RESEARCH ARTICLE | OCTOBER 22 2025

Two-mode and dual-resonant planar photonic waveguides
for efficient guiding and trapping of atoms

Yuri B. Ovchinnikov & ©

\ '.) Check for updates ‘

J. Appl. Phys. 138, 164402 (2025)
https://doi.org/10.1063/5.0296003

& B

View Export
Online Citation

Applied Physics

Y
o
©
| -
| -
-
o
ﬁ

Articles You May Be Interested In

A perspective on integrated atomo-photonic waveguide circuits

Appl. Phys. Lett. (January 2022)

Broadband single-mode planar waveguides in monolithic 4H-SiC

J. Appl. Phys. (January 2022)

Crystalline-to-plastic phase transitions in molecularly thin n -dotriacontane films adsorbed on solid surfaces
J. Chem. Phys. (September 2009)

IDEN

ANALYTICAL

From Gas Phase to Surface:

Diagneostics for Applied Physics Research

Teols for vacuum, plasma processing and experimental physics

Trusted in Research
for over 40 years Find Solutions for Your Research

AIP
é/__ Publishing



https://pubs.aip.org/aip/jap/article/138/16/164402/3368875/Two-mode-and-dual-resonant-planar-photonic
https://pubs.aip.org/aip/jap/article/138/16/164402/3368875/Two-mode-and-dual-resonant-planar-photonic?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-5631-1762
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0296003&domain=pdf&date_stamp=2025-10-22
https://doi.org/10.1063/5.0296003
https://pubs.aip.org/aip/apl/article/120/1/010502/2832581/A-perspective-on-integrated-atomo-photonic
https://pubs.aip.org/aip/jap/article/131/2/025703/2836521/Broadband-single-mode-planar-waveguides-in
https://pubs.aip.org/aip/jcp/article/131/11/114705/976182/Crystalline-to-plastic-phase-transitions-in
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3875353&setID=1044475&channelID=0&CID=1756770&banID=524917985&PID=0&textadID=0&tc=1&rnd=2661621833&scheduleID=4147087&placementScheduleId=4147087&adItemScheduleId=0&adSize=1640x440&ip=139.143.184.125&metadata=%5B%5D&mt=1789378312515876&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0296003%2F20770261%2F164402_1_5.0296003.pdf&request_uuid=662f6bf0-ddd0-4773-aef8-9cd251b3ceb2&hc=fff20ff427f46fcb5eb938b0b4c6767202ad89fd&location=

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

Two-mode and dual-resonant planar photonic
waveguides for efficient guiding and trapping

of atoms

Cite as: J. Appl. Phys. 138, 164402 (2025); doi: 10.1063/5.0296003

Submitted: 12 August 2025 - Accepted: 6 October 2025 -
Published Online: 22 October 2025

©

View Online

®

Export Citation CrossMark

Yuri B. Ovchinnikov?’

AFFILIATIONS

National Physical Laboratory, Hampton Road, Teddington TW11 OLW, United Kingdom

@ Author to whom correspondence should be addressed: yuri.ovchinnikov@npl.co.uk

ABSTRACT

The trapping of ultra-cold atoms using two-color evanescent light waves formed by propagating modes of suspended optical rib waveguides is
modeled in different configurations. Reducing the anisotropy of the two-color evanescent optical dipole potential requires two laser light com-
ponents with a large frequency difference. The upper frequency is guided in the two lowest transverse waveguide modes, and the lower fre-
quency propagates in a single-mode regime. This increases the depth of the dipole potential in the lateral direction. An additional increase in
the optical dipole potential can be achieved by tuning the frequencies of the two modes to two different atomic transitions. When applied to
rubidium, the total depth of the corresponding surface optical dipole traps can reach 0.3 mK or greater under reasonable conditions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0296003

I. INTRODUCTION

All-optical atom chips' for coherent manipulation of ultra-
cold neutral atoms based on atomo-photonic waveguides’ have
great potential for quantum sensing,” on-chip atomic clocks, and
quantum computing with optically trapped neutral atoms.*
Initially, the trapping of atoms in two-color evanescent light waves
was proposed using two laser beams that undergo total internal
reflection at the interface between dielectric media and vacuum.’
This configuration allows the transverse sizes of the laser beams
and their angles of total reflection to be chosen freely, making it
easy to realize stable trapping of atoms in two-color evanescent
light fields, as demonstrated in Ref. 6. Another configuration for
trapping atoms in two-color evanescent light fields uses nanofi-
bres.”” The cylindrical shape of a nanofibre eliminates the lateral
stability problems of the corresponding optical dipole traps, which
can have a depth of up to 0.4 mK.”

