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Dressing control of biphoton waveform transitions
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We experimentally realize and theoretically analyze narrow-band biphotons generated in a hot rubidium vapor
cell by four-wave-mixing processing. A dressing laser beam is used to alternate both linear and nonlinear
susceptibilities of the vapor, thereby modifying the biphoton’s temporal correlation function. Most notably, the
correlation time is increased from 6 to 165 ns. The biphoton shape is also shown to change as a result of the
coupled-states dressing. We observed Rabi oscillations and optical precursors in hot atomic vapor cells. We also
theoretically simulated biphoton correlation times as influenced by dressing-laser detuning and power, the results

of which are consistent with our experiments.
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I. INTRODUCTION

Entangled photon pairs are essential for fundamental tests
of quantum mechanics [1] and optical quantum technologies
[2-5]. The most widespread technique for creating these quan-
tum resources is spontaneous parametric down-conversion
(SPDC) of laser light into photon pairs [6]. However, these pre-
pared biphotons typically have very wide bandwidths (>THz)
and short coherence times (<ps), which make them extremely
difficult for implementing photonic quantum information pro-
cessing in an atomic-memory-based quantum network [7].
Many efforts have been made over the last decade in order
to narrow down the SPDC photon bandwidth by using optical
cavities [8—10]. A fully tunable, narrow-band, and efficient
single-photon source was realized based on a whispering
gallery mode resonator (WGMR) and demonstrating a tunabil-
ity of bandwidth between 7.2 and 13 MHz [11]. More recently,
coupling of alkali dipole transitions with a narrowband photon
pair source is reported with a cavity in use [12]; this process
discussed in more detail in Ref. [13]. However, the bandwidth
of SPDC polarization-entangled photon pairs is still wider than
most atomic transitions and leads to very low efficiencies in
storing these polarization states in a quantum memory [9-14].
To solve this problem, four-wave mixing in a cold cesium
atomic ensemble using the same levels configuration as in the
present paper has already been used to control the biphoton
wave shape [15]. Moreover, subnatural-linewidth biphotons
with controllable waveforms have been produced from sponta-
neous four-wave mixing (SFWM) in cold atoms (10-100 uK)
[16-20]. The phenomenon of Rabi oscillations was observed
in a rubidium atomic ensemble by periodically modulating two
input classical lasers [21]. However, all the results mentioned
above were obtained from cold atom systems, which are very
expensive and require complicated operations as well as a
complex timing control with alow duty cycle [22]. By choosing
hot atomic vapor cell systems to prepare narrowband biphoton,
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the system size and operation can be markedly simplified,
resulting in significant cost savings. Shaping of few-photon
sub-Poissonian light pulses was observed in a magnetically
shielded 8’Rb vapor cell [23]. Recently, subnatural-linewidth
biphotons have been generated in hot atom systems, assisted by
paraffin coating and spatially separated optical pumping [24],
and the biphoton generation process has been optimized by uti-
lizing spatially tailored hollow beams for optical pumping [25].

In this paper, we prepare narrowband biphoton in double- A
levels from a Doppler-broadened hot rubidium atomic vapor
cell. Assisted by a dressing laser to control both spontaneous
four-wave mixing nonlinear parametric interaction and linear
interaction, we achieve biphoton correlation time ranging from
6 to 165 ns. The biphoton shape is also shown to change
as a result of the coupled-states dressing. In addition, we
simulate the variations of group delay bandwidth and nonlinear
bandwidth with dressing field detuning and power, and the
results coincide with our experiments.

The paper is organized as follows: In Sec. II, we present the
experimental setup and basic theory of the dressing biphoton
generation process. Section III presents the experiment results
along with the theoretical simulation of the biphoton correla-
tion time. In Sec. IV, we draw conclusions resulting from this
work.

