., parabolic,
Gaussian, and logarithmic antennas. Finally, we analyze the
contrast between B-fields and E-fields intensities for all pro-
posed antenna geometries to quantify the spatial isolation of
the intense longitudinal B-fields.

A. Magnetic Field Enhancement for Linearly Sloped
Antennas

The antennas with the simplest shapes are the cylindrical and
the conical antennas. Here, we present PIC numerical simula-
tions that show the B-field enhancement in these cases.

1. Cylindrical Antenna

In a previous study by Blanco ef @l [49], cylindrical metallic
antennas were proposed for enhancing the B-field of an
ADPB. The study investigated in detail the influence of the an-
tenna radius 7, on the B-field enhancement. It was found that
the highest B-field is obtained when 7y = p,.,, i.e., when the
antenna radius coincides with the radial position where the
E-field of an APB reaches its maximum amplitude [see Eq. (1)].
We note that this condition implies that the diameter (and thus
the inner circumference) of the antennas is several times the
wavelength of the employed fields (see Fig. 2). Thus, plasmonic
resonances (i.e., localized surface plasmons) do not contribute
to the induced currents in the antennas [71,72].

Here, we expand upon these investigations exploring the
role of the antenna thickness L (considering 7y = py;.c)- As pre-
sented in Fig. 3(a), the maximum B-field strength grows
from 4.5 T for the thinnest antenna, with Z = 0.03 pum, to

Max B-field - Global

Max B-field - Propagation axis

7.5 T that is reached at L = 0.3 pm. For larger Z, the maxi-
mum B-field strength oscillates roughly between 6.5 and 7.5 T.
Our simulations then show that once a minimum thickness of
L =0.3 pm is achieved, thicker antennas do not provide
higher longitudinal B-fields but also do not diminish the
B-field strength; thus, the thickness can be adapted to practical
needs, e.g., thermal robustness.

In Fig. 3(b), we analyze the B-field strength along the propa-
gation axis (x) for different values of the antenna thickness L. It
can be seen that similar maximum B-fields are obtained over a
wide range of positions before, within, and behind the antenna
(depicted by the gray dashed lines). The needle-shaped B-field
distribution for a particular case (L = 0.3 pm) is represented in
Fig. 3(c). Unlike the large spatial extent of the B-field needle
along the propagation axis, the B-field strength drops quickly
(over tens of nanometers) when moving away from the optical
axis in the transverse direction. Consequently, experiments re-
lying on the isolated and enhanced B-field in a cylindrical an-
tenna would require precise placement of the target particles/
molecules. Figure 3(c) also shows that the magnetic needle is
surrounded by several concentric rings with half-wavelength
width. The rings have alternating polarization directions, which
might be relevant for the interaction with magnetic materials.

2. Conical Antenna

The saturation observed in Fig. 3(a) motivated us to modify the
geometry to a conically shaped antenna, in order to maximize
the direct interaction between the APB and the metal. The
conical antenna geometry is a generalization of the cylindrical
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Fig. 3. Maximum achievable longitudinal B-field strength (a)—(c) for different antenna thicknesses of the cylindrical antenna, (d)—(f) for the 7,
scan, and (g)—(i) for the 7, scan of the conical antenna. (a), (d), (g) In the first column, the maximum longitudinal B-field on the propagation axis is
shown along the scanned parameter, together with the B-field of the optimized cylindrical antenna (orange dashed line). (b), (e), (h) The second
column reveals the distribution of the B-field strength along the propagation axis, the longitudinal extent of the aperture (gray dashed lines). (c), (),
(1) In the third column, a temporal snapshot of the longitudinally polarized B-field, when the maximum amplitude is reached, is presented for the

different scans.
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antenna that exhibits a linear slope. We assume an open conical
antenna facing the incident beam, i.e., with front radius 7,
and rear radius 7,,;, such that 7., > 7, > 0. The antenna
thickness L is fixed at L = 0.8 pm, the largest value we inves-
tigated for the cylindrical antenna.

