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Dressing control of biphoton waveform transitions2
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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. INTRODUCTION16

Entangled photon pairs are essential for fundamental tests17

of quantum mechanics [1] and optical quantum technologies18

[2–5]. The most widespread technique for creating these quan-19

tum resources is spontaneous parametric down-conversion20

(SPDC) of laser light into photon pairs [6]. However, these pre-21

pared biphotons typically have very wide bandwidths (>THz)22

and short coherence times (<ps), which make them extremely23

difficult for implementing photonic quantum information pro-24

cessing in an atomic-memory-based quantum network [7].25

Many efforts have been made over the last decade in order26

to narrow down the SPDC photon bandwidth by using optical27

cavities [8–10]. A fully tunable, narrow-band, and efficient28

single-photon source was realized based on a whispering29

gallery mode resonator (WGMR) and demonstrating a tunabil-30

ity of bandwidth between 7.2 and 13 MHz [11]. More recently,31

coupling of alkali dipole transitions with a narrowband photon32

pair source is reported with a cavity in use [12]; this process33

discussed in more detail in Ref. [13]. However, the bandwidth34

of SPDC polarization-entangled photon pairs is still wider than35

most atomic transitions and leads to very low efficiencies in36

storing these polarization states in a quantum memory [9–14].37

To solve this problem, four-wave mixing in a cold cesium38

atomic ensemble using the same levels configuration as in the39

present paper has already been used to control the biphoton40

wave shape [15]. Moreover, subnatural-linewidth biphotons41

with controllable waveforms have been produced from sponta-42

neous four-wave mixing (SFWM) in cold atoms (10–100 μK)43

[16–20]. The phenomenon of Rabi oscillations was observed44

in a rubidium atomic ensemble by periodically modulating two45

input classical lasers [21]. However, all the results mentioned46

above were obtained from cold atom systems, which are very47

expensive and require complicated operations as well as a48

complex timing control with a low duty cycle [22]. By choosing49

hot atomic vapor cell systems to prepare narrowband biphoton,50
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the system size and operation can be markedly simplified, 51

resulting in significant cost savings. Shaping of few-photon 52

sub-Poissonian light pulses was observed in a magnetically 53

shielded 87Rb vapor cell [23]. Recently, subnatural-linewidth 54

biphotons have been generated in hot atom systems, assisted by 55

paraffin coating and spatially separated optical pumping [24], 56

and the biphoton generation process has been optimized by uti- 57

lizing spatially tailored hollow beams for optical pumping [25]. 58

In this paper, we prepare narrowband biphoton in double-� 59

levels from a Doppler-broadened hot rubidium atomic vapor 60

cell. Assisted by a dressing laser to control both spontaneous 61

four-wave mixing nonlinear parametric interaction and linear 62

interaction, we achieve biphoton correlation time ranging from 63

6 to 165 ns. The biphoton shape is also shown to change 64

as a result of the coupled-states dressing. In addition, we 65

simulate the variations of group delay bandwidth and nonlinear 66

bandwidth with dressing field detuning and power, and the 67

results coincide with our experiments. 68

The paper is organized as follows: In Sec. II, we present the 69

experimental setup and basic theory of the dressing biphoton 70

generation process. Section III presents the experiment results 71

along with the theoretical simulation of the biphoton correla- 72

tion time. In Sec. IV, we draw conclusions resulting from this 73

work. 74

II. EXPERIMENTAL SETUP AND BASIC THEORY 75

The experimental setup and atomic energy-level diagrams 76

are illustrated in Figs. 1(a) and 1(b), respectively. A thermal 77

temperature-stabilized rubidium vapor cell with magnetic 78

shielding of μ-metal has a longitudinal length L = 5.5 cm. 79

In the presence of two counter-propagating cw beams termed 80

the “pump” E2 (frequency ω2) and “coupling” lasers E1 81

(frequency ω1), paired spontaneous photons termed “Stokes” 82

and “anti-Stokes” are generated in the atomic cloud and 83

propagate in opposite directions along the z axis. To keep 84

the parametric gain small, the linearly polarized pump beam 85

is weak and 2.0 GHz detuned from the resonance transition 86

|0〉 → |2〉. The intense coupling beam is also linearly polarized 87
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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 85Rb vapor.

