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 30 
Figure S1 | Energy-level diagram of hot 85Rb atoms for direct generation of time-energy-entangled 31 

W-class triphotons. The light-atom interaction in a four-level triple--type atomic configuration where 32 

the two ground states are denoted by |1⟩ and |2⟩, and the two excited states by |3⟩ and 4⟩. Initially, all 33 
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atomic population is prepared at |1⟩. To ensure no residual atomic population to be distributed in |2⟩, an 34 

additional optical pumping beam 𝐸𝑂𝑃 is applied resonantly with the atomic transition |2⟩ ⟷ |3⟩. A weak 35 

pump laser 𝐸1  is applied to |1⟩ → |3⟩  with a large, fixed red frequency detuning Δ1 , along with the 36 

simultaneous presence of another two strong control fields 𝐸2 and 𝐸3 applied to the same atomic transition 37 

|2⟩ → |4⟩  but with different frequency detunings Δ2  and Δ3 . Under the demanded phase-matching 38 

conditions, the occurrence of the spontaneous six-wave mixing (SSWM) process will then enable the direct, 39 

efficient emission of continuous-mode time-energy-entangled W-type triphotons 𝐸𝑆1 , 𝐸𝑆2  and 𝐸𝑆3  from 40 

their respective atomic transitions as schematically sketched in the diagram.  41 

Qualitative Derivation of Fifth-Order Nonlinear Susceptibility 𝝌(𝟓) 42 

Nonlinear optics is a cornerstone for generating, manipulating, and converting quantum light. 43 

When an atomic ensemble is utilized to generate nonclassical light, its optical response including 44 

both linear and nonlinear susceptibilities can play a decisive role in determining the properties of 45 

the produced quantum state and waveform. This is especially true when the light-atom interaction 46 

takes place near atomic resonance and the generated nonclassical light is much weaker than the 47 

input driving fields. As such, the primary task of this type of problems is to derive the linear and 48 

nonlinear susceptibilities for the participating electromagnetic (EM) fields. We notice that when 49 

only one EM field is involved per atomic transition, there are several ways such as density-matrix 50 

formalism and master equations to compute these susceptibilities. However, the situation becomes 51 

exceedingly complicated when more than one optical field acts onto the same atomic transition. 52 

For such a case, Wen and his coworkers have developed a useful methodology [1-3] which enables 53 

precise calculations on these susceptibilities. While this approach [1-3] in principle allows accurate 54 

calculations on optical responses, especially for the production of entangled paired photons, it 55 

becomes computationally cumbersome when applied to the triphoton generation considered in this 56 

work. We are currently working on the exact derivations using this method. But here we would 57 

like to use a qualitative means to study the triphoton emission as well as the associated optical 58 

properties. This qualitative method has previously been applied to some atomic systems with 59 

similar energy-level structures and coupling interactions [4-8] to ascribe six-wave mixing (SWM). 60 

As shall be shown below, despite the derived qualitative results cannot perfectly match the 61 

experimental data, they do provide a somewhat plausible explanation for the triphoton formation.  62 

The underlying physics behind this qualitative method is rooted in the perturbation theory, which 63 

largely takes into account the dressing steady states but ignores the transient propagation effect. 64 

The first step is to perturbatively analyze the SWM process under the weak-field approximation. 65 

Then, the dressing perturbation is adopted to set up a set of the strong-field coupled equations to 66 

obtain the density-matrix elements through the perturbation chain rule. By following the similar 67 

calculations presented in Refs. [4-8], we found that the fifth-order nonlinear susceptibility 𝜒(5) can 68 

be approximately attained from the following perturbation chain, 69 

𝜌11
(0) 𝜔1
→ 𝜌31

(1) 𝜔𝑆1
→  𝜌21

(2) 𝜔2
→ 𝜌41

(3) 𝜔𝑆2
→  𝜌11

(4) 𝜔3
→ 𝜌41

(5)
,             (S1) 70 



where 𝜔1, 𝜔2 and 𝜔3 are the three input laser frequencies, and 𝜔𝑆1, 𝜔𝑆2 and 𝜔𝑆3 are generated 71 

triphoton frequencies, respectively. By solving the series of density-matrix equations, one can find 72 

the density-matrix elements 𝜌11
(0)

, 𝜌31
(1)

, …, 𝜌41
(5)

 in Eq. (S1) step by step. For an atomic vapor, it is 73 

necessary to take into account the Doppler broadening effect. After some lengthy calculations, we 74 

finally got the fifth-order nonlinear susceptibility of the light-atom interaction displayed in Fig. S1, 75 

which has the form of 76 

𝜒(5)(𝛿2, 𝛿3) = ∫ 𝑑𝑣
∞

−∞

2𝑁𝜇13𝜇24𝜇23𝜇14
3 𝑓(𝑣)

𝜀0ℏ5{
(Γ31+𝑖Δ𝐷1)[(Γ21+𝑖𝑊𝐷−𝛿2+𝑖𝑊𝐷+𝛿3)(Γ41+𝑖𝑊𝐷−𝛿2+𝑖𝑊𝐷+𝛿3+𝑖Δ𝐷2)+|Ω2|2]

