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Abstract: In this paper we analyze the transmission and time delay
properties of light propagating through a microring resonator (MRR)
consisting of a solid core waveguide surrounded by an atomic vapor
cladding. Using the atomic effective susceptibility of Rubidium we derive
the complex transmission spectrum of the integrated system. We show, that
when the system is under-coupled, the transmission can exceed the
standalone MRR’s background transmission and is accompanied by
enhanced positive time delay. It is shown that in this case the contrast of the
atomic lines is greatly enhanced. This allows achieving high optical
densities at short propagation length. Furthermore, owing to its features
such as small footprint, high tunability, and high delay-transmission
product, this system may become an attractive choice for chip scale
manipulations of light.
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1. Introduction

Atomic vapor cells consisting of rubidium (Rb) or Cesium are extensively used both in
industry and research for myriad of applications such as atomic clocks [1], magnetometers
[2], slow light [3], and quantum computation [4]. In the recent years a vast effort in
miniaturizing atomic vapor cells is taking place [5-13]. Such Integrated photonic-vapor
devices may provide efficient light-vapor applications due to the reduction in size and power
consumption of the traditional vapor cells. Additionally, such systems show for
benchmarking fundamental surface [14] and linear and non-linear [10-13] light-matter
interactions, in dimensions that were previously unattainable.

When considering miniaturized light-vapor interactions on a chip scale, one approach
would to be to integrate a vapor cell above a photonic circuit, where the interaction would
take place via the evanescent decaying tail of the propagating mode supported by the photonic
waveguide. Using this approach, one can consider a myriad of light guiding structures that
can provide different types of interaction. In addition, this approach provides the ability to
miniaturize the whole light-matter interaction apparatus, i.e. the platform enables integration
and miniaturization of the atomic cell as well as the light's preparation, manipulation and
detection. Amongst such structures, the integration of a vapor cell above a micro ring
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resonator (MRR) is much desired due to the benefits in enhancement light mater interactions
as well as the interesting coupling of the dispersion of the MRR and vapor.

In this paper, we theoretically investigate such combined system, consisting of Rubidium
(Rb) vapor integrated above a silicon nitride MRR which is coupled to a bus waveguide. An
illustration of such a combined device is presented in Fig. 1(a), where a MRR with a bonded
Rubidium cell is shown. Although the basic intracavity properties of vapor-cavity systems
were previously investigated, such as the effect of intracvity dispersion [15], and
enhancement of slow light in a cavity [16], this paper provides the fist study of a combined
system consisting of vapor interacting with the evanescent field of a guided mode resonator.
Specifically, we investigate the transmission and time delay properties of a Rb serving as the
atomic cladding of an MRR. We use the effective atomic cladding susceptibility taking into
account different broadening mechanisms as well as the dephasing (quenching) of the atoms
on the wave guide’s surface in order to calculate the complex effective index of the combined
system guided mode. With these results, we analyze the transmission and time delay
properties of the combined system as a function of the coupling conditions between the bus
waveguide and the MRR. We show that the transmission of the proposed system exhibits
resonant lines with enhanced contrast. As a result, high effective optical densities become
achievable on a chip scale device. Moreover, we show both qualitatively and quantitatively,
that when the intrinsic loss rate of the MRR exceeds the coupling rate to the MRR (the under-
coupled regime) one can achieve enhanced time delay (slow light) accompanied with
enhanced transmission, whereas in the opposite case where the coupling rate to the MRR
exceeds the intrinsic loss rate (over-coupled regime) this scenario is inverted, i.e. a negative
time delay (fast light) accompanied with decreased transmission is obtained.

