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Cavity-enhanced broadband photonic Rabi oscillation
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A coherent coupling among different energy photons provided by nonlinear optical interaction is regarded as a
photonic version of the Rabi oscillation. Cavity enhancement of the nonlinearity reduces an energy requirement
significantly and pushes the scalability of the frequency-encoded photonic circuit based on the photonic Rabi
oscillation. However, the confinement of the photons in the cavity severely limits the number of interactable
frequency modes. Here we demonstrate a wide-bandwidth and efficient photonic Rabi oscillation achieving
full-cycle oscillation based on a cavity-enhanced nonlinear optical interaction with a monolithic integration. We
also show its versatile manipulation beyond the frequency degree of freedom such as an all-optical control for
polarizing photons with geometric phase. Our results will open up full control accessible to synthetic dimensional
photonic systems over wide frequency modes as well as a large-scale photonic quantum information processing.
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I. INTRODUCTION

Rabi oscillation, which is a cyclic rotation between coher-
ently coupled two atomic levels driven by an optical field,
is one of the most fundamental building blocks in atomic
physics, and has been used for numerous technologies such
as atomic clocks [1], sensors [2], quantum communication
[3], and computing [4,5]. In a photonic system, the coherent
two-level system is implemented by two distinct photonic fre-
quencies coupled by nonlinear optical interaction with a pump
light. Recently, such a photonic Rabi oscillation has been
applied to a single photon known as quantum frequency con-
version (QFC) [6] in quantum information processing, which
can create a coherent superposition of the frequency modes in
the single photon. Apart from atomic systems using naturally
determined energy levels, the photonic systems use virtual
levels determined by the pump frequency corresponding to
the difference of the two frequencies [Fig. 1(a)]. This feature
allows for interaction of densely embedded optical frequency
modes over a wide range, and offers flexible manipulation
of photonic frequencies that form the inherently equipped
high-dimensional Hilbert space.

So far, several experimental demonstrations of quantum
operations on the frequency-encoded qubits based on op-
tical nonlinearities have been performed [7-9] aiming at
frequency-domain photonic quantum information processing
such as universal quantum computation based on multistage
nonlinear optical interaction with the photonic Rabi oscil-
lation [10-12]. Typically, the full Rabi cycle in x®-based
QFC corresponding to the so-called 2w pulse needs over
a watt-class continuous wave (cw) pump power even when
waveguided crystals are used [13-19]. Much more pump
power is required for QFCs with bulk crystals or x® me-
dia due to shorter interaction time or smaller nonlinearity.
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This prevents the scalable integration of the photonic Rabi
oscillation for simulating more complex quantum systems.
A promising approach for saving the cw pump power is an
enhancement of optical nonlinearity by using an optical cav-
ity. However, cavity systems in which all relevant lights are
confined such as ring resonator systems [20,21] severely limit
accessible frequencies and bandwidths of the photons, which
sacrifices the feature of the photonic Rabi oscillation.

In this study, without losing the acceptable frequencies
and bandwidth, we demonstrate cavity enhancement of the
photonic Rabi oscillation by using laser lights toward the
wideband and efficient QFC. We utilize a periodically poled
lithium niobate (PPLN) waveguide as a x® medium with a
cavity only for the pump light [Fig. 1(b)], which we call the
PPLN waveguide resonator (PPLN/WR) hereafter. Compared
with the QFC experiment without the cavity [13], the internal
enhancement factor was estimated to be near 10 with achiev-
ing a maximum transition probability over 90 %, while the
observed bandwidth was 176 GHz which is comparable with
the reported value. Such an efficient photonic Rabi oscilla-
tion realized the full cycle of the coherent rotation between
the two frequency modes. This also enables an all-optical
control of polarizing photons beyond the manipulation of
frequency degree of freedom (DOF). Thanks to the broad
bandwidth property, we can simultaneously perform the op-
eration over several dozen frequencies and polarizing modes
forming hyperentangled states on dense quantum frequency
combs [22,23].

