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Abstract: We report phase-sensitive amplification (PSA) of a near-infrared electromagnetic
field using room-temperature °Rb atoms possessing ground-state coherence. Our novelty is in
achieving significant optical PSA by manipulating the intensity and phase of a frequency-separated
microwave field. PSA is obtained by inducing a three-wave mixing nonlinear process utilising a
three-level cyclic scheme in the D1 manifold. We achieve a near-ideal PSA with a gain of 7 dB
over a range of 500 kHz bandwidth with very low pump-field intensities and with low optical
depths. Such a hybrid, ground-state-coherence-assisted PSA is the first such demonstration using
atomic ensembles.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Frequency conversion of electromagnetic waves through nonlinear parametric processes can
also be accompanied by amplification at a selected frequency [1-4]. After the discovery of
coherent population trapping (CPT) phenomena [5—7] and the associated electromagnetically
induced transparency (EIT) effect [8,9], gaseous alkali atoms have been increasingly used to
achieve nonlinear amplification of weak signals [10-12]. This is because CPT shelves the atom
in a dark state thereby eliminating its linear response to incident electromagnetic (EM) fields.
This shelving enables the EM fields to interact with the atom nonlinearly even at moderate field
intensities [11].

A phase-sensitive amplification (PSA) device is a phase-sensitive amplifier that amplifies a
selected quadrature of an input electromagnetic field and de-amplifies its orthogonal quadrature
[13]. Optical communication can improve significantly by PSA. A particular useful feature of a
phase-sensitive amplifier is that, under ideal circumstances, the signal-to-noise ratio (SNR) of
the input signal and output amplified signal remains unchanged. Such a feature enables specified
quadrature amplification of signals without adding additional noise and thus PSA produced with
nonlinear crystals has been used to demonstrate quantum non-demolition measurements [14].
In atomic systems, PSA has been demonstrated and exploited to improve two-mode quantum
correlations [15]. Current phase-sensitive optical amplifiers operate within an all-optical domain
requiring stringent conditions to maintain phase-matching and suffer from band-width loss
allotted for idler fields. In cavity opto-mechanical systems, directional PSAs operating between
microwave and optical photons have been recently proposed [16] but yet to be experimentally
realized.

In atomic vapours, four-wave mixing (x®)) nonlinear electric-dipole response has been the
symmetry-allowed lowest-order interaction exploited in experiments done until now to achieve
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amplification. A nonlinear process in atomic vapours is efficient only if the atoms interacting
with EM fields are prepared in a dark state, which eliminates linear response. Several interesting
effects such as frequency conversion [17], squeezing of a noise quadrature [18] and indeed PSA
[19] have all been demonstrated using atoms in a dark state. Recently we have shown that a
three-wave mixing nonlinear response can be induced in atomic systems that are shelved in a
dark state [20]. The dark state is prepared by ensuring that, one of the EM field interactions with
the atom is a magnetic-dipole interaction. The magnetic-dipole interaction breaks the symmetry
requirement and enables a three-wave mixing response to emerge in the centro-symmetric atomic
system.

Exploiting this three-wave mixing interaction in > Rb atoms at room temperature, we demon-
strate in this paper for the first time that significant amplification is achieved for an EM field.
This amplification is phase-sensitive and coherent. Importantly we show that the PSA observed
in the optical field can be controlled by the tunable intensity and phase of a frequency-separated
microwave field. This effect was not shown before in any architecture that demonstrates PSA.

We show that our PSA’s performance achieves the near-ideal limit, which implies that the
amplification process adds very little noise to the signal. Such an ideal amplification, resulting
from a PSA process, also signifies the presence of squeezing in the associated noise quadrature
[13,19]. Low optical-field intensities and relatively low optical depths of our atomic ensemble
makes our CPT-based PSA a very promising architecture to transfer and amplify quantum signals
across different frequency domains.

2. Methods

We use a three-level A configuration of hyper-fine energy levels based on the D1 manifold of
85Rb atoms. These levels are cyclically connected by three electromagnetic fields as shown
in Fig. 1. This system is commonly referred to as a A (closed-A) system [21]. The coupling
field is derived directly from an external cavity diode laser operating at 795 nm and which has a
typical line-width of few hundred kHz. This addresses the transition connecting the meta-stable
ground state 52S1/2, F =3 (]2)) and excited state 52P1/2, F =3’ (3)) with a Rabi frequency Q..
The lower hyper-fine ground state 5S>, F = 2 (]1)) and the excited state 5*Py 2, F = 3’ (|3))
transition is addressed by the probe beam with Rabi frequency €.