2. Atomic cladding index of refraction and atomic cladding wave-guide effective index

In Fig. 1(b) we illustrate the cross section of a nitride wave guide, with a bottom cladding of
silica, and top and side cladding of Rb vapor. We coin this structure as an atomic cladding
wave guide (ACWG). The waveguide dimensions were chosen as a compromise between the
requirement for dense integration from one hand and the desire for strong light-matter
interactions, i.e. the need for significant interaction of light with the surrounding atoms,
requiring a substantial portion of the optical mode to reside in the cladding. A Rb vapor is
illustrated as ballistically striking the waveguide, and reflecting form its surface. Due to this
thermal motion of the atoms with respect to the surface, a naive model that uses the bulk
complex dispersion of Rb as a cladding layer, and calculate the perturbation resulted by the
presence of the Rb vapor given the fraction of the mode residing in this cladding area isn't
sufficient. Instead, one should obtain an effective cladding complex index of refraction that
takes into consideration the atomic wall collisions, the finite time of interaction due to the
evanescent tail, and the enhanced Doppler broadening. In fact, a similar effective index of
refraction has been considered in the case of reflection from a dielectric-vapor boundary
[14,17-20]. Specifically, the case of attenuated total internal reflection (ATIR) [14,18,19] can
be exploited to obtain a guided effective index of refraction. Recently we have demonstrated
the feasibility of such a device, and have found the formalism of such an effective
susceptibility to be with good agreement with our fabricated device [10].

In order to find the refractive index of such an atomic cladding we solve the optical Bloch
equations, with a boundary condition of total dephasing (quenching) when an atom strikes the
waveguide wall, with no correlation between incoming and outgoing atoms. The first order
solution is separated into a steady state solution, for the atoms moving toward the wall and a
transient solution for the atoms moving from the wall. Using these two solutions, It can be
shown that the first order susceptibility is given by the following expression [14,18,19]:

o) . T  p—_ A ()

TEM, 12 Fop 2(2[+1)V =27Av —kv, —i(y—ik,y,)

x(v)=
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Where, N is the density of atoms, e the electric charge of an electron, € the vacuum
permittivity, m, is the electron mass, C; is the occupation ratio (In this paper we assume Rb in
natural abundance, i.e. 72.17% of ¥*Rb and 27.83% of 87Rb.), Vgrpp 18 the transition frequency
from a level with total angular momentum F to an excited state with momentum F’, v, and v,
are the atomic velocities in the propagation direction z and the transverse direction
respectively, W is the normalized velocity distribution, k, and k; represent the momentum of
the evanescent field along the propagation direction and the transverse direction respectively.
2y is the natural full-width half maximum line-width and Av the frequency detuning from the
transition frequency. The oscillator strength i are defined as follows:

Fro =fW 2(J'FJFI1)2F +1)2F +1)/ (21 +1) )

Where f'is the D1 or D2 oscillator strength (0.342 and 0.695 respectively [21]), W is the
Racah coefficient, F, F’, J and J’ are the total angular momentum and angular momentum
respectively and I is the nuclear spin. Thus, in order to calculate the effective index, besides
the temperature and vy, we are in need to find the momentum in the direction of propagation,
and in the transverse direction. The first will specify the amount of Doppler broadening, and
the later will specify the amount of transit time broadening. In waveguide terminology these
momenta are the effective wave-number, £ and the inverse evanescent decay length 1,
respectively. Higher the mode confinement results in larger £ and smaller 1 leading to an
increase in Doppler and transit time broadening, with reduced contrast. While this formalism
holds for low temperatures below 450 JK, corrections needs to be made for higher
temperatures due to high density effects [19,20], where the local field relation is used, and the
refractive index is given by the relation n = ([1 + 3y]/[3- x])"*. Another correction is by
taking into account the self broadening effect, manifested as a broadening of the natural
linewidth [19,22]. Additional correction is achieved by taking into account the perturbation of
the evanescent tail due to its interaction with the vapor. The later has been found in [20] to
have an effect in changing the evanescent exponential decaying wave to an oscillatory wave
which in turn has an effect of frequency shifting the measured line-shapes. In our treatment,
however, the range of temperature used is smaller than 450 JK, and thus we take into account
self broadening and local field effects but neglecting the perturbation of the evanescent tail of
the optical mode. However, for the case of higher densities one needs to take into account the
mutual influence between the vapor and the mode profile.

The procedure to obtain the effective index of the mode is perturbative in its nature. First,
we use the finite element method simulate (FEM, Comsol Multi Physics) to calculate the
fundamental TE-like mode of the structure described in Fig. 1(b). We note that although the
waveguide supports both TE and TM mode, we only consider the TE mode as it has a higher
fraction of its mode in the cladding region. Moreover, as TE to TM mode conversion is
negligible in our structures, by launching a TE mode it is possible to consider these
waveguides as practically single mode. TM mode can be also eliminated by a slight
modification in waveguide dimensions.