II. EXPERIMENTAL SETUP AND BASIC THEORY

The experimental setup and atomic energy-level diagrams
are illustrated in Figs. 1(a) and 1(b), respectively. A thermal
temperature-stabilized rubidium vapor cell with magnetic
shielding of p-metal has a longitudinal length L = 5.5cm.
In the presence of two counter-propagating cw beams termed
the “pump” E, (frequency w;) and “coupling” lasers E;
(frequency w;), paired spontaneous photons termed “Stokes”
and “anti-Stokes” are generated in the atomic cloud and
propagate in opposite directions along the z axis. To keep
the parametric gain small, the linearly polarized pump beam
is weak and 2.0 GHz detuned from the resonance transition
|0) — |2). The intense coupling beam is also linearly polarized
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FIG. 1. (a) Alignment of spatial beams for biphoton-generation
process. LD: external cavity diode lasers; PBS: polarization beam
splitter, SPCM: single-photon counting module, SMF: single-mode
fibers, FP: Fabry—Perot cavity. (b) Energy-level diagram for four-level
configuration in *Rb vapor.

and tuned to resonance with the |[1) — |3) transition to enhance
the atom-field interaction and provide electromagnetically
induced transparency (EIT) for the generated anti-Stokes
photons. Another linearly polarized laser E3 (frequency ws)
propagates in the same direction with the pumping laser
and makes the |1) — |3) transition to modulate the rubidium
atomic energy level. The phase-matched Stokes (w;) and
anti-Stokes (w,,) paired photons are propagating in opposite
directions and with a 4° angle between the z axis in order
to avoid the fluorescence-photon-counting effect. The paired
photons are then coupled into two opposing single-mode fibers
(SMFs), followed by Fabry—Perot cavity filters (500 MHz
bandwidth), and detected by two single-photon counting mod-
ules (SPCMs). The biphoton coincidence counts are recorded
by a time-to-digital converter using a temporal bin width of
0.0244 ns.

According to perturbation theory, the interaction of the
Hamiltonian describes the four-wave mixing process and deter-
mines the evolution of the two-photon state vector [26]. This
gives a clear picture of the biphoton generation mechanism
[27]. Here, the two-photon amplitude in the time domain is
represented by

wio) = = / ok (@) D(@a)e ", (1)
27

where ®(w,;) is defined as the longitudinal detuning function
D(wys) = sinc(ATkL)e"%[ks(‘“s)“‘m(‘"“)], kg, o5 are wavenumbers
of Stokes and anti-Stokes photons, Ak = ks + kg — (ke + k)
is the phase mismatching for our energy configurations, the
relative time delay 7 is defined by v =1t,; —#;, and L is
rubidium medium length. From Eq. (1), we obtain that the
biphoton wave function is determined by both the nonlinear
coupling coefficient ¥ and the longitudinal detuning function.

As we know, the nonlinear coupling coefficient is related to the
nonlinear susceptibility, and the longitudinal detuning function
is related to the linear susceptibility, which can be expressed
through Egs. (2) and (3) below:

—N o031 21 30
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where p;; are the electric dipole matrix elements, and y;; is
the dephasing rates. A, is the pump-laser detuning and is
defined as A, = wyg — w,, N is the atomic density, 2, =
[922 — (y30 — v10)*1'/? is the effective coupling Rabi fre-
quency, . = uxuE./h is the coupling-laser Rabi frequency,
y10 and y3 are the dephasing rates of coherence |1) — |0) and
[3) = |0}, ¥ = (Y10 + ¥30)/2 is the effective dephasing rate,
&o 1s the permittivity of vacuum, and § is resonance linewidth.

The linear susceptibility corresponding to the anti-Stokes is

_ Nuj, 4(Ac — S+iyor)
ol 4(Ac — S+iyo)(Ac — 8+iyiz) — |Qc]*

where N is the atomic density, A, is the coupling-laser
detuning and is defined as A, = w3 — w,, K39 is the electric-
dipole matrix elements, y;; are the dephasing rates, and § is the
resonance linewidth.

