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Interferometry using discrete energy levels of nuclear, atomic or molecular systems is the foun-
dation for a wide range of physical phenomena and enables powerful techniques such as nuclear
magnetic resonance, electron spin resonance, Ramsey-based spectroscopy and laser/maser technol-
ogy. It also plays a unique role in quantum information processing as qubits may be implemented as
energy superposition states of simple quantum systems. Here, we demonstrate quantum interference
involving energy states of single quanta of light. In full analogy to energy levels of atoms or nuclear
spins, we implement a Ramsey interferometer with single photons. We experimentally generate
energy superposition states of a single photon and manipulate them with unitary transformations
to realize arbitrary projective measurements. Our approach opens the path for frequency-encoded
photonic qubits in quantum information processing and quantum communication.

The two-level model represents the most fundamental
quantum system and is used to describe a wide variety of
physical systems. Ramsey interferometry, magnetic reso-
nance imaging, and electron-spin resonance spectroscopy
are governed by two-level system dynamics involving re-
spectively molecular-atomic levels, nuclear spin, and elec-
tronic spin. In those examples, the coupling between en-
ergy levels is achieved using electromagnetic fields that
can be tailored at will and allows for many advanced
techniques such as adiabatic elimination and stimulated
Raman adiabatic passage in higher dimensional atomic
system, or spin locking in NMR. Quantum interference
involving systems in superposition of different energies is
at the heart of fundamental and applied physics and has
been highly useful in increasing the accuracy of time mea-
surement from the first idea of using NMR, suggested by
Rabi in 1945 [1, 2] to the first atomic clock relying on the
Ramsey interferometry [3-5] recently renewed by using
trapped single ions [6]. Ramsey interferometry on single
Rydberg atoms has allowed the nondestructive measure-
ment of the number of photons in a cavity [7], single spin
manipulation using the same techniques constitutes one
of the most promising routes towards quantum process-
ing [8-10], and Ramsey interferometry also enables build-
ing 2-qubits quantum gates [11]. Matter-wave interfer-
ometers using collective energy levels of atoms in a BEC
have also been demonstrated [12] and used to measure
gravity down to record breaking precision [13]. Neverthe-
less, a fundamental quantum system that has not been
extensively studied in the context of discrete two-level en-
ergy systems is a single photon. Translating those studies
to photonics system can be implemented by controlling
light with light using nonlinear optical phenomena. For
classical light the analogy between atomic/molecular op-
tics and nonlinear optics is well known [14] and there are
various cases where the complex dynamics of light prop-
agation in a nonlinear medium can be simplified to the

coherent evolution of a two-level system. For a quantum
of light a bichromatic qubit is a photon whose frequency
can be one of two possible colors. A key requirement
is to manipulate the frequency states of single photons
while preserving their coherence. This coherence allows
for transitions between the two frequencies that mimic
Rabi oscillations [15, 16].

In this report, we demonstrate manipulation of single
photons and their corresponding position on the energy
Bloch sphere. We show the resulting quantum inter-
ference associated with this two-level quantum systems.
On the Bloch sphere, polar rotations are achieved using
a phase sensitive wave-mixing process known as Bragg
scattering four-wave mixing (BS-FWM) that translates
the frequency of the initial state to a new frequency
without adding noise. Azimuthal rotations are imple-
mented by imparting tunable physical delays on the sin-
gle photon. This approach to encoding quantum in-
formation onto the energy degree of freedom of single
photons represents an important advance on previously
introduced frequency-encoded quantum information re-
ported by Merolla [17-20] or Zeilinger [21] and temporal
modes introduced by Brecht [22-26] since in our case such
a qubit can be implemented as a coherent superposition
of two colors. Such a representation was not straight-
forward to realize in earlier works [17-21]. It has been
shown that photons from different frequencies interfere at
the single quantum level [17] and that such two-parties
system can violate Bells inequalities [18]. However, those
studies do not allow quantum logic operations in a two-
dimensional Hilbert space unless a more complex defini-
tion of a frequency-encoded qubit is introduced [19]. A
closer approach [22-26] has been realized using temporal
modes encoded on a single broader frequency span. Inter-
estingly, the authors aiming at sorting temporal modes
also introduce a toolbox made of linear quantum gates
for their temporal modes.