The use of planar photonic waveguides for trapping atoms in
two-color evanescent light waves presents two major challenges. For a
standard planar photonic waveguide fabricated on top of a dielectric
substrate with a smaller refractive index, the maximum propagation
angle for supported modes is limited by the difference in refractive
index between the waveguide and the substrate. This reduces the

penetration depth of the evanescent light waves in a vacuum, where
the atoms are supposed to be trapped. In the presence of van der
Waals interactions between the atoms and the dielectric waveguide,
this results in the requirement of unrealistically high laser powers in
the two-color modes of the waveguide in order to trap the atoms.
This problem can be solved by using suspended planar optical wave-
guides,'” which provide evanescent light field penetration depths
similar to those of nanofibres. Another problem is that, for all types
of planar photonic waveguide, the higher-frequency mode has a
smaller lateral size than the lower-frequency mode. This is the oppo-
site of the condition required for stable lateral trapping of atoms in a
corresponding two-color evanescent optical dipole trap. Fortunately,
under certain conditions, the lateral trapping of atoms in such poten-
tials is still possible, albeit much weaker than the trapping of atoms
in a direction normal to the waveguide surface. This large spatial
anisotropy of the trap potentials typically limits their depth to several
microkelvins. These reasons explain why, in spite of multiple different
proposals,”>'*™'® the trapping of atoms in planar photonic wave-
guides has never been observed to date.

This paper discusses how to significantly increase the total
depth of two-color evanescent light traps formed by the propagat-
ing modes of a two-mode suspended optical rib waveguide.

J. Appl. Phys. 138, 164402 (2025); doi: 10.1063/5.0296003
© Author(s) 2025

138, 164402-1


https://doi.org/10.1063/5.0296003
https://doi.org/10.1063/5.0296003
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0296003
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0296003&domain=pdf&date_stamp=2025-10-22
https://orcid.org/0000-0001-5631-1762
mailto:yuri.ovchinnikov@npl.co.uk
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0296003
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

The paper is organized as follows: Sec. II considers the funda-
mental characteristics of a biexponential potential. Section III
describes how all the trap potentials in this paper were calculated.
Section IV calculates the surface optical dipole potential of two
modes of a single-mode suspended optical rib waveguide that are
in quasi-resonance with the lowest electron transition of the 8 Rb
atom. Section V considers a two-mode waveguide case in which
two frequency components are far frequency detuned from the
lowest electron transition of the Rb atom. Section VI discusses
the case of a two-mode waveguide with two frequency components
that interact primarily with two different electron transitions of the
87Rb atom.

Il. GENERAL PROPERTIES OF BI-EXPONENTIAL
OPTICAL DIPOLE POTENTIAL

A one-dimensional optical dipole potential, Uy, formed by
two evanescent light waves, which have opposite frequency detun-
ings from a certain atomic transition can be written as

Udip(x) = Up(x) + Up(x) = U,el=2/4) 4 Upel=2%/h), (1)

where U,(x) and Uy(x) are the optical dipole potentials of the two
evanescent light waves’ frequency detuned to the red and blue sides
of the atomic transition. U, and U, are values of the dipole poten-
tials of the two evanescent waves at the surface of the waveguide
(Fig. 1), where x = 0 and d, and dj, are penetration depths of these
optical evanescent fields. Note, that according to properties of
optical dipole potentials, for the red frequency detuned evanescent
wave U, < 0 and for the blue detuned one U, > 0.

The minimum of the potential Ugpy(x) is reached at the
distance,

_1 d.d,
72d,—db

Xo In(S), (2)

where

_ dr Up
4U

3)

vacuum

g

Sio,

FIG. 1. Geometry of a suspended optical rib waveguide.
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For x, to be positive, d, > dj and S > 1. The parameter S is
also responsible for the depth of trap (4).

From (2), it follows that the ratio between the amplitudes of
red-detuned and blue-detuned potentials at the minimum of the
potential x = x, is determined by —U,(xo)/ Uy(x0) = d,/dp.