When the pump field E, and coupling field E. are kept
constant, and the dressing laser having angular frequency
w3 is applied to the quantum transition [1) — |3) with a
detuning Az = w3 — w3, the dressing third-order nonlinear
susceptibility tensor and linear susceptibility for the generated
anti-Stokes field of Egs. (2) and (3) can be rewritten as Eqgs. (4)
and (5), respectively:
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where D;(4) is defined as D;(§) = —4( + Az +iy13)(6 +
Yo + ives) + 123176 +ivor) + 1276 + Az + iyi3),
wij are the electric-dipole matrix elements, y;; are the
dephasing rates, 7 is Planck constant divided by 27, &y is the
permittivity of vacuum, €23 is the dressing Rabi frequency, and
Aj is the dressing-laser detuning from the atomic transition
|551/2,F = 3) —> |5P3/2,F = 2)

From Eq. (4), we can calculate the dressing effective Rabi
frequency as

@ = 4o £ 498 + a3 - (v - )]

and the effective dephasing rate as

293 (vio+ v13 A3
Ye = Q_Z<T + &VIO'

e

According to Wen and Du’s theoretical analysis [27], there
are three characteristic frequencies that principally determine
the shape of the biphoton wave function. The first is the Rabi
time 27 /€2,, which determines the two-resonance spectrum
of the nonlinear susceptibility. The second is the linewidth
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FIG. 2. Two-photon coincidence counts as a function of relative time delay t between paired Stokes and anti-Stokes photons. The bin
width is 0.0244 ns. (a) Biphoton generation at OD = 0.7, P, = 38 mW, P, = 6 mW, A. = 1 GHz. (b) Biphoton generation at OD = 0.7,

P.=20mW, P, =6mW, A, = | GHz.

2y, of the two resonances in the nonlinear susceptibility. The
third is the full width at half maximum (FWHM) phase-
matched bandwidth determined by the sinc function, Aw, =
27 x0.88/7,, where T, is the anti-Stokes group delay time. An
experimental study of the dressing effect as a function of these
three characteristic frequencies is warranted.

III. EXPERIMENTAL RESULTS

Figure 2 shows the no-dressing experimental results at an
optical depth of 0.7. The coincidence counts exhibit damped
Rabi oscillations due to the interference between two types of
FWM processes [28]. In Figs. 2(a) and 2(b), at T = 0, G®
has a sharp rise and then as T — oo, G® approaches zero,
indicating the anti-bunching-like effect. In Fig. 2(a), the Rabi
oscillations can be clearly observed with a period of about
1.1 ns, while in Fig. 2(b), we can only observe one oscillation
period, noting that the experimental conditions of Figs. 2(a)
and 2(b) are the same, except the coupling laser power P, of
Fig. 2(b) is reduced from 38 to 20 mW. Both Figs. 2(a) and
2(b) have a same correlation time of about 6 ns. The biphoton
noise contrastratio greatly increases by increasing the pumping
detuning from —1 to —2 GHz, which is due to the reduction
of accidental coincidence counts. The Rabi oscillations of
biphoton waveforms in Figs. 2(a) exhibit a beat indicating
the presence of more than one frequency. This is because
that the coupling-laser Rabi frequency in Eq. (2) has multiple
values that depend on the Clebsch—Gordan coefficients for the
Zeeman level combinations with a given linearly polarization
light [29]. This may give rise to additional x¥ resonances
in Eq. (2) and enrich the oscillation period of the biphoton
waveform.

According to the theory of Du et al. [27], the damped Rabi
oscillation regime requires that the effective coupling Rabi
frequency €2, and linewidth y, be smaller than the phase-
matching bandwidth Aw,. Under this condition, the optical
properties of the two-photon amplitude () represented
by Eq. (1) are mainly determined by the nonlinear coupling
coefficient «(w,y), which is proportional to the third-order
nonlinear susceptibility x> as in Eq. (2). The damping rate
is determined by the resonant linewidth y, in the doublet.
In Fig. 2(b), the coupling-field effective Rabi frequency

Q, = [Qf — (13 — 12)?1"?  decreases  with decreasing
coupling-laser power. In the time domain this causes the Rabi
time (t, = 27 /€2,) to be greater than the nonlinear coherence
time (t, = 1/2y,); that is, 7, > 7.. Consequently, the second
and subsequent oscillations are all suppressed due to the short
dephasing time, and only one oscillation period is observed in
Fig. 2(b).