×[(Γ11+𝑖𝑊𝐷+𝛿3)(Γ41+𝑖𝑊𝐷+𝛿3+𝑖Δ𝐷3)+|Ω3|2]
}
.      (S2) 77 

Here, 𝑓(𝑣) = √
𝑚Rb

2𝜋𝑘𝐵𝑇
𝑒
−
𝑚Rb𝜐

2

2𝑘𝐵𝑇  is the Maxwell-Boltzmann velocity distribution of the Rb atoms in 78 

thermal motion, where 𝑚Rb is the mass of the Rb atom, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the 79 

vapor temperature, and 𝜐 is the atomic kinetic velocity; 𝑁 denotes the atomic density; 𝜇𝑖𝑗 (𝑖, 𝑗 =80 

1,2,3,4) represents the electric dipole matrix element for the atomic transition |𝑖⟩ → |𝑗⟩; 𝜀0 stands 81 

for the vacuum permittivity; Γ𝑖𝑗 is the decay or decoherence rate between levels |𝑖⟩ and |𝑗⟩; Δ𝐷1 =82 

Δ1 + 𝑣𝜔31 𝑐⁄ , Δ𝐷2 = Δ2 − 𝑣𝜔42 𝑐⁄ , and Δ𝐷3 = Δ3 + 𝑣𝜔42 𝑐⁄  with frequency detunings Δ1 =83 

𝜔31 − 𝜔1, Δ2 = 𝜔42 − 𝜔2, Δ3 = 𝜔42 − 𝜔3, and 𝜔𝑖𝑗 being the frequency difference between |𝑖⟩ 84 

and |𝑗⟩; 𝑊𝐷± = 1 ± 𝑣/𝑐 with 𝑐 the speed of light in vacuum; Ω2 and Ω3 are the Rabi frequencies; 85 

𝛿2 and 𝛿3 define the spectral distributions with respect to the central frequencies of the emitted 86 

𝐸𝑆2 and 𝐸𝑆3 photons, respectively. Owing to the energy conversation in SSWM, the triggers of 87 

these two photons require the detection of the output 𝐸𝑆1 photon at frequency 𝜔𝑆1 = 𝜔1 + 𝜔2 +88 

𝜔3 − 𝜔𝑆2 − 𝜔𝑆3 , which alternatively implies the spectral distributions of the entangled three-89 

photon state to satisfy the condition of 𝛿1 + 𝛿2 + 𝛿3 = 0. We notice that when 𝑇 = 80C, the 90 

Doppler width is estimated to be about ∆𝐷= 555 MHz, orders of magnitude larger than the Rb 91 

natural linewidth; the atomic density is 𝑁 = 1.2 × 1011  cm-3; the optical depth (OD), 𝑂𝐷 =92 

𝑁𝜎41𝐿, has a value of 4.6, where 𝜎41 =
𝜔41|𝜇14|

2

2𝜀0ℏ𝑐Γ41∆𝐷
= 3𝜋𝑁Γ41𝑐

2𝐿/2∆𝐷𝜔41
2  is the on-resonance 93 

absorption cross-section of the transition |1⟩ → |4⟩. When 𝑇 = 115C, the OD grows to the value 94 

of 45.7. 95 

In accordance wtih our previous theoretical studies [1-16], the temporal correlations of the 96 

generated triphotons are expected to be governed by two folds of factors: one is the spectral profile 97 

of the fifth-order nonlinear susceptibility 𝜒(5) given in Eq. (S2) and the other is the longitudinal 98 

phase-mismatch function (which shall be discussed subsequently). Therefore, we first look at the 99 

structure of 𝜒(5) . Similar to our previous analysis [1-15], the resonances arising from the 100 

denominator of 𝜒(5)  in Eq. (S2) are centered around 𝛿1± = (∆𝐷2 ± Ω𝐸2)/2(1 −
𝑣

𝑐
) , 𝛿2±± =101 

(∆𝐷3 − ∆𝐷2 ± Ω𝐸2 ± Ω𝐸3)/2(1 +
𝑣

𝑐
) , and 𝛿3± = (−∆𝐷3 ± Ω𝐸3)/2(1 −

𝑣

𝑐
) , where the effective 102 

Rabi frequencies are redefined as Ω𝐸2 = √∆𝐷2
2 + 4|Ω2|2 + 4Γ21Γ41  and Ω𝐸3 =103 



√∆𝐷3
2 + 4|Ω3|2 + 4Γ11Γ41 with Ω2 and Ω3 being the original Rabi frequencies of the 𝐸2 and 𝐸3 104 

fields, respectively. The effective linewidths of these resonances are determined by the imaginary 105 

parts of the denominator, which are found to be Γ𝛿2 =
Γ21+Γ41

2
+

Γ21∆𝐷2

∆𝐷2+Ω𝐸2
 and Γ𝛿3 =

Γ11+Γ41

2
+106 

Γ11∆𝐷3

∆𝐷3+Ω𝐸3
. These effective linewidths naturally give rise to the temporal correlation lengths between 107 