The depth of the bi-exponential potential is given by

dr Ay
Uap(%0) = UpS 7% + U, 75, )

The above equation can be used to derive the ratio between
the depth of the biexponential dipole potential, U(x), and the
potential of the red-detuned component, U,(x), at x = xo, which is
determined by the penetration depths only,

g(xo) _ dr db ) (5)
r(xO) dr

We will refer to this parameter as the efficiency coefficient of
the biexponential optical dipole potential and denote it by the
symbol 7. Sections II1-VIII will present examples of typical values
for this parameter.

lll. POTENTIAL OF OPTICAL EVANESCENT WAVE TRAP

In this section, we describe how to calculate the trapping
potential for Rb atoms in two-color evanescent light waves near
the rib surface of a suspended silica optical rib waveguide (Fig. 1).
The main part of the trapping potential consists of the optical
dipole potentials of the two evanescent light fields, which have dif-
ferent penetration depths in a vacuum, different frequencies and
opposite frequency detuning signs relative to certain atomic elec-
tron transitions.” The strength of the interaction between the
induced dipole moment of an atom and the amplitude of the
driving light field is characterized by the electric ac polarizability.'

The valence part of the scalar ac polarizability for the ground
state 52S;/, of ¥Rb atoms driven by light of frequency w is given
by the following formula:'®

1 @, (5s[IDlInp1j2)?  @np,,, (5s|Dl|mps )’
“v(w)=§Z / + / :
=5

2 —_ 2 — 2
wnpl/z @ (0)

2
w"Pz/z

(6)

where Wpp, are frequencies of the 52S; 52— n*P; atomic transitions,
j=1/2,3/2, n=15,6,7---, and (5s||D||np;) are reduced dipole
matrix elements of the corresponding transitions. The correspond-
ing value of the optical dipole potential is given by

U(r, w) = —%Ocav(w)l(r), 7)

where I(r) is the light intensity at the point with coordinates r.

The wavelengths and values of the reduced dipole matrix
elements for the 5°S;,, —n*P; atomic transitions of *’Rb are
presented in Table I. The values of the dipole matrix elements for
the transitions to 5°P;/, and 5°P;/, were taken from Ref. 19, and
the values for 62P, /2 and 62P3/2 were taken from experimental
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TABLE |. Wavelengths and values of reduced dipole matrix elements of lowest
allowed transitions of *'Rb.

Excited state A (nm) (5s]|D||n py) (Cm)
5%P1)s 794.98 3.606 x 107%°
52P;), 780.24 5.090 x 107%°
6°Py), 421.67 2.743 %107
6°Ps5 420.30 4.434x107%°
7*P1)s 359.16 9.750 x 10~
7°P5), 358.71 1.713 x 107%°
8°Py, 335.08 5.002 x 107!
8°Ps, 334.87 9.411x 107!

work.”’ All other data were taken from the original theoretical
modeling."”

Another important parameter of an optical dipole trap is the
spontaneous scattering rate of the trapping light’s photons by the
trapped atoms. This defines the trap coherence time and heating
rates. The spontaneous scattering rates were calculated using the
following formula:

s Qup, . (0

FSC(r> wi) = Z 1—‘”1’1/2

2
n=>5 4((07‘1’1/2 - 601‘)

Qup,, (1) )

np. 2
7 Ky, — ©;)

®)

where T,,7 is the natural linewidth of the corresponding
5281/2 — nsz/ transition, and the second term corresponds to
the population of the excited #n?P; state, provided that
Fup, < Qup, (r) < |wypy, — i]. The frequency w;, where i=r,b,
corresponds to the two different frequencies w, or w, of the wave-
guide’s modes. The term Q,,:(r) is the Rabi frequency of the
5%S,/, — n*Pj transition, which is defined as

1 5s||D i
NP 10 slPlnp) o

Note that, due to the strong dependence of the scattering rates on
the frequency detuning of the driving fields, it is usually sufficient
to consider only the closest atomic transitions in sum (8).

The total potential, Uy, of the evanescent light trap, including
the van der Waals interaction between the trapped atoms and the
dielectric surface of the waveguide, was calculated as follows:'

Ut (%, ¥) = U, (0, y) exp(—2x/d,) + Uy(0, y) exp(—2x/dy)

_ C3/lqj’/27l' (10)
%3 (x + Aoy /2)

where the first two terms correspond to the optical dipole poten-
tials of the two evanescent wave fields, while the third term repre-
sents the interaction potential between the rubidium atoms and the
dielectric surface of the SiO, rib waveguide. The van der Waals
coefficient is C; = 5.699 x 10~* Jm?, and the effective wavelength
is Ay =710nm.”" The lateral distributions of optical dipole

ARTICLE pubs.aip.org/aip/jap

potentials, U,(0, y) and Uy(0, ), along the surface of the waveguide
rib are calculated using Egs. (5) and (6), based on the correspond-
ing local mode intensities.

