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Characterization of a photon-pair source based on a cold atomic
ensemble using a cascade-level scheme
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We characterize a source of photon pairs based on cascade decay in a cold 87Rb ensemble. This source
is particularly suited to generate photons for interaction with 87Rb based atomic systems. We experimentally
investigate the dependence of pair generation rate, single photon heralding efficiency, and bandwidth as a function
of the number of atoms, detuning, and intensity of the pump beams. The observed power and detuning behaviors
can be explained by the steady-state solution of an established three-level model of an atom. Measurements
presented here provide a useful insight on the optimization of this kind of photon-pair source.
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I. INTRODUCTION16

Time-correlated and entangled photon pairs are an impor-17

tant resource for a wide range of quantum optics experiments,18

ranging from fundamental tests [1,2] to applications in quan-19

tum information [3–5]. A common method to obtain photon20

pairs is spontaneous parametric down conversion (SPDC) in21

nonlinear optical crystals [6], which have proven to be ex-22

tremely useful. However, photons prepared by SPDC typically23

have spectral bandwidths ranging from 0.1 THz to 2 THz [7,8],24

making interaction with atomic systems with a lifetime-limited25

bandwidth on the order of few MHz difficult. Possible solutions26

to match the bandwidth requirements include the use of27

optical cavities around the crystal [9–11], filters [12,13], and28

recently the use of miniature monolithic resonators made of29

nonlinear optical materials [14]. A different approach uses30

directly atomic systems as the nonlinear optical medium in31

the parametric process. There, a chain of near-resonant optical32

transitions provides an optical nonlinearity that has long been33

used for frequency mixing in otherwise inaccessible spectral34

domains. When two of the participating modes are not driven,35

such systems can be used for photon-pair generation via36

a parametric conversion process [15–17]. As the effective37

nonlinearity decays quickly with the detuning from an atomic38

transition, the resulting photon pairs can be spectrally very39

narrow.40

In this work, we investigate such a photon-pair source based41

on four-wave mixing in a cold atomic ensemble. The resulting42

photon pairs are therefore directly compatible with ground-43

state transitions of 87Rb, and the pair preparation process does44

not suffer any reduction in brightness caused by additional45

filtering. This can be interesting for preparing photon states46
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that are fragile with respect to linear losses. A basic description 47

of the source is presented in [18]. 48

This source has already been used, with minor modifica- 49

tions, to obtain heralded single photons with an exponentially 50

rising time envelope [19,20]. We have also studied the amount 51

of polarization entanglement in the generated photon pairs, and 52

observed quantum beats between possible decay paths [21]. 53

The same source has also been used in conjunction with a 54

separate atomic system, a single 87Rb atom trapped in a far 55

off resonant focused beam to study their compatibility [22] 56

and the dynamics of the absorption of single photons by an 57

atom [23]. There, we explored a limited range of experimental 58

parameters, optimized to observe the physical properties of the 59

biphoton state of interest. In this article we present a systematic 60

characterization of the source as function of the accessible 61

experimental parameters. We believe that our scheme is a 62

useful tool for the studies of the interaction of single photons 63

with single and ensembles of atoms. In order to characterize 64

the source, we focus our attention on generation rate, heralding 65

efficiency, and the compromise between rates and bandwidth. 66

We start with a brief review of the photon-pair generation 67

process, followed by a presentation of the experimental setup, 68

highlighting some of its relevant and differentiating features, 69

and a description of the measurement technique. The rest of the 70

paper covers systematic variations of the source parameters, 71

and their impact on the rates and bandwidth of the emitted 72

photon pairs. 73

II. FOUR-WAVE MIXING IN COLD 87Rb 74

BASED ON CASCADE DECAY 75

The photon-pair source in this work is based on the χ (3)
76

nonlinear susceptibility of 87Rb. A similar scheme was ini- 77

tially demonstrated with a different choice of transitions 78

and, consequently, wavelengths [24]. The relevant electronic 79

structure is shown in Fig. 1(a). Two pump beams of wavelength 80

780 nm (pump 1) and 776 nm (pump 2) excite the atoms 81

from 5S1/2, F = 2 to 5D3/2, F = 3 via a two-photon transition. 82

The 780 nm pump is red detuned by � from the intermediate 83
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FIG. 1. (a) Cascade-level scheme used for parametric conversion
in atoms. (b) Timing sequence of the experiment. (c) Schematic
of the experimental setup, with P1, P2, P3, and P4: polarization
filters; IF1, IF2, IF3, and IF4: interference filters; DI, DS: avalanche
photodetectors.

