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Atomic fluorescence collection into planar photonic
devices
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Fluorescence collection from individual emitters plays a key role in state detection and remote entanglement
generation, fundamental functionalities in many quantum platforms. Planar photonics have been demonstrated
for robust and scalable addressing of trapped-ion systems, motivating consideration of similar elements for the
complementary challenge of photon collection. Here, using an argument from the reciprocity principle, we show
that far-field photon collection efficiency can be simply expressed in terms of the fields associated with the collection
optic at the emitter position alone. We calculate collection efficiencies into ideal paraxial and fully vectorial
focused Gaussian modes parameterized in terms of focal waist, and further quantify the modest enhancements
possible with more general beam profiles, establishing design requirements for efficient collection. Toward practical
implementation, we design, fabricate, and characterize two diffractive collection elements operating at 1 =397 nm;
a forward emitting design is predicted to offer 0.25% collection efficiency into a single waveguide mode, while a
more efficient reverse-emitting design offers 1.14% collection efficiency, albeit with more demanding fabrication
requirements. Close agreement between simulated and measured emission for both designs indicates practicality
of these collection efficiencies, and we indicate avenues to improved devices approaching the limits predicted for
ideal beams. We point out a particularly simple integrated waveguide configuration for polarization-based remote
entanglement generation enabled by integrated collection.
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In the context of trapped-ion quantum information processing
[1], collection of light scattered from atomic ions provides a
mechanism for state measurement [2—6], as well as photonic
entanglement of distant qubits [7—12]. This functionality is typ-
ically implemented by means of a high numerical aperture (NA)
objective collecting far-field radiation onto a detector. Pursuit of
large-scale trap arrays, as well as compact and robust implemen-
tations of full experimental systems [13], has motivated recent
work toward integration of detector devices within ion trap chips
for direct fluorescence capture [14—16].

For the complementary challenge of optical delivery to ions,
waveguides and beam-forming gratings integrated within ion
trap chips [17-20] offer advantages over conventional free-space
approaches in beam-pointing and phase stability [18,19,21],
along with promise for scalability [22,23]. Via reciprocity
[24-26], the same structures can be used for collection of light
emitted from ions into the waveguides.

Integrated collection into waveguide devices may offer sig-
nificant benefits in key aspects of scalable, integrated atomic
systems. This includes for qubit state readout, and as has
been recently discussed [27], remote entanglement generation.
Potential advantages include parallelizability, background sig-
nal rejection via spatial mode filtering, and ability to locate
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integrated detectors at regions remote from fluorescing atoms,
in principle, allowing flexible electromagnetic shielding of the
detectors from ions and trap electrodes, as well as decoupling
detector area from solid angle subtended by the collection optics
[28]. Furthermore, and as discussed below, photon collection
into single-mode photonics offers routes to particularly simple,
robust implementations of single-photon interference required
for entanglement generation between spatially separated ions.

Resonant cavities offer a route to order unity collection effi-
ciency at rates beyond that set by free-space spontaneous emis-
sion [10,29-34]; the associated technical challenges though,
particularly for ions, motivate an understanding of limits to
free-space collection more readily implemented in scalable plat-
forms. Far-field collection efficiency in integrated settings is
subject to the same NA limits as with bulk optics. Only prelim-
inary estimates for collection efficiencies into planar photonic
structures have been presented in the literature to date, with
limited work toward optimal designs for integrated collection
optics.