generated triphotons. Obviously, both the resonance centers and effective linewidths are velocity-108 

dependent and subject to the Doppler broadening effect. From the calculated 𝛿1±, 𝛿2±± and 𝛿3±, 109 

we expect that there will be in general four sets of indistinguishable SSWM processes to produce 110 

time-energy-entangled W-triphotons. As a representative example, Fig. S2 presents 𝜒(5) under 111 

different scenarios. As one can see, after accomplishing the velocity integration, for the low OD, 112 

four distinct resonances will usually appear (see Figs. S2A and B); while for the high OD, it is 113 

possible to degenerate four resonances into two (see Fig. S2C). 114 
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Fig. S2 | Representative illustration of the fifth-order nonlinear susceptibility 𝝌(𝟓) under different 116 

parameter settings. (A) 𝜒(5)  of Fig. 2A in the main text with the following simulation parameters: 117 
Γ31 = Γ41 = 2𝜋 × 6 MHz, Γ11 = Γ22 = 0.4 × Γ41, Γ21 = 0.2 × Γ41, Δ1 = −2GHz, Δ2 = −150MHz, Δ3 =118 
50MHz, 𝑂𝐷 = 4.6, Ω1 = 300 MHz, Ω2 = 870 MHz, and Ω3 = 533 MHz for the input laser powers 𝑃1 =119 
4 mW, 𝑃2 = 40 mW, and 𝑃3 = 15 mW. (B) 𝜒(5) of Fig. 3A in the main text with the same simulation 120 
parameters as (A) except Ω2 = 533 MHz, for the input power 𝑃2 = 15 mW. (C) 𝜒(5) of Fig. 3D in the 121 
main text with the same simulation parameters as (B) except 𝑂𝐷 = 45.7. 122 

Qualitative Derivations of Linear Susceptibilities 𝝌 123 

In addition to the resonance linewidths set by 𝜒(5) , the triphoton temporal correlation is also 124 

dependent on the dispersion, which is determined by the linear optical response. After some 125 

calculations, the respective linear susceptibilities of the new 𝐸𝑆1, 𝐸𝑆2 and 𝐸𝑆3 fields are found to 126 

be 127 

𝜒𝑆1 ≈ 0,                 (S3) 128 

𝜒𝑆2 = ∫𝑓(𝑣)
−𝑖4𝑁𝜇24

2 ((1−
𝑣

c
)𝛿2+𝑖Γ22)

𝜀0ℏ[4((1−
𝑣

c
)𝛿2−Δ𝐷2+𝑖Γ42)((1−

𝑣

c
)𝛿2+𝑖Γ22)+|Ω2|2]

𝑑𝑣,          (S4) 129 

𝜒𝑆3 = ∫𝑓(𝑣)
−𝑖4𝑁𝜇14

2 ((1+
𝑣

c
)𝛿3+𝑖Γ11)

𝜀0ℏ[4((1+
𝑣

c
)𝛿3−Δ𝐷3+𝑖Γ41)((1+

𝑣

c
)𝛿3+𝑖Γ11)+|Ω3|2]

𝑑𝑣.          (S5) 130 

Eq. (S3) is well justified by the weak input 𝐸1 beam and its associated large red detuning ∆1= −2 131 

GHz from the transition |1⟩ → |2⟩. This result indicates that the group velocity of the 𝐸𝑆1 photons 132 

approximately coincides with the speed of light in vacuum, 𝑐. In Fig. S3, we have provided some 133 



numerical simulations of 𝜒𝑆2 and 𝜒𝑆3 to show how their profiles look like. The group velocities 134 

experienced by the 𝐸𝑆2 and 𝐸𝑆3 photons can be routinely obtained by  135 

𝑣𝑆2 = (
𝑑𝑘𝑆2

𝑑𝜔
)
−1

=
𝑐

1+𝛿2(
𝑑𝑛𝑆2
𝑑𝛿2

)
,             (S6) 136 

𝑣𝑆3 = (
𝑑𝑘𝑆3

𝑑𝜔
)
−1

=
𝑐

1+𝛿3(
𝑑𝑛𝑆3
𝑑𝛿3

)
,             (S7) 137 

where 𝑛𝑆2 = √1 + Re[𝜒𝑆2] and 𝑛𝑆3 = √1 + Re[𝜒𝑆3] are refractive indices. The imaginary parts 138 

of 𝜒𝑆2 and 𝜒𝑆3 tell the linear Raman gain or absorption undergone by the 𝐸𝑆2  and 𝐸𝑆3  photons 139 

when they traverse the medium. With these in mind, it is not difficult to compute the longitudinal 140 

phase mismatch in the SSWM process, which is 141 

Δ𝑘(δ2, δ3) = 𝑘𝑆1 − 𝑘𝑆2 + 𝑘𝑆3 − 𝑘1 + 𝑘2 − 𝑘3,           (S8) 142 

with 𝑘𝑗 = 𝑘𝑗̅ +
𝜔

𝑣𝑗
 (𝑗 = 1,2,3, 𝑆1, 𝑆2, 𝑆3) and 𝑘𝑗̅ the central wavenumber. Δ𝑘 in Eq. (S8) gives the 143 