level 5P3/2, F = 3 to reduce the rate of incoherent scattering,84

with � between 30 and 60 MHz. The two-photon detuning δ85

is one of the parameters we study in this work.86

The subsequent decay from the excited level 5D3/2, F = 3 to87

the ground state 5S1/2, F = 2 via 5P1/2, F = 2 generates a pair88

of photons with wavelengths centered around 795 nm (signal)89

and 762 nm (idler). We reject light originating from other90

scattering processes using narrow-band interference filters.91

The geometry of the pump and collection modes is chosen92

to satisfy the phase-matching condition. Energy conservation93

ensures time correlation of the generated photons, while the94

time ordering imposed by the cascade decay results in a95

strongly asymmetrical time envelope of the biphoton. This96

coherent process is accompanied by incoherent scattering.97

Both processes generate light at the same wavelengths, making98

it impossible to distinguish them by spectral filtering. Similar99

to simple two-level systems [25,26], coherent and incoherent100

scattering have different dependencies on a number of experi-101

mental parameters.102

To understand the difference in behavior, we consider103

a long-established model of a strongly driven three-level104

atom [27,28]. This simple model correctly describes some of105

the features of our photon-pair source. In this model, the atomic106

state is described by the 3 × 3 density matrix ρ, where state 1107

corresponds to the ground state, state 3 to the most excited state,108

and state 2 to the intermediate state in the cascade decay. The109

total scattering rate, that includes both coherent and incoherent110

events, is proportional to the population in state 3,111

rtot ∝ 〈ρ33〉, (1)

while the signal we are interested in is proportional to the112

coherence between states 1 and 3,113

rcoh ∝ |〈ρ31〉|2. (2)

Following [27], we derive an analytical steady-state solution of114

the master equation as function of the pump intensities (through115

the corresponding Rabi frequencies �1 and �2) and detunings 116

(� and δ) 1. 117

In order to compare Eq. (1) and Eq. (2) to our experimental 118

results, we need to take into account the linewidths of the pump 119

lasers. A rigorous approach would require the inclusion of the 120

laser linewidth in the master equation [29]. For large Rabi 121

frequencies, as in our case, the spectral broadening associated 122

with the laser power dominates. We can therefore approximate 123

the combination of the two pump lasers Lorentzian profiles 124

of width ≈1 MHz into a single noise spectrum with Gaussian 125

profile G(δ) of width ≈2 MHz. We obtain a fitting function for 126

our results by convolving Eqs. (1) and (2) with the combined 127

linewidth of the pump lasers, 128

rsingle ∝ rtot (�1,�2,�, δ) ∗ G(δ) (3)

and 129

rpairs ∝ rcoh(�1,�2,�, δ) ∗ G(δ). (4)

The heralding efficiency for photons (in a scenario where one 130

photon is used as a herald for the presence of the other) is the 131

ratio of these rates: 132

η = rpairs

rsingle
= rcoh(�1,�2,�, δ) ∗ G(δ)

rtot (�1,�2,�, δ) ∗ G(δ)
. (5)