To precisely describe collection efficiencies achievable and
establish efficient metrics for optimization, here we show that
a simple argument from reciprocity allows expression of the
polarization-dependent collection efficiency in terms of the
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Fig. 1. (a) Schematic depicting point dipole source jq correspond-
ing to fluorescing ion and associated fields E4 and Hy, along with
fields radiated by the collection waveguide and grating as if sourced
by an effective current source j, launching amplitude in the single
waveguide mode sourcing the grating. Green/orange arrows (lines)
represent power flows (intensity contours) associated with the fields
labeled. The line at the origin defined as z = z, represents a choice
of overlap integral [Eq. (1)] evaluation plane near the grating. (b)
Orthogonal polarization states radiated by an atom, defined with
respect to an external, quantizing B-field, can be collected into
identical modes of separate waveguides. Black features represent
waveguides and gratings in the x—y plane; double-sided arrows
represent the dominant E-field polarization for either quasi-TE
waveguide mode. For the orientation depicted, n- and o-polarized
light (with radiation patterns denoted by red and blue solid lines) is
coupled into quasi-TE modes of separate waveguide channels.
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electric field that would be radiated by the collection optic
projected onto the radiating dipole, enabling straightforward
quantification and optimization of photon collection with almost
no approximations. We analyze practically achievable values for
idealized collection elements designed to couple to Gaussian
beams, extending beyond the paraxial approximation as required
for the high-NA focuses required for efficient collection. We
present preliminary design and characterization of planar single-
mode photonic collection optics, demonstrating submicron waist
focusing at A =397 nm in agreement with designed perfor-
mance, and with a predicted total 0.25% collection efficiency.
An improved device with suppressed spurious sidelobe scatter
is predicted to offer 1.14% collection efficiency. These consider-
ations indicate the required field concentration is achievable in
current designs at the blue/UV wavelengths of interest for most
species [27], and we discuss routes to more complete optimiza-
tion to approach the limits predicted. We also point out a signifi-
cant simplification possible for polarization-based remote entan-
glement generation using integrated collection into single-mode
photonics and single-photon interference [35]. Our work estab-
lishes a simple foundation on which to analyze/design collection
elements, and lays a basis for more sophisticated optimal design.

Collection efficiency into a single mode can be expressed in
terms of the overlap between the emission pattern of a classical
point dipole [36] with that of a beam that would be emitted
by a “collection grating" were it to be illuminated through the
single mode into which it couples (Fig. 1). That is, we have
complex fields E4, Hy associated with the radiation from the
point dipole with dipole moment p,p (magnitude p,, unit vector
p), and E,, H, associated with the field emitted by a grating,
both solutions appropriately normalized to unit power (i.e., with
units of V/mVW and A/mVW ). We work with the convention
that the physical field is given by the real part, e.g., for the
dipole radiation, by Re(E,). We consider p, and all fields to be
oscillating at a single frequency w, corresponding to the atomic
transition’s resonance; the single-frequency approximation is
valid as long as the dipole radiation profile varies negligibly over
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the natural linewidth I of the transition, a valid approximation
given that typically used atomic transitions have I'/w, < 107,

The power coupling n between these fields, i.e., the fraction
of power radiated by the dipole collected into the waveguide
mode, can be written as an overlap integral [24] between the
power-normalized dipole and grating fields:

2

(1)

q:'/z:Z’i(deH;+E2de)-da

For simplicity, we choose z = z,, the plane just above the collec-
tion grating [Fig. 1(a)]. However, the reasoning below shows 7
is independent of this choice.

A simpler, equivalent expression for 7 derives from Lorentz
reciprocity. Considering a (power normalized) source current
associated with the emitting atom j,4 sourcing E; and Hy, and
J. the effective source for the grating field E, and H,, the
fundamental reciprocity relation tells us that [26]

V~(deH;+E;><Hd):—jd-E;—j;-Ed. )

We consider a radiating point dipole at r, with polarization vec-
tor p = pop so that jy = —iwepopd(r — 1), and E, the field of the
beam emitted by the grating coupler with effective source lying
below z = z,. We can integrate over the infinite half-volume
above z = 7z, and use the fact that in the far-field [on the hemi-
sphere at r — oo, depicted in Fig. 1(a)], where the propagating
fields are transverse, the quantity within the divergence above
vanishes at all points [37] to find

/ (B x H; + By x H,) - da = iwnpob - Ey(ry). (3)

Substituting into the overlap integral [Eq. (1)], the coupling
efficiency

1= seuini b Ewf @
is expressed in terms of the power normalized p, and E, eval-
uated only at the ion location. This form also shows that the
overlap integral [Eq. (1)] is equivalent for any arbitrary plane or
curved surface.

Expressing 7 this way establishes a straightforward basis on
which to design/optimize collection into single modes of any
structure, simply requiring appropriately polarized, tight focuses
at the ion location to maximize the (normalized) field projected
on the radiating dipole, \f) . E;(ro)’. For readout, we simply max-
imize total efficiency, whereas tailored polarization selectivity
quantified by the vector dot product above is key for many
schemes for generation of ion—photon and ion—ion entanglement
as described above. Additionally, positioning errors’ impact on
n is given by the spatial dependence of the grating field E,(r).

