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Motivation: Quantum Entanglement
▪ What is quantum entanglement? 
▪ Why is it useful? 
▪ How do we create it?

Monroe group: 
Nature Physics, 11(1), 37-42, 2014 
Nature, 449(7158), 68-71, 2007

Principle of two node 
entanglement

Remote Entanglement

Rempe group: 
Nature, 484(7393), 195-200, 
2012



Motivation: Quantum Entanglement
▪ What is quantum entanglement? 
▪ Why is it useful? 
▪ How do we create it? Local Entanglement

Science, 313(5792), 1423-1425, 2006 
Martinis group

Google’s Sycamore processor: 
53 local qubits

Nature, 574(7779), 505-510, 2019 
Martinis group
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• Air band at 780 nm
• Gradual variation of beam width confines mode

• Bandgap at ends which act like mirrors

• Field concentrated in holes where QE’s located
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V = 0.275 (λ /n)3

Q = 1.3 × 107

• Dielectric tips added in holes 
for further field enhancement
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C = g2 /κ γ = 4.1
{g, κ, γ} = 2π{7.8,2.3,3.0} GHz
Welte ‘17
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{g, κ, γ} = 2π{1.24,0.006,2.77} GHz

5P3=2; F0 ¼ 1, 2, 3 [Fig. 1(d)], while the atom is positioned
at the center of the cavity mode. We note that, for all the
spectra presented in this Letter, the probe detuning is
relative to the bare F ¼ 2 → F0 ¼ 3 transition, and the
error bars are obtained from statistical uncertainties
acquired over multiple experimental runs.
Figure 1(e) shows the reflection spectrum of the cavity

with and without an atom present. For the case without an
atom, the reflection spectrum is a resonance dip of the
empty cavity. The presence of an atom drastically changes
the spectrum, and we observe three atomic lines that are
significantly broadened due to resonant coupling between

the atom and the cavity. This effect is described by
the Purcell enhancement. In the resonant regime, the
radiative decay rate into the cavity mode is enhanced by
the single-atom cooperativity C ¼ 4g2=κγ, where g is the
single-photon Rabi frequency and γ is the atomic sponta-
neous decay rate. The cavity decays at the rate κwg into the
waveguide and κsc elsewhere, yielding the total cavity
decay rate κ ¼ κwg þ κsc [Fig. 1(a)]. The observed line
shape is accurately described using a model incorporating a
distribution of cooperativities, rather than a single-valued
one. Taking these considerations into account, we fit the
spectrum in Fig. 1(e) and extract the average cooperativity
C ¼ 71ð4Þ, corresponding to the cavity QED parameters
f2g; γ; κwg; κscg ¼ 2π × f1.24ð4Þ; 0.006; 0.86; 2.77g GHz.
We compare this to an independent theoretical estimate
of g based on the geometry of the trapping potential of the
tweezer and the evanescent field experienced by the
atom. The closest lattice site is at a distance of 260 nm
from the surface of the PC [7]. At this distance, an atom
at rest experiences a single-photon Rabi frequency of
2g0 ¼ 2π × 1.7 GHz, which is somewhat larger than the
observed values.
We attribute this discrepancy to the fluctuations in the

atomic position across the spatially varying cavity field,
which lead to cooperativity distributions. The distribution
of cooperativities that produces the spectrum in Fig. 1(e)
corresponds to the atomic spatial widths of 190 nm along
the PC and 33 nm along the direction of propagation of the
tweezer. An independent temperature measurement yields
an upper bound estimate of 120 μK near the PC, account-
ing for 150 and 30 nm in the two directions, respectively
(see Supplemental Material [32]). Other contributions
include the pointing fluctuations of the tweezer. Both of
these fluctuations affect the line shapes of the spectra
shown in this Letter and make the cavity standing wave
profile unresolvable [Fig. 1(b)]. With these position fluc-
tuations, we estimate an average single-photon Rabi
frequency of 2g ¼ 2π × 1.26 GHz, which is consistent
with the value extracted from our experimental data.
The efficient atom-photon interface allows us to deter-