The probe beam is provided by phase modulating the coupling beam using an Electro-Optic
Modulator (EOM) driven by a microwave source. A standing microwave field formed in a
microwave cavity induces a magnetic dipole transition connecting the ground hyper-fine states
|1) and |2) with a Rabi frequency Q,,. The coupling and probe optical fields and the standing
microwave field together form a closed-A configuration. As the magnetic-dipole transition
is weak, enriched 3Rb atoms held in a 1 cm long vapor cell are placed inside a cylindrical
microwave cavity supporting a TEg;; mode. The measured quality factor (Q) of the loaded cavity
with the cell falls within a range 10000 + 1000 at 3.0357 GHz. The coupling and probe fields
have typical powers of 75 uW and 15 uW respectively with a beam radius of 0.5 mm inside the
vapor cell. All our results are obtained with an optical depth of 0.45 of our atomic sample.

Amplification in the probe field with a A system configuration of energy levels and electro-
magnetic fields is possible under two-photon and three-photon resonance conditions even with a
room temperature [22] sample of °Rb atoms. In the context of nonlinear interactions amongst
the applied fields, a three-photon resonance condition 6, — d. — 6, = 0 is a statement of energy
conservation. Here ¢,, 6. and 0, respectively, are the detunings of the probe, coupling and
microwave field from the transitions they address as shown in Fig. 1. To ensure three-photon
resonance, we keep the coupling field on resonance (6. = 0) and maintain equal detunings for the
probe and microwave fields (6, = 6,,). These conditions are achieved in our system by using the
same microwave source to drive the EOM and the microwave cavity. If, in addition, a two-photon
resonance condition between the probe and coupling fields is satisfied, then most atoms in the
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Fig. 1. A A configuration with hyperfine levels of $3Rb D1 manifold formed by interaction
with two optical fields, coupling (wc), probe (wp) and a microwave field (wy,).

A configuration will be shelved in a dark state made up of ground and meta-stable hyper-fine
levels [23]. Atoms in the dark state exhibit electromagnetically induced transparency and do

Fig. 2. Schematic of our experimental set up. Here ECDL —External Cavity Diode
Laser, 1/2 —half-wave plate, 1/4 —quarter-wave plate, GP —glass plate, SAS —saturated
absorption spectroscopy, PBS —polarising beam-splitter, BS —beam-splitter, M —Mirror,
EOM —Electro Optic Modulator, AOM —Acousto-Optic Modulator, MS —Microwave
Source, P —power splitter, PS —phase shifter, SA —Spectrum Analyser, PD —Photo-Diode.
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not participate in linear or one-photon absorption processes. Thus, for these atoms, efficient
nonlinear processes can be induced with moderate field intensities [11].

In our experiment we observe probe amplification when the microwave frequency scans around
its resonance. A scan of the microwave field around the |1) — |2) resonance also makes the
probe field to scan around the |1) — |3) resonance. This is because the same microwave source
generates the probe field by acting on the coupling field through the EOM. Thus, once during each
scan of the microwave frequency, both the two-photon and the three-photon resonance conditions
for all the three fields are satisfied. In addition, because of this arrangement a relative phase
between all the three fields can be unambiguously defined. Under these conditions a nonlinear
three-wave mixing interaction takes place between the microwave standing wave and the beat
envelope of the two optical fields. This interaction facilitates energy transfer between the cavity
microwave field to the optical beat envelope resulting in probe amplification. The generated
probe field adds coherently to the incident probe field for appropriate values of relative phase,
which results in probe amplification. The amplified probe beam which exits the microwave cavity
is separated from other co-propagating beams using a heterodyne technique and detected using a
high bandwidth photo-detector and recorded in a spectrum analyzer as shown in Fig. 2.