In order to find values of 7, and 7, that optimize the B-
field strength, in Fig. 3(d) we first scan r;, while keeping 7.,
fixed at the optimal radius for cylindrical aperture (ry =
1.77 pm). Note that the far right of the figure (5, = 70 =
1.77 pm) corresponds to the cylindrical case. If 7., is
then reduced, we can observe a significant increase in the maxi-
mum B-field strength, reaching a peak value of 33.5 T for
min ~ 0.75 pm. This translates into a gain factor of ~50 com-
pared to the freely propagating focused APB without any an-
tenna, and a gain factor of ~5 compared to the optimized
cylindrical antenna (orange line). In this case, the B-field is lon-
gitudinally focused in a relatively narrow region, as exhibited in
the spatial distributions shown in Figs. 3(e) and 3(f), as long as
7min is clearly smaller than 7,,,,. The maximum B-field is found
in the rear of the antenna position for large 7., (i.e., for nearly
cylindrical antennas) and moves in front of the antenna for de-
creasing 7, (i.e., for more strongly sloped walls), as depicted
in Fig. 3(e). The highest achieved B-field strengths are obtained
when the B-field peak is located inside the antenna (0.85 pm <
x < 1.65 pm). This shows that by varying r;,—or analo-
gously, the slope of the antenna walls—we can tune both
the gain factor and the B-field peak position (i.e., we can switch
from a reflective to a transmissive antenna), which is potentially
of high interest for the envisioned applications. Here, a dielec-
tric substrate in the rear of the antenna might affect the B-field
peak position for transmissive antennas, although E-field—
B-field isolation should not be compromised.

In order to fully optimize the B-field enhancement in the
interaction of an APB with conical antenna, we show in
Fig. 3(g) a scan over the front radius (7,,,,) for a fixed rear radius
of 7min = 0.75 pm. The optimal value is obtained for
Pmax = 2.13 pm, which is higher than 7y, and further increases
the B-field strength to 35.6 T (which conveys a gain factor of
~55 compared to the free beam simulation). Figure 3(h) shows
the position along the propagation axis of the maximum B-field
depending on r,.. We note that larger 7., (more steeply
sloped walls) moves the B-field peak position towards the front
part of the antenna. The spatial snapshot presented in Fig. 3(i),
shows that the optimal set of parameters (L = 0.8 pm,
Pmin = 0.75 pm, 7., = 2.13 pm) leads to a localized B-field
peak, located slightly before the antenna.

B. Analytical Model

To gain a better understanding of the physics underlying the
interaction of an APB and a general conical antenna, we de-
velop an analytical model based on the retarded potential for-
malism [57,58] (see complete derivation in Appendix B). The
total longitudinal B-field (B,) generated by a thick antenna is
modelled as the coherent superposition of the fields (B,,,,) gen-
erated by several, infinitesimally thin current loops induced in
the metallic antenna inner surface. As the total B-field (B,)
arises from this superposition, the phase difference between
each By, plays a major role in the final B-field enhancement.
This is in analogous to the phase matching effect in nonlinear

) O Vol. 12, No. 5 / May 2024 / Photonics Research 1083
—

optics [73]. Thus, in this model the total longitudinal B-field,
B., can be expressed in cylindrical coordinates by the following
integral:

B, (x,t) = /dx'|B[00p(x,x')|ei(¢("”")*%f)

- PG )
‘2”/ R O

27\ 2 1 1/2
" ((7) T+ (x-x'>2>

XCiZT”(x'+ p(x')?+(x-x")~ct)-iarctan(Z p(x’)2+(x—x')2)’ (3)

where j,(x") is the current density distribution, and p(x") is the
aperture radius at x'. The variable x” is the longitudinal position
of the infinitesimally thin current loops, over which integration
is carried out, along the propagation axis.

The spatial phase term ¢(x, x") in Eq. (3) can be divided in
two terms, ¢(x,x") = ¢ (x,x") + ¢p,(x,x"). The first phase
term ¢, (x,x") = 27”(96' + \/p(x')? + (x - x)?) represents a
fast spatial oscillation experienced by the B-field when propa-
gating from the source point in the current loop to the obser-
vation point on the optical axis. The second term,
Py (x,x") = - arctan(zl—” Vo) 4+ (x-x")?), is a Gouy
phase-like term, being minimal at the current loop center
(x = ') and increasing up to § for |x - x'| > 0, i.e., far from
the current loop origin. The main contribution to the phase-
matching-like process is given by the first phase term ¢, as ¢,
remains almost constant in our region of interest.