mine the presence of an atom in a single shot. We tune the
probe frequency to the F ¼ 2 → F0 ¼ 3 line and count
reflected photons collected within 100 μs [Fig. 1(e), inset].
When repeated multiple times, the photon number follows
a bimodal normal distribution with 0.7% overlap, which is
adequately separable to determine if the atom is coupled
to the cavity. The atom becomes uncoupled from the cavity
if it falls into the F ¼ 1 manifold via off-resonant scatter-
ing. We deplete the population in the F ¼ 1 manifold by
sending in an additional beam copropagating with the
optical tweezer on the 5S1=2, F ¼ 1 → 5P1=2, F0 ¼ 2
transition, at 795 nm, which is sufficiently detuned from
the cavity and can be filtered out from the collected
photons. In addition to the F ¼ 2 → F0 ¼ 3 line, the
spectrum in Fig. 1(e) also shows the F ¼ 2 → F0 ¼ 1, 2

(a)

(b)

(c)

(e)

(d)

FIG. 1. High-cooperativity atom-photon coupling to a nano-
photonic cavity. (a) Schematic of the experimental setup, showing
an atom trapped in the lattice of an optical tweezer coupled to a
nanophotonic cavity. The parameters are defined in the main text.
(b) Moving the tweezer along the cavity to map out the mode in
terms of cooperativity (blue) and simulated intensity profile of the
cavity mode (gray). (c) SEM image of the nanophotonic cavity
suspended on a tapered fiber. (d) Level diagram for the 5S1=2 →
5P3=2 transition. The F ¼ f2; 1g manifold is {coupled, un-
coupled} to the cavity. The probe detuning is defined relative
to the bare F ¼ 2 → F0 ¼ 3 transition. (e) Measured cavity
reflection spectrum with and without an atom coupled to the
cavity. The solid lines are from theoretical models. (Inset)
Histogram of counts collected at 0 MHz detuning, showing
single-shot atomic detection.
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Fig. 5. Local width modulation cavities (A1): (a) A1 cavity computational domain. (b) Detailed 
geometry. The holes A, B, C are shifted by DA, DB, DC. (c) Hy in the plane y=0 (d) Q, Vm vs. DA. 
The detailed holes shifts are summarized in Table 2. 

Table 2. Local width modulation summary for the type A1 cavities in a units. 

Cavity # DA  DB  DC  
1 0.04 0.026 0.013 
2 0.05 0.03 0.016 
3 0.056 0.031 0.019 
4 0.062 0.042 0.021 
5 0.07 0.047 0.023 

 
On a first glance, based on the Ideal Gaussian (approximated) model, the higher Vm, the 

better Q is expected. Since the increase in Vm subsequently delocalize the mode in space via 
the increase in the mode widths in x and z directions, the compression in k-space results in a 
decrease in vertical power losses, and in a higher Q. In the width modulation design, Vm 
deviation from its optimal causes a subsequent increase in the vertical power losses that 
degrade the Q. One can observe this behavior from the |Hy| distributions presented in Fig. 6. A 
detailed inspection of Fig. 6 reveals that any departure from the “optimal” obtained point 
(central part in Fig. 6), bring higher intensity peaks of the field within the light cone. The 
reason for this behavior is that the mode cannot be defined by two uncoupled widths ( x and z 
no separation of variables). The effect of changing DA,B,C results in a change in the mode 
width in the whole xz plane, and while the mode is localized in x direction it is at the same 
time delocalized in z. Thus, a maximal effect is obtained, beyond which, the k-space 
distribution is no longer affected in the same way. It seems that, due to the more "flexible" 
control over the mode distribution in the whole xz plane, (compared to the modified DH 
design), a higher Q is attainable in the local width modulation cavities.  
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C = g2 /κ γ = 1
{g, κ, γ} = 2π{2.1,57,0.30} GHz