II. THEORY

We explain the quantum theory of x®-based photonic
Rabi oscillation between angular frequencies w, and w, driven
by a pump light at an angular frequency w,(= w. — w;) for
the nonlinear optical interaction [13]. The subscripts of the

two energy levels “e” and “g” mean “excited” and “ground”
frequencies. The energy diagram relevant to the process is
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FIG. 1. (a) Two-level photonic systems coherently coupled by photonic Rabi oscillation. Due to the virtual level structure, the ground and
excited levels are regarded as continuously distributed. (b) Energy diagram of x ® interaction equivalent to the coherent two-level systems. The
pump light at angular frequency wj, is confined in the cavity. (c) Experimental setup. The wavelengths 1600 nm and 780 nm correspond to the
pump frequency w, and the excited state frequency we, respectively; 1522 nm corresponds to the ground-state frequency w,(= w. — w,). HWP,
half wave plate; BS, beamsplitter. Other acronyms are defined in the main text. (d) Input pump power dependencies of the transmission spectra
of 780 nm light and 1522 nm light. The power in the figure is the input pump power measured in front of the PPLN/WR. (e) Input pump power
dependencies of the ratio of the reflected pump power to the input pump power (P.t/P;n) (brown circle, left-hand axis), and SHG/transmission
power of the pump light (orange square/light blue diamond, right-hand axis). The error bars indicate one standard deviation. For estimating
the mode matching, we used the data with the standard deviations smaller than 5 % (the four leftmost data are omitted).

shown in Fig. 1(b). When the pump light is sufficiently strong,
and the perfect phase matching condition is satisfied, the ef-
fective Hamiltonian is described by H = ifi(g*ala, — gacay),
where de(g) is an annihilation operator of the higher (lower)
frequency mode. The effective coupling constant g = |g|e’® is
proportional to the complex amplitude of the pump light with
phase ¢. From this Hamiltonian, annihilation operators ae, oy
and ag oy for the higher and lower frequency modes from the
nonlinear optical medium are described by

[ae,om:| [ cos § —e'? sin %} |:ae:| 0
= | —ip i O 6 ’
Qg out e ¥siny cos 5 ag

where /2 = |g|t, and t is the interaction time of the light
through the nonlinear optical medium. This process is equiv-
alent to the atomic Rabi oscillation driven by the external
optical field resonant with the two energy levels. The branch-
ing ratio of the transition matrix can be adjusted by the pump
power. We notice that at 8§ = 27, the light at the initial fre-
quency mode is obtained with a unit probability, while the
7 phase shift understood by the geometric phase is added to
its complex amplitude. When the nonlinear optical medium
is placed inside a cavity confining only the pump light, the
coupling strength |g| is enhanced, resulting in a higher Rabi
frequency while preserving the intrinsic bandwidth of the non-
linear interaction. On the other hand, the cavity confinement
may induce a constant shift of phase ¢ in Eq. (1), which gives
no adverse effect in the experiment.

III. EXPERIMENTAL SETUP

The experimental setup for the photonic Rabi oscillation
between 780 and 1522 nm light driven by the cavity-enhanced
pump light at 1600 nm is shown in Fig. 1(c). The cw pump
light and the 780 nm light with a power of 1 mW are com-
bined at a dichroic mirror (DM1), and then focused on the

PPLN/WR. The coupling efficiency of 780 nm light to the
PPLN/WR is 0.91.

The details of the PPLN/WR used in our experiment are
described as follows. The PPLN waveguide is a similar design
to the one used in Ref. [13]. It is a ridged-type waveguide with
8-um width. The periodically poling period is about 18 um
for satisfying the type-0 quasi-phase-matching condition, and
the polarization of the light relevant to the Rabi oscillation
is vertical (V). The length of the waveguide is 20 mm. For
forming the singly resonant PPLN waveguide resonator with
the Fabry-Pérot structure, the end faces of the waveguide are
flat polished, and directly coated by dielectric multilayers. The
reflectance for 1600 nm at both end faces of the waveguide
is 97.6%. The observed full width at the half maximum
(FWHM) and the quality factor of the cavity are about A =
60MHz and 3.2 x 10° [23], respectively. For 780 nm and
1522 nm, antireflective coatings at the front (back) ends of the
waveguide are achieved with the reflectances of ~0.6 (0.2)%
and ~14 (5)%, respectively.