The proposed analytical model is compared with the sim-
ulation results for the conical antenna in Fig. 4. Figures 4(a)
and 4(b) show the comparison of the maximum B-field
strength of the previous two scans already presented in
Figs. 3(d) and 3(g), whereas Figs. 3(c) and 3(d) show the spatial
extent of the maximum analytical B-field strength, analogous to
Figs. 3(e) and 3(h).

The excellent agreement between the analytical model and
the numerical simulations allows us to identify the physics
underlying the B-field enhancement mechanism. According
to Eq. (3), the longitudinal B-field strength on axis is affected
by the antenna shape in two ways: through the current density
distribution j,(x") and through the accumulated phase ¢p. On
the one hand, the current density distribution is given by

Jolx') = qzn% (1- cos(arctan(ﬁ/:,g,)))), as detailed in

Appendix B. The dependence on the slope of the antenna walls
(aﬂ(x,')
Ox
beam is perpendicular to the wall, which increases the B-field
strength in steeply sloped conical antennas. On the other hand,
the B-field strength is controlled by the constructive interfer-
ence given by ¢(x, x"). Taking into account the prominent role
of ¢, optimal constructive interference would require a para-
bolic antenna shape, which shows that, in general, a curved

antenna optimizes the maximum B-field strength.

Thus, thanks to our analytical model we can conclude that
the mechanism of B-field enhancement in the conical antenna is
mostly based on the constructive interference of the local B-fields
created by the transverse current loops distributed along the
propagation axis. Depending on the slope of the antenna, this

) is such that the current density is largest if the incident
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effect may confine the longitudinal B-field toward the front or
the rear side of the antenna [see Figs. 4(b) and 4(d)].

C. Magnetic Field Enhancement for Curved

Antennas

As motivated in the previous section, further B-field enhance-
ment can be achieved by introducing curved antenna shapes
that optimize the constructive interference of the B-field along
the propagation axis. An additional advantage of curved/
smooth antenna profiles is that they are possibly easier to
manufacture [74-76] than antennas with perfectly straight
walls. Thus, in this section, we investigate the interaction of
an APB with parabolic, Gaussian, and logarithmic antennas,
with the ultimate goal of controlling the enhancement of
the longitudinal B-field, and its confinement along the propa-
gation axis.

1. Parabolic Antenna

Parabolic reflectors or mirrors are broadly used in different
technological applications such as acoustics, optics, or telecom-
munications to confine incoming electromagnetic waves at one
spatial point, the focus [77]. While such antennas usually have
macroscopic dimensions, there has been growing interest in us-
ing nano-sized parabolas as small-scale optical antennas
[75,77,78]. Within the discussion of the analytical model for
the conical antenna in Section 3.B, we showed that (near-)op-
timal constructive interference could be reached with a para-
bolic shape at its focal point.

The shape of a (truncated) parabolic antenna can be de-
scribed with three independent parameters [see Fig. 2(c),
Table 1]. First, the thickness L represents the distance between
the front and rear sides of the antenna (analogous to the pre-
vious antennas). We fix the front-side parabola radius, 7,
which is located at xy-L/2, to be at rp, = wov/2 =
1.77 pm, as in the previous scans. The second independent
parameter is the rear-side radius, 7., that we locate at
xg + L/2. Then, L and 7, fix the focal length of the antenna,

min

f= %, which shows that 7,;, controls the curvature of
the antenna. In order to investigate the B-field enhancement
if the rear side of the antenna is closed, we introduce a third
parameter, the cap thickness AZ, which shifts the rear wall of
the antenna to xy + L/2 + AL, while keeping its focal length
and focus position fixed.