This model does not take into account the Zeeman manifold 133

of the energy levels, nor the collective interaction within 134

the atomic ensemble. We already presented a model and 135

experimental evidence of the effects of polarization choice for 136

pumps and collection modes previously [21]. In the rest of 137

this article, the polarization of the pump beams and collection 138

modes is chosen to maximize the effective nonlinearity and, 139

consequently, maximize the generation rates. To understand 140

the effect of collective interaction in a cascaded decay process 141

we compare our results with the model proposed in [30] in 142

Sec. V. 143

III. EXPERIMENTAL SETUP 144

The experimental setup is shown in Fig. 1(c). The nonlinear 145

medium is an ensemble of 87Rb atoms in a vacuum chamber 146

(pressure 1 × 10−9 mbar), trapped and cooled with a magneto- 147

optical trap (MOT) formed by a pair of circular coils connected 148

in an anti-Helmholtz configuration generating a magnetic-field 149

gradient of 24.8 G/cm in the radial direction and 49.6 G/cm in 150

the axial direction and six laser beams red detuned by 24 MHz 151

from the cycling transition 5S1/2, F = 2 → 5P3/2, F = 3, with 152

a diameter of 15 mm and an optical power of 45 mW per beam. 153

No compensation was used for any residual magnetic field. 154

An additional laser tuned to the 5S1/2, F = 1 → 5P3/2, F = 2 155

transition optically pumps the atoms back into the 5S1/2, F = 2 156

level. 157

The low temperature of the ensemble (estimated from 158

similar experimental setups [31] to be equal to or smaller 159

than the Doppler temperature of 87Rb of 146 μK) ensures a 160

negligible Doppler broadening of the atomic transition line, 161

1These analytical forms are long and cumbersome; we have included
them in the Appendix. Note that the solutions presented in [27] contain
a mistake, as already pointed out by [39].
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resulting in a reduction of the bandwidth of the generated162

photons by an order of magnitude compared to the hot vapor163

sources [32,33].164

In its initial implementation [18], the source was non-165

collinear, i.e., pump and collection modes do not lie on the same166

axis. This approach was chosen to minimize the collection167

of any pump light into the parametric fluorescence modes. In168

subsequent experiments, including this work, we instead chose169

a collinear configuration. This geometry simplifies the align-170

ment and allows for a more efficient coupling of the generated171

photons into single mode fibers. We combine the pump beams172

(780 nm and 776 nm) using a narrow-band interference filter173

(IF1) as a dichroic mirror. Similarly, we separate the signal174

(762 nm) and idler (795 nm) modes using another interference175

filter (IF2). The pump and collection modes are focused in the176

cloud. Both pumps have a beam waist of ≈0.45 mm, while the177

collection modes are ≈0.4 mm and ≈0.5 mm for signal and178

idler, respectively. Leaking of pump light into the collection179

modes is reduced by an additional interference filter in each180

collection mode (IF3, IF4). All interference filters used in the181

setup have a full width at half maximum bandwidth of 3 nm and182

a peak transmission 96% at 780 nm. We tune their transmission183

frequencies by adjusting the angles of incidence. Polarizers P1184

and P2 fix the polarization of the fluorescence before collecting185

it into single mode fibers with aspheric lenses. Single photons186

are detected using avalanche photodiodes (APD) with quantum187

efficiency of ≈50%.188

Figure 1(b) shows the timing sequence used in the experi-189

ment: 16 ms of cooling of the atomic vapors, followed by a 1190

ms time window, during which the cooling beams are off and191

pump 1 and pump 2 shine on the cloud. We use external-cavity192

laser diodes (ECDL) with bandwidths in the order of 1 MHz193

to generate the pumps, and control their power and detuning194

using acousto-optic modulators (AOM).195

IV. DETECTION OF PHOTON PAIRS196

We characterize the properties of the source from the statis-197

tics and correlation of detection times for events in the signal198

and idler modes. All detection events are time stamped with199

a resolution of 125 ps. Figure 2 shows a typical coincidence200

histogram G(2), i.e., the coincidence counts as a function of the201

delay between detection times �t . The correlation function202

shows an asymmetric shape: a fast rise followed by a long203

exponential decay. The rise time is limited by the jitter time of204

the APDs (typical value ≈800 ps), while the decay is a function205

of the coherence time. In a previous work [18] we showed206

that the bandwidth is inversely proportional to the decay time207

constant τ . We measure τ by fitting the histogram G(2) with208

the function209

G
(2)
fit (�t ) = Gacc + G0 e−�t/τ�(�t ) , (6)