{g, κ, γ} = 2π{1.24,0.006,2.77} GHz

5P3=2; F0 ¼ 1, 2, 3 [Fig. 1(d)], while the atom is positioned
at the center of the cavity mode. We note that, for all the
spectra presented in this Letter, the probe detuning is
relative to the bare F ¼ 2 → F0 ¼ 3 transition, and the
error bars are obtained from statistical uncertainties
acquired over multiple experimental runs.
Figure 1(e) shows the reflection spectrum of the cavity

with and without an atom present. For the case without an
atom, the reflection spectrum is a resonance dip of the
empty cavity. The presence of an atom drastically changes
the spectrum, and we observe three atomic lines that are
significantly broadened due to resonant coupling between

the atom and the cavity. This effect is described by
the Purcell enhancement. In the resonant regime, the
radiative decay rate into the cavity mode is enhanced by
the single-atom cooperativity C ¼ 4g2=κγ, where g is the
single-photon Rabi frequency and γ is the atomic sponta-
neous decay rate. The cavity decays at the rate κwg into the
waveguide and κsc elsewhere, yielding the total cavity
decay rate κ ¼ κwg þ κsc [Fig. 1(a)]. The observed line
shape is accurately described using a model incorporating a
distribution of cooperativities, rather than a single-valued
one. Taking these considerations into account, we fit the
spectrum in Fig. 1(e) and extract the average cooperativity
C ¼ 71ð4Þ, corresponding to the cavity QED parameters
f2g; γ; κwg; κscg ¼ 2π × f1.24ð4Þ; 0.006; 0.86; 2.77g GHz.
We compare this to an independent theoretical estimate
of g based on the geometry of the trapping potential of the
tweezer and the evanescent field experienced by the
atom. The closest lattice site is at a distance of 260 nm
from the surface of the PC [7]. At this distance, an atom
at rest experiences a single-photon Rabi frequency of
2g0 ¼ 2π × 1.7 GHz, which is somewhat larger than the
observed values.
We attribute this discrepancy to the fluctuations in the

atomic position across the spatially varying cavity field,
which lead to cooperativity distributions. The distribution
of cooperativities that produces the spectrum in Fig. 1(e)
corresponds to the atomic spatial widths of 190 nm along
the PC and 33 nm along the direction of propagation of the
tweezer. An independent temperature measurement yields
an upper bound estimate of 120 μK near the PC, account-
ing for 150 and 30 nm in the two directions, respectively
(see Supplemental Material [32]). Other contributions
include the pointing fluctuations of the tweezer. Both of
these fluctuations affect the line shapes of the spectra
shown in this Letter and make the cavity standing wave
profile unresolvable [Fig. 1(b)]. With these position fluc-
tuations, we estimate an average single-photon Rabi
frequency of 2g ¼ 2π × 1.26 GHz, which is consistent
with the value extracted from our experimental data.
The efficient atom-photon interface allows us to deter-

mine the presence of an atom in a single shot. We tune the
probe frequency to the F ¼ 2 → F0 ¼ 3 line and count
reflected photons collected within 100 μs [Fig. 1(e), inset].
When repeated multiple times, the photon number follows
a bimodal normal distribution with 0.7% overlap, which is
adequately separable to determine if the atom is coupled
to the cavity. The atom becomes uncoupled from the cavity
if it falls into the F ¼ 1 manifold via off-resonant scatter-
ing. We deplete the population in the F ¼ 1 manifold by
sending in an additional beam copropagating with the
optical tweezer on the 5S1=2, F ¼ 1 → 5P1=2, F0 ¼ 2
transition, at 795 nm, which is sufficiently detuned from
the cavity and can be filtered out from the collected
photons. In addition to the F ¼ 2 → F0 ¼ 3 line, the
spectrum in Fig. 1(e) also shows the F ¼ 2 → F0 ¼ 1, 2
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FIG. 1. High-cooperativity atom-photon coupling to a nano-
photonic cavity. (a) Schematic of the experimental setup, showing
an atom trapped in the lattice of an optical tweezer coupled to a
nanophotonic cavity. The parameters are defined in the main text.
(b) Moving the tweezer along the cavity to map out the mode in
terms of cooperativity (blue) and simulated intensity profile of the
cavity mode (gray). (c) SEM image of the nanophotonic cavity
suspended on a tapered fiber. (d) Level diagram for the 5S1=2 →
5P3=2 transition. The F ¼ f2; 1g manifold is {coupled, un-
coupled} to the cavity. The probe detuning is defined relative
to the bare F ¼ 2 → F0 ¼ 3 transition. (e) Measured cavity
reflection spectrum with and without an atom coupled to the
cavity. The solid lines are from theoretical models. (Inset)
Histogram of counts collected at 0 MHz detuning, showing
single-shot atomic detection.
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the increase in the mode widths in x and z directions, the compression in k-space results in a 
decrease in vertical power losses, and in a higher Q. In the width modulation design, Vm 
deviation from its optimal causes a subsequent increase in the vertical power losses that 
degrade the Q. One can observe this behavior from the |Hy| distributions presented in Fig. 6. A 
detailed inspection of Fig. 6 reveals that any departure from the “optimal” obtained point 
(central part in Fig. 6), bring higher intensity peaks of the field within the light cone. The 
reason for this behavior is that the mode cannot be defined by two uncoupled widths ( x and z 
no separation of variables). The effect of changing DA,B,C results in a change in the mode 
width in the whole xz plane, and while the mode is localized in x direction it is at the same 
time delocalized in z. Thus, a maximal effect is obtained, beyond which, the k-space 
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C = g2 /κ γ = 1
{g, κ, γ} = 2π{2.1,57,0.30} GHz