From the mode profile we find the fraction of mode (the electric field component) which
resides in the Rb cladding, which in our case is 16%. Next, we numerically evaluate the
expression in Eq. (1), using *’Rb and **Rb oscillator strengths and resonance frequency (D1
lines) data found for instance in [21,23], the previously simulated wave vectors in the
propagation direction, J the inverse evanescent decay length m, and the density of atoms,
corresponding to the temperature of 140°C. Next, we use the local field relation in order to
obtain the effective complex cladding index of refraction, and use it as to represent the
cladding of the waveguide. The complex effective index of refraction of the guided mode is
obtained by the relation: Neg combined = Nefr + T'ANctaqding. Finally we use this effective index in
order to propagate the mode in the waveguide, over a length determined by the interaction
region, using the Beer-Lambert relation. In general, the natural width y has been taken to be
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5.9 MHz. However, in the case of optically dense vapor one has to account for self
broadening and surface interactions that result in additional broadening on the natural width.
In our case, including the self broadening, according to [19,22], accounts to a total width of
9.4 MHz.
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Fig. 1. (a) Schematic diagram of an atomic vapor cell bonded to a chip consisting of SIN MRR
(b) Calculated TE-like electric field distribution (in absolute values) for the D1 wavelength of
Rb (795 nm) superimposed on the geometry of the proposed MRR’s wave guide. Rb atoms are
illustrated as balisitcaly striking the surface, entering the evanescent portion of the optical
mode. Plotted is the norm of the electric field. (¢) Absorption coefficient of the fundamental
waveguide mode as a function of frequency detuning (d) Effective index of the atomic
cladding fundamental waveguide mode (e) Group index of the atomic cladding fundamental
waveguide mode, calculated using the effective index from (d)

In Fig. 1(c) we plot the calculated absorption coefficient of the atomic cladding
fundamental waveguide mode using the dimensions of 400 nm width and 300 nm height, and
the above mentioned Rb temperature. The simulated effective index of the guided mode,
being 1.58 gives rise to an increase in the momentum carried by the optical mode, and as a
result an increased Doppler broadening. Additionally, due to the finite time of interaction in
the evanescent region, being of approximately 100 nm in length, transit time broadening is
evident. As a consequence, this line broadening causes an overlap of the hyperfine levels,
relative to the case of a standard Rb transmission spectrum. In Fig. 1(d) we plot the real part
of the effective index of the fundamental waveguide mode, where one can see the anomalous
dispersion around the absorption peaks, and the normal dispersion in between these
absorption peaks. The former corresponds to negative group index, and the later corresponds
to positive group index. Next, we derive the group index, using the relation n, = negs +
odn./dw. This group index is shown in Fig. 1(e). One can see a maximal group index in the
range of ~-60, around the resonance dips of **Rb.

Finally, we note that the aging rates and mechanisms in such recently demonstrated
devices [10] are yet to be characterized. These could include the creation of a layer of Rb
atoms on the SiN waveguides, which in turn will induce loss. Yet to be determined is the rate
of such processes, as well as its reversible mechanism, i.e. using local heaters to detach such a
layer. Nevertheless, in [10] we have reported devices who have not witnessed any
degradation in their transmission in the course of several weeks.
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3. MRR dispersion

Before discussing the properties of the integrated system, we briefly review the dispersive
properties of each of the ingredients, namely the MRR and the atomic vapor. The transfer
function (being the ratio of the output field to the input field as function of frequency) of an
MRR is given by [24]:

t—ae'”

h(w) = . 3
(@) 1—tae'" @
Whereas the intensity transfer function is given by:
2 2
2 a +t"—2atcosg,
T (o) =|h(o)| = “