whereGacc is the rate of accidental coincidences,� is the Heav-210

iside step function, and G0 an amplitude. The rate of accidental211

coincidences Gacc is fixed by considering the average of G(2)
212

for times �t much larger than the coherence time, leaving as213

free parameters only G0 and τ . This can be used to estimate214

the second-order cross-correlation function g(2) from Eq. (6):215

g(2)(�t ) = G
(2)
fit (�t )/Gacc. (7)
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FIG. 2. Histogram of coincidence events G(2)(�t ) (left vertical
axis) and the normalized second-order correlation g(2)(�t ) (right
vertical axis) as a function of the time difference between the detection
of signal and idler photons for a total integration time of 42 s.
Pump powers: P780 = 450 μW and P776 = 3 mW; detunings: � =
−60 MHz and δ = 12 MHz. The solid line is a fit to the model
described by Eq. (6), giving a value of τ = 6.52 ± 0.04 ns.

To characterize the source, we consider the rate of single 216

event detection in the signal (rs) and idler (ri) modes, together 217

with the rate of coincidence detection (rp) as the signature of 218

photon pairs. All reported rates are instantaneous rates in the 219

parametric conversion part of the experiment cycle. 220

The total pair detection rate rp of the source is obtained 221

by integrating G(2)(�t ) over a coincidence time window 0 < 222

�t < �tc. We choose �tc = 30 ns to ensure the collection of 223

a large fraction of events also for the largest coherence times τ 224

observed. 225

Another parameter we extract from the measured G(2)(�t ) 226

is heralding efficiency. Due to the intrinsic asymmetry of the 227

process we define two heralding efficiencies from the same 228

measurement, one for the signal, 229

ηS = rp/(rS − dS), (8)

and one for the idler, 230

ηI = rp/(rI − dI ), (9)

where dS = 508 s−1 and dI = 165 s−1 are the dark count rates 231

on the signal and idler detectors. 232

V. EFFECT OF THE NUMBER OF ATOMS 233

One of the parameters of interest is the number of atoms N 234

participating in the four-wave mixing process. We control 235

it by varying the optical power of the repump light during 236

the cooling phase, thus changing the atomic density without 237

altering the geometry of the optical trap. 238

We estimate N by measuring the optical density D of the 239

atomic ensemble for light resonant with the 5S1/2, F = 2 → 240

5P3/2, F = 3 transition. To obtain a reliable measure of the D, 241

we turn off pump 2 and set pump 1 to 10 μW, more than 40 242

times lower than the saturation intensity of the transition of 243

interest. We record the transmission of pump 1 through the 244

vacuum cell for a range of values of � wide enough to 245

capture the entire absorption feature, and normalize it to the 246

transmission observed without the atomic cloud. We fit the 247
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FIG. 3. Rate of single counts in the signal and idler modes (top)
and rate of coincidence counts (bottom) as a function of the optical
density (OD) of the atomic cloud. The solid lines are fits for rs,i =
as,iD, with as,i the only free parameter. Other parameters: P776 =
15 mW, P780 = 300 μW, � = −60 MHz, and δ = 12 MHz.

measurement results with the expected transmission spectrum248

T (�) = exp

(
−D

γ 2

�2 + γ 2

)
, (10)