{g, κ, γ} = 2π{1.24,0.006,2.77} GHz

5P3=2; F0 ¼ 1, 2, 3 [Fig. 1(d)], while the atom is positioned
at the center of the cavity mode. We note that, for all the
spectra presented in this Letter, the probe detuning is
relative to the bare F ¼ 2 → F0 ¼ 3 transition, and the
error bars are obtained from statistical uncertainties
acquired over multiple experimental runs.
Figure 1(e) shows the reflection spectrum of the cavity

with and without an atom present. For the case without an
atom, the reflection spectrum is a resonance dip of the
empty cavity. The presence of an atom drastically changes
the spectrum, and we observe three atomic lines that are
significantly broadened due to resonant coupling between

the atom and the cavity. This effect is described by
the Purcell enhancement. In the resonant regime, the
radiative decay rate into the cavity mode is enhanced by
the single-atom cooperativity C ¼ 4g2=κγ, where g is the
single-photon Rabi frequency and γ is the atomic sponta-
neous decay rate. The cavity decays at the rate κwg into the
waveguide and κsc elsewhere, yielding the total cavity
decay rate κ ¼ κwg þ κsc [Fig. 1(a)]. The observed line
shape is accurately described using a model incorporating a
distribution of cooperativities, rather than a single-valued
one. Taking these considerations into account, we fit the
spectrum in Fig. 1(e) and extract the average cooperativity
C ¼ 71ð4Þ, corresponding to the cavity QED parameters
f2g; γ; κwg; κscg ¼ 2π × f1.24ð4Þ; 0.006; 0.86; 2.77g GHz.
We compare this to an independent theoretical estimate
of g based on the geometry of the trapping potential of the
tweezer and the evanescent field experienced by the
atom. The closest lattice site is at a distance of 260 nm
from the surface of the PC [7]. At this distance, an atom
at rest experiences a single-photon Rabi frequency of
2g0 ¼ 2π × 1.7 GHz, which is somewhat larger than the
observed values.
We attribute this discrepancy to the fluctuations in the

atomic position across the spatially varying cavity field,
which lead to cooperativity distributions. The distribution
of cooperativities that produces the spectrum in Fig. 1(e)
corresponds to the atomic spatial widths of 190 nm along
the PC and 33 nm along the direction of propagation of the
tweezer. An independent temperature measurement yields
an upper bound estimate of 120 μK near the PC, account-
ing for 150 and 30 nm in the two directions, respectively
(see Supplemental Material [32]). Other contributions
include the pointing fluctuations of the tweezer. Both of
these fluctuations affect the line shapes of the spectra
shown in this Letter and make the cavity standing wave
profile unresolvable [Fig. 1(b)]. With these position fluc-
tuations, we estimate an average single-photon Rabi
frequency of 2g ¼ 2π × 1.26 GHz, which is consistent
with the value extracted from our experimental data.
The efficient atom-photon interface allows us to deter-

mine the presence of an atom in a single shot. We tune the
probe frequency to the F ¼ 2 → F0 ¼ 3 line and count
reflected photons collected within 100 μs [Fig. 1(e), inset].
When repeated multiple times, the photon number follows
a bimodal normal distribution with 0.7% overlap, which is
adequately separable to determine if the atom is coupled
to the cavity. The atom becomes uncoupled from the cavity
if it falls into the F ¼ 1 manifold via off-resonant scatter-
ing. We deplete the population in the F ¼ 1 manifold by
sending in an additional beam copropagating with the
optical tweezer on the 5S1=2, F ¼ 1 → 5P1=2, F0 ¼ 2
transition, at 795 nm, which is sufficiently detuned from
the cavity and can be filtered out from the collected
photons. In addition to the F ¼ 2 → F0 ¼ 3 line, the
spectrum in Fig. 1(e) also shows the F ¼ 2 → F0 ¼ 1, 2
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(d)