As a consistency check between both expressions for n and
to provide insight into required beam profiles, we numerically
calculate n according to Egs. (1) and (4). We calculate dipole
emission coupling to ideal Gaussian modes represented both
paraxially and fully vectorially, as well as the optimal beams for
a given numerical aperture constraint. For simplicity, we set the
grating beam emission angle to be vertical [0 = 0 in Fig. 1(a)],
that is, propagating along +z with E, primarily in the x—y plane.

As a particular experimental example, we take 4 = 397 nm
corresponding to the S/, < P, transition in **Ca* [1], noting
however that the scale invariance of Maxwell’s equations allow
application of these results to other ion species by rescaling for
wavelength.



30 Vol. 3, No. 1/25 February 2025/ Optica Quantum

Research Article

107

=102F

102 F

—Vectorial

Paraxial

— Apertured Power

o
(6]
Intensity (a.u.)

0 0.5 1 1.5 2
W, (um)

Fig. 2. Paraxial and vectorial Gaussian beam coupling to dipole radiation at A = 397 nm. Here, 7 is calculated for 7 (solid lines) and o,
(dashed lines) radiation (Fig. 1) coupling to Gaussian beams with dominant linear polarization along X and ¥, respectively. Both methods of
calculating efficiency 7 [Eqgs. (1), (4)] agree for exact vectorial fields (red curve) and are independent of ion height. Overlap calculated via
the paraxial approximation (blue) falls off from the exact result (red) for the small waists relevant for high collection efficiency, shown here
for 40-pum ion height. Dipole polarization o (dashed) couples half as well as & (solid) by linearity (see main text) with the exception of the
apertured power curves (black). The optimal beams (black), and the 7 polarized Gaussian (solid red) approach 50% power coupling (top left)
for infinitely tight focuses. A wavelength-waist Gaussian beam (red) performs 89% as well as the ideal beam (green) for 7 polarized dipoles,
and 80% optimally for o.. Corresponding to the apertured power (black dots), the optimal beams profiles in the focal plane are shown on the
right for the three labeled points A, B, and C in the left panel, and resemble a Gaussian spot both in shape and size, except at the tightest

focuses (points A,B).

We orient the magnetic field defining the quantization axis
along the x-axis (B || X in Fig. 1), thereby defining the atomic
unit polarization vectors P, = X and p,, = (¥ +iz)/ V2. Next,
we scale these polarization vectors p = poP to emit unit power
with

127

= =4 —, 5
Po |p| CZZ()k4 ( )
taking the far-field form for the associated fields [36]
ckZ eikr
Hy = —(t
1= g ExPT (6)
Ed - Z()Hd X f'

because the distance to a typical grating structure far exceeds
the wavelength. Here, c is the vacuum speed of light, k = 27/2
is the wavenumber, Z, = +/ o/ € is the impedance of free space,
and r = rf is the position vector from the ion location.

For E,, we take a Gaussian beam linearly polarized in the x—y
plane to maximally couple to E, (X for 7 and ¥ for o, emission).
We calculate E, both within the paraxial approximation and with
a full vectorial treatment. The paraxial Gaussian propagating
along 7 takes the textbook form

’ " (@)

X*+y2 X+

xexp(—W—l T(Z) s

normalized to unit power in SI units. The Rayleigh range z,
Gouy phase ¥(z), beam waist w(z) = wy+/1 + (z/2z)?, and radius
of curvature R(z) are as defined in [38]. The blue lines in Fig. 2
show the overlap of these paraxial beams evaluated with 7- and
o.-polarized dipole radiation, for a beam focused at the ion loca-
tion and for varying focal waist. Note that both o, couple equally
to the Gaussian due to its assumed linear polarization, and with
half the 57 of & radiation since only the §-component is coupled.
The increasing n with decreasing waist is as expected due to the
stronger E, at the ion location for tighter focuses. The apparent
drop-off for wavelength-scale waists, however, arises due to a
focal shift inherent to the breakdown of the paraxial approxi-
mation; the paraxial fields at the overlap plane correspond, if
propagated exactly, to a focus before the ion.