After the PPLN/WR, the 780 nm light is reflected by DM2,
and passes through an interference filter (IF) with a bandwidth
of 3 nm followed by a photodetector (PD.). The 1522 nm
light and the pump light pass through DM2, and they are
separated by DM3. The 1522 nm light passing through DM3
is diffracted at a volume holographic grating (VHG) with a
bandwidth of 1 nm and is detected by PD,. The pump light
reflected at DM3 is detected by PD,. The pump light coming
back from the PPLN/WR is monitored by PDy,.

IV. EXPERIMENTAL RESULTS

A. Cavity-enhanced photonic Rabi oscillation with
broadband property

The branching ratio between the two frequency modes
characterized by rotation angle 6 of Rabi oscillation in Eq. (1)
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was measured by the PDs for various pump powers while
scanning the pump frequency. Examples of the observed
power spectra for 780 nm and 1522 nm light are shown in
Fig. 1(d). We see that when the pump light was resonant
to the PPLN/WR, the transition process was observed as a
dip and a peak of the power spectra. For the pump power
satisfying 0 < 8 < m, a higher pump power leads to a deeper
dip and a higher peak of the spectra (the bottom figure). For
the pump power such that 6 > x is satisfied (the other three
figures), the dip at 780 nm and the peak at 1522 nm were,
respectively, turned into upward and downward. This behavior
shows the frequency recovery from 1522 nm to 780 nm after
the transition from 780 nm to 1522 nm.

The input pump power P, was measured just before the
PPLN/WR. In order to estimate an effective pump power
P coupled to the resonator, we measured the ratio of the
reflected pump power Pt to Py, from the reflection spectra
at PD,, for the estimation of the mode matching coefficient
M, and second harmonic generation (SHG) at 800 nm of
the pump light at PD. for the estimation of an unexpected
nonlinear optical effect. We show the experimental results in
Fig. 1(e). Pet/Py is estimated to be 0.52 on average, which
reflects amounts of the mode mismatched portion 1 — M and
the back reflection of the pump light coupled to the resonator.
The latter is determined by (1 — Ay/ A)? ~ 0.30 [24], where
Ap = 27MHz is the FWHM determined by the symmetric
reflectance 97.6 % at the ends of the resonator with no inter-
nal photon loss. By solving 0.30M + (1 — M) = 0.52, M is
estimated to be 0.69. From this value and the reflected pump
spectra, we determined the effective coupled pump power P.
We note that the SHG power gradually increases as shown in
Fig. 1(e). Corresponding to this, the transmitted pump power
measured by PD, begins to deviate from the proportional
relationship with the input pump power. This indicates that
the coupled pump power is consumed by SHG, which may
shift the amount of the back reflection portion of the pump
light. But the roughly constant values of P.t/P;, show such
influence is small enough for the above estimation.

Together with the estimated values of P and the observed
spectra of 780 nm and 1522 nm light, we plot the staying
probability (transmittance) 7 (P) and the transition probability
(reflectance) R(P)(:= 1 — T (P)) in Fig. 2(a) based on the nor-
malization method in Refs. [7,25]. The maximum transition
probability corresponding to the 7 pulse was achieved at ~80
mW pump power. By using the observed values for <200 mW
pump power in which SHG is negligibly small from Fig. 1(e),
the best fit to 7(P) with a function 1 — A sin>(v/BPL) gives
A =0.92and B = 0.078 W 'mm~2, where L = 20 mm is the
waveguide length. This result is used for the dashed curves
in Fig. 2(a). By using the parameters, we plot 7 (P) and R(P)
vs 6(P) in Fig. 2(b), which shows the clear Rabi oscillation
achieving full cycle.

The pump light confinement in the Fabry-Pérot cavity al-
lows for the Rabi oscillation regardless of the input direction
of the pump light. To see this, we swapped the positions of the
780-nm light source and the detector PD.. The experimental
result is shown in Figs. 2(c) and 2(d). As is expected, the os-
cillation of the frequency transition was surely observed. The
best fit to T'(P) with 1 — A’ sin?(v/B'PL) gives A’ = 0.95 and
B = 0.075 W~ 'mm~2, which is used for the dashed curves in
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FIG. 2. (a)-(d) T(P) (red) and R(P) (green) vs P and 6/(2m).
(a) and (b) For the signal light coming from the direction same
as the pump light. The dashed curves for 7(P) and R(P) are
functions 1 — A sinz(«/ﬁL) and A sinz(«/ﬁL), respectively, where
A=0.92,B=0.078 W-'mm2. 6 is estimated by 6(P) = 2+/BPL.
(c) and (d) For the signal light coming from the direction opposite
the pump light. The dashed curves for 7' (P) and R(P) are functions
1 — A’sin>(v/B'PL) and A’ sin>(~/B'PL), respectively, where A’ =
0.95, B =0.075W~'mm~2. 6 is estimated by 6(P)= 2+/B'PL.
(e) The observed transition probability vs the signal wavelength for