with γ = 6.067 MHz and D as the only free parameter. From249

the size of the probe beam w0 ≈ 450 μm, we estimate N .250

We observed a minimum of N ≈ 1.5 × 107, corresponding to251

an D ≈7, and a maximum of N ≈ 6.3 × 107, D ≈29. We252

expect the effective number of atoms participating in the FWM253

process to decrease during the measurement due to the heating254

caused by the intense pumps.255

Single detection rates for the signal (rs) and idler (ri) modes256

increase linearly with the number of atoms involved in the257

process, as expected for incoherent processes (see Fig. 3). The258

increase of pair rate rp with N , however, appears to be faster259

than linear.260

Further, the decay or coherence time τ decreases in our ex-261

periments as D increases (see Fig. 4). The measured coherence262

time is always shorter than the natural lifetime τ0 = 27 ns of263

the intermediate state expected for the spontaneous decay in264

free space of this transition to the ground state of 87Rb. This is265

a signature of collective effects in the cold atom cloud [18,34].266

The solid line is a fit to the theoretical model proposed in [30]:267

τ = τ0

1 + μD
, (11)
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FIG. 4. Coherence time of the photon pair as a function of the
optical density (OD) of the atomic cloud. The solid line is obtained
by fitting Eq. (11), obtaining μ = 0.0827 ± 0.002. Other parameters:
P776 = 15 mW, P780 = 300 μW, � = −60 MHz, and δ = 12 MHz.

where the free parameter μ is a geometrical constant depending 268

on the shape of the atomic ensemble. 269

We do not have a complete explanation for the nonlinear 270

increase of the pair rate with the optical density, but some 271

insight can be gained from the heralding efficiencies shown in 272

Fig. 5. Both heralding efficiencies ηs and ηi exhibit a saturation 273

behavior that is described by the relation 274

ηj = η0j

[
1 − exp

(
− D

D0j

)]
with j = s, i, (12)

where η0j and D0j are free parameters. This heuristic expres- 275

sion suggests that (a) a higher optical density of the atomic 276

cloud leads to an increase of the pair rate at the expense of a 277

larger photon bandwidth and (b) for large enough D there is 278

no improvement of heralding efficiency. These considerations 279

are particularly relevant considering the recent development 280

of cold atomic systems with optical densities in excess of 281

500 [35]. 282

By fitting Eq. (12) to the experimental data, we obtain η0s = 283

0.190 ± 0.001 and D0s = 9.7 ± 0.1 for the signal and η0i = 284

0.150 ± 0.001 and D0i = 11.3 ± 0.2 for the idler. 285

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

 0  5  10  15  20  25  30

he
ra

ld
ed

 e
ffi

ci
en

cy
 (

%
)

optical density

signal
idler

FIG. 5. Heralding efficiency for signal and idler modes as a
function of the optical density. The solid lines are fits of Eq. (12)
with η0s = 0.190 ± 0.001 and D0s = 9.7 ± 0.1, and η0i = 0.150 ±
0.001 and D0i = 11.3 ± 0.2. Other parameters: P776 = 15 mW,
P780 = 300 μW, � = −60 MHz, and δ = 12 MHz.
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VI. RATES AND HERALDING EFFICIENCIES286

Brightness, a common parameter to characterize a photon-287

pair source, is defined as the experimentally accessible rate of288

photon pairs emitted into the desired modes per mW of pump289

power. In our source, saturation effects of the atomic transitions290

involved give rise to a nonlinear correlation between pump291

power and rates. In Figs. 6 and 7, the instantaneous single292
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FIG. 7. Pair rates as function of pump power at 776 nm (P776) for
different pump powers at 780 nm. The vertical error bar on each point
is smaller than the size of the data points. The solid lines are calculated
from the theory. Other parameters: D = 29, � = −60 MHz, and δ =
3 MHz. The solid lines are numerical fits with Eq. (4).
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FIG. 8. Heralding efficiency as function ofP776 for the signal (top)
and idler (bottom) for different P780. The vertical error bar on each
point is smaller than the size of the data points. Other parameters: D =
29, � = −60 MHz, and δ = 3 MHz. The solid lines are a numerical
fit with Eq. (5). The model fails to describe the experimental behavior
for low pump powers. As discussed in the main text, in this region
the power broadening is comparable with the pump laser linewidths,
a regime beside the model assumptions.