To characterize the nonclassical properties of our prepared
biphoton, we obtain a violation of the Cauchy—Schwartz
inequality [¢2), (D)’ /g2 (0)g2),,(0)] < 1by factors of 16.20
and 23.6, respectively, for Figs. 2(a) and 2(b) (blue lines). These
results verify the nonclassical nature of the entangled photons.

An objective of this work is to verify the relation between
the dressing-laser detuning and the length of the biphoton
waveform. In this section, we apply the dressing laser to the
current energy conformation and fix the pump-laser power
at 6 mW, the coupling-laser power at 38 mW, and the
dressing-laser power at 9 mW, and vary the dressing-laser
detuning, which is 1.0, 0.5, and 0 GHz for Figs. 3(a)-3(c),
respectively. As expected, the two-photon correlation time
becomes longer as we reduce the dressing-laser detuning for
narrower linewidth. Figures 3(a)-3(c) show the biphoton co-
incidence results of beating (or interference) between multiple
types of FWM processes. The physics behind this can be
explained from the dressing third-order nonlinear suscepti-
bility of Eq. (4). Solving the cubic function ReD;(§) =0
in Eq. (4), where Di(w) = —4(8 + Az +iy13)(8 + iy01)(8 +
ivo3) + 123178 + ivor) + 192:1°(8 + Az + iy13), one can find
three roots which indicate a triplet of resonances. The roots
are § =0, 82 = (—A; £ Q)/2, where Q, = [A2 + |Q3]* +
[2:1> 4+ 4(yo1 Y03 + Yo1 713 + Yo3yi3)]Y/2. Tt indicates that there
are three types of FWM behind D;(8). The destructive inter-
ference caused by these three types of FWM results in beating
in the two-photon waveform. The corresponding linewidths of
this triplet of resonances are I'o=y19, ['+= [(yo1+103)/2]
As(yor — vo3) /211> + AT + 4yovs]*). On the other
hand, the electric dipole p;; which determines the coupling-
laser Rabi frequency can be can be multi-valued in Eq. (4)
because different combinations of the ground- and excited-
state Zeeman levels that can be coupled with linearly polarized
light [29], this may give rise to additional x> resonances and
richer a richer spectrum of Rabi frequencies. The biphoton
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FIG. 3. (a)-(c) Changes of biphoton waveform with dressing-
field detuning Aj;. Two-photon coincidence counts, collected over
400 s with 0.0244 ns bin width as a function of the relative time
delay  between paired Stokes and anti-Stokes photons. The dressing
frequency detuning for panels (a)-(c) are 1.0, 0.5, and 0 GHz,
respectively. The solid line is the theoretical curve. (d) Theoretically
simulation of difference between 7, and . as a function of dressing
detuning A;.

correlation time is determined by the resonance linewidths,
which is related to dressing-laser detuning. Thus, the biphoton
correlation time of Fig. 3(c) is prolonged by a change in the
detuning of the dressing laser.

In addition, can the biphoton waveform transform from
the Rabi-oscillation regime to the group-delay regime? In
the following, we make predictions based on theory. The

difference in group delay time is

L {1_‘_% N/,L%3 [AC(AC+A3)] }
2 el (AAADIQ* + A1)