The core of our work is the efficient and low-noise fre-
quency conversion of single photons that was proposed
two decades ago [15, 27] and for which various success-
ful studies using x(? and x®) nonlinear interactions have
been demonstrated [28-37]. Figure 1 depicts the min-
imum set of operation in a Ramsey interferometer as
rotations on a Bloch sphere where the poles represent
states of the two different energy levels. In a Ramsey in-
terferometer, the two-level system undergoes subsequent
identical interactions with resonant pulses of area m/2
that are separated by a non-interacting interval of free
evolution. For the photonic realization we first define
two discrete frequencies and prepare the photon in one of
them |vs) that we associate to the south pole of the Bloch
sphere. A 7/2 pulse transforms this state into a super-
position of the form 272 (|v,) + |1;)) corresponding to
7/2 polar rotation in the O, , plane along the meridian of
the Bloch sphere. The bichromatic qubit is subsequently
left free to evolve for a time 7' resulting in an azimuthal
rotation. This corresponds to the system acquiring a rel-
ative phase m = 27T9r due to the precession between
the to two levels of different frequency dr. Finally, a
second 7/2 pulse is applied that transforms the superpo-
sition state into the final state depending critically on the
imparted phase ¢. The projective measurement consists
of detecting whether the photon has a frequency v4 or
v; and therefore reveals information on the phase ¢. In
order to prepare any state of a bichromatic qubit, that
is, implement the scheme depicted in fig. 1, our toolbox
requires 4 elements: (A) a bichromatic qubit defined by
two-dimensional Hilbert space {|vs),|v:)}, (B) a photon
frequency converter capable of transferring the eigenvec-
tor back and forth (7/2 pulse), (C) control on the relative
phase ¢, and (D) a measurement of the energy of the final
state. To define a bichromatic qubit (A) and initialize it
on a pole of the Bloch sphere, we isolate a single photon
at a given frequency (A) v, by using a frequency heralded
photon source. Photon pairs are generated via sponta-
neous down conversion over frequencies vs and Vperalding
so that energy is conserved vs + Vperalding = Vpump where
Vpump is the fixed frequency of a pump beam. By spec-
trally filtering the broad flux of heralding photons thus
imposing a given value t0 Veralding Prior to its detec-
tion in a single-photon detector, the partner photon at
frequency v, is characterized in time and frequency. In-
deed, as heralding and heralded photons are created as
a single event, the timing of heralded photon is known
down to the timing resolution of the heralding detector
while its spectrum is bounded by energy conservation and
the bandwidth of the bandpass filter placed in front of
the heralding detector.

To manipulate the bichromatic qubit we perform quan-
tum frequency conversion (QFC) on the generated sin-
gle photons. Quantum frequency conversion has been
demonstrated using second order (2 nonlinearities
either via sum-frequency generation [15, 27, 32-36],
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FIG. 1. (a) Principle of a Ramsey interference based on dis-
crete energy levels of photons depicted as rotations on the
Bloch sphere. (b) Up/down-conversion for a particular set
of frequencies {v1,va,v;,vs} via Bragg scattering four-wave
mixing corresponds to polar rotation on the Bloch sphere.
ov=1v1—Vvs =1v; — Vs and Av = vs — 1.