The numerical simulation results that cover scans over the
three parameters considered in a parabolic antenna are pre-
sented in Fig. 5. First, Figs. 5(a)-5(c) show the scan of r,
over the range 0.89 pm to < 1.94 pm (i.e., from 0.57,,, to
1.17,). A maximum on-axis B-field strength of 18.5 T is
reached for r,;, & 1.17 pm, which is about half the minimal
waist. The scan shows a rather broad peak, with 90% of the
maximum B-field strength reached between 1.0 pm and
1.4 pm. While for small r.;,, the parabola is opening towards
the front, for 7, = 7. the antenna becomes cylindrical, and
for 7y > 7may Opens towards the rear. This increase of 7y, is
accompanied by a substantial B-field strength weakening, where
a rear-opened parabola enhances the B-field even less than a
cylindrical antenna. Moreover, the position of the maximum
B-field shifts from the front side to the rear side along the scan,
roughly following the focal point position, as shown in Fig. 5(b)
(red line). Figure 5(c) shows the B-field distribution for the op-
timal 7.,;, parameter, showing a sub-wavelength spot of maxi-
mum B-field at about x = 1.8 pum, in front of the antenna.

Figures 5(d)-5(f) present the scan of the antenna thickness
(0.04 pm < L < 0.97 pm), fixing the optimal values 7., =
1.77 pm and 7, = 1.17 pm from the previous scan. For
small Z, the maximum B-field strength increases approximately
linearly. A maximum B-field of 25.4 T is reached at L =
0.7 pm, and a slow decrease of maximum B-field is observed
beyond that point. For the optimal parameters (70, 7mayo L)»
the maximum B-field spot is located within the antenna, as
shown in Fig. 5(¢). However, the maximum B-field spot
can be shifted to the front or rear to some extent without
compromising a strong B-field enhancement by varying L.
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column shows the distribution of the B-field strength along the propagation axis, the longitudinal extent of the aperture (gray dashed lines), and the
position of the focal point (red, solid line). (), (f), (i) In the third column, a temporal snapshot of the highest B-field strength is presented for the
different scans. The dashed black line in (g) and (h) indicates when the antenna is closed.

The respective needle-like B-field distribution for the optimal
antenna thickness is illustrated in Fig. 5(f).

Finally, in Fig. 5(g), we scan the cap thickness, AL, to
investigate the B-field enhancement for closed parabolic
antennas. The leftmost point is identical to the maximum in
Fig. 5(d), and we scan over the range 0.0 pm < AL < 1.0 pm.
Considering that the APB does not exhibit strong E-fields close
to the beam axis, one would not expect significant additional
ring currents and thus no strong B-field enhancement when
closing the antenna. However, the scan in Fig. 5(g) evidences
a strong, linear increase in B-field from 25 T to ~47 T. Once
the antenna is fully closed (at AL = 0.6 pm), no further
increase in B-field strength is observed. This increase in maxi-
mum B-field strength is accompanied by a strong confinement
of the B-field, as seen in Fig. 5(h). The same panel also shows
that the B-field is zero behind the closed antenna, as expected.
The strong confinement is also visible in Fig. 5(i), demonstrat-
ing that the magnetic needle is compressed to a spot by the
parabolic aperture.

Opverall, we demonstrate that the closed parabolic antenna
shape can yield B-field strengths well above those achieved with
the cylindrical and conical antenna shapes, though the B-field is
localized inside the antenna. We revealed that—even in the
near- or subwavelength regime where geometrical optics breaks
down—the maximum B-field spot roughly coincides with the
focal point of the parabolic reflector. Both properties can be of
fundamental interest if B-fields should be tightly confined at
predefined positions in an experimental setup.

2. Gaussian Antenna

Although a parabolic antenna shape can yield a large B-field
enhancement, the precise fabrication of its nano-sized
structure is challenging [77]. Therefore, next we investigate
Gaussian-shaped antennas, where the curved slope approxi-
mates a parabolic curve to second order near the beam axis.
Noticeably, nano-sized Gaussian-shaped holes in metal surfaces
can be manufactured experimentally, e.g., via focused ion beam
edging [79,80].