3. Demonstration of near-ideal amplification

In a cyclically connected closed system like our A system, coherences and populations depend
on the relative phase between all the interacting fields present in the system. The relative phase
difference between the interacting fields is

AD(z) = Z(kp — k) + Py (1)

As we see from Eq. 1, the relative phase comprises propagation phases and the phase of the
microwave field. The relative phase can thus be changed either by varying the propagation
phases or by changing the phase of the microwave drive field. In our experiment the relative
phase has been changed by modifying the microwave-field phase in the cavity using a digital
phase-shifter. Beyond a certain threshold of coupling field intensity, the probe field experiences
either amplification (G > 1) or de-amplification (G < 1) depending on the relative phase A®. The
nonlinear interaction leading to amplification or de-amplification arises due to a sum-frequency
generation process which combines a coupling and a microwave photon to give rise to a probe
photon. This nonlinear three-wave mixing process is sensitive to the phase and so, depending on
the relative phase A®, we either see amplification or de-amplification. G is defined as the ratio of
probe transmittance on two-photon resonance normalized with probe transmittance detuned by 1
GHz far off-resonance from the optical transition.

Figure 3 shows the variation of probe gain as a function of relative phase A®. The A system
serves as an excellent amplifier when A® = ( and the probe achieves a maximum gain Gp,x =
4.5. When A® = & the probe is maximally de-amplified achieving a minimum probe value Gp;,
= 0.25. Such amplification and de-amplification processes become effective with a moderate
microwave intensity of 3 mW/cm? and a coupling intensity of 9.5 mW/cm?.

From Fig. 3 we inferred the dependence of gain on the relative phase. In an ideal PSA,
amplification occurs without adding additional noise thereby maintaining the signal to noise ratio
of the output signal to be the same as that of the input signal. A conformation of a PSA working
in the ideal limit is that the Gax and the Gy are related by G = ﬁ [13].

We measured Gpax and G, values for various microwave intensities to check if our system
is working as an ideal PSA as shown in Fig. 4. For low microwave intensities, we see that, as
the microwave intensity increases, Gmax also increases, and we see a corresponding decrease in
Gmin values. The G,y values saturate at a microwave intensity of 3 mW/cm?2. In this region, the
sensitivity to G, values are limited by threshold intensity of the detector which did not allow
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Fig. 3. Probe gain as a function of relative phase of all the three fields (A®). The phase is
changed continuously using a microwave digital phase shifter. The dots are results for Gain
obtained from our numerical modeling.

detection of lower G, values. Within detection sensitivity we see from Fig. 4 that the measured
values of Gy, are close to G# proving that our system acts like a near-ideal PSA.
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Fig. 4. Variation of maximum PSA gain (Gmax, blue square) and minimum PSA gain (Gpin,
red circle) as a function of microwave intensity. For an ideal PSA 1/Gmax (black diamond)
is equal to Gpip. The star points are results from our numerical calculation.

We measured the band-width of our PSA by measuring Gpax and G, values for different
values of two-photon detuning 6 := 6, — 6.. An efficient three-wave mixing process requires a
three-photon resonance condition. In our experiment we maintain three-photon resonance and
measure the bandwidth of our amplifier by changing the two-photon resonance ¢.
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In Fig. 5 we plot Gpax and G, values as a function of two-photon detuning ¢. In order to
characterize the bandwidth of our PSA, we defined a parameter

1
Gmin -

Gmax

Ci=—
Gmax - Gmin

2

which should be zero for an ideal PSA. We have chosen a cut-off value of C= 0.25 for defining
the band-width of our amplification process. From Fig. 5 we see that the measured C values
which are C < 0.25 span a frequency range of approximately 500 kHz.
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Fig. 5. Variation of Gpax (blue square), Gyip (red circle), 1/Gmax (black diamond) and C
(green star) as a function of two photon detuning for a microwave intensity of 1.2 mW/cm?2.

From Fig. 5 we can also infer that PSA occurs with maximum gain when in addition to
three photon resonance, a two-photon resonance (6 = ¢, — 6. = 0) between the coupling and
probe optical fields is also satisfied. This confirms the fact that our PSA process is a ground-
state-coherence assisted PSA wherein it is the underlying formation of a EIT dark state which
enables nonlinear amplification at such low light intensities, by elimination of linear absorption
at line centre. The bandwidth of the optical EIT process was independently measured without
the microwave field and is found to be around 800 kHz. The efficiency of our PSA process is
governed by this optical EIT bandwidth.