IV. SINGLE-MODE MONO-RESONANT
ATOMO-PHOTONIC WAVEGUIDE

In this section, we consider a waveguide that supports the
propagation of two frequency components of the trapping light in
a single mode. The frequencies of these two modes are also tuned
close to the 5S;/, — 5*P5, atomic transition. The interaction of
light with this transition makes the main contribution to the
optical dipole potential. According to Egs. (6) and (7), the magni-
tudes of the optical dipole potentials increase resonantly near
atomic transition frequencies. Therefore, tuning the frequencies of
the two waveguide modes close to a particular atomic transition
should enhance the optical dipole potential. In the following, two
modes with wavelengths A, = 782 nm and 4, = 778 nm, which are
detuned by ~2nm from the 525/, — 5°P;, transition of *’Rb,
Ao = 780.24 nm are considered.

Numerical simulations of the supported modes of a suspended
silica optical rib waveguide’” show that a waveguide with
h=300nm, h, =30nm and w = 1.5um (Fig. 1) only supports
single TEgy modes at these wavelengths. The penetration depths of
the evanescent waves of these modes in a vacuum are
d, = 151.37 nm and d;, = 150.30 nm, respectively.

The total potential, calculated from Egs. (6), (7), and (10), for
optical powers in the two modes of P, =73mW and
P, = 8.3 mW is shown in Fig. 2. The maximum potential depth at
its minimum, at xy = 215nm, is Uy (%o, 0)/kp = 25.3uK, where
kp is the Boltzmann constant. The potential depth in the lateral
direction is determined by the potential depth at the saddle points:
X =0.17pum and y, = +0.65um. The total potential at these
points is Up(xs, + ¥5)/kp =21.25uK. The minimal depth of
the total potential is given by the lateral potential depth:
AU™ [kp = (Ugor (%0, 0) — Usor(xs, ¥5)) /kp = 4uK. The efficiency

tot

YY) N\ MK
7 \
7 \ -11.96
0.24} / ] -13.34
-14.72
T 022/7 ] -16.10
=S -17.48
X 020} -18.86
-20.24
0.18} ] -21.62
-23.00
0.16 -24.38
-0.5 0.0 0.5
y[pm]

FIG. 2. Cross section of the total potential for two TEgy modes at A, = 782 nm
and A, = 778 nm of a suspended optical rib waveguide at maximum surface
light intensities /,(0, 0) = 6.6 x 10°W/m? and /,(0, 0) = 7.5 x 10° W/m?,
The dashed yellow lines indicate the positions of the two edges of the photonic
waveguide’s rib.
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coefficient, given by Eq. (4), is quite small: n=7.07 x 1073

This  indicates  that

the

individual

potential

depths

U, (x0, 0)/kg = —3.69 mK and Uy (xg, 0)/kp = 3.67 mK at the trap
minimum are much larger than the resulting trap depth. This
results in a high total spontaneous scattering rate of photons at
x=x of Iy =6200s"! (8). This scattering rate leads to the

heating of the trapped atoms at a rate of approximately

dT/dt = (2/3)E.I'/kg = 750uK/s, where E, = i’k*/2m) is
the recoil energy of a single photon at the frequency of the
5%S;/, — 5°P5, transition and k = 277/, is a wave vector of light
at that frequency. This should limit the trapping time of atoms to

less than 5 ms. Another issue is the parameter S = 1.02. Note that
at S = 1, the minimum of the trap is located at the surface of the
waveguide. This means that even slight fluctuations or changes to
the U,/ U, ratio will cause a significant change in the position and
depth of the trap minimum. Therefore, this configuration is not

deep or stable enough for efficient trapping of atoms.

V. TWO-MODE MONO-RESONANT ATOMO-PHOTONIC

WAVEGUIDE

In this section, we consider the case of far frequency-detuned

light components, when the frequency of the blue component,
Ap = 698 nm, is almost twice that of the red component,

Ar = 1300 nm. It is not possible for these light components to

propagate in a single-mode regime in the same waveguide.
Single-mode propagation can be achieved for 1300nm light,
whereas 698 nm light propagates in a two-mode regime. In this
case, the primary source of the optical dipole potential is the inter-

action between light and the 5S-5P main electron transition of the

rubidium atom.