Our choice for the parameter scans in the (truncated)
Gaussian antenna follows closely the ones for the parabolic an-
tenna [see Figs. 2(c) and 2(d) for comparison]. We performed
three scans, for the rear radius 7., at x, + L/2, the antenna
thickness Z, and the cap thickness AL. The Gaussian baseline is
located at xy - L/2, and the Gaussian amplitude was set so that
the Gaussian fits the parabola with the same set of parameters
[compare Fig. 2(d)].

In Fig. 6(a), we scan over the rear radius, 0.89 pm <
Pmin < 1.75 pm. For small 7, the maximum B-field strength
rises linearly, before reaching an optimal value of 9.5 T at
Pmin = 1.5 pm. For larger 73, the maximum B-field strength
falls rapidly within few tens of nanometers, showing a dif-
ferent behavior than observed for the parabolic antenna.
Figure 6(b) shows that for the Gaussian antenna, the enhanced
B-field is broadly distributed and does not follow the focal
point of the parabola fitting the Gaussian (red line). This can
be rationalized as only the region close to the vertex resembles a
concave parabolic shape but further away from the beam axis
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changes to a convex shape that does not confine the B-field.
Consistent with the low maximum B-field strength and the
large spread of the B-field, Fig. 6(c) shows no needle-like or
spot-like confinement of the B-field.

The antenna length scan of the Gaussian antenna is shown
in Fig. 6(d). The rear radius 7, was fixed to the value that
maximized the B-field for the parabolic antenna. For thin
Gaussian antennas (L < 0.3 pm) the B-field strength grows
slowly, while at thicker antenna lengths (0.3 pm < 7, <
1.2 pm) we observe a faster increase in B-field strength. The
maximum B-field strength in this scan, 32 T, is reached at
about L = 1.45 pm, which, surprisingly, exceeds the maxi-
mum B-field strength from the analogous scan in Fig. 5(d)
(25T at L = 0.7 pm). As depicted in Fig. 6(e), the maximum
B-field spot is located in front of the hypothetical focal point,
independent of L. This indicates that the Gaussian antenna
with the chosen parameters does not behave like the fitted
parabola. The snapshot of the most intense B-field [Fig. 6(f)]
within all simulations of the performed scan reveals that the
maximum B-field is built up inside the aperture.

In the cap thickness (AL) scan shown in Fig. 6(g), the same
parameters were fixed and scanned, respectively, as in the analo-
gous scan of the parabolic antenna. Remarkably, the maximum
B-field is nearly constant over the scanned cap thickness, show-
ing a value of about 30 T for nearly closed and fully closed
antennas. This value is considerably smaller than the maximum
B-field reached for the parabolic antenna—which reached up to
47 T [Fig. 5(g)]—but nonetheless shows a substantial enhance-
ment of the B-field. In Fig. 6(h), we see that the maximum

B-field spot is located on the front side of the antenna, and that
no B-field reaches the vertex of the Gaussian profile. Overall, the
B-field enhancement in a Gaussian antenna is not as advanta-
geous as in the parabolic antenna, where the constructive inter-
ference is more favorable, as evidenced in Fig. 6(i).

3. Logarithmic Antenna

Our final considered antenna geometry presents a logarithmic
profile [see Fig. 2(e)]. In contrast to the Gaussian antenna pro-
file, it exhibits a globally convexly curved profile. The front
radius is fixed to 7, = 1.77 pm (as in all previous computa-
tions), which leaves two independent parameters (see Table 1),
the decay parameter k and the antenna length L.

In Fig. 7(a), the antenna decay parameter is scanned in the
interval 0.12 pm™' <k <12 pm~'. The antenna thickness
was fixed at L = 0.42 pm. We observe a maximum B-field
peak around x = 1.15 pm™! with a B-field strength of 21 T.
For smaller decay parameters, the maximum achievable B-field
quickly drops off, until the logarithmic antenna resembles the
cylindrical one at k = 0.0 pm™'. For « values larger than
the optimum, the rear antenna radius (r,;,) decreases
(exponentially) until the antenna is nearly closed, leading to
a strong reduction in the maximum achievable B-field that
is even lower than for free beam propagation. As shown in
Fig. 7(b), at small x values the (open) antenna works similar
to the other presented antennas with a maximum B-field spot
whose position (rear to front) depends sensitively on k. At larger
k values, the antenna is nearly closed and does not enhance the
B-field. In the optimal case, for k = 1.15 pm™!, the maximum
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different scans. The dashed black line in (g) and (h) indicates when the antenna is closed.
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B-field spot is located inside the antenna, close to the front
edge. The maximum B-field spot position is more readily vis-
ible in the snapshot in Fig. 7(c).