To obtain the exact i values and verify the overlap integral
for tight focuses of practical interest, we go beyond the paraxial
approximation. To do so, we choose the particular solution to
Maxwell’s equations most similar to the paraxial field profile at
the focal plane of the ion by finding its angular-spectrum decom-
position [39,40], then removing longitudinal polarizations from
each plane-wave component. The analytic expression for this
Fourier field [Eq. (A5)] is derived in Appendix A. Phase evo-
lution and subsequent inverse Fourier transform then gives the
field profile at any other plane (appendix A).

With this fully vectorial focused beam, we calculate 7 via the
overlap integral [Eq. (1)] and field projection [Eq. (4)]. Both cal-
culations produce the same red lines in Fig. 2, and confirm ’s
scaling with w, beyond the paraxial approximation’s validity.
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Fig. 3. (a) SEM image of the fabricated grating coupler designed for 30° forward emission with submicron waist at 30-pm height above
the chip surface. Cross sections of (b) simulated and (c) measured beam profiles at 4 = 397 nm in the x—z plane, showing multiple diffraction
orders. (d) Cross section of the simulated (top) and the measured (bottom) beam profiles in the x—y plane at the focus height of z = 30 um
(within 1 pum height measurement uncertainty). (e) and (f) Beam profiles along transverse (y) and longitudinal (x) cuts, respectively, at the
focus. Points are from the measurement, dashed line indicates FDTD simulation result. Red lines are Gaussian fit to the center lobe indicating
wy = 0.67 and w, = 0.78 um. (g) Simulated and (h) measured beam profile for single-order reverse-emitting grating. The spatial extent of the
grating is indicated by the dashed gray line along the x axis of panels (b), (c), (g), and (h). Measured data in panels (c) and (h) are obtained

with 1 pm resolution along z.

These results indicate wavelength-scale Gaussian waists pro-
vide n values of multiple percent. We note that calculating
n via field projection [Eq. (4)] with the paraxial focal fields
avoids the paraxial focal shift issue, and gives results within
40% of the exact values down to the tightest waists shown in
Fig. 2.

We also explore the theoretical maximum performance of an
optimal collection optic, which would of course mode-match the
dipole emission over its aperture (E, = E,), thereby coupling the
full incident power. For our Gaussian beams, we define a rele-
vant aperture as containing 99% of the power. For the field of
Eq. (7), this corresponds to a radius 1.5w(z,), where w(z,) is the
beam waist in the grating plane at z,, which of course grows
large for tight waists in the focal plane (consistent with numer-
ical aperture). The black lines in Fig. 2 show the total incident
radiation over this aperture. These curves demonstrate that a
linearly polarized Gaussian beam focused to w, = A performs
89% as well as the ideal beam given the aperture (black) for
n polarized dipoles, and 80% optimally for o.. Note that the
increase in apertured power visible in Fig. 2 for large w, is due
to the fact that, in the limit of large focal waists, w(z,) ~ w, and
hence the apertured power increases with w, despite poor mode
matching between E, and E,.

We also compute the optimal field profiles at the ion plane
corresponding to the ideal collection optic. Because 7 is given
by the field projection [Eq. (4)], this corresponds simply to max-
imizing the field at the ion location for a constrained aperture.
To do this, we simply set E, = E, within the aperture, and 0
elsewhere. We then renormalize the field to unit power, apply
time reversal, and propagate the field back to the ion location
(appendix A). We confirm that this is the ideal field profile by
verifying that the field projection [Eq. (4)] at the ion location
matches the apertured power (labeled points in Fig. 2).

The optimal intensity profiles are shown in the right panels
in Fig. 2. The beam appears qualitatively similar to a Gaussian
beam for w, = A, consistent with the Gaussian beam 7 values
(red) closely tracking the total apertured power (black). That
continues up to impractically wide Gaussian beams (~ 2 um),
because after that point, the aperture on the grating plane begins
to grow again. These visualizations may offer some intuition for
strictly optimal field profile design for collection, though again,
we note our analysis shows for wavelength-scale beam waists,
the expected gain beyond focused Gaussians is modest.