natural spectral width for the generated triphoton state. In other words, it naturally defines the 144 

temporal coherence time by means of the light propagation effect. 145 
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 146 
Fig. S3 | Representative examples of linear susceptibilities 𝝌𝑺𝟐 and 𝝌𝑺𝟑. The involved parameters here 147 

are same as those employed in Fig. S2B. (A & B) The real and imaginary part of  𝜒𝑆2. (C & D) The real 148 

and imaging part of 𝜒𝑆3. 149 

To get a sense how 𝜒𝑆2 and 𝜒𝑆3 behave, in Fig. S3 we use one example to qualitatively illustrate 150 

their real and imaginary parts after accomplishing the Doppler integration. As one can see, 𝜒𝑆2 151 

and 𝜒𝑆3 are usually associated with two resonance structures as displayed in Figs. S3A−D. This is 152 

different from the four resonances of 𝜒(5) in Figs. S2A and B. This difference physically stems 153 

from the adopted qualitative model to calculate linear (and nonlinear) susceptibilities. Currently, 154 



we are working on the exact theoretical calculations of both linear and nonlinear optical responses 155 

using the accurate model developed by Wen et al, and the results will be published elsewhere. 156 

Derivation of the Triphoton State |Ψ⟩ 157 

To calculate the three-photon state created from the SSWM process at the output surface of the 158 

medium, we shall work in the interaction picture and start with the effective Hamiltonian, which 159 

assumes the form of 160 

𝐻 = ∫ 𝑑𝑧𝜀0
𝐿

0
𝜒(5)𝐸1

(+)
𝐸2
(+)
𝐸3
(+)
𝐸𝑆1
(−)
𝐸𝑆2
(−)
𝐸𝑆3
(−)
+ 𝐻. 𝑐.,          (S9) 161 

where 𝐻. 𝑐. means the Hermitian conjugate. The electric fields of the generated 𝐸𝑆1, 𝐸𝑆2 and 𝐸𝑆3 162 

photons are described by the quantized fields, 163 

𝐸𝑆𝑗
(+)
= ∑ 𝐸𝑆𝑗𝑎𝑗𝑒

𝑖(𝑘𝑆𝑗𝑧−𝜔𝑆𝑗𝑡)
𝑘𝑆𝑗

,           (S10) 164 

where 𝑎𝑗 is the annihilation operator for the mode with the wavenumber 𝑘𝑆𝑗 and angular frequency 165 

𝜔𝑆𝑗 and 𝐸𝑆𝑗 = 𝑖√ℏ𝜔𝑆𝑗/2𝜀0𝑛𝑆𝑗
2 𝐿. On the other hand, we take the three input lasers 𝐸1, 𝐸2 and 𝐸3 166 

to be classical plane waves, 167 

𝐸1
(+)
= 𝐸1𝑒

𝑖(𝑘1𝑧−𝜔1𝑡), 𝐸2
(+)
= 𝐸2𝑒

𝑖(−𝑘2𝑧−𝜔2𝑡), and 𝐸3
(+)
= 𝐸3𝑒

𝑖(𝑘3𝑧−𝜔3𝑡).       (S11) 168 

The state vector of the triphotons can then be derived from first-order perturbation theory [1-17], 169 

which is 170 

|Ψ⟩ =
−𝑖

ℏ
∫ 𝑑𝑡𝐻
+∞

−∞
|0⟩,            (S12) 171 

with |0⟩ being the initial vacuum state. By applying Eqs. (S9)−(S12) and retaining only the terms 172 

of interest, the triphoton state (S12) formally takes the form of 173 

|Ψ⟩ = ∑ ∑ ∑ 𝐹(𝑘𝑆1, 𝑘𝑆2, 𝑘𝑆3)𝑘𝑆3𝑘𝑆2𝑘𝑆1 𝑎𝑘𝑆1
† 𝑎𝑘𝑆2

† 𝑎𝑘𝑆3
† |0⟩,         (S13) 174 

where the three-photon spectral function 𝐹 is defined as 175 

𝐹(𝑘𝑆1, 𝑘𝑆2, 𝑘𝑆3) = 𝐴𝜒
(5)Φ(Δ𝑘𝐿)𝛿(𝜔1 +𝜔2 + 𝜔3 − 𝜔𝑆1 − 𝜔𝑆2 − 𝜔𝑆3),       (S14) 176 

with 𝐴 being a grouped constant. In Eq. (S14), the Dirac 𝛿 function comes from the time integral 177 

in the steady-state approximation, and physically it assures the energy conservation in the SSWM 178 

process. From the viewpoint of atomic population, the energy conservation implies that after 179 

completing one triphoton generation, the population shall finish one cycle and return to its initial 180 

ground state |1⟩. Φ(Δ𝑘𝐿) is termed as the longitudinal phase-mismatch function and it has the 181 