Extinction ratio (ER) is defined as the difference between the maximum gain Gpax and
minimum gain Gy, values of an amplifier [24,25]. A measurement of ER for fiber-optic based
communication systems is of significant importance. A large ER ensures that the logical ones and
zeroes are faithfully represented by high and low levels of optical signals. To test if our amplifier
system has significant ER, we have calculated ER using Gax and G, values for various values
of microwave intensity. Extinction ratio values are plotted in Fig. 6. As expected, ER increases
with increasing microwave intensity at lower values and saturates at around 3 mW/cm?. The
maximum ER obtained is 13 + 0.8 dB. Our maximum extinction ratio of 13 dB obtained with a
total input microwave power of 870 mW and a coupling field power of 75 uW is higher than
some of the experimental fibre optical and silicon photonic crystal wave-guide demonstrations of
PSA [25,26]. These experiments show a lower ER with either comparable or much higher input
powers.
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Fig. 6. Extinction ratio (ER) which is the difference between the Gpin and Gmax values is
plotted as a function of microwave intensity.

4. Numerical modeling

In order to explain the experimental results, we have numerically modeled our A system. We
have included exhaustively all the decay processes present in a room temperature collection of
85Rb atoms with a A level scheme Fig. 1. This list includes the natural decay rate of the excited
(|3)) and the metastable (|2)) states. In addition, we have included decoherence introduced by
the large number of background thermal photons available at room temperature at our microwave
frequency of 3.0357 GHz. We have also modelled the finite quality factor of our microwave
cavity by adding a phenomenological decay constant I',,.

In our numerical modeling based on [22], the optical probe and coupling fields are propagating
fields through the vapor cell. Denoting the propagation direction as the z-axis, the fields are
represented by

E, (r)cos(wp, ct —kp ez + Pp.c) 3)

where angular frequencies wy, ¢, wave numbers k,, . and initial phases ¢, . denote respectively
the parameters of the probe and coupling fields. The microwave field is a standing wave inside
our microwave cavity represented by

E,(r) cos(wyt + ¢p). 4)

We have not included the z-variation of the microwave field because in the spatial region occupied
by the 1 cm length vapour cell, the microwave field remains fairly constant. Taking the reference
energy level for our Hamiltonian to be the ground level |1), we derive the Hamiltonian of our A
system in the interaction and rotating wave picture as

A(r,v) = 6,(0)13)(B1+(5,(») = 8:(n)[2)(2] = Qu(M)1)(2]

3
— Q1) (3] = Qc(r)|2) (3| + hec.

with h.c. denoting Hermitian conjugate. Here

8p(v) :=6p —kp - v, 6L(v) =6 —kc v 6)
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are Doppler-shifted detunings of the coupling and probe fields (see Fig. 1) seen by an atom
moving with velocity v. The complex Rabi frequencies are

Qc(r) =dy3 - E(r),

Qp(r) =d13 - Ey(r), (7
Qu(r) =113 - By (r)e!@nt e on)tilpmh)etildeoptan),

The electric- and magnetic-dipole matrix elements are represented by djj and p;; respectively
and By, is the microwave magnetic field flux density. Using the dipole approximation, the Rabi
frequencies of the probe, coupling, and microwave fields are taken to be spatially uniform. They
are thus represented as Q.(r) = Q., ,(r) = Qp and Q,(r) = Q,,. As is well known, propagation
and temporal phases of EM fields in a closed-loop A system do not vanish in the interaction
picture unlike that of a A system [23]. Representing the three-photon resonance condition
employed in our experiment, we choose 6. = 0, and maintain 6, = 0, in our calculations,
reflecting our experimental arrangement. As probe and coupling fields are generated from EOM
the initial phase of both the fields are locked, we have taken this into account by keeping ¢. = @p.
We explicitly include the propagation phases that give rise to an effective position-dependent
microwave Rabi frequency, which is Q,,(z) = Q,e/¢nelbok)z,

Dynamical evolution of density matrix elements, in the interaction picture, is given by the
master equation [22]

5
(v, 2) = =i, 2,00, I+ ) La)o®, 2) ®)
k=1
with £(ay) the Lindblad superoperator

1
La)o = aaaf—z{o—, ata) 9)

acting on operators

ay =@ + D) 1)¢2],

ar =\ATRI2)(1], a3 = VT 13,
as =\Tp3(2) (3,

as =T (11)(1] - [2)(2])

with I' and I'>3 = I'y3 representing natural linewidths of levels |2) and |3) respectively, and I,
being the phenomenological decay constant modeling the finite quality factor of our microwave
cavity. At temperature 7, 71 is the average number of thermal photons in the bath. Steady-state
values of o(v) are obtained by solving Eq. (5) to Eq. (10). These solutions are then averaged
over the Maxwell-Boltzmann velocity profile at a temperature 7' of 300 K in accordance with our
experiment.