and tuned to resonance with the |1〉 → |3〉 transition to enhance88

the atom-field interaction and provide electromagnetically89

induced transparency (EIT) for the generated anti-Stokes90

photons. Another linearly polarized laser E3 (frequency ω3)91

propagates in the same direction with the pumping laser92

and makes the |1〉 → |3〉 transition to modulate the rubidium93

atomic energy level. The phase-matched Stokes (ωs) and94

anti-Stokes (ωas) paired photons are propagating in opposite95

directions and with a 4° angle between the z axis in order96

to avoid the fluorescence-photon-counting effect. The paired97

photons are then coupled into two opposing single-mode fibers98

(SMFs), followed by Fabry–Perot cavity filters (500 MHz99

bandwidth), and detected by two single-photon counting mod-100

ules (SPCMs). The biphoton coincidence counts are recorded101

by a time-to-digital converter using a temporal bin width of102

0.0244 ns.103

According to perturbation theory, the interaction of the104

Hamiltonian describes the four-wave mixing process and deter-105

mines the evolution of the two-photon state vector [26]. This106

gives a clear picture of the biphoton generation mechanism107

[27]. Here, the two-photon amplitude in the time domain is108

represented by109

ψ(τ ) = L

2π

∫
dωasκ(ωas)�(ωas)e

−iωasτ , (1)

where �(ωas) is defined as the longitudinal detuning function110

�(ωas) = sinc( 	kL
2 )ei L

2 [ks (ωs )+kas (ωas )], ks, as are wavenumbers111

of Stokes and anti-Stokes photons, 	k = kas + ks − (kc + kp)112

is the phase mismatching for our energy configurations, the113

relative time delay τ is defined by τ = tas − ts , and L is114

rubidium medium length. From Eq. (1), we obtain that the115

biphoton wave function is determined by both the nonlinear116

coupling coefficient κ and the longitudinal detuning function.117

As we know, the nonlinear coupling coefficient is related to the 118

nonlinear susceptibility, and the longitudinal detuning function 119

is related to the linear susceptibility, which can be expressed 120

through Eqs. (2) and (3) below: 121

χ (3)
as = −Nμ20μ31μ21μ30

ε0h̄
3(	p + iγ02)(δ − �e/2 + iγe)(δ + �e/2 + iγe)

,

(2)

where μij are the electric dipole matrix elements, and γij is 122

the dephasing rates. 	p is the pump-laser detuning and is 123

defined as 	p = ω20 − ωp, N is the atomic density, �e = 124

[�2
c − (γ30 − γ10)2]1/2 is the effective coupling Rabi fre- 125

quency, �c = μ24Ec/h̄ is the coupling-laser Rabi frequency, 126

γ10 and γ30 are the dephasing rates of coherence |1〉 → |0〉 and 127

|3〉 → |0〉, γe = (γ10 + γ30)/2 is the effective dephasing rate, 128

ε0 is the permittivity of vacuum, and δ is resonance linewidth. 129

The linear susceptibility corresponding to the anti-Stokes is 130

χas=Nμ2
30

ε0h̄

4(	c − δ+iγ01)

4(	c − δ+iγ01)(	c − δ+iγ13) − |�c|2
, (3)

where N is the atomic density, 	c is the coupling-laser 131

detuning and is defined as 	c = ω13 − ωc, μ30 is the electric- 132

dipole matrix elements, γij are the dephasing rates, and δ is the 133

resonance linewidth. 134

When the pump field Ep and coupling field Ec are kept 135

constant, and the dressing laser having angular frequency 136

ω3 is applied to the quantum transition |1〉 → |3〉 with a 137

detuning 	3 = ω13 − ω3, the dressing third-order nonlinear 138

susceptibility tensor and linear susceptibility for the generated 139

anti-Stokes field of Eqs. (2) and (3) can be rewritten as Eqs. (4) 140

and (5), respectively: 141

χ (3)
as = − Nμ30μ20μ31μ21

ε0h̄
3(	p − iγ20)D1(δ)

, (4)

χas = Nμ2
30

ε0h̄

1[
|�3|2

4(δ+	3+iγ13) + |�c|2
4(δ+iγ13) − (δ+iγ01)