the figures. These estimated values are similar to A and B, and
the bidirectional photonic Rabi oscillation was successfully
achieved.

To see the amount of the cavity enhancement, we com-
pare the value of the normalized coupling constant B =
0.078 W~ 'mm~2 with the values in previously reported pa-
pers. In Ref. [13], the QFC system including the PPLN
waveguide and wavelengths of the relevant light is almost
the same as this experimental setup except for the cavity
coating. The value of the coupling constant is calculated
to be 0.009 W~ 'mm~2 from the reported experimental data.
From these results, an enhancement factor of the coupling
constant is estimated to be 8.6. This value agrees well with
a theoretical value [26,27] Fozbs /(wFy) ~ 8.4 where Fups and
Fy are finesses Fyps = Vpsr/A = 59 and Fy = vpsg/Ap = 130
with the free spectral range vgsg = 3.5 GHz [28]. Compared
to other QFC experiments using PPLN waveguides without
cavities in various situations [14—19] in which the coupling
constant is from 0.003 to 0.012 W—mm2, our result shows
a significant enhancement by the cavity.

Next, we measured the bandwidth of the photonic Rabi
oscillation by setting the effective pump power to P ~
80mW (=: Py). The observed transition probabilities for var-
ious signal wavelengths around 780 nm were shown in
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FIG. 3. (a) The Poincaré sphere (Bloch sphere) for the polariza-
tion state of light. |[R) (|L)) is the right (left) circular polarization
state. The trajectory of the states from 6 = 0 to 0 ~ 2x is repre-
sented by red circles from near |D) to |A). (b) 6(P) dependencies
of fidelities F' and F’. The dashed curve is theoretically obtained by
using experimental parameters.

Fig. 2(e). The best fit to the data with a Gaussian gives the
FWHM of 0.36 nm corresponding to 176 GHz. This value
is in good agreement with the intrinsic bandwidth 0.3 nm
(about 150 GHz) of the PPLN without the cavity [13]. We
thus conclude that the cavity-enhanced broadband photonic
Rabi oscillation was surely achieved.

B. Polarization rotation by photonic Rabi oscillation

The photonic Rabi oscillation can be used for the polar-
ization rotation of the signal light. The experiment for such
an operation was performed by the same setup in Fig. 1(c).
The input signal light at 780 nm is set to diagonal polariza-
tion whose state is written as |D) := (|H) + |V))/~/2, where
|H) and |V) are states for the horizontal and V polariza-
tion of light, respectively. Because only the V-polarized light
is frequency converted by the type-O quasi-phase-matched
PPLN/WR, the polarization state of the light at 780 nm is
transformed into |yy) := N (|H) + cos %|V)) ideally, where

N = (1 4 cos? %)’1/2 is the normalization constant. For
780 nm light coming from the PPLN/WR, the polarization
state tomography was performed by inserting a polarization
analyzer composed of a quarter wave plate, a HWP, and a
polarizing BS into the optical path just before PD.

In Fig. 3(a), we show the trajectory of the polarization
states on the Poincaré sphere (or Bloch sphere) estimated from
Stokes parameters. As the pump power increases, the initial
state near [o) (= |D)) is transformed towards |y, ) = |A) :=
(|H) — |V))/+/2, via a state near |/;) = |H ). For quantitative
evaluation of the rotation, we borrowed the density operator
representation py of the polarization state for various values
of 6 = 6(P) from the quantum information theory. We eval-
uated the fidelities F := (Yy|pg|s) of py to the ideal state
|9) and F’ := (Yol pg|to) of the states with turning on and
off the pump light. The results are shown in Fig. 3(b). For
every 6, F' is higher than 0.9, and thus the polarization state
is successfully rotated by the Rabi oscillation for any pump
power with a resonant frequency. The result of F’, which
approaches zero as 6 increases, also shows the rotation effect.
We notice that for 6 ~ 2 achieved by P ~ 340 mW, F’ is
close to zero due to the effect of the geometric phase added
through the full Rabi cycle [29-31]. The above polarization
rotation was controlled by amplitude modulation (AM) of the