form of 182 



Φ(Δ𝑘𝐿) =
1−𝑒−𝑖Δ𝑘𝐿

𝑖Δ𝑘𝐿
= sinc (

Δ𝑘𝐿

2
) 𝑒−𝑖Δ𝑘𝐿/2.           (S15) 183 

Due to the Doppler effect in 𝜒(5) and Δ𝑘, it becomes generally difficult to have an exact analytical 184 

expression of the triphoton state (S13). Instead, hereafter we will resort to the numerical analysis 185 

on the triphoton properties. 186 

Derivations of Temporal Correlation of W Triphotons 187 

Optical properties of the W-type triphotons can be well understood by looking at the photon 188 

statistics through the photon-counting measurement. As such, we research the triphoton temporal 189 

correlation by calculating the Glauber second-order and third-order correlation functions. This in 190 

turn suggests us to investigate the conditioned two~photon coincidence counts and the three-191 

photon coincidence counts.  192 

In line with the experimental setup of Fig. 1 given in the main text, the averaged triphoton 193 

coincidence counting rate reads as 194 

𝑅3 = lim
𝑇→∞

1

𝑇
∫ 𝑑𝑡1
𝑇

0
∫ 𝑑𝑡2
𝑇

0
∫ 𝑑𝑡3⟨Ψ|
𝑇

0
𝐸𝑆1
(−)(𝜏1)𝐸𝑆2

(−)(𝜏2)𝐸𝑆3
(−)(𝜏3)𝐸𝑆3

(+)(𝜏3)𝐸𝑆2
(+)(𝜏2)𝐸𝑆1

(+)(𝜏1)|Ψ⟩,   195 

                (S16) 196 

and the two~photon coincidence counting rate is 197 

𝑅2 = lim
𝑇→∞

1

𝑇
∫ 𝑑𝑡1
𝑇

0
∫ 𝑑𝑡2
𝑇

0
⟨Ψ|𝐸𝑆2

(−)(𝜏2)𝐸𝑆3
(−)(𝜏3)𝐸𝑆3

(+)(𝜏3)𝐸𝑆2
(+)(𝜏2)|Ψ⟩,       (S17) 198 

by assuming the 𝐸𝑠1 photons to be traced away for example. In Eqs. (S16) and (S17), 𝐸𝑆𝑗
(+)(𝜏𝑗) 199 

(𝑗 = 1,2,3) is the positive frequency part of the free-space electric field evaluated at the 𝑗 th 200 

detector’s spatial coordinate 𝑟𝑗 and trigger time 𝑡𝑗 with 𝜏𝑗 = 𝑡𝑗 − 𝑟𝑗/𝑐. For the sake of simplicity, 201 

we take the efficiencies of all single-photon detectors to be unity. On the other hand, the narrow 202 

bandwidths (less than GHz) of the triphotons considered here are comparable to or smaller than 203 

the spectral width of the employed single-photon detectors in our experiment. We thus can simplify 204 

Eqs. (S16) and (17) to  205 

𝑅3 = |⟨0|𝐸𝑆3
(+)(𝜏3)𝐸𝑆2

(+)(𝜏2)𝐸𝑆1
(+)(𝜏1)|Ψ⟩|

2

= |𝐴3(𝜏1, 𝜏2, 𝜏3)|
2,        (S18) 206 

𝑅2 = ∑ |⟨0|𝑎𝑘𝑆1𝐸𝑆3
(+)(𝜏3)𝐸𝑆2

(+)(𝜏2)|Ψ⟩|
2

𝑘𝑆1 = ∑ |𝐴2(𝜏2, 𝜏3)|
2

𝑘𝑆1 ,        (S19) 207 

where 𝐴3(𝜏) is often referred to as the three-photon amplitude or the triphoton waveform. It is 208 

worth to emphasize that 𝐴2(𝜏) is also the three-photon amplitude, despite one subsystem is not 209 

detected in the experiment. Note that both 𝐴3(𝜏) and 𝐴2(𝜏) are defined with reference to the 210 

photon detections. Plugging Eq. (S13) into Eq. (S18) yields 211 



𝐴3(𝜏1, 𝜏2, 𝜏3) = 𝐴3∑ ∑ ∑ 𝑒−𝑖(𝜔𝑆1𝜏1+𝜔𝑆2𝜏2+𝜔𝑆3𝜏3)𝐹(𝑘𝑆1, 𝑘𝑆2, 𝑘𝑆3)𝑘𝑆3𝑘𝑆2𝑘𝑆1 .       (S20) 212 

Again, all slowly varying terms and constants have been absorbed into 𝐴3. Similarly, substituting 213 

Eq. (S13) into Eq. (S19) gives 214 

𝐴2(𝜏2, 𝜏3) = 𝐴2∑ ∑ 𝑒−𝑖(𝜔𝑆2𝜏2+𝜔𝑆3𝜏3)𝐹(𝑘𝑆1, 𝑘𝑆2, 𝑘𝑆3)𝑘𝑆3𝑘𝑆2 ,         (S21) 215 

where all the slowly varying terms and constants have been grouped into 𝐴2, too. Additionally, to 216 

evaluate the Dirac 𝛿 function in 𝐹 (S14), we will replace the summation over a wavenumber by 217 

an angular frequency integral as usual, 218 

∑ →𝑘𝑆𝑗

𝐿

2𝜋
∫𝑑𝜔𝑆𝑗

𝑑𝑘𝑆𝑗

𝑑𝜔𝑆𝑗
=

𝐿

2𝜋
∫
𝑑𝜔𝑆𝑗

𝑣𝑆𝑗
.            (S22) 219 

With use of Eqs. (S13) and (S22), the three-photon amplitude (S20) then becomes 220 