] , (5)

where D1(δ) is defined as D1(δ) = −4(δ + 	3 + iγ13)(δ + 142

iγ01)(δ + iγ03) + |�3|2(δ + iγ01) + |�c|2(δ + 	3 + iγ13), 143

μij are the electric-dipole matrix elements, γij are the 144

dephasing rates, h̄ is Planck constant divided by 2π , ε0 is the 145

permittivity of vacuum, �3 is the dressing Rabi frequency, and 146

	3 is the dressing-laser detuning from the atomic transition 147

|5S1/2,F = 3〉 → |5P3/2,F = 2〉. 148

From Eq. (4), we can calculate the dressing effective Rabi 149

frequency as 150

�e = 1
2

{
	3 ± [

4�2
3 + 	2

3 − (
γ 2

10 − γ 2
30

)]1/2}
and the effective dephasing rate as 151

γe = 2�2
3

�2
e

(
γ10 + γ13

2

)
+ 	2

3

�2
e

γ10.

According to Wen and Du’s theoretical analysis [27], there 152

are three characteristic frequencies that principally determine 153

the shape of the biphoton wave function. The first is the Rabi 154

time 2π/�e, which determines the two-resonance spectrum 155

of the nonlinear susceptibility. The second is the linewidth 156
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FIG. 2. Two-photon coincidence counts as a function of relative time delay τ between paired Stokes and anti-Stokes photons. The bin
width is 0.0244 ns. (a) Biphoton generation at OD = 0.7, Pc = 38 mW, Pp = 6 mW, 	c = 1 GHz. (b) Biphoton generation at OD = 0.7,
Pc = 20 mW, Pp = 6 mW, 	c = 1 GHz.

2γe of the two resonances in the nonlinear susceptibility. The157

third is the full width at half maximum (FWHM) phase-158

matched bandwidth determined by the sinc function, 	ωg =159

2π×0.88/τg, where τg is the anti-Stokes group delay time. An160

experimental study of the dressing effect as a function of these161

three characteristic frequencies is warranted.162

III. EXPERIMENTAL RESULTS163

Figure 2 shows the no-dressing experimental results at an164

optical depth of 0.7. The coincidence counts exhibit damped165

Rabi oscillations due to the interference between two types of166

FWM processes [28]. In Figs. 2(a) and 2(b), at τ = 0, G(2)
167

has a sharp rise and then as τ → ∞, G(2) approaches zero,168

indicating the anti-bunching-like effect. In Fig. 2(a), the Rabi169

oscillations can be clearly observed with a period of about170

1.1 ns, while in Fig. 2(b), we can only observe one oscillation171

period, noting that the experimental conditions of Figs. 2(a)172

and 2(b) are the same, except the coupling laser power Pc of173

Fig. 2(b) is reduced from 38 to 20 mW. Both Figs. 2(a) and174

2(b) have a same correlation time of about 6 ns. The biphoton175

noise contrast ratio greatly increases by increasing the pumping176

detuning from −1 to −2 GHz, which is due to the reduction177

of accidental coincidence counts. The Rabi oscillations of178

biphoton waveforms in Figs. 2(a) exhibit a beat indicating179

the presence of more than one frequency. This is because180

that the coupling-laser Rabi frequency in Eq. (2) has multiple181

values that depend on the Clebsch–Gordan coefficients for the182

Zeeman level combinations with a given linearly polarization183

light [29]. This may give rise to additional χ (3)
as resonances184

in Eq. (2) and enrich the oscillation period of the biphoton185

waveform.186

According to the theory of Du et al. [27], the damped Rabi187

oscillation regime requires that the effective coupling Rabi188

frequency �e and linewidth γe be smaller than the phase-189

matching bandwidth 	ωg . Under this condition, the optical190

properties of the two-photon amplitude ψ(τ ) represented191

by Eq. (1) are mainly determined by the nonlinear coupling192

coefficient κ(ωas), which is proportional to the third-order193

nonlinear susceptibility χ (3)
as as in Eq. (2). The damping rate194

is determined by the resonant linewidth γe in the doublet.195

In Fig. 2(b), the coupling-field effective Rabi frequency196

�e = [�2
c − (γ13 − γ12)2]1/2 decreases with decreasing 197

coupling-laser power. In the time domain this causes the Rabi 198

time (τr = 2π/�e) to be greater than the nonlinear coherence 199

time (τe = 1/2γe); that is, τr > τe. Consequently, the second 200

and subsequent oscillations are all suppressed due to the short 201

dephasing time, and only one oscillation period is observed in 202

Fig. 2(b). 203

To characterize the nonclassical properties of our prepared 204

biphoton, we obtain a violation of the Cauchy–Schwartz 205

inequality [g(2)
s,as(τ )]2

/[g(2)
s,s (0)g(2)