In the antenna thickness scan shown in Fig. 7(d), the param-
etersk = 1.15 pm™! and 7, = 1.77 pm were kept fixed, and
the thickness was varied in the interval Z = 0.04 pm to
L =0.97 pm. The maximum B-field strength grows approx-
imately linearly between L = 0.04 pm and about L = 0.5 pm,
reaching its peak at L = 0.68 pm with a B-field strength of
about 25 T. For thicker antennas, the maximum B-field
strength stays approximately constant. As shown in Fig. 7(e),
the maximum B-field position is always in front of the antenna,
only weakly depending on L. It can be observed that the B-field
in the rear is always very weak, and thus we do not expect that a
further increase in Z would change the B-field distribution. The
B-field snapshot shown in Fig. 7(f) is very similar to the one
presented in Fig. 7(c), except for a slightly higher maximum
B-field.

Overall, the logarithmic antenna can be compared most
closely to the conical antenna. The results show that for similar
parameters (7, effective 7., L), the conical antenna pro-
vides a larger B-field enhancement. The maximum B-field
achieved with the logarithmic antenna is about 22 T, whereas
the conical antenna was able to deliver up to about 36 T (which
is about 50% larger). This shows that already a small (convex)
curvature of the antenna wall can substantially decrease the ef-
fectiveness of the device.

D. Magnetic-to-Electric Field Contrast

Up to now we have analyzed the B-field enhancement of an
APB with a metallic nanoantenna. However, for applications
not only the intensity of the B-field is important but also the
spatial separation between the E-field and B-field components.
For example, in an MD-only optical spectroscopy scheme,
MD transitions can only be unambiguously distinguished from
ED and electric quadrupole transitions if the E-field is effectively

) “ - Q Vol. 12, No. 5 / May 2024 / Photonics Research 1087
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suppressed [27,81]. To examine the isolation of the B-field
from the E-field, we compute the intensity contrast, which
we define as the ¢-scaled ratio of the square-integrated B-field
and E-field, ¢? B2 /E%. The quantities B> and £ denote the tem-
porally integrated B-field and E-field intensities, defined as

2G) =% / OT|E(7, Dl B =% / 0T|B(;, P,
4)

where 7 is the total simulation time.

In Fig. 8 we present the intensity contrast for the different
aperture shapes considered in this work, using the optimal
parameters mentioned above. First, we observe transverse regions
of high contrast due to the interference between the incoming
and reflected fields. Defining a desired contrast of 10 (for which
the B-field intensity is one order of magnitude higher than the
E-field intensity), these regions exhibit a thickness of about
x, & 50 nm, about one tenth of the wavelength. Note that at the
rear side of the antennas, the E-field and B-field are negligible,
so the contrast is ill-defined. Otherwise, the different analyzed
geometries show quite similar intensity contrast distributions,
with only minor differences near the antenna edges.

Second and more relevant, all antennas exhibit diverging
contrast near the propagation axis, as expected from the sym-
metry of the incident APB. The radial extension of this central
region in which the contrast is larger than 10 is p, & 60 nm,
whereas it remains larger than 1 up to p.~ 100 nm. The
asymptotic behavior of the intensity contrast for small p can
be derived from Eq. (1), for the incident beam, and Eq. (2)
and assuming p < wy:

(5)

As expected, the intensity contrast exhibits a singularity
at p = 0 and diverges as p2. All simulated antennas, being
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E

(g)—(i) logarithmic, (j)—(1) parabolic, (m)—(o0) closed parabolic, and (p)—(r) Gaussian antenna geometries. For each antenna, the optimal parameters

(see above) were used.