and the nonlinear coherence time 7. as a function of the
dressing-frequency detuning has been simulated and is shown
in Fig. 3(d). When Az > 0.5 GHz, the calculated group-delay
time 7, is less than the nonlinear coherence time 7.(7y < Te).
Under these conditions, the Rabi-oscillation regime dominates
the system behavior. When Aj is tuned in the range of
0 < 0.5 GHz, the group-delay time 7, continues to increase
and reaches a maximum value at A; = 0 GHz. When A3 <
0 GHz, the difference between 7, and 7. approaches a constant
value, and in this condition (7 > 7.), the group delay regime
dominates the system behavior. In brief, the competition
between 7., and 7, will determine which effect plays a dominant
role in governing the features of the two-photon correlation.
As we know, the two-photon wave function is a convolution
of the nonlinear and linear optical responses [27]. According
to this convolution, the two-photon temporal correlation is
considered in two regimes: damped Rabi oscillation and group
delay. In Fig. 3, we focused on controlling the biphoton
waveform by changing the dressing-laser detuning in the
damped Rabi-oscillation regime. In this section, we mainly
focus on the group delay regime by varying the power of the
dressing laser. The rubidium vapor cell temperature is raised to
110°C (optical density =2.99) and the dressing-laser detuning
Ajisfixed at — 1.0 GHz according to the results of Fig. 3. Based
on these conditions, and by optimizing the dressing-field power
to 4 mW, we achieve a near “rectangle” shape with a correlation
time of 165 ns, as seen in Fig. 4(a). The physics behind this
is that dressing laser has a modulation effect on the Rb vapor
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FIG. 4. (a) Two-photon coincidence counts as a function of relative time delay t between paired Stokes and anti-Stokes photons collected
over 1000 s with 0.0244 ns bin width. The dressing-field power is 4 mW, and the Rb temperature is 110 °C. The red line is the theoretical curve.
(b1)—(b3) Theoretically simulated difference between 7, and 7. as a function of dressing Rabi frequency 2.
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cell energy level. In our four-energy-level system, the energy
level |3) is first split into A4 by the coupling laser E;. The A,
energy level then experiences a second-order splitting into A4 ;-
and A, _ by the dressing laser E3. As a consequence, the EIT
effect obtained in the current configuration is manipulated by
both the Rabi frequency of the coupling laser and the dressing
laser. As suggested by Balic ef al. [30] and Kolchin [31] and
demonstrated by Du et al. [17], the group-delay regime is
defined as 7, > 7; and the EIT and slow-light effects can be
used to dynamically control the biphoton temporal correlation
time. From the anti-Stokes photons’ group delay time 7., which
is defined as

L {Hﬁ Nui, [Ad(AA+AZ)] }

= 2 o 2 2
ot (Ac+A3)[2:]7 + A]23]

we also get that the biphoton correlation time is related to
both the dressing laser and the coupling laser Rabi frequency.
The theoretical photon pair generation rate under the group-
delay regime is R = |K0|2VgL, which is similar to conven-
tional SPDC photons with a rectangular-shaped biphoton wave
packet [32]. Here, the nonlinear coupling coefficient k¢ is
treated as a constant over the phase-matching spectrum. The
anti-Stokes photons’ group velocity is defined as

Vo, /{ w31 N A[A(AA+A)] }
¢ 2 g0l (AcAHADIQ + A2

An exponential-decay behavior in the tail of biphoton wave-
form is due to the finite EIT loss, which alters the correlation
function shape, which deviates away from the ideal rectangular
shape. There is a sharp peak at the leading edge of the biphoton
waveform, which is the so called optical precursor [33]. This
phenomenon requires that the simultaneously generated Stokes
and anti-Stokes photons travel near the speed of light in vacuum
and arrive near-simultaneously at the photodetectors [34].
Figures 4(b1)—4(b3) show the theoretical curve of the differ-
ence between group-delay time 7, and nonlinear coherence

time 7. as a function of the dressing Rabi frequency. The group-
delay condition is equivalent to 7y > 7.; one can achieve a
system dominated by group-delay regime at A3 < Qor Az > 0
by varying the dressing-laser Rabi frequency. If the dressing
detuning is at resonance (i.e., A3 = 0), the group-delay time
Ty is always less than nonlinear coherence time 7. with the
variation in dressing Rabi frequency, which means that the
system is dominated by the nonlinear-Rabi-oscillation regime.
One cannot achieve a biphoton waveform with a “rectangle”
shape under these conditions.

IV. CONCLUSION

In conclusion, in a four-energy-level system, we have used
hot atomic-gas media to generate nonclassical light through the
SFWM process, specifically focusing on narrowband biphoton
generation. By controlling the dressing-laser detuning and
power, the biphoton correlation time is prolonged and the
waveform changes. We also observed Rabi oscillations and
optical precursors in hot atoms. The effect of the dressing laser
on the competition between the processes of group-delay time
and nonlinear coherence time is analyzed in detail. In future
work, based on the dressing effect, accompanied by optimum
coupling field power and detuning, and optical pumping field
[24], the biphoton correlation time can be made more tunable.
This work has potential practical applications in quantum
optics.
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