Numerical simulations”> show that a suspended silica rib
waveguide with & = 150 nm, h, = 30 nm, and w = 2.5um (Fig. 1)

supports the propagation of a single TEy mode at 1300 nm with

an effective refractive index of n = 1.0756, a propagation cons-
tant of 8 = 5.200um™!, and a decay length of d, = 488.1 nm, as

well as two transverse modes at 698 nm. The TEy, mode at 698 nm

is characterized by ngy = 1.1917, = 10.727um™", d, = 174.0 nm,

and the TEy mode by ne =1.1778, f=10.601ym™', and
dp = 168.4 nm. The simulated spatial distributions of light intensity
in the three propagating modes across the suspended waveguide are

shown in Fig. 3.

Cross sections of the normalized intensity distributions in the
modes along the y-axis are shown in Fig. 4. The blue solid curve
shows the lateral distribution of light intensity in the TEg mode at
698 nm. The red solid curve shows the TEq, mode at 1300 nm. As
can be seen, the lateral size of the blue-detuned mode is smaller
than that of the red-detuned mode. This means that, for the same

amplitude of the light fields, the repulsive forces generated by the
blue-detuned light prevail over the attractive forces generated by
the red-detuned light. This is because the lateral gradient of the
698 nm field is larger than that of the 1300 nm field. Fortunately,
due to the different decay lengths of the two evanescent light fields,
the amplitude and lateral gradient of the 1300 nm field are larger
than those of the 698 nm field at the minimum of the trap, making
the trapping stable in both transverse directions. However, this

FIG. 3. Numerically simulated spatial distributions of light intensities in guiding
modes of the suspended optical rib waveguide in the xy-plane: (a) TEqy mode
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at 698 nm; (b) TEy; mode at 698 nm; and (c) TEyy mode at 1300 nm.

I(rel. un.)
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FIG. 4. Normalized intensity distributions of light in the modes of the suspended
optical rib waveguide along the y-axis. Solid red curve is the TEy mode at
1300 nm, solid blue curve is the TEgg mode at 698 nm, dashed blue curve is
the TEq; mode at 698 nm, and dotted curve is a sum of intensities of TEqy and
TEp1 modes at 698 nm. The dashed yellow lines indicate the positions of the
two edges of the photonic waveguide’s rib.
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FIG. 5. Cross section of the total potential for two TEp modes at
Ar=1300nm and A, =698 nm of a suspended optical rib waveguide at
maximum  surface  light intensities  /,(0, 0) = 1.5 x 10"°W/m?  and
I(0, 0) = 1.2 x 10" W/m?. The dashed yellow lines indicate the positions of
the two edges of the photonic waveguide’s rib.

comes at the cost of a restricted central region and reduced total
potential depth in the lateral direction.

The total potential of trap (10) is simulated for the two
TEqy modes, with wavelengths of 1300 and 698 nm, and corre-
sponding total powers of 7.03 and 7.73 mW. Note that the geome-
try of the waveguide supports both the TEy and TEj; modes
at 698 nm. Therefore, the relative population of these two
modes may vary in response to different perturbations of the
waveguide geometry. The maximum intensities at the rib surface
are I,(0, 0) = 1.5 x 10'°W/m? and I,,(0, 0) = 1.2 x 10! W/m?, as
shown in Fig. 5. The potential minimum of Uy (xo, 0)/kp = 428 uK
is located at xy =228 nm, y =0, while the minimal potential
depth, which is determined by the lateral depth of the potential, is
AU [kg = 99 uK. This is a significant depth for the trap, which
can be explained by the large lateral size of the waveguide
w = 2.5um, which extends the lateral sizes of the modes and the
corresponding region of stable lateral trapping of atoms. The trap is
characterized by the parameters n = 0.644 and S = 5.38, which
determine its high efficiency and stability. The spontaneous
scattering rates of atoms located near the trap minimum,
estimated using formula (8), are T (698nm)=4.16s"! and
[(1300nm) = 2.76s7!, respectively. The heating rate of the
atoms due to the spontaneous scattering of photons from the trap-
ping light fields is approximately 0.8 uK/s.