rates, rs and ri , and pair rates rp as a function of power in both 293

pump transitions are shown. 294

For a fixed two-photon detuning δ, all rates exhibit a 295

saturation behavior. This suggests that an increase of the pump 296

powers will increase the observed pair rate only to some extent, 297

and an increased number of atoms of the ensemble might be 298

a better option. However, as discussed in the previous section, 299

this comes at the expense of a larger bandwidth. We also 300

note that, while the model introduced in Sec. II qualitatively 301

explains the saturation behavior with the pump powers, it does 302

not capture well the experimental observation for high powers. 303

This is probably due to the optical pumping caused by the 304

intense pump beams, which is not part of the relatively simple 305

model. 306

The dependency of heralding efficiencies on both pump 307

powers is shown in Fig. 8, both for our experimental obser- 308

vations and the model predictions. 309

The intuition of a higher heralding efficiency at low pump 310

powers due to a smaller contribution from incoherent processes 311

is both found in the experiment and predicted by the model, 312

but the model does not match the observations at low powers 313

very well. A possible explanation is in one of the assumptions 314

of our model. For low pump powers, the broadening due 315

to Rabi frequencies of the pumps is comparable with the 316

pump laser linewidths, requiring then a different approach than 317
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convolution with a combined noise spectrum. However, our318

simple model ignores all geometrical aspects in the process,319

and therefore does not capture any spatial variation of the320

atomic density profile of the cloud, the intensity profile of the321

pump beams, or their respective overlap.322
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Despite the limitations of the model, the observed power 323

dependency of pair rates and heralding efficiency shown in 324

Figs. 7 and 8 suggest a strategy for optimizing the source 325

brightness: a low power P780 on the transition depopulating the 326

ground state should ensure a high heralding efficiency, while a 327

high power P776 on the transition populating the state 3 should 328

increase the brightness. An obvious experimental limitation to 329

this strategy for rubidium is the available P776. 330

Apart from the optical power in the pump beams, other 331

easily available experimental parameters in the four-wave 332

mixing process are the pump detunings. Both single and pair 333

rates have a strong dependence on the two-photon detuning δ 334

from the ground state in the upper excited state, and have a 335

maximum at δ ≈ 0, as expected for a scattering process (see 336

Fig. 9). The two-step nature of the excitation process leads 337

to asymmetries in the peaks, which is also predicted by the 338

simple model of Eqs. (3) and (4). To allow for a fair comparison 339

between the model prediction and the experimental data, we 340

have to take into account the linewidth of the pump lasers (≈1 341

MHz each). We therefore convolve the theoretical predictions 342

in Eqs. (3) and (4) with a Gaussian distribution modeling our 343

laser noise. The resulting spectral profiles in the two-photon 344

detuning of pair and single rates then match very well the 345

behavior observed in our experiment. 346

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

 0  5  10  15

P780

co
he

re
nc

e 
tim

e 
(n

s)

P776 (mW)

 30 μW

130 μW
290 μW

420 μW

580 μW

640 μW

FIG. 12. Coherence time as function of pump powers. Other
parameters: D = 29, � = −60 MHz, and δ = 3 MHz.
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The dotted line indicates δ = 0.

Contrary to the single and pair rates, both heralding effi-347

ciencies show an asymmetric dip around δ ≈ 0 (see Fig. 10)348

in our experiment, which is well captured by the model via349

Eq. (5).350

This dip can be understood by taking into account that the351

observed single rate is the combination of FWM, a coherent352

process, and incoherent scattering, with the latter growing353

faster as δ approaches zero. When choosing the operation354

parameter of a photon-pair source for subsequent use, the two-355

photon detuning can therefore be optimized for a compromise356

between pair rate and heralding efficiency.357

VII. COINCIDENCE TO ACCIDENTAL RATIO (CAR)358

Another relevant parameter for characterizing the useful-359

ness of a source of photon pairs is the coincidence to accidental360
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FIG. 14. Summary of the effect of two-photon detuning δ on
heralding efficiencies ηs,i , coherence time τ , and spectral bright-
ness B. Other parameters: P776 = 15 mW, P780 = 450 μW, � =
−60 MHz, and D = 29.
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ratio (CAR) [36,37], 361