We frame the above discussion by spot size to work indepen-
dently from the position of the aperture. However, there are some
details that do depend on the location z,. While less general, the
following still provides an approximate rule of thumb. Given
a circular aperture 40 pm below the ion and of practical size
(> A), the optimal fill factor for the Gaussian beam is to have a
radius that is 88.1% of the aperture size. This size trades off the
power clipped at the aperture with the improved mode matching
to maximize the field projection at the focus. We compute this
by normalizing the beam power, before clipping the field to 0
outside the aperture.

To compare performance achievable with planar optic collec-
tion elements with that predicted for an ideal target Gaussian
beam, we design, fabricate, and test focusing collection gratings
intended for sub-micron spots at 4 = 397 nm and a focal height
of 30 um, using the approach to grating apodization, chirp, and
line curvature described by [41]. A single 80-nm-thick layer of
(HfO,).(Al,03),_, composite [42] withn = 1.967 at A = 397 nm
is used as the waveguide core. In the full stackup, this core sits
on 3 pm of thermal SiO, on Si substrates, with 1.5 um of top
SiO, cladding.

A first design targeted a 30° average forward emission angle,
to produce constructive interference upon reflection from the
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Si substrate [43] for the thermal SiO, thickness employed here,
and a focal waist along both dimensions of 0.5 pm. A minimum
feature size of 75 nm was used for the design. The average
periodicity is ~350 nm, with perturbation duty-cycles in the
range of 0.2-0.4.

Figure 3(a) shows an SEM image of the fabricated device.
Full 3D finite-difference-time-domain (FDTD) simulation of the
structure [Figs. 3(b) and 3(d), upper panel] indicates emission
into the targeted Gaussian beam at a focus at z = 30 um with a
simulated waist of approximately 0.7 wm. The fabricated grating
was characterized in beam profiling measurements via emission
imaging through an NA = 0.95 50x objective. The good cor-
respondence between experimentally measured emission and
fit waists with the FDTD simulation [Figs. 3(e),3(f)] indicates
that submicron waists as required for efficient collection are
realizable with the design method used.

For a Gaussian beam with w, = 0.7 um, close to that real-
ized by the fabricated emitter, we expect 7 = 2% for w-polarized
emission (Fig. 2). However, from the normalized full radiated
field as simulated, Eq. (4) predicts an iy of only 0.25%. This ~8x
lower efficiency is due both to the grating’s limited upwards radi-
ation efficiency of 47%, and the appreciable power radiated into
sidelobes and additional diffraction orders [Figs. 3(b),3(c)]; for
this device, the main Gaussian accounts for only 28% of the
upwards radiated power and 13% of the total input power. Radi-
ation efficiency and scattering into sidelobes and higher orders
are key limitations to alleviate to enable efficient integrated
collection.

Higher-order emission can be addressed most simply through
emission at angles supporting only a single diffracted order [43].
An improved design targeting the same focal waist in design
and supporting only a single diffracted order at a 30° reverse
angle exhibits an FDTD-simulated total upwards efficiency of
56% with significantly suppressed sidelobes [Fig. 3(g)]. This
results in a much enhanced predicted n = 1.14% collection
efficiency, essentially lower than the values in Fig. 2 only
due to upwards radiation efficiency. The smaller periodicities
required for diffraction at this angle result in smaller minimum
feature sizes of 45 nm and somewhat more challenging fabrica-
tion, although roughly consistent with capabilities of advanced
foundry photonics processes [44]. The measured beam profile
for a device fabricated to this design is shown in Fig. 3(h). The
fit beam waist of the measured grating emission is w, = 0.82 pm
and w, = 0.6 um, in agreement with the full FDTD-simulated
waists of w, = 0.82 um and w, = 0.66 um.