1+a’t* —2at cos @,

Where ¢ is the through coupling coefficient, ¢, is the round trip phase, and a is the loss
parameter related to the round trip loss via the relation a =exp(—aL /2) (o is the power
absorption coefficient per unit length, and L is the circumference of the MRR). The time
delay, in a linear time invariant (LTI) system is given by the derivative of the phase of h(®)
with respect to @. This total phase is given by [25]:

ing tasin

t
@, =angle(h)=71+9, +atan(— " )+ atan(——n ) (5)
s I-tacosg,

a—tcosg,

Assuming @, =@n,, L /c andt, a <1, the time delay will be given by:

L -t t L L
T(wo) = nEff +(ZLL+MJ :_ng =— (6)
c| * a—-t l-ta c v,

Where ne and n, are the effective index and the group index of waveguide, respectively.
Equation (4), plotted as a function of the coupling coefficient in Fig. 2(a), expresses the dual
dispersion-wise nature of the MRR. In the over-coupled regime (¢ < a), the time delay is
positive and slow light is achieved, while in the under-coupled regime (¢ > a), the time delay
is negative, and fast light is achieved. Effectively, one can interpret the term within the square
brackets of Eq. (4) as the group index of the MRR, and the term within the round brackets as
wydn(a@,)/d @ , in compliance with the definition of the group index, and its relation with the
time delay: tc/n, = Tv, = L. We now define the term transmittance-group delay product

(TGDP) that is given by the group index (the square brackets in Eq. (4)) multiplied by the
transmission intensity (Eq. (2)) at resonance:

_a(a—t) +ta(a—t)2
oo, (1—at)?  (1-at)’

(n,T) (7)

Figure 2(b) shows the TGDP as a function of the coupling coefficient. It can be shown that
the region of high group index illustrated in Fig. 2(a) is accompanied with vanishing
transmission. A negative optimal value of the TGDP of nearly —20 is obtained for the case of
under-coupling, with t~0.995. Positive TGDP values are obtained in the over-coupled regime,
where an optimal positive TGDP of about 20 is obtained for t~0.96.
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Fig. 2. (a) MRR time delay as a function of the coupling coefficient. The MRR time delay
inverts its sign at critical coupling. (b): transmission-group delay product as a function of the
coupling coefficient, illustrating that high values of time delay are accompanied with vanishing
transmission. Optimal positive (negative) values of transmission- group delay product are
obtained for over (under) coupled system. A loss parameter of a = 0.99 was assumed.

4. Combined system of atomic vapor and MRR

We now turn to the analysis of the combined MRR-atomic system. We model the device by
considering the transfer function of an MRR (Egs. (2) and (3)), using the effective index of
refraction of the atomic cladding wave guide presented in section 3. Using this effective index
of refraction we get the following round trip complex transfer function:

aei% — (arefa)/ckﬂ,, L )e"“’/"”q/ L (8)

where a, is the loss parameter of the MRR due to the structure (e.g. because of radiation loss)
and n(®) = negr + ikesr is the complex effective index of refraction of the atomic cladding wave
guide. We assume that the MRR’s resonance coincides with the atomic resonances. In
practice this condition is not easily achieved - adjusting the wavelength of the MRR within a
spectral window of ~10 GHz requires high accuracy in fabrication. However, this obstacle
can be mitigated, for example, by selecting appropriate MRR's following by applying thermal
tunability. Additionally, we assume that the optical power within the structure doesn’t exceed
the saturation power, estimated to be in the nW regime. The chosen MRR’s parameters,
(intrinsic loss, and coupling coefficient), correspond a MRR with an extinction ratio of ~22
dB and Q factor of 12,000, both can be achieved in a realistic system.