difference-frequency generation [16, 38, 39] or electro-
optic modulation [17-20]. In contrast, Bragg scattering
four-wave mixing is a third order x(3) nonlinear process
that has also been shown to be an effective [28-31] way
of achieving quantum frequency conversion applicable to
many types of waveguide platforms. A major advantage
of BS-FWM over sum-frequency generation and electro-
optic modulation is an easier to satisfy constraint con-
cerning the frequencies involved in the conversion. In-
deed, for BS-FWM the principal constraint lies in the
phase matching condition while sum frequency genera-
tion has the additional requirement that interacting fields
have to be at least one octave apart. Electro-optic modu-
lation is bounded to the other extreme to frequency shift
in the GHz range because of the electric modulation in-
volved. In our experiment we employ a BS-FWM config-
uration that is depicted in fig. 1 (b) in which two strong
fields (referred to as pump beams) F4 (v1) and Ea(12) are
frequency detuned by dv. This FWM process annihilates
a pump photon from the field Es(r2) and the target pho-
ton at the signal frequency vy for creating one photon on
the field F4 (11) and one at the idler frequency v; = vs+dv
such that the total energy is conserved. A critical aspect
of BS-FWM as compared to other FWM processes is that
it provides a coherent/phase sensitive coupling between
the two frequencies without adding noise and thus creates
a proper bichromatic photon qubit. In the ideal case of a
perfectly phase-matched process, the coherent coupling
induced by the FWM-BS is expressed by the following
coupled equations for the annihilation operators as(2)
and a;(z) for the signal and idler fields respectively:

as | cos2vyPz  iesin2yPz ] [ a,4(0) (1)
a; |~ |ie"?sin2yPz  cos2yPz a;(0)

Qs
where v is the nonlinear coefficient, z is the propagation
distance, and P is the |E;|?> = |F2|? is the power of the
two pump beams with a relative phase 6. From Eq. 1,
it is seen that BS-FWM produces a rotation in the fre-
quency Hilbert space {|vs),|v;)} such that yPz = 7/8
corresponds to a w/2 rotation. In addition eq. 1 exhibits
a phase dependence 6 originating from the pump fields.
This implies extra care to preserve those phase relation-
ship between subsequent BS-FWM processes. Departure



from the ideal case of noiseless unity-efficiency process,
such as effects of imperfect phase matching, higher-order
BS and spurious sources of noise, are discussed in the
supplemental material. A controllable relative phase be-
tween two optical frequencies (C) can be readily pro-
duced by propagating the bichromatic photon qubit over
a length-tunable delay line. Measurement of the final
frequency of the bichromatic photon (D) simply requires
separating the two spectral components into two paths
using a dispersive element and detecting in which path
the photon is present using single photon detectors.
The implementation of those 4 primary components
A-D is illustrated as insets in fig. 2. Inset (A) shows the
state preparation in which a single photon is heralded
by detection with a silicon avalanche photodiode (Si-
APD) of its partner photon generated at )‘heralding =
940 nm.The heralding photon is spectrally filtered so
that its partner heralded photon is spectrally defined at
As = 1283 nm with a bandwidth of 0.5 nm. To align,
synchronize, and characterize the setup, we use a tunable
laser with a variable attenuator to produce a weak coher-
ent field with less than 0.1 photon per gate. The signal
wavelength and bandwidth are selected to accommodate
the frequency converter (inset B). The second order cor-
relation ¢(® (t = 0) of our single photon source is limited
to 0.23 due to a tradeoff involving reasonable dark counts
level and reasonable low probability of multi pairs emis-
sion. The design of the frequency converter is depicted
in inset (B) of fig. 2 (See Supplemental Material [S1-S6]
for an in depth design review of the frequency converter).
It is exclusively built of optical fibers. The pump beams
are generated from ns-pulsed laser diodes and amplified
via erbium doped fibers then overlapped (spatially, tem-
porally and in polarization) with the single photons via
fiber wavelength multiplexers into a nonlinear dispersion
shifted fiber (DSF) where the quantum frequency con-
version takes place (See Supplemental Material [fig. S3]
for its group velocity dispersion). To minimize Raman
noise, the fiber is cooled down to cryogenic tempera-
ture (See Supplemental Material [fig. S1] for the spec-
tral and temperature dependance of background noise)
and the pump wavelength are set to Ay = 1551.7 nm and
A2 = 1558.1 nm as a tradeoff between good phase match-
ing and weak spurious four-wave-mixing. The pulses
are synchronized and overlapped with the signal photon
in the nonlinear fiber using wavelength division multi-
plexer add-and-drop filters, the polarization of all three
fields is aligned to be parallel. For a signal photon at
As = 1283.5 nm, we first verified the power dependence
of the conversion efficiency as shown in fig. 3 using a de-
coy state source with an average of 0.1 photon/pulse. The
conversion scales as a squared sine that mimics a Rabi
oscillation. After correction for wavelength-dependent
loss, the conversion efficiency reaches 90 & 5% limited by
power fluctuations of the pump beam and by higher-order
leakage into other frequency modes due to the compet-
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FIG. 2. Insets A-D: Experimental implementation of Ramsey
interferometry with photons.