cylindrically symmetric, exhibit such singularity in the intensity
contrast. In order to see how the intensity contrast decreases
along the radial coordinate for different antennas, we plot in
Fig. 9 the intensity contrast near the beam axis for the optimized
cases. Near the propagation axis (p & 0), the intensity contrast
follows the analytical estimation for a free APB, given by Eq. (5)
(black line). Away from the propagation axis, the antenna

geometry imprints subtle differences. Looking at Eq. (5), the
most promising way to increase the volume of the high-contrast
regions is by considering longer laser wavelengths, a potential
scenario for the emerging mid- and far-infrared laser systems
with applications not limited to spectroscopic studies but inter-
esting for driving and controlling magnetic samples [23], or for
photoinduced force microscopy [21].
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Fig. 9. Transverse distribution of the intensity contrast 52152 for dif-
ferent antenna geometries (see Fig. 8) at the transverse plane in the
center of the simulation box. The abscissa shows only positive values
for y (equivalent to p), as the simulation obeys cylindrical symmetry in

the transverse direction.

4. CONCLUSION

Our study provides a wide perspective for the generation of
intense and isolated B-fields from structured laser beams.
We have demonstrated that the use of ultrafast APBs in tailored
metallic nanoantennas provides intense longitudinal B-fields
near the beam axis, highly isolated from the corresponding
E-field. Our PIC numerical simulations show how the B-field
carried by an APB can be highly amplified if using tailored an-
tennas. For example, the use of conical antennas provides a gain
factor up to ~50 over an extended spatial region, whereas
closed parabolic antennas provide a highly confined B-field
with a gain factor of ~65. This setup allows obtaining isolated
B-fields of up to ~50 T from moderately intense femtosecond
APBs (peak intensity of 1.9 x 10!! W /cm?) at a central wave-
length of 527.5 nm. It also opens a very promising route to
perform MD-only optical spectroscopic studies with state-of-
the-art laser technology. We emphasize that the simultaneous
isolation and enhancement of the B-fields distinguish the pre-
sented setup from other B-field enhancement or B-field isola-
tion schemes.

We have developed an analytical model that explains the
mechanism behind the B-field enhancement in terms of
phase-matching between induced current loops along the
propagation axis. The model also allows characterizing the spa-
tial extent of the B-field needle, which expands over hundreds
of nm for the parameters considered. We have presented a sys-
tematic study using linearly sloped and curved sloped antennas,
including cylindrical, conical, parabolic, Gaussian, and loga-
rithmic shapes, showing their suitability to provide intense
and highly isolated B-fields.

Finally, we have analyzed the intensity contrast, i.c., the
magnetic-to-electric field ratio, that allows us to define the iso-
lated B-field region. The radial extension where the B-field in-
tensity is larger than the E-field intensity extends up to 100 nm,
with similar results for all the explored antenna geometries.
Note that the achieved outcomes are scalable beyond the speci-
fied central wavelength used in this work, 4 = 527.5 nm,
which was picked due to its relevance in MD-only absorption
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spectroscopy experiments in Eu®" ions. Far-infrared and tera-
hertz sources (in combination with appropriately sized anten-
nas) would allow the realization of larger isolated longitudinal
B-field volumes, most suitable for a broad spectrum of techno-
logical applications ranging from magnetic spectroscopy to con-
trolling ultrafast magnetization dynamics.

APPENDIX A: DEFINITION OF THE ANTENNA
SHAPES

We explore the longitudinal B-field amplification from azimu-
thally polarized beams interacting with five different antenna
geometries: cylindrical, conical, parabolic, Gaussian, and loga-
rithmic. The mathematical expressions and the scanned param-
eters for each profile are formally given in Table 1. A visual
sketch of the parameters in every antenna can be seen in
Fig. 2. The metallic antennas are centered in the simulation
box. Parameters x,,;;, and x,,, refer to the simulation box edges
in the propagation axis.

APPENDIX B: ANALYTICAL MODEL

The APB will induce a set of fast oscillating current loops in the
metallic antenna, and the total B-field will result from the
superposition of the contributions from all these current loops.
We start by determining the B-field created by a thin current
loop and then integrating over all the loops contained in the
antenna thickness.