FIG. 1. High-cooperativity atom-photon coupling to a nano-
photonic cavity. (a) Schematic of the experimental setup, showing
an atom trapped in the lattice of an optical tweezer coupled to a
nanophotonic cavity. The parameters are defined in the main text.
(b) Moving the tweezer along the cavity to map out the mode in
terms of cooperativity (blue) and simulated intensity profile of the
cavity mode (gray). (c) SEM image of the nanophotonic cavity
suspended on a tapered fiber. (d) Level diagram for the 5S1=2 →
5P3=2 transition. The F ¼ f2; 1g manifold is {coupled, un-
coupled} to the cavity. The probe detuning is defined relative
to the bare F ¼ 2 → F0 ¼ 3 transition. (e) Measured cavity
reflection spectrum with and without an atom coupled to the
cavity. The solid lines are from theoretical models. (Inset)
Histogram of counts collected at 0 MHz detuning, showing
single-shot atomic detection.
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Fig. 5. Local width modulation cavities (A1): (a) A1 cavity computational domain. (b) Detailed 
geometry. The holes A, B, C are shifted by DA, DB, DC. (c) Hy in the plane y=0 (d) Q, Vm vs. DA. 
The detailed holes shifts are summarized in Table 2. 
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On a first glance, based on the Ideal Gaussian (approximated) model, the higher Vm, the 

better Q is expected. Since the increase in Vm subsequently delocalize the mode in space via 
the increase in the mode widths in x and z directions, the compression in k-space results in a 
decrease in vertical power losses, and in a higher Q. In the width modulation design, Vm 
deviation from its optimal causes a subsequent increase in the vertical power losses that 
degrade the Q. One can observe this behavior from the |Hy| distributions presented in Fig. 6. A 
detailed inspection of Fig. 6 reveals that any departure from the “optimal” obtained point 
(central part in Fig. 6), bring higher intensity peaks of the field within the light cone. The 
reason for this behavior is that the mode cannot be defined by two uncoupled widths ( x and z 
no separation of variables). The effect of changing DA,B,C results in a change in the mode 
width in the whole xz plane, and while the mode is localized in x direction it is at the same 
time delocalized in z. Thus, a maximal effect is obtained, beyond which, the k-space 
distribution is no longer affected in the same way. It seems that, due to the more "flexible" 
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C = g2 /κ γ = 1
{g, κ, γ} = 2π{2.1,57,0.30} GHz

{g, κ, γ} = 2π{1.24,0.006,2.77} GHz

5P3=2; F0 ¼ 1, 2, 3 [Fig. 1(d)], while the atom is positioned
at the center of the cavity mode. We note that, for all the
spectra presented in this Letter, the probe detuning is
relative to the bare F ¼ 2 → F0 ¼ 3 transition, and the
error bars are obtained from statistical uncertainties
acquired over multiple experimental runs.
Figure 1(e) shows the reflection spectrum of the cavity

with and without an atom present. For the case without an
atom, the reflection spectrum is a resonance dip of the
empty cavity. The presence of an atom drastically changes
the spectrum, and we observe three atomic lines that are
significantly broadened due to resonant coupling between