𝐴3(𝜏21, 𝜏31) = 𝐴3 ∫∫𝑑𝛿2𝑑𝛿3 𝜒
(5)(𝛿2, 𝛿3)sinc [

Δ𝑘(𝛿2,𝛿3)𝐿

2
] 𝑒−𝑖𝛿2(𝜏21+𝐿/2𝑣𝑆2)𝑒−𝑖𝛿3(𝜏31+𝐿/2𝑣𝑆3).  221 

               (S23) 222 

The three-photon coincidence counting rate (S18) is simply module squared of 𝐴3(𝜏21, 𝜏31), i.e., 223 

𝑅3 = |𝐴3(𝜏21, 𝜏31)|
2. 224 

From Eq. (S23), it is not difficult to see that the three-photon amplitude 𝐴3(𝜏21, 𝜏31)  is the 225 

convolution of the fifth-order nonlinear susceptibility 𝜒(5)(𝛿2, 𝛿3) and the longitudinal phase-226 

mismatch function Φ(Δ𝑘𝐿). Physically, this implies that the triphoton temporal coherence is 227 

jointly determined by these two factors. As a consequence, two distinct regions can be expected to 228 

appear in three-photon temporal correlation measurements, the so-called damped Rabi oscillation 229 

regime dominated by 𝜒(5) and the group-delay regime dominated by Φ(Δ𝑘𝐿). We have examined 230 

these regions in the experiment and presented some recorded data in Figs. 2−4 in the main text as 231 

well as Figs. S11 and S12 below. As a qualitative comparison, in Fig. S4 we have provided their 232 

corresponding theoretical simulations. It is easy to see that both Figs. S4A and B exhibit the three-233 

photon coincidence counts in the damped Rabi oscillation regime, while Fig. S3C displays the case 234 

in the group-delay region, which qualitatively explain the experimental observations of Figs. 2A, 235 

3A and 3D in the main text. 236 
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Fig. S4 | Theoretical simulations of triphoton coincidence counting rates 𝑹𝟑. (A) 𝑅3 corresponding to 238 

Fig. 2A in the main text with the same parameters used in Fig. S2A. (B) 𝑅3 corresponding to Fig. 3A in 239 

the main text with the same parameters used in Fig. S2B. (C) 𝑅3 corresponding to Fig. 3D in the main text 240 

with the same parameters used in Fig. S2C. 241 

In the similar way, we can show that the conditioned two~photon coincidence counting rate can 242 

be evaluated by 243 

𝑅2(𝜏23) = 𝑅2 ∫𝑑𝛿3 |∫ 𝑑𝛿2 𝜒
(5)(𝛿2, 𝛿3)sinc [

Δ𝑘(𝛿2,𝛿3)𝐿

2
] 𝑒−𝑖𝛿2(𝜏23+𝐿/2𝑣𝑆2)|

2

,       (S24) 244 

where 𝜏23 = 𝜏2 − 𝜏3 and 𝑅2 is a grouped constant. As one can see from Eq. (S24), 𝑅2(𝜏23) is a 245 

function of 𝜏23, implying the existence of a partial entanglement between the remaining 𝐸𝑆2 and 246 

𝐸𝑆3 photons after tracing the 𝐸𝑆1 photon away. This is clearly a signature of the property of the 247 

tripartite W class. In Eq. (S24), the second integral inside the module squared is a convolution 248 

between 𝜒(5) and Φ(Δ𝑘𝐿). Similarly, the functional profile of 𝑅2(𝜏23) is in general determined by 249 

both factors. However, if either of them plays the dominant role, 𝑅2(𝜏23) will showcase two 250 

distinctive scenarios, the damped Rabi oscillation regime and the group-delay regime. Other 251 

arrangements on conditional two~photon coincidence counts can be calculated by following the 252 

same reasoning. Here, we will not repeat those calculations and leave them as an exercise to the 253 

reader. In Figs. 2C and D and Figs. 3B, C, E and F in the main text, we have reported examples of 254 

such measured conditional two~photon coincidence counts. As a comparison, Fig. S5 accordingly 255 

presents their respective theoretical simulations. As one can see, our theory qualitatively agrees 256 

with the experiment.  257 
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 258 
Figure S5 | Theoretical simulations of conditional two~photon coincidence counting rates 𝑹𝟐 for Fig. 259 

S4. (A1) 𝑅2 by tracing the 𝐸𝑆3-photons away in Fig. S4A. (A2) 𝑅2 by tracing the 𝐸𝑆2-photons away in Fig. 260 

S4A. (B1) 𝑅2 by tracing the 𝐸𝑆3-photons away in Fig. S4B. (B2) 𝑅2 by tracing the 𝐸𝑠2-photons away in 261 