ing up-conversion process. This effect is most apparent
at higher pump powers where there is a clear discrep-
ancy between the expected coherent oscillation and the
observed result.

To produce a tunable phase between the two states,
we filtered the pump beams from the bichromatic pho-
ton and inserted a tunable free space delay on its path
[inset (C) of fig. 2]. As indicated by eq. 1, the BS-FWM
process depends not only on the relative phase 6 between
the two spectral components of the single photon but
also on the relative phase between the two pump fields.
We must control those phase relationships independently
since otherwise the precession acquired by the two pumps
(0 in eq. 1) would exactly cancel out with the bichromatic
qubit phase ¢ = 2rAz(vs — v;)/c accumulated over the
propagation distance Ax.

The inset (D) of fig. 2 illustrates how the projective
measurements are performed. First, the optical pump
beams are filtered out using short pass filters, and the
two spectral components of the bichromatic qubit are
separated using commercially available wavelength divi-
sion demultiplexers. The projective measurement is then
made by performing single-photon detection on each arm
using InGaAs avalanche photodiodes. Since our single-
photon detectors can operate only in a gated mode, they
are synchronized to match the arrival time of the single
photons (typically using the heralding event). The pho-
ton flux and correlations at the detectors are determined
using a time-tagging module (coincidence acquisition).

Our approach allows generating any state of a bichro-
matic qubit and thus setting the bichromatic state of the
photon anywhere on the Bloch sphere. The full setup
consisting in the four components discussed above (see
fig. 2) so that: the photon is prepared in frequency state
lvs) (A), a m/2 pulse is applied using the quantum fre-
quency converter (B), a tunable phase is imparted on
the bichromatic qubit (C), a 7/2 pulse is again applied
using the same frequency converter (B) but in the re-
verse direction, and lastly the final state is reconstructed
via frequency demultiplexing and single-photon detec-
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FIG. 3. Photon depletion and conversion efficiency to the
idler frequency via BS-FWM as a function of the pump power
measured for decoy states with the setup depicted in 2 (Inset
B). P is the power corresponding to a polar w/2 rotation on
the Bloch sphere.

tion (D). Experimentally, the BS-FWM pump power P
is adjusted to give a forward conversion efficiency of 1/2
(P = 2 watts) so that the bichromatic qubit exits the
(B) as a balanced superposition of the two frequencies v
and v;. In the tunable phase delay stage (C), the pump
and signal arms are kept of nearly equal length so that
the optical pulses temporally overlap with the reflected
single photon when they are combined back in the nonlin-
ear fiber. The resulting Ramsey interference is depicted
in fig. 4 showing the signal conversion to the idler fre-
quency as a function of the imparted phase. As expected,
the interference pattern exhibits fringes corresponding to
the probabilities p(vs) = sin(¢/2) and p(v;) = cos(d/2).
The interference pattern shows fringes over a m phase
that corresponds to free-space propagation of 0.36 mm.
The interference fringes are the proof that the underlying
BS-FWM process preserves the coherence of the quan-
tum fields. The visibility of the fringes is nearly 50%
and is limited by the following two factors. The same
nonlinear fiber and optical pulses are used for perform-
ing the first and second quantum frequency conversion
but unfortunately the pump beams experience loss in the
tunable delay element (2 dB) so that the second propa-
gation results in a lesser conversion efficiency than the
target of /2. Using a setup less sensitive to loss ex-
perienced by the pump beams, the Ramsey interference
visibility can reach 65% (See Supplemental Material [S7]
for this alternative setup). Moreover, the bandwidth of
the heralded single photon (unlike the decoy state used
in fig. 2) is nearly equal to the acceptance bandwidth of
the BS-FWM, which limits the maximum conversion to
80% (See Supplemental Material [fig. S3] for the conver-
sion efficiency as a function of the pump power). For a
detailed explanation about the impact of imperfect con-
version efficiency on the fringe visibility, see the supple-
mental section [S8]. We have also verified that our system
is suitable for quantum information applications and pre-
serves Fock states (i.e., technical noise does not spoil the
fidelity), by measuring the second-order correlation func-
tion g(2)(t = 0) of the output photon. This is achieved by
replacing the demultiplexer by a balanced beamsplitter
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FIG. 4. Ramsey interference fringes observed while varying
the phase between two BS-FWM frequency converters.