These observations indicate the challenges toward reaching
the limits predicted in Fig. 2 with practical devices. While
upwards radiation efficiency can be significantly higher than
50% with the use of a bottom reflector [41,43], the range
of emission angles involved for tight focusing precludes con-
structive interference over the full grating area using this
simple mechanism, limiting upwards radiation efficiencies in the
designs presented here. Two-layer gratings may enable efficient
upwards-radiation efficiency over the full aperture even for tight
focuses [45-47], further allowing suppressing of higher-order
emission for more relaxed minimum feature sizes as compared
with single-layer gratings. In addition, we note that the design
methodology itself was based on paraxial propagation which
breaks down for the targeted focal spots. This resulted in a larger
realized waist both in FDTD simulation and measurement than
the design target, and we expect a more accurate design pro-
cess, or direct optimization for n, will enable tighter focuses.
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Fig. 4. Scheme for integrated polarization-based photon-
mediated entanglement generation. Because, in the typical Bell-
state analyzers used, orthogonal polarizations do not interfere,
collection of m- and o-polarized photons into the same modes
of separate waveguides, in essentially a dual-rail encoding of the
emitted photon state from either atom, allows for the required single-
photon interference realized with simply two on-chip 50/50 beam
splitters (BS) acting only on the fundamental quasi-TE waveguide
mode. Single-photon detectors 1-4 depicted on the right may be
integrated or fiber-coupled off-chip as shown.

Addressing these limitations will be critical to realizing inte-
grated single-mode collection efficiencies competitive with that
of bulk free-space optics.

Finally, we point out that integrated polarization-dependent
collection from separate ions into the same fundamental wave-
guide modes of different waveguides (essentially implementing
a “dual-rail" encoding of the photon as emitted from either
atom), as illustrated in Fig. 4, enables a particularly simple
implementation of the required single-photon interference for
polarization-based remote entanglement generation [9,27,35].
Both ions are simultaneously excited and may decay to two pos-
sible final states via emission of a o- or a m-polarized photon.
Adopting a phase convention with the action of a single beam
splitter represented by

b] _|r it a
bz T\t =r)\a,
with a and b coefficients labeling inputs and outputs, respec-

tively,and r=¢r=1/ V2 for a 50/50 beam splitter [25], the two
50/50 beam splitters clearly implement the transformation

by, -1 0 i 0)\{a
byl 1[0 -1 0 i |]aq.
byl N2l P 0 =1 0 ||
b, 0 i 0 -1/\a,,

which is exactly that implemented by the 50/50 non-polarizing
beam splitter in the free-space implementation of [9]. With the
typical requirement that detection at the beam splitter outputs
encodes no information about the path traveled prior to the beam
splitter, coincident counts on detectors 1 or 2 and 3 or 4 corre-
spond to a photonic state expressed in terms of the modes before
the 50/50 beam splitters of (|1, 1,,) % |1, 1,,)) /V2 (with |1)
representing a single-photon Fock state of the corresponding
mode), and a corresponding maximally entangled state of the
two emitting atoms for an internal level structure as used in [9].
Since orthogonal polarization states do not interfere in any case,
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identically polarized photons from the two ions can be sepa-
rately interfered and detected, and the mode multiplexers and
mode-agnostic beam splitters discussed for waveguide imple-
mentations of this scheme in [27] can be avoided at the cost of
one more splitter acting on the same waveguide modes. This
results in a significant simplification of the required photon-
ics, requiring only the collection gratings and 2 X 2 splitters
robustly implementable with standard multi-mode-interference
devices [48], acting on a single fundamental waveguide mode
for all channels. That 7 and o photons are detected on sepa-
rate branches automatically ensures that the partial Bell state
analyzer is realized.

Our work points to the requirement for optimizing the field
output of a collection device projected along the radiating dipole
polarization, to optimize photon collection into a particular
mode. This offers a simple figure of merit for optimization,
including via inverse design [49], quantification of coupling to
undesired modes and polarizations, and of positioning errors on
1. We relate this efficiency to the waists of Gaussian modes,
defining spot sizes required to achieve a particular 5. For tight
focuses, we show that Gaussian beams perform near (80—-90%)
optimally and qualitatively resemble the optimal beams. For
practically achievable focuses, we predict 7 on the level of mul-
tiple percent. However, we note that significant enhancements
in entanglement rate are not expected for integrated implemen-
tation as compared with high-NA bulk optics in state-of-the-art
experiments [9,12]. In fact, our work points to improve-
ments in design required to achieve collection efliciencies
into integrated elements competitive with leading bulk optical
demonstrations.