C = Rp

ra

= rI rS �t + rp

rI rS �t
, (13)

where the accidental rate ra captures noise photons that 362

degrade the correlation characteristics of the photon-pair 363

source. The connection between the CAR and pair rate rp is 364

shown in Fig. 11. In this parametric plot, we vary the pump 365

power P776. Over a wide range of pair rates, the CAR increases 366

when P776 is reduced because ra
∝∼ r2

p. For the experimental 367

parameters shown in this measurement, the CAR peaks 368

at ≈3800, at a relatively low pair rate of rp = 50 s−1. With 369

a further reduction in pump power (and therefore in rp), the 370

CAR drops to 1, as background noise and detector’s dark 371

counts (ra) dominate in Eq. (13). 372

To model the experimentally observed CAR, we modify 373

the expression in Eq. (13) by separating the single rates for 374

signal and idler into a contribution from pairs, corrected by 375

the respective heralding efficiencies, and dark or background 376

contributions for signal and idler. Signal and idler heralding 377

efficiencies vary very little over a wide range of pump powers 378

P776, so we fix them to a single value. The resulting expression 379

for the CAR, 380

C =
( rp

ηS
+ dS

) ( rp

ηI
+ dI

)
�t + rp( rp

ηS
+ dS

) ( rp

ηI
+ dI

)
�t

, (14)
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reproduces very well the observed behavior in the experiment,381