In Fig. 3(a) we plot the transmission spectrum of a 2rw-5.6 um long atomic cladding
waveguide, corresponding to the round trip transmission of an uncoupled MRR having a
radius of 5.6um. The broadened Rb dips are evident. In Fig. 3(b) we plot the transmission of
the combined system of the MRR and Rb vapor, as well as the standalone MRR. It can be
seen that the atomic finger print is induced on the MRR’s transmission. This manifests in
enhanced transmission, ~40-50%. Moreover, relative to the contrast of the absorption dips in
Fig. 3(a), the MRR exhibits enhanced contrast (an order of magnitude), which can be viewed
as an effect of the photon lifetime in the cavity. In Fig. 3(c) we plot the MRR’s overall phase
delay, as a function of the frequency detuning, for the cases of an atomic cladding MRR
(blue) and a standalone MRR (green). Finally, in Fig. 3(d) we plot the group index of the
combined system, being the total phase derivative in respect to the frequency. An unusual
time delay spectrum is achieved. At frequencies of maximal absorbance, corresponding to
frequencies with enhanced transmittance, we observe a positive time delay, in spite of the fact
that by itself the atomic medium inherently exhibits negative time delay. These positive time
delays have a bandwidth of approximately 1GHz. In contrast, at the frequencies between the
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atomic lines large negative group index is observed, although the atomic medium in these
frequencies exhibits positive time delay, often exploited for slow light experiments [26].
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Fig. 3. (a) Round trip transmission (normalized linear scale) of the atomic cladding wave guide
which constitutes the MRR (b) Combined (blue) and standalone (green) MRR transmission as
a function of frequency detuning (¢) Combined (blue) and standalone (green) MRR phase
delay as a function of frequency detuning (d) Combined (blue) and standalone (green) MRR’s
group index as a function of frequency detuning

In order to understand these results we first evaluate the transmission of an atomic
cladding wave guide consisting of a single resonance, coinciding with the MRR resonance.

For the purpose of comparison we assume similar parameters for the MRR as before. The
device's transmission in the case of coinciding resonances takes the following form:

T(w){“‘t] ©)

1—at

with the above mentioned combined new loss parameter given by a =a,e”““+" In Fig. 4(a)

we show the transmittance of the ACWG MRR (blue) and the standalone MRR (green). One
can see that the resonator with the loss induced by the vapor perturbs the transmission
significantly, and creates a peak or dip in the transmission. This hole/dip burning in the
MRR’s spectrum is due to our choice of a MRR with a wider line-width compared with the
linewidth of the atomic media. Hence, the standalone MRR defines an envelope transmission
for the combined structure in frequencies that are significantly detuned from the absorption of
the vapor. The turning point between obtaining a peak or a dip in transmission occurs at the
intersection between both curves. We demonstrate two different regimes of coupling, that
correspond to distinctly different transmission and group index spectra. In order to isolate the
fundamental phenomena, we focus on the excitation of the *’Rb F = 2 overlapping transitions.
In Fig. 4(b) we plot the MRR’s transmission in the over coupled regime, for coupling values
of 0.95, as denoted by the squares in Fig. 4(a). One can clearly see the dip created in the
background MRR’s transmission. In contrast, in Fig. 4(c) we are operating in the under
coupling regime, i.e. r = 0.991 (shown as circles in Fig. 4(a)) and as a consequence a peak in
transmission is created. In both cases, the peaks and dips are accompanied with positive or
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negative group index’s, illustrated in figure d and e. This phenomenon will be explained
shortly in the next paragraph.

(a). 1 ‘ (b) (c)
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Fig. 4. (a) Combined (blue) and standalone (green) MRR transmission as a function of
coupling coefficient. Illustrated are the different turning points: the negative (dip) and positive
(peak) turning point and the turning point between slow and fast light. (b) MRR transmission
in the over-coupled regime (¢) MRR transmission in the under-coupled regime (d) MRR group
index in the over-coupled regime (e) MRR group index in the under-coupled regime. In all
figures, the dashed green figures correspond to the standalone MRR, and the blue figures to the
combined system.

Next, we obtain an analytic expression for the time delay of the combined system. The
phase delay of the combined system can be written in the same form as in Eq. (3), with the
exception that the phase shift and loss parameter are dispersive, i.e vary as a function of
frequency @ =f (¢(w),a(w),t) . The round trip phase at the vicinity of an atomic resonance

can be written as follows:

wL wL dn .
¢, =—n,, (@) = —(n,, (@) +—"Aw) (10)
c c dw

with the time delay being the derivative of the of the phase delay:

dd (a, dd d dd da d® L dn dn
T( (0) — /o/ul( ¢,,) — total ﬁ + ol " ~ total n(‘ﬁ (wo) + eff A(U +o eff
do d¢, dw da do dg, ¢ do do (11)
dq’mml da
+ —
da do