The dashed blue curve in Fig. 4 shows the normalized inten-
sity distribution of the 698 nm TEj; mode along the y-axis. The
maximums are located at yJ5; = +0.776 um. The dotted blue line
shows the sum of the 698 nm TE, and TEj; modes with the same
amplitudes. Clearly, the lateral width of the superposition of the
TEg and TE; modes is larger than that of the TE; mode.
Therefore, adding the 698 nm TEy mode is expected to improve
the lateral depth of the trap. Figure 6 shows the total potential of
the trap formed by the 1300nm TEy mode with a power of
7.03 mW, the 698 nm TEq mode with a power of 7.73 mW, and
the 698 nm TE;; mode with a power of 8.65 mW. At these powers,
the maximum intensities of the 698 nm TEy, and TE;; modes at

ARTICLE pubs.aip.org/aip/jap
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FIG. 6. Cross section of total potential for one TEy mode of a suspended
optical rib waveguide at A, = 1300nm and two modes TEq and TEy at
Ap = 698 nm. The dashed yellow lines indicate the positions of the two edges
of the photonic waveguide’s rib.

the surface of the rib are equal to 1.2 x 10> W/m?. The minimum
lateral trap depth is increased to AU™" /kg = 317.6 uK.

Figure 7 shows the dependence of the minimum trap depth on
the relative portion of the TE;; mode in the guided 698 nm light.
This dependence demonstrates saturation at high values of the TE;
mode relative intensity and is more efficient at lower intensities.

It can be concluded that this trap configuration is efficient in
terms of power consumption and provides a stable, deep trap for
all ratios of TEqy and TEy; powers of 698 nm light.

VI. TWO-MODE DUAL-RESONANT ATOMO-PHOTONIC
WAVEGUIDE

This section discusses the use of two different electron transitions
in an atom to realize a two-color evanescent light trap. The idea
behind this approach is to maintain strong coupling of both frequency

300
250
200"

150

AU [Kp(nK)

100}

50f 3

04 06 08 10
ITEO1(01y‘rrT|]E?)>fI)/ITEOO(OyO)

00 02

FIG. 7. Minimum depth of the total potential for a trap formed by A, = 1300 nm
and A, = 698 nm modes of a two-mode suspended optical rib waveguide as a
function of relative intensity of the 698 nm TEq; mode.
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>
421.67 nm i
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780.24 nm

ﬂ>’
794.98 nm

581/2 ———

FIG. 8. Energy levels of four lowest 5s — np; transitions of &’Rb and frequen-
cies of the two modes of the waveguide.

components of the two-color light with the atom while the frequency
difference is large. This should enable the use of a two-mode photonic
waveguide to further increase the lateral trapping of atoms.

The choice of frequencies for the two optical fields of the trap
for ¥Rb atoms is shown in Fig. 8. The frequency of the “blue”
optical field component of the two-color evanescent light trap is
tuned above the 55 — 6P transition, while the “red” component is
tuned below the 55 — 5P transition. To achieve the maximum
depth of the trap, the wavelength of the “blue” component is set to
equal to A, = 420.2 nm, which is just 0.1 nm detuned from the
528, 52— 6°P; /2 transition. The frequency of the “red” component
is chosen to be far below the 55 — 5P transition at A; = 980 nm.
This choice is made to realize here the two-mode approach
described in Sec. V. The large difference in frequency detuning
between the two optical modes is due to the different strengths of
the atomic transitions involved.

According to the numerical simulations,” a suspended optical
rib waveguide made of silica with & = 150 nm, h, = 15nm, and
w= 1.5um (Fig. 1) supports the propagation of a single TEg,
mode at 980 nm with effective refractive index of the waveguide
e = 1.1065 and a propagation constant of § =7.0944um™",
whereas 420.2 nm light includes two modes: TEy with ny = 1.2870
and B =19.2487um™! and TEy mode with ey = 1.2768 and
B =19.0963um™1. The corresponding penetration depths of the
evanescent waves of these modes in vacuum are d, = 313.8 nm and
dp = 81.8 nm, respectively.