The induced current distribution in the aperture can be
expressed as

J0' ' x'2) = jo(x)8(p’ - po)d(x’ - xg)e FE N7y, (BA)
where j, is the current density amplitude, p; is the aperture
radius, and x; is the central longitudinal position of the

Table 1. Definitions of the Simulated Antenna Shapes by
Analytical Expressions and Considered Scan Parameters,
Assuming x € [xo-L/2,xo + L/2 + AL]

Antenna Shape Formula Scan Parameters
Cylindrical p(x) =1y I
Conical ¢, = %
p(x) = Tmax ~ rmax—z"mm (X - L‘[) "min> "max
e~ i
Parabola f = oo
cp = r;"}
p(x) =2 f . (CP —.X') "min> L; AL
Gaussian o= lu
o= Xmax=¥min =L
2
— Vmax
A=%
p(x) = \/-26% - In(*%) Fanins L AL
Logarithmic ¢, = SnnFnn=l
PE) = e ) ol
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aperture. Strictly, this plane wave solution is not applicable for
the curved wavefronts of tightly focused laser beams; still, they
may be utilized in this context as first approximation. The re-
tarded vector potential associated to a current can be obtained,
in cylindrical coordinates, as

A6) = /// 'dg'd’p S0, |</> x|tret)z¢’

where we used the Coulomb gauge. The primed coordinates
refer to the source points, and #, =1 (x' - [F-7']), with
7= (p,,x)", is the retarded time. In this way, we account
for the temporal difference between the instant at which the
laser beam, approximated by a plane wave, hits the respective
aperture source point ' and the time that the generated
(electro-)magnetic fields at 7’ take to arrive at the observer
at position 7. Using Eq. (B1) and the definition of retarded time
in the previous expression we get

ot [ a cos@)
(P +p5-2ppy cos @'+ (x-x9))'/?

X .
(p* + p5 = 2ppo cos(@') + (x = x0)H)'/?
The corresponding B-field is obtained as B=VxA. The

longitudinal component of the B-field, close to the optical axis,
can be approximated as

7 0A, (7
B o(x) = m(vx,q>x:2< (;)(r)) ,
p=0

(B2)

A7) =

i (x
Jo o)p
c

(B3)

(B4)
resulting in the following expression for the approximate longi-
tudinal B-field created by a thin loop in the optical axis:

i (x, ) pz 27\ 2 1 1/2
Byo(x) =2z % 2 " s\ 7)) Yo
¢ ppt(x-x0) A P+ (x=x0)

iZT”(x0+4//) +(x-x9)>—ct)- 1arctan( z ./ Po+(x-x)? )

(BS)

To obtain the whole longitudinal B-field created by a thick
antenna, we integrate Eq. (B5), which is valid for a single cur-
rent loop, over the antenna thickness. Thus, it is necessary to
include the dependency of the aperture radius py = po(x”), as
well as the current density j,(xy) = j,(x') on the source
position,

~ S pele)?
B"(’“)‘z”/ S T ) + (o)

2 2 1 1/2
" <(7) TG ))
w S E /PG (e V)i arctan(Ea/p ()24 (v-x')?)
(B6)

The first factor inside the integral denotes the current den-
sity distribution /i (x"). It is related to the electrons density and
velocity by j,(x") = gnv(x"), where ¢q is the electron’s charge,
n is the density, and »(x) is the velocity. The electron’s
mean velocity can be calculated classically equaling the laser
ponderomotive energy U, = q°E}/4m,w* to the electron’s
kinetic energy,

xXe

SR
v(x') = —=——TI(x'),
(x) N (=)
where the longitudinal change of aperture radius along the x’
coordinate is implemented in the E-field amplicude £,. The
I'(x") factor takes into account the effect of the antenna cur-
vature and is defined as

I'(x") =1 - cos (arctan (% p(x’)> )

The second and third factors in Eq. (B6) describe the de-
crease in B-field if the observer point x is shifted away from the
current loop position x’. The phase factor is discussed in
Section 3.B.

(B7)

(B8)
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