At resonance (Ao = 0) the terms multiplied by the frequency difference and the derivative of
a(w) with respect to the frequency vanish, and we obtain a simplified relation for the time

delay of the combined system:
dn,, ()
(@) =1,, (@(®,)) -[neff (w)+ w, —f#j = Trne Mgy et (12)

As can be seen, the time delay of the combined system is very different from the time delay
of the standalone MRR. First, 7.~ differs from the time delay of the standalone MRR. This

nng
is because of the higher loss due to the absorption of light by the atoms. In addition, the delay
is multiplied by the group index of the mode (being a hybrid mode of the wave guide and the
atoms). This result, also implies a counterintuitive phenomena in which an MRR resonance
being of width larger than the atomic absorption lines, still has a pronounced effect on the
overall group index. This however can be explained by the fact that the MRR's group index is
dependent on the relation between the coupling conditions and the MRR's intrinsic loss, rather
than being scaled with the resonance linewidth. It can also be understood by recalling that the
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MRR's transmission and phase delay are not connected through Kramers Kronig relations
[27].

Using Eq. (12), we can now turn to explain our findings in Figs. 3 and 4. Around a
resonance line of Rb, the group index of the waveguide mode is negative. However, the time
delay of the ring depends on the coupling strength, i.e. on whether the MRR is over coupled
or under coupled. As a consequence, the time delay of the combined MRR can be either
negative or positive, resulting in a negative time delay (fast light) at the under-coupled region
and a positive time delay (slow light) at the over-coupled region. The turning point between
these two cases is marked in Fig. 4(a). Thus, from the point of view of the embedded
material, the combined structure has the feature of altering it’s time delay sign, depending on
whether the system is over coupled or under coupled. From the point of view of the MRR, the
embedded material has the feature of reversing the order of the negative and positive time
delay, depending on the coupling coefficient, i.e. fast light will be achieved in the over-
coupled regime, and slow light will be achieved in the under-coupled regime. These two
distinct modes of operation are shown in Figs. 4(d), 4(e) showing the over coupled fast light
regime and the under coupled slow light regime. In the former case one achieves a negative
group index of a few thousands, accompanied with a —20dB transmission, and in the later one
achieves positive group index of a few hundreds, accompanied with —3dB transmission. The
under coupled regime corresponds to the scenario illustrated in Fig. 3. However, in Fig. 3 we
have an additional phenomena, which is attributed to the positive group delay the atoms
provide, in between the absorption dips. In such a case, the group index of the ACWG is
positive, and that of the MRR is negative (being under coupled) and thus negative index of
about ~1800 is achieved with —12dB transmission.

We now turn to analyze the broadening mechanisms in the combined transmission
spectrum. It is clear from Fig. 3(b) as well as Fig. 4(c) that the width of the peaks in the
transmission spectrum are broadened compared with the case of a bare ACWG (Fig. 3(a)).
Careful inspection of the **RB F = 2 transmission lines in Fig. 4(c) reveals that the full width
half maximum of the peak is 2.7 GHz, whereas the Doppler and Transit time broadened width
of the ®RB F = 2 transmission overlapping lines is approximately 1.27 GHz. In general, the
large negative group index induces a line narrowing [28-31] in the MRR resonance.
However, this effect is masked by the absorption accompanied with this negative group delay,
yielding a “flattop” resonance. This is demonstrated in Fig. 5, where we first illustrate the in
Fig. 5(a) the round trip optical density being the product of the MRR's circumference by the
power absorption coefficient. Next, in Fig. 5(b) we plot MRR's effective index. Finally, in
Fig. 5(c) we show the transmission spectrum of the atomic cladding MRR (blue), taking into
account the effect of both dispersion and loss. To provide further insight we also plot the
expected transmission spectrum considering each effect by itself, with the red curve
corresponds to the lossless case and the cyan curve corresponds to a non dispersive
waveguide. It is clear that that for the case of lossless and dispersive device, significant line
narrowing is observed owing to the large group index. This narrowing is in the spectral range
where the dispersion is linear, as can be seen in Fig. 5(b). However, when we “turn off” the
dispersion, and “turn on” the absorption we mask this effect, due to the perturbation of the
extinction ratio of our MRR as explained before.
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Fig. 5. (a) Round trip optical density (b) Atomic Cladding wave guide effective index (c)
MRR transmission in the case we have an atomic cladding wave guide MRR (blue), in the case
we have an fictitious atomic cladding wave dispersion only (red), the case we have a fictitious
atomic cladding with absorption only (cyan).