We change the relative phase of all the three fields by modifying the absolute phase value of
the microwave field. In our experiment we employ a Rb vapor cell of length L = 1 cm. The finite
size of our cell is in the z-dependent phase variations of density-matrix elements. We treat the
Rb cell as a sequence of small cell units along the propagation direction to simulate the changes
in the probe field as it passes through our experimental cell of 1 cm length. The slowly-varying
envelope approximation is used to calculate the propagation equation for the probe field in each
cell, which is [27]

(10)

0,
0z
In this equation phase-dependent steady-state density matrix element is represented by 073

corresponding to probe absorption, and is obtained using Eq. (5) to Eq. (10). The coupling

= —i7]5'31. (11)
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d2.w,N . . Cq
constant = 2135:::1;‘1 . Here N is the number density of our atoms which is 10% atoms/cc,

1

d%3 =3.57 x 1078 C*m? and c is the speed of light. The coupling constant 7 has units of m~'s~
and is taken to be to 1 representing very closely the value for 1 derived for our experimental
parameters.

We plot numerically computed probe transmission values for various values of relative phase
(A®) in Fig. 3 along with our experimentally measured values. As can be seen in this figure
our computed probe transmission values agree well with the experimental values. We have also
numerically calculated probe transmission values for A® = 0 and for A® = x as a function of
microwave intensity and given these values along with our experimental measurements in Fig. 4.
As can be seen the computed results are in very good agreement with experimentally measured
values. In our numerical calculations we have used values of field intensities very similar to our
experimental values. The only free parameter used in the calculation is an overall scaling factor
applied to the y-axis values to match with the experimental measurements.

5. Significance of our experimental results

Phase-sensitive amplification has been experimentally demonstrated using a three wave mixing
(x®) process earlier using classical nonlinear crystals [13]. In alkali atomic vapours possessing
ground state coherence, all previous demonstrations of PSA used a four-wave mixing (y®))
nonlinear interaction [18,25]. In most demonstrations, the interacting fields are within a narrow
band-width of frequencies and amplification is seen in an all-optical domain. Our experimental
demonstration of a near-ideal PSA where amplification is demonstrated in an optical field by
controlling parameters of a microwave field is the first of its kind across various physical systems.

Our hydrid-PSA spanning electromagnetic fields, which are several orders apart in frequency,
is of immense practical interest. In particular our PSA between microwave and optical fields
can be used to obtain radio-over-fiber implementations for coherent amplification of classical
signals. It is to be noted that a Rydberg atom based optical communication protocol interfacing
with a fiber-optic link for transmission of RF signals has already been demonstrated [28]. Such
communication protocols can readily be implemented with our system with the added advantage
of high amplification and good extinction ratio.

More importantly, if our scheme is implemented with cold atoms, it can readily serve as an
ideal interface for coherent transfer and amplification of quantum signals created in the microwave
domain [29] to the optical domain. The amplification which will be obtained with such ultra-cold
atoms will be several fold higher as was explicitly calculated in our earlier publication [22]

Low-field-few-atom nonlinearity is a desirable goal [30] for design of quantum logic gates.
In this experiment we demonstrated nonlinear amplification of the probe with very low optical
densities of our Rb vapour, achieving a high gain of 7 dB with an optical density 0.45. This is
one of the lowest density nonlinearities demonstrated amongst atomic vapours showing PSA
[18,19] and the first such low density demonstration in a hybrid architecture.

6. Conclusion

We experimentally achieve phase-sensitive amplification (PSA) in a dilute sample of 3> Rb atoms
using a hybrid three-wave mixing process connecting microwave and optical frequencies. This is
the first demonstration of PSA working across frequency regimes that are separated by several
orders. We observe amplification with atoms shelved in a long-lived dark state even at very low
optical densities. We have shown that our system operates as a near-ideal PSA with a bandwidth
of 500 kHz. This opens the possibility of achieving quantum noise-limited signal transfer across
widely separated frequency regimes.
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