suggesting that the relation between CAR and pair rates is382

fairly well understood.383

VIII. COHERENCE TIME OF THE GENERATED PAIRS384

An important property of photon-pair sources based on385

nonlinearities is the small bandwidth of the emerging photons386

corresponding to a long coherence time. The dependency of387

the coherence time, measured by fitting photon-pair timing his-388

tograms to Eq. (6), on pump power and two-photon detuning,389

is shown in Figs. 12 and 13. The coherence time increases with390

both pump powers, and also shows a maximum with respect391

to the two-photon detuning slightly below the two-photon392

resonance, similar to the pair rates.393

The simple three-level model in Sec. II does not address394

the coherence time of the emerging photons. Even a more395

complex model that includes the collective effects associated396

with the number of atoms [30] predicts only a dependency397

of the coherence time on the number of atoms involved in398

the four-wave mixing process (superradiance), but not on the399

pump power and two-photon detuning. A possible reason400

for the observed dependency is a decay from the excited401

state 5P1/2, F = 3 to 5S1/2, F = 1, a ground state that does not402

participate in the coherent four-wave mixing we are interested403

in, effectively depleting the number of atoms interacting404

with the pump beams. This depletion increases with pump405

intensities, and decreases with detuning, and is not completely406

neutralized by the repump beam, resulting in a change of the407

number of atoms in the participating ground state, which would408

then affect the coherence time according to the more complex409

conversion model [30].410

To arrive at long coherence times, one therefore would411

need to optimize the repumping process during the parametric412

conversion cycle in our experiment to maintain the atomic413

population in the ground state.414

IX. GUIDELINES FOR CHOICE OF PARAMETERS 415

Following our characterization of this photon-pair source, 416

it is useful to introduce some guidelines for the choice of 417

operational parameters. We summarize the effects of the dif- 418

ferent experimental knobs in Figs. 14, 15, and 16. We included 419

the heralding efficiency, coherence times, and spectral bright- 420

ness B = 2π τ rp. Some trends are common: heralding effi- 421

ciencies and coherence time appear to be inversely correlated, 422

independent of the parameters we are varying. In experiments 423

where the generated photon pairs interact with atomic systems 424

it is often important to maximize the spectral brightness. In 425

this case, it is necessary to maximize the optical density, set 426

the two-photon detuning a few MHz red off resonance, and 427

maximize both pump powers. If the target is to maximize the 428

heralding efficiency, it is convenient to increase the two-photon 429

detuning, and reduce power P780 until a suitable compromise 430

between heralding efficiency and brightness is reached. 431

X. CONCLUSION 432

We presented an experimental study of the effect of two- 433

photon detuning, pump intensity, and number of atoms on the 434

generation rates and bandwidth of photon pairs from four-wave 435

mixing in a cold ensemble of rubidium atoms. The study is use- 436

ful to understand how to set the different parameters to better 437

exploit the source characteristics, in particular when combined 438

with other, generally very demanding, atomic systems [22,23]. 439

The effect of pump powers and two-photon detuning on 440

pair rates and efficiencies is compatible with the theoretical 441

model presented by Whitley and Stroud [27]. An increase in 442

pump power corresponds to an increase of pair and singles rates 443

until a saturation level, with heralding efficiency determined 444

mostly by the ground-state resonant pump. We can also explain 445

the connection between the coincidence to accidental ratio 446

(CAR) and the generated pair rates. All rates increase with 447

a reduction of the two-photon detuning at the expense of 448

heralding efficiency. This is well captured by the model, 449

and can be intuitively explained as the result of competition 450

between coherent and incoherent scattering processes excited 451

by the same optical pumps. 452

One of the attractive aspects of cold-atom based photon-pair 453

sources is their frequency characteristics: the generated pairs 454

are usually resonant or close to resonant with their bandwidth 455

of the same order of magnitude as atomic transitions. In our 456

source the central wavelengths are fixed; the bandwidth instead 457

is a function of the experimental parameters, in particular of the 458

number of atoms. The dipole-dipole interaction between atoms 459

gives rise to superradiance [38], as evidenced by the reduction 460

of coherence time as the number of atoms increases [30]. 461

But the total number of atoms is also a function of duration, 462

intensity, and detuning of the pump beams because of optical 463

pumping. The dynamics of the combined effect of collective 464

interaction between atoms and optical pumping increases the 465

complexity of the phenomenon, and we currently do not 466

have a model that fully explains our result. Nonetheless, the 467

experimental measurements are a useful guide to choose the 468

number of atoms, together with the other parameters, that 469

optimizes the specific properties desired from the source: rate, 470

heralding efficiency, or bandwidth. 471
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APPENDIX: EXPLICIT FORM OF EQ. (1) and EQ. (2)476

In the following expressions, �1 and �1 are the linewidths of the transitions addressed by pumps 1 and 2, respectively:477

〈ρ33〉 = �2
1�

2
2

(
�1�2((δ − �)2 + (�1 + �2)2) + �1�

2
1(�1 + �2) + �2

2(�1 + �2)2
)

K
, (A1)

|〈ρ31〉|2 =
∣∣∣∣�1�2

K

∣∣∣∣
2∣∣δ3�1�2(� − i�1) − δ2�1�2

(
(� − i�1)(2� + i�2) + �2

1 + �2
2

) + δ�1
(
�2(� − i�1)(�2 + 2i��2

+ (�1 + �2)2) + �2
2(�(�1 + 3�2) − i�1(�1 + �2)) + 2i�2�

2
1(�1 + �2)

) − i�3�1�
2
2 − �2�1�2

(
�1�2 − �2

1 + �2
2

)
− i��1�2(�1 + �2)

(
�2(�1 + �2) + 2�2

1 + �2
2

) − (
�1�2(�1 + �2) + �1�

2
2 − �2�

2
1

)
× (

�1
(
�2(�1 + �2) + �2

1

) + �2
2(�1 + �2)

)∣∣2
, (A2)

with478

K = δ4�1�2
(
�2 + �2

1 + 2�2
1

) − 2δ3��1�2
(
�2 + �2

1 + 2�2
1 + �2

2

) + δ2
(
�2

2(�2�1(�1 + 5�2) + �2
1

(
�2

1 + �1�2 + 2�2
2

)
+ 2�2

1(�1 + �2)2
) + �1�2

(
�2 + �2

1 + 2�2
1

)(
�2 + �2

1 + 2�1�2 + 2�2
2 − 2�2

1

) + �1�2�
4
2

)
+ 2δ�

( − �2�
2
2

(
�1

(
�2 + �2

1 + 4�1�2 + �2
2

) + �2�
2
1

) + �1�2
(
�2

1 − �2
2

)(
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1 + 2�2
1

) − �1�
4
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1
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2
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1
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4
2
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�2(�1 + �2) + �2
1 + �2

2

)(
�2

1�2 + �1�
2
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2
1

)(
�1

(
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