Fig. S4B. (C1) 𝑅2 by tracing the 𝐸𝑆3-photons away in Fig. S4C. (C2) 𝑅2 by tracing the 𝐸𝑆2-photons away 262 

in Fig. S4C. 263 



Triphoton W State Entangled in Other Degrees of Freedom 264 

Although the focus of the current work is on time-energy-entangled W triphotons, in fact, they can 265 

be also entangled in other degrees of freedom including space-momentum, polarization, and orbital 266 

angular momentum. Thanks to the SSWM process vastly enhanced by atomic coherence, it allows 267 

one to explore various three-photon entanglement based on different degrees of freedom, which 268 

becomes uneasy or even impossible to achieve with previously proposed schemes or methods. 269 

Moreover, our system is capable of forming triphoton hyperentangled states by entangling more 270 

than one degree of freedom of light, which will become technically challenging for any previously 271 

reported multiphoton generation platform. The system layouts and theoretical calculations on these 272 

triphoton entangled states are out of the scope of the present work and will be discussed elsewhere. 273 

Of importance, triphotons entangled in different degrees of freedom promise distinctive quantum 274 

technological applications. For instance, the W-type triphotons with spatial correlations [19-21] 275 

can be used to achieve quantum imaging and remote sensing with sub-Rayleigh superresolution 276 

that cannot be mimicked and even accessed by biphotons or classical light, thereby making the 277 

whole phenomena indisputably quantum. 278 

II. Further Information on Experimental Measurements and Data Processing 279 

In what follows, we would like to provide further details on the experimental measurements and 280 

data processing. We will also report more recorded experimental data on triphoton coincidences 281 

to demonstrate that, indeed, the proposed SSWM in coherent atomic ensembles is an efficient 282 

process to yield high-quality and reliable genuine triphotons. Of importance, these data plus those 283 

in the main text give a good account of the versatility of the source, which may enable new 284 

technological developments unreachable to the current photon resources. 285 

Possible Biphoton Processes 286 

As mentioned in the Methods, one major accidental coincidence noise in three-photon correlation 287 

measurement comes from the simultaneous presence of two pairs of biphotons, from different 288 

spontaneous four-wave mixing (SFWM) processes, onto the single-photon detectors. Fortunately, 289 

these SFWMs are accompanied by different phase matching conditions, deviating from the one for 290 

the SSWM process. Moreover, the biphotons originating from these SFWMs have different central 291 

frequencies from those of the desired triphotons. As such, by carefully manipulating the phase 292 

matching conditions and employing narrowband filters, one can effectively remove these biphoton 293 

false trigger events from the genuine triphoton coincidence counts. To have an intuitive picture of 294 

these biphoton generations, in Fig. S6 we have schematically illustrated all possible SFWM 295 

processes. According to the level structure, we have identified seven such SFWM processes and 296 

depicted them in Figs. S6B−H. The biphotons produced from these SFWMs are the main source 297 

of accidental coincidences to the real measurements. In Methods, we have already elaborated on 298 

their possible combinations for potential error-triggering events. 299 



Although entangled quadraphotons might be generated from a higher-order nonlinear wave mixing 300 

process, their emission possibility will be sufficiently low and won’t become one major noise 301 

source to the triphoton detection. As such, we won’t discuss them here further. 302 
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 303 
Figure S6 | Seven possible SFWM processes which may result in accidental coincidences onto three-304 

photon coincidence counting measurement. (A) Atomic energy-level structure for triphoton generation. 305 

(B-H) Seven possible SFWM processes where the emitted biphotons may become accidental coincidences 306 

in the measured three-photon coincidence counts. 307 

Measured Coincidence Counts by Subtracting Background Accidentals 308 

In Figs. 2 and 3 in the main text, we have presented the recorded data with background accidental 309 

counts. Here, in Fig. S7 and S8, we have processed these measured data by subtracting these 310 

background accidental counts. By comparing Figs. 2 and 3 with Fig. S7 and S8, one can see that 311 

the essential features have been well retained for both cases. In Figs. S7C, S7D, S8B, S8C and 312 

S8F, we have illustrated the oscillation periods mentioned in the main text with green and red 313 

dashed lines based on the measured data. By comparing Figs. S7C, S7D, S8B, S8C, S8E and S8F 314 

with Figs. S4A1−C2, we are aware that our qualitative mode on optical response can only provide 315 

a qualitative interpretation to the experimental results. But nevertheless, it does reveal certain key 316 

features of the measurements. 317 

To gain a better understanding of the conditional two~photon coincidences and conditional three-318 

photon coincidences, we have further processed the experimental data in Figs. 2A, 3A and 3D by 319 

looking at other different scenarios after removing the corresponding background accidental 320 

counts. As some typical examples, Fig. S9 reports a portion of such processed experimental data 321 

in a way by complying with specific conditions. From these figures, it is not difficult to find that 322 

the coherence length of the two~photon residual temporal correlation is not fixed and depends on 323 

the conditions of the performed measurement. This is also applicable to the coherence length of 324 