as,as(0)] � 1 by factors of 16.20 206

and 23.6, respectively, for Figs. 2(a) and 2(b) (blue lines). These 207

results verify the nonclassical nature of the entangled photons. 208

An objective of this work is to verify the relation between 209

the dressing-laser detuning and the length of the biphoton 210

waveform. In this section, we apply the dressing laser to the 211

current energy conformation and fix the pump-laser power 212

at 6 mW, the coupling-laser power at 38 mW, and the 213

dressing-laser power at 9 mW, and vary the dressing-laser 214

detuning, which is 1.0, 0.5, and 0 GHz for Figs. 3(a)–3(c), 215

respectively. As expected, the two-photon correlation time 216

becomes longer as we reduce the dressing-laser detuning for 217

narrower linewidth. Figures 3(a)–3(c) show the biphoton co- 218

incidence results of beating (or interference) between multiple 219

types of FWM processes. The physics behind this can be 220

explained from the dressing third-order nonlinear suscepti- 221

bility of Eq. (4). Solving the cubic function ReD1(δ) = 0 222

in Eq. (4), where D1(ω) = −4(δ + 	3 + iγ13)(δ + iγ01)(δ + 223

iγ03) + |�3|2(δ + iγ01) + |�c|2(δ + 	3 + iγ13), one can find 224

three roots which indicate a triplet of resonances. The roots 225

are δ = 0, δ± = (−	3 ± �′
e)/2, where �′

e = [	2
3 + |�3|2 + 226

|�c|2 + 4(γ01γ03 + γ01γ13 + γ03γ13)]1/2. It indicates that there 227

are three types of FWM behind D1(δ). The destructive inter- 228

ference caused by these three types of FWM results in beating 229

in the two-photon waveform. The corresponding linewidths of 230

this triplet of resonances are �0=γ10, �±= [(γ01+γ03)/2] ± 231

	3(γ01 − γ03)/{2[|�3|2 + 	2
3 + 4γ01γ03]

1/2}. On the other 232

hand, the electric dipole μij which determines the coupling- 233

laser Rabi frequency can be can be multi-valued in Eq. (4) 234

because different combinations of the ground- and excited- 235

state Zeeman levels that can be coupled with linearly polarized 236

light [29], this may give rise to additional χ (3)
as resonances and 237

richer a richer spectrum of Rabi frequencies. The biphoton 238
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FIG. 3. (a)–(c) Changes of biphoton waveform with dressing-
field detuning 	3. Two-photon coincidence counts, collected over
400 s with 0.0244 ns bin width as a function of the relative time
delay τ 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 τg and τe as a function of dressing
detuning 	3.

correlation time is determined by the resonance linewidths,239

which is related to dressing-laser detuning. Thus, the biphoton240

correlation time of Fig. 3(c) is prolonged by a change in the241

detuning of the dressing laser.242

In addition, can the biphoton waveform transform from243

the Rabi-oscillation regime to the group-delay regime? In244

the following, we make predictions based on theory. The245

difference in group delay time is 246

τg = L

c

{
1+ω31

2

Nμ2
13

ε0h̄

[	c(	c+	3)]