the atom and the cavity. This effect is described by
the Purcell enhancement. In the resonant regime, the
radiative decay rate into the cavity mode is enhanced by
the single-atom cooperativity C ¼ 4g2=κγ, where g is the
single-photon Rabi frequency and γ is the atomic sponta-
neous decay rate. The cavity decays at the rate κwg into the
waveguide and κsc elsewhere, yielding the total cavity
decay rate κ ¼ κwg þ κsc [Fig. 1(a)]. The observed line
shape is accurately described using a model incorporating a
distribution of cooperativities, rather than a single-valued
one. Taking these considerations into account, we fit the
spectrum in Fig. 1(e) and extract the average cooperativity
C ¼ 71ð4Þ, corresponding to the cavity QED parameters
f2g; γ; κwg; κscg ¼ 2π × f1.24ð4Þ; 0.006; 0.86; 2.77g GHz.
We compare this to an independent theoretical estimate
of g based on the geometry of the trapping potential of the
tweezer and the evanescent field experienced by the
atom. The closest lattice site is at a distance of 260 nm
from the surface of the PC [7]. At this distance, an atom
at rest experiences a single-photon Rabi frequency of
2g0 ¼ 2π × 1.7 GHz, which is somewhat larger than the
observed values.
We attribute this discrepancy to the fluctuations in the

atomic position across the spatially varying cavity field,
which lead to cooperativity distributions. The distribution
of cooperativities that produces the spectrum in Fig. 1(e)
corresponds to the atomic spatial widths of 190 nm along
the PC and 33 nm along the direction of propagation of the
tweezer. An independent temperature measurement yields
an upper bound estimate of 120 μK near the PC, account-
ing for 150 and 30 nm in the two directions, respectively
(see Supplemental Material [32]). Other contributions
include the pointing fluctuations of the tweezer. Both of
these fluctuations affect the line shapes of the spectra
shown in this Letter and make the cavity standing wave
profile unresolvable [Fig. 1(b)]. With these position fluc-
tuations, we estimate an average single-photon Rabi
frequency of 2g ¼ 2π × 1.26 GHz, which is consistent
with the value extracted from our experimental data.
The efficient atom-photon interface allows us to deter-

mine the presence of an atom in a single shot. We tune the
probe frequency to the F ¼ 2 → F0 ¼ 3 line and count
reflected photons collected within 100 μs [Fig. 1(e), inset].
When repeated multiple times, the photon number follows
a bimodal normal distribution with 0.7% overlap, which is
adequately separable to determine if the atom is coupled
to the cavity. The atom becomes uncoupled from the cavity
if it falls into the F ¼ 1 manifold via off-resonant scatter-
ing. We deplete the population in the F ¼ 1 manifold by
sending in an additional beam copropagating with the
optical tweezer on the 5S1=2, F ¼ 1 → 5P1=2, F0 ¼ 2
transition, at 795 nm, which is sufficiently detuned from
the cavity and can be filtered out from the collected
photons. In addition to the F ¼ 2 → F0 ¼ 3 line, the
spectrum in Fig. 1(e) also shows the F ¼ 2 → F0 ¼ 1, 2
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FIG. 1. High-cooperativity atom-photon coupling to a nano-
photonic cavity. (a) Schematic of the experimental setup, showing
an atom trapped in the lattice of an optical tweezer coupled to a
nanophotonic cavity. The parameters are defined in the main text.
(b) Moving the tweezer along the cavity to map out the mode in
terms of cooperativity (blue) and simulated intensity profile of the
cavity mode (gray). (c) SEM image of the nanophotonic cavity
suspended on a tapered fiber. (d) Level diagram for the 5S1=2 →
5P3=2 transition. The F ¼ f2; 1g manifold is {coupled, un-
coupled} to the cavity. The probe detuning is defined relative
to the bare F ¼ 2 → F0 ¼ 3 transition. (e) Measured cavity
reflection spectrum with and without an atom coupled to the
cavity. The solid lines are from theoretical models. (Inset)
Histogram of counts collected at 0 MHz detuning, showing
single-shot atomic detection.
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On a first glance, based on the Ideal Gaussian (approximated) model, the higher Vm, the 