pump light at a frequency resonant to the cavity. In addition
to the AM control, the cavity structure enables us to toggle
the polarization rotation by frequency modulation (FM) of the
pump light between off-resonant and on-resonant conditions
with a fixed pump power.

We construct a theoretical model for the state transforma-
tion by the photonic Rabi oscillation. The observed maximum
transition efficiency is A = 0.95. We assume that the imper-
fection is originated from the propagation mode mismatch
of the signal and the pump light. We denote the propaga-
tion mode which interacts with the pump light by |x) and
its orthogonal mode by |x). Under the assumption, when the
input state is a pure state with diagonal polarization, the initial
state to the device can be written as |¥i,) 1= |D)(v/Alx) +
/1 — A|x)). After the Rabi oscillation with 6, the normalized
output state |1y ) is ideally described by

[Wou) := No(VAN " y) x) +v2(1 — A)ID)[R),  (2)

where Ny := (AN 2 +2(1 — A))~'/? is a normalization fac-
tor. In our experiment, the reconstructed states py were
slightly impure, namely Tr(p?) < 1. We model the output
state including the impurity as pg = p|¥out) (Vou| + (1 —
p)l /2, where p := (2(Tr(,o£)) — 1)!/? and I is the identity op-
erator. By using experimentally observed values A = 0.95 and
(Tr(pg)) = 0.93, we obtained the fidelity Fi := (Yin| o |¥in)
as shown in Fig. 3(b). We see that the experimental results are
in good agreement with the curve theoretically predicted with
the use of the experimental parameters.

V. DISCUSSION

In our demonstration for the polarization state rotation,
we measured only the polarization state of 780 nm light.
When we consider the frequency DOF composed of 780 nm
and 1522 nm modes, which we denote by |wy) and |w;), the
photonic Rabi oscillation system will work on a single-photon
two-qubit state [32] formed by the polarization and the fre-
quency modes of the single photon. Because the PPLN/WR
has polarization dependency, an input state |D)|wy) is de-
terministically transformed into the single-photon Bell states
as (|H)|wp) £ |V)|a)1))/«/§ by the Rabi oscillation with 6 =
7 /4 and 37 /4. These operations correspond to the controlled
NOT gates. Combining frequency-dependent WPs, the other
two Bell states can be easily generated. The measurement of
the four Bell states is also deterministically achieved by the
same setup. These two-qubit gates can be used for the manip-
ulation of hyperentangled states. For example, starting from a
conventional n-photon GHZ state (|H)®" + |V )&")|0®") /+/2,
by applying the above gates to n photons, the hyperentangled
GHZ state [33] written as (|H)®"|op)®" + [V)®"|w))®")/v/2
can be generated.

VI. CONCLUSION

In conclusion, we have demonstrated cavity enhance-
ment of photonic Rabi oscillation while keeping the flexible
choice of frequencies and wide acceptance bandwidths of
photons. The enhancement of the nonlinear optical coupling
was 10 times larger than conventional frequency converters.
This leads to the observation of the full Rabi cycle between
the two photonic frequencies, resulting in all-optical versatile
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manipulation beyond the frequency DOF. Our results will
open up a large-scale photonic quantum information pro-
cessing based on frequency modes including hyperentangled
systems [34,35]. Furthermore, considering several two-level
virtual systems as shown in Fig. 1(a) and their interaction by
using multiple pump lasers with proper frequency detunings,
there is a possibility that such a photonic system would simu-
late and design complicated atomic systems including more
than two virtual energy levels. Our experiments have been
performed with pump frequency scanning as in conventional
nonlinear systems with cavity enhancement. For a stable oper-
ation of the device, the use of a laser frequency locking system

such as reported in Ref. [27] is important because the pump
frequency fluctuations would degrade the average transition
efficiency and the purity of the output state.
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