(	c+	3)|�c|2 + 	c|�3|2
}
,

and the nonlinear coherence time τe as a function of the 247

dressing-frequency detuning has been simulated and is shown 248

in Fig. 3(d). When 	3 > 0.5 GHz, the calculated group-delay 249

time τg is less than the nonlinear coherence time τe(τg < τe). 250

Under these conditions, the Rabi-oscillation regime dominates 251

the system behavior. When 	3 is tuned in the range of 252

0 < 0.5 GHz, the group-delay time τg continues to increase 253

and reaches a maximum value at 	3 = 0 GHz. When 	3 < 254

0 GHz, the difference between τg and τe approaches a constant 255

value, and in this condition (τg > τe), the group delay regime 256

dominates the system behavior. In brief, the competition 257

between τe and τg will determine which effect plays a dominant 258

role in governing the features of the two-photon correlation. 259

As we know, the two-photon wave function is a convolution 260

of the nonlinear and linear optical responses [27]. According 261

to this convolution, the two-photon temporal correlation is 262

considered in two regimes: damped Rabi oscillation and group 263

delay. In Fig. 3, we focused on controlling the biphoton 264

waveform by changing the dressing-laser detuning in the 265

damped Rabi-oscillation regime. In this section, we mainly 266

focus on the group delay regime by varying the power of the 267

dressing laser. The rubidium vapor cell temperature is raised to 268

110 °C (optical density =2.99) and the dressing-laser detuning 269

	3 is fixed at −1.0 GHz according to the results of Fig. 3. Based 270

on these conditions, and by optimizing the dressing-field power 271

to 4 mW, we achieve a near “rectangle” shape with a correlation 272

time of 165 ns, as seen in Fig. 4(a). The physics behind this 273

is that dressing laser has a modulation effect on the Rb vapor 274

FIG. 4. (a) Two-photon coincidence counts as a function of relative time delay τ 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 τg and τe as a function of dressing Rabi frequency �3.
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cell energy level. In our four-energy-level system, the energy275

level |3〉 is first split into λ± by the coupling laser E1. The λ+276

energy level then experiences a second-order splitting into λ++277

and λ+− by the dressing laser E3. As a consequence, the EIT278

effect obtained in the current configuration is manipulated by279

both the Rabi frequency of the coupling laser and the dressing280

laser. As suggested by Balic et al. [30] and Kolchin [31] and281

demonstrated by Du et al. [17], the group-delay regime is282

defined as τg > τr and the EIT and slow-light effects can be283

used to dynamically control the biphoton temporal correlation284

time. From the anti-Stokes photons’ group delay time τg, which285

is defined as286

τg = L

c

{
1+ω31

2

Nμ2
13

ε0h̄

[	c(	c+	3)]

(	c+	3)|�c|2 + 	c|�3|2
}
,

we also get that the biphoton correlation time is related to287

both the dressing laser and the coupling laser Rabi frequency.288

The theoretical photon pair generation rate under the group-289

delay regime is R = |κ0|2VgL, which is similar to conven-290

tional SPDC photons with a rectangular-shaped biphoton wave291

packet [32]. Here, the nonlinear coupling coefficient κ0 is292

treated as a constant over the phase-matching spectrum. The293

anti-Stokes photons’ group velocity is defined as294

Vg = c

/{
1+ω31

2

Nμ2
13

ε0h̄

4[	c(	c+	3)]

(	c+	3)|�c|2 + 	c|�3|2
}
.

An exponential-decay behavior in the tail of biphoton wave-295

form is due to the finite EIT loss, which alters the correlation296

function shape, which deviates away from the ideal rectangular297

shape. There is a sharp peak at the leading edge of the biphoton298

waveform, which is the so called optical precursor [33]. This299

phenomenon requires that the simultaneously generated Stokes300

and anti-Stokes photons travel near the speed of light in vacuum301

and arrive near-simultaneously at the photodetectors [34].302

Figures 4(b1)–4(b3) show the theoretical curve of the differ-303

ence between group-delay time τg and nonlinear coherence304

time τe as a function of the dressing Rabi frequency. The group- 305

delay condition is equivalent to τg > τe; one can achieve a 306

system dominated by group-delay regime at 	3 < 0 or 	3 > 0 307

by varying the dressing-laser Rabi frequency. If the dressing 308

detuning is at resonance (i.e., 	3 = 0), the group-delay time 309

τg is always less than nonlinear coherence time τe with the 310

variation in dressing Rabi frequency, which means that the 311

system is dominated by the nonlinear-Rabi-oscillation regime. 312

One cannot achieve a biphoton waveform with a “rectangle” 313

shape under these conditions. 314

IV. CONCLUSION 315

In conclusion, in a four-energy-level system, we have used 316

hot atomic-gas media to generate nonclassical light through the 317

SFWM process, specifically focusing on narrowband biphoton 318

generation. By controlling the dressing-laser detuning and 319

power, the biphoton correlation time is prolonged and the 320

waveform changes. We also observed Rabi oscillations and 321

optical precursors in hot atoms. The effect of the dressing laser 322

on the competition between the processes of group-delay time 323

and nonlinear coherence time is analyzed in detail. In future 324

work, based on the dressing effect, accompanied by optimum 325

coupling field power and detuning, and optical pumping field 326

[24], the biphoton correlation time can be made more tunable. 327

This work has potential practical applications in quantum 328

optics. 329
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