in the projective measurement (D). We find that indepen-
dent of whether we apply a transformation on the Bloch
sphere or not (pump beams turned off), the ¢ (t = 0)
function remains at a value of 0.2.

While the visibility of our interferogram doesn’t reach
unity, this demonstration proves the quantum nature of
the qubit is preserved. This visibility is sufficient to envis-
age applications even if they would require larger photon
counting statistics than would an ideal unit visibility in-
terferometer. Moreover, better visibility can be attained
having more powerful laser pulses or dedicated nonlinear
fibers. Indeed, this allows reducing the nonlinear interac-
tion length and thus broaden the acceptance bandwidth
of the FWM-BS. Relaxing the phase matching condition
would also allow a larger frequency difference between
the 2 modes of the bichromatic photon. More powerful
lasers would also allows to use a non-attenuated copy of
the pump pulse in our second frequency convertor rather
than recycling the pump pulses from the first one.

We have a complete set of building blocks for encod-
ing, manipulating and measuring quantum information
contained in frequency qubits. We have demonstrated a
single photon can be placed in a bichromatic state at any
point on the corresponding Bloch sphere using a photonic
Ramsey interferometer whose phase sensitivity is set by
the beating wavelength A\ = ¢/dv.

We believe our demonstration will find applications in
quantum information. Indeed bichromatic photons can
constitute the interface between quantum systems oper-
ating at different frequencies [32-37, 40] such as quan-
tum information carrier, quantum repeaters, or simply
efficient detectors. For this purpose, much larger fre-
quency difference could be achieved by adjusting the
phase matching condition in a silica fiber as in our
present realization or by translating our demonstration
to a different system using sum/difference frequency gen-
eration that is better suited for such wideband applica-
tion. Recently, frequency translation between 980 nm
and 1550 nm has been demonstrated using silicon ni-
tride micro-cavities [41]. A bichromatic photon can also
serve as a stable quantum information carrier. A poten-
tial extension of our work is the manipulation of entan-
gled states rather than pure states. Photon pairs spon-



taneously generated on frequency combs [42] constitute
an example of high dimension frequency entangled state
that could be manipulated using our Ramsey interfer-
ometer to perform quantum key distribution with im-
proved robustness [43, 44]. In addition, we foresee that
single photon spectral-temporal pulse shaping [45] using
nearly identical setup as our Ramsey interferometer is
another promising application as it may also serve as an
interface between bandwidth-time unmatched quantum
optics systems. Both these aspects are highly relevant
to quantum key distribution [25, 46-48] whose extension
to longer distances will depend on quantum relays and
overall robustness again loss and noise. Another class
of applications may make use of the interferometer itself
as our demonstration enables measuring spectrally de-
pendent phase change, i.e. perform quantitative phase
spectroscopy [49, 50], with a very low amount of light.
That is particularly relevant for performing spectroscopy
on samples that are photosensitive or cannot tolerate any
absorption such eyes and phototrophs (organisms carry-
ing out photosynthesis) and might even help studying the
quantum nature of the photosynthesis process [51-53].
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