Integrated collection, as analyzed here, with efficient collec-
tion optics would enable routing to integrated detectors with high
modal selectivity and effective background suppression, as well
as the use of compact waveguide-coupled integrated detectors
with dimensions independent of the collection aperture. While
our discussion has focused on diffractive grating couplers for
coupling into SM waveguides, similar functionality may be
implemented with devices leveraging metasurface techniques as
well [50-52]. For remote entanglement, the parallelizability of
integrated collection offers routes to multiplexed generation on
multiple ion pairs in general, as well as alternatives to transport-
based multiplexing for increased rate given collection efficiency
constraints [53]. The robust polarization encoding enabled and
ability to use single modes of separate collection waveguides
is expected to translate into significantly higher robustness and
perhaps fidelity. Additionally, collection efficiency associated
with a given optic can be doubled by coupling into two sym-
metrically placed elements, and combining their outputs via
a 50/50 waveguide splitter. Additionally, collection into field
profiles with zero gradient at the ion location, e.g., into stand-
ing wave profiles associated with such symmetrically placed
emitters, may in the future further enable suppression of collec-
tion of sideband scattered photons [21,54], which together with
the precise polarization and phase control in integrated settings
may in the long run assist in optimizing remote entanglement
fidelity.

APPENDIX A. FFT PROPAGATION

We propagate fully vectorial fields from one plane to another via
an angular spectrum decomposition [39,40]. First, we describe
the method and how it describes propagation fully obeying
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Maxwell’s equations, and finally we explain its numerical
implementation with the fast Fourier transform.

1. Angular Spectrum and Maxwell Corrections

The angular spectrum is the 2D Fourier transform of the field
on a plane. That is,

El, := ZwlEL); (A1)

> 1 & e
Blikok) = = / / E(ry.2)
TT Jx=—c0 o y=—c0

X exp [—i(kxx + k).y)]
x exp [—ik.z;] dxdy

(A2)

formally and in components respectively. Here, the z; is the
initial plane that the angular decomposition is performed on,
and k, = [k — k2 — k2.

Second, we apply this decomposition to compare the parax-
ial Gaussian to the closest exact solution to Maxwell’s equation.
The paraxial Gaussian (Eq. (7)), along with most arbitrary fields,
do not satisfy Maxwell’s equations. Specifically, their angular
spectrums’ include longitudinal waves. Subtracting these com-
ponents from the original Fourier field E yields the corrected
angular spectrum E°:

EC:=E—-(E bk

Next, we remove the evanescent waves to improve numerical
stability. This does not affect the coupling, because these waves
do not carry power to the collector in the far field. Explicitly

‘:;’C
E ifky<kol After
0 else
performing these two corrections, we renormalize the field to
unit power.

In order to compute the field along other planes, we compute
the inverse Fourier transform of an angular decomposition that
has advanced in phase. That is

~ce

we remove evanescent waves by E

173|Z/ =% [E explik, - (z; — z,-)]] (A3)

where z; is the final plane that we want the real space vector field.
In the general case, the FFT will compute this with complexity
O(nlogn), where n is the number of sample points. In special
cases, this can be done analytically, such as the paraxial Gaussian
beam. Starting from its focal field, to preserve the spot size,

we analytically solve for E . The closed form solution for a
primarily x-polarized fully vectorial Gaussian is then

EVG(k.’C’ ky)'z:() = (A4)
—l‘1fz(k§+k§) _kf/lz + 471-2
W€ * 0 Sk 2 (A5)

8V2172 |k A+ ) + A

where k., k,, and k. = /(27 /)" — k2 — k? are wave-vector com-
ponents, wy is the focal radius, and A is the wavelength of light.
This field rigorously satisfies Maxwell’s equations as a sum
of transverse plane waves, as demonstrated by the dot product

EVG .z= 0.
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APPENDIX B. NUMERICAL DETAILS

The overlap integral is numerically calculated along a sample
grid. We sample the field along the grating plane over a 200 um
%X 200 um domain to capture even the widest Gaussian beams
we test, with a resolution of 3501 by 3501 points, to be well
over the Nyquist sampling rate for our wavelength. We take the
geometry of Fig. 1 with an ion height of 40 um, though we verify
numerically that i as calculated vectorially is unaffected by the
choice of integration plane, as indicated by Eq. (4).

We note that the two terms in the overlap integral
(Eq. (1)) are equal, so we numerically compute it with the

following:
1 *
'/_ E(EdXHg) -da

=7g

2

For computing the paraxial gaussian, we use R;,, = 1/Rto bypass
the numerical singularity in the intermediate steps.
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