better Q is expected. Since the increase in Vm subsequently delocalize the mode in space via 
the increase in the mode widths in x and z directions, the compression in k-space results in a 
decrease in vertical power losses, and in a higher Q. In the width modulation design, Vm 
deviation from its optimal causes a subsequent increase in the vertical power losses that 
degrade the Q. One can observe this behavior from the |Hy| distributions presented in Fig. 6. A 
detailed inspection of Fig. 6 reveals that any departure from the “optimal” obtained point 
(central part in Fig. 6), bring higher intensity peaks of the field within the light cone. The 
reason for this behavior is that the mode cannot be defined by two uncoupled widths ( x and z 
no separation of variables). The effect of changing DA,B,C results in a change in the mode 
width in the whole xz plane, and while the mode is localized in x direction it is at the same 
time delocalized in z. Thus, a maximal effect is obtained, beyond which, the k-space 
distribution is no longer affected in the same way. It seems that, due to the more "flexible" 
control over the mode distribution in the whole xz plane, (compared to the modified DH 
design), a higher Q is attainable in the local width modulation cavities.  
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profile unresolvable [Fig. 1(b)]. With these position fluc-
tuations, we estimate an average single-photon Rabi
frequency of 2g ¼ 2π × 1.26 GHz, which is consistent
with the value extracted from our experimental data.
The efficient atom-photon interface allows us to deter-

mine the presence of an atom in a single shot. We tune the
probe frequency to the F ¼ 2 → F0 ¼ 3 line and count
reflected photons collected within 100 μs [Fig. 1(e), inset].
When repeated multiple times, the photon number follows
a bimodal normal distribution with 0.7% overlap, which is
adequately separable to determine if the atom is coupled
to the cavity. The atom becomes uncoupled from the cavity
if it falls into the F ¼ 1 manifold via off-resonant scatter-
ing. We deplete the population in the F ¼ 1 manifold by
sending in an additional beam copropagating with the
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FIG. 1. High-cooperativity atom-photon coupling to a nano-
photonic cavity. (a) Schematic of the experimental setup, showing
an atom trapped in the lattice of an optical tweezer coupled to a
nanophotonic cavity. The parameters are defined in the main text.
(b) Moving the tweezer along the cavity to map out the mode in
terms of cooperativity (blue) and simulated intensity profile of the
cavity mode (gray). (c) SEM image of the nanophotonic cavity
suspended on a tapered fiber. (d) Level diagram for the 5S1=2 →
5P3=2 transition. The F ¼ f2; 1g manifold is {coupled, un-
coupled} to the cavity. The probe detuning is defined relative
to the bare F ¼ 2 → F0 ¼ 3 transition. (e) Measured cavity
reflection spectrum with and without an atom coupled to the
cavity. The solid lines are from theoretical models. (Inset)
Histogram of counts collected at 0 MHz detuning, showing
single-shot atomic detection.
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Remote entanglement in the photonic crystal
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General solution:
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Combining local and networked entanglement

Figure 4: Entanglement through cavity enhanced Raman scattering. (a) A pair of atoms initially
in state |0; 11i decays to the maximally entangled state |0; +i = (|0; 01i+ |0; 10i)/

p
2, before a much

weaker subsequent decay to |0; 00i. Spectrum showing the populations of |0; +i(blue) and |0; 00i as
a function of the pump detuning from nominal Raman resonance. The resonance are strongly light
shifted by the photonic mode. Dashed lines show the results of our simple model, which accurately
captures the decay of the initial state (black line, inset).

be heralded by the photons detection. Crucially, the exceptionally strong coupling of the PhCr mode

leads to significantly di↵erent dynamics than ordinarily found in the Dicke model by breaking the

parity symmetry (i.e. on interchange "$#) of the Dicke states |""i , (|"#i + |#"i)/
p

2, |##i. Here,

the cavity mode gives rise to significant light shifts which lift the degeneracy of the superradiant

states |0 : 11i , |1; +i and |2; 00i (where |+i = (|10i + |01i)/
p

2). This allows one to isolate the

|0; 11i $ |1; +i transition from |1; +i $ |2; 00i. If |0; 11i $ |1; +i is driven by the cavity mode

together with a weak pump field, then the e↵ective coupling strength of this Raman transition can

be weaker than the cavity decay rate. Consequently, the state |1; +i decays to |0 : +i before it has

the chance to return to |0; 11i. This process is analogous to Purcell enhanced Raman scattering,

but with multiple quantum emitters, resulting in their entanglement.

Figure 4 shows the enhanced Raman scattering from |0; 11i to |0; +i, which results in a maximum

population of 84% in the bell state |0; +i at time ⌧ = �gt = 5.5 ⇥ 103. This process is driven by

14
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Figure 4: combining approaches
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