The total potential of the trap for powers of modes
Prggo(980 nm) = 6.3 mW, Prggo(420.2 nm) = 4.66 mW, and
Prgo1(420.2nm) = 5.78 mW is shown in Fig. 9. The maximum
intensities of the 420.2 nm TEy, and TEy, modes at the surface of
the rib are 1.2 x 1010 W/mz, while for the 980 nm TEqy mode, it is
9 x 10° W/m?. The trap minimum is located at xo = 133.3 nm,
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FIG. 9. Cross section of total potential for one TEy mode of a suspended
optical rib waveguide at A, =980nm and two modes TEy and TEy at
Ap = 420.2 nm. The dashed yellow lines indicate the positions of the two edges
of the photonic waveguide’s rib.

where the maximum potential depth is | Uy, (x0, )| /kg = 556.5 uK.
The saddle points of the potential are located at x; = 98.0 nm
and y, = +1.05um, where the potential depth is
|Usot (x5, £ y5)|/kp = 243.2uK. Therefore, the lateral depth of the
potential is A|U™"|/kg = 313.3uK. The trap is characterized by
S = 11.6 and n = 0.74, indicating good stability and efficiency.

According to (8), the spontaneous scattering rate of photons
of 420.2 nm light at the minimum of the trap at x = x is given by
I,(420.2nm) = 298 s~!. Note that this scattering rate cannot be
estimated using a standard two-level approximation, because the
excited 6P;/, state can decay not only to 55/, state, but also to
other excited states of ¥Rb.”” The scattering rate of the 980 nm
light is estimated to be I',(980 nm) = 0.78 s™'. The heating rate of
the trapped atoms is expected to be dT/dt = 124 uK/s. Therefore,
the trapping time of atoms in this trap is about 2's.

In the absence of the TEy; mode, the minimum trap depth is
equal to 44.8 uK.

The spontaneous scattering rate can be decreased by
increasing of the frequency detuning of the “blue” mode. For a
wavelength of 420.2nm and powers Prro(980 nm) = 6.3 mW,
Prpoo(419.3nm) = 5.83mW and  Prg;(419.3nm) = 7.34 mW,
the minimum trap depth |AU™"|/ky =22.8uK, while the
scattering rate is T'(419.3nm) = 1.9s7! and the heating rate is
dT/dt = 0.79 uK/s.

Therefore, the two-mode dual-resonant atomo-photonic wave-
guide is a working configuration and may offer advantages, as dis-
cussed in Sec. VII.

VII. DISCUSSION

The two-mode, mono-resonant atomo-photonic waveguide
operating at wavelengths of 698 and 1300 nm demonstrates excel-
lent performance. Its potential depth is 99 uK or above, depending
on the relative portion of the TE;; mode at 698 nm. The reduced
spatial anisotropy of the corresponding optical dipole potential is
related to the large lateral size of the waveguide rib, which reduces
the difference in lateral size between the 698 and 1300 nm TE,

J. Appl. Phys. 138, 164402 (2025); doi: 10.1063/5.0296003
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modes. This approach can certainly be applied not only to rubid-
ium but also to many other types of atoms.

The two-mode, dual-resonant atomo-photonic waveguide also
demonstrates quite deep trapping potentials, albeit with larger
spontaneous scattering rates. The main advantage of this configura-
tion is that it can produce a significant frequency difference
between the trapping modes of different colors, as well as deep
optical dipole potentials. Another advantage of using the high-
frequency electron transitions of an atom is the much shorter wave-
length of the corresponding light. This is beneficial for setting an
optical lattice with a larger number of sites at the intersection of
waveguides, enabling efficient coherent Bragg splitting of atoms
between the two crossed waveguides.”*

The mode-selective coupling of the blue-detuned light to the
TEyy and TE,; modes of the photonic waveguide can be achieved
using directional couplers or properly tuning of other types of
couplers. To efficiently load such atomo-photonic waveguide,
optical tweezers and moving optical lattices can be used.”>”” The
planar geometry of all-optical atom chips suggests the possibility of
implementing multiple atomtronic’® elements, such as coherent
waveguide beam splitters,”* waveguide interferometers,” crossed
traps,” or their arrays.

VIll. CONCLUSION

It has been demonstrated that two-mode suspended optical
waveguides can significantly increase the potential depth of
atom-photonic waveguides. Furthermore, using two-mode
waveguides—including dual-resonant ones—increases the range
of optical wavelengths that can be used for trapping atoms.
However, the stability of mode propagation in two-mode wave-
guides when bent or intersecting remains to be investigated.
Nevertheless, it is evident that this approach could efficiently load
atoms into all-optical atom chips, thereby solving an ongoing
problem. Overall, this should lead to multiple new applications of
these waveguides for the coherent manipulation of ultra-cold atoms
on all-optical atom chips, with potential applications in inertial
sensing, atomic clocks, and quantum computing.
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