Before concluding, it is important to discuss the role of temperature in our system.
Clearly, the temperature degree of freedom plays a role in tuning the MRR as well as in
controlling the density of atoms. As we have seen before, the resonance of the atomic media,
has to roughly coincide with the resonance of the MRR. Due to fabrications imperfections,
the actual MRR’s resonance wavelength may deviate from the designed value. A tuning
mechanism, such as using the thermo-optic effect would ideally overcome this problem;
however tuning over a full spectral range in small diameter MRR’s is not feasible as it
requires heating in the range of hundreds of degrees. While today’s commercial fabrication
capabilities allows to control the resonance wavelength to within a nanometer and even less,
this still requires a substantial thermal heating for aligning the wavelength of the MRR with
that of the atomic transition. Further device tunability can be achieved e.g. by using
approaches such as UV trimming [32], and applying pre-selection step to choose devices with
their resonance wavelength as close as possible to the target wavelength. After doing so,
further fine tuning of the resonance wavelength can be achieved by thermal tuning. The
temperature stability that is required to maintain resonance frequency stability of ~1 GHz in
the MRR is ~0.1) C. As to the vapor density, also controlled by the temperature, a deviation
of 5 degrees corresponds to density changes of 25 percent, accounting for a small change in
the transmission and group index. (~5 percentage to the transmission, and ~10% to the group
index). Thus temperature stabilities in the range of 0.1)C is expected to be sufficient for
stabilizing both the MRR resonance frequency and the atom density.

Finally, we discuss the various parameters and their role for optimization of the devices
performance. In order to maximize the transmission contrast, one should optimize four major
parameters, namely the coupling coefficient, the atomic density, the MRR’s loss and the
MRR’s circumference. The optimization process will bring these four parameters to a point
where a maximal difference between the two curves presented in Fig. 4(a) will be reached.
The same parameters are also relevant for the optimization of the group index, however
naturally their role in the optimization is different. In order to maximize the group index we
should maximize the product of the group index of the MRR and the group index of the atoms
(Eq. (12)). Unfortunately, increasing the group index of the atoms by simply increasing their
density (to first order the atomic group index scales linearly with the atomic density) will not
necessarily increase the overall ACWG MRR group index, because the relation between the
coupling coefficient and the total loss of the ACWG MRR is now modified. Therefore, a
global optimization approach is needed in order to maximize both the transmission and the
group index of the combined system.
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5. Summary

We proposed and analyzed the transmission and time delay properties in a hybrid system
consisting of structural resonance and material resonance. Specifically we examined the
system of fine structure transitions of the D1 line of Rb embedded above a silicon nitride
MRR. We have used an effective susceptibility in order to calculate the MRR’s atomic
cladding wave guide effective (complex) mode, taking into account different unique
broadening mechanisms akin to our system. We analyzed the transmission of such a hybrid
system, and found that it should be possible to significantly enhance the contrast of the Rb
peaks. In addition we found that such a combined system may exhibits negative and positive
enhanced time delays, as well as spectral holes and dips in the transmission. Specifically, in
the under-coupled regime, one can achieve positive time delay accompanied with enhanced
transmission peak, as well as negative time delay with somewhat enhanced transmission. The
proposed platform is promising for generating slow and fast light on chip, with the advantage
of relatively simple probing of the atomic system, reduced footprint, high tunability (e.g. by
changing the density of atoms via temperature or by the use of optical pumping), and
relatively high delay-transmission product. In addition to the dispersive properties, the
combination of Atomic Vapor and a MRR can support non-linear interactions at low
intensities [10—12], due to the enhancement of the energy density in the MRR. Finally, due to
the high energy density of the guided mode interacting with the vapor, the power threshold
for nonlinear interactions is reduced significantly, paving the way for important on chip
applications such as few photon switching.
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