the conditional three-photon temporal correlation. All in all, these features are not available from 325 

the previous demonstrations. From another point of view, this also proves that the generated three-326 

photon state has flexible and tunable characteristics, which are essential for its various applications. 327 
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 328 
Fig. S7 | Triphoton coincidence counts, conditioned two~photon coincidence counts, and conditional 329 

three-photon coincidence counts presented in Fig. 2 in the main text by removing background 330 

accidentals. In (C & D), the green and red dashed lines are used to illustrate periodic oscillations mentioned 331 

in the main text. 332 
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 333 
Fig. S8 | Triphoton coincidence counts, conditioned two~photon coincidence counts, and conditional 334 

three-photon coincidence counts displayed in Fig. 3 in the main text by subtracting background 335 

accidentals. In (B, C & F), the green dashed lines are used to illustrate periodic oscillations mentioned in 336 

the main text. 337 
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 338 
Fig. S9 | Conditional two~photon coincidence counts 𝑹𝟐 and conditional triphoton coincidence counts 339 

𝑹𝟑 by subtracting their respective background accidentals for the scenarios of Figs. 2A, 3A and 3D 340 

shown in the main text. Specifically, (A1) 𝑅2(𝜏21) by fixing 𝜏31 = 2.6 ns for 𝑅3 in Fig. 2A in the main 341 

text; (A2) 𝑅2(𝜏31) by fixing 𝜏21 = 2.0 ns for 𝑅3 in Fig. 2A; (A3) 𝑅3(𝜏21 + 𝜏31 = 15.0 ns) for 𝑅3 in Fig. 342 

2A; (B1) 𝑅2(𝜏21) by fixing 𝜏31 = 13.0 ns for 𝑅3 in Fig. 3A in the main text; (B2) 𝑅2(𝜏31) by fixing 𝜏21 =343 

4.0 ns for 𝑅3 in Fig. 3A; (B3) 𝑅3(𝜏21 + 𝜏31 = 29.0 ns) for 𝑅3 in Fig. 3A; (C1) 𝑅2(𝜏21) by fixing 𝜏31 =344 

21.0 ns for 𝑅3 in Fig. 3D in the main text; (C2) 𝑅2(𝜏31) by fixing 𝜏21 = 31.0 ns for 𝑅3 in Fig. 3D; (C3) 345 

𝑅3(𝜏21 + 𝜏31 = 50.0 ns) for 𝑅3 in Fig. 3D. 346 

Reconstruction Procedure for Triphoton Coincidence Counts 347 

Unlike the standard two-photon correlation measurement, in practice, no generic three-photon 348 

coincidence circuit is commercially available in the market. As a result, each group has to build 349 

up its own three-photon coincidence circuit. As laid out in Fig. S10, we construct such a detection 350 

system based on two-photon coincidence circuits. Specifically, in a preset three-photon correlation 351 

time window, we reconstruct three collected single-photon trigger events from SPCM1, SPCM2 352 

and SPCM3 through the simultaneous detection of two pairs of two-photon coincidence counts, 353 

{𝐸𝑆1, 𝐸𝑆2} and {𝐸𝑆1, 𝐸𝑆3}, with the help of an additional diagnose SPCMD. In the experiment, for 354 

every recorded three-photon coincidence count, we use the 𝐸𝑆1-photon click as a shared start 355 

trigger to initiate two electronic pulses I1 from SPCM1, one of which undergoes a 150-ns delay, as 356 

shown in Fig. S10A. Meantime, the detections of the 𝐸𝑆2- and 𝐸𝑆3-photon will jointly serve as the 357 

stop trigger, where the electronic pulse I3 from SPCM3 will be delayed by 150 ns with respect to 358 

the electronic pulse I2 from SPCM2. With these arrangements, the 𝐸𝑆1 and 𝐸𝑆2 photons will be 359 

measured first as a function of 𝜏21, and then the 𝐸𝑆1 and 𝐸𝑆3 photons will be recorded after 150 ns 360 



as a function of 𝜏31. In this way, the three-photon temporal correlations can be captured in the 361 

coincidence counting measurement. To see how each two-photon coincidence counting 362 

component works, in Fig. S10B−D we have presented one set of such experimental data collected 363 

over 5 minutes by setting the time bin width of each SPCM to be 0.25 ns. As one can see, the joint 364 

detection of the 𝐸𝑆1 and 𝐸𝑆2 photons gives rise to two~photon temporal correlation as a function 365 

of the relative time difference 𝜏21 between the clicks of the two involved single-photon detectors, 366 

SPCM1 and SPCM2 (see Fig. S10B). Similarly, the joint detection of the 𝐸𝑆1  and 𝐸𝑆3  photons 367 

reveals their residual temporal correlation as a function of the relative triggering time difference 368 

𝜏31 between the clicks of the two involved single-photon detectors SPCM1 and SPCM3 (see Fig. 369 

S10C). Since the diagnose single-photon detector SPCMD is triggered by artificial electronic 370 

signals, the coincidence counting detection between the 𝐸𝑆3 photons and artificial diagnose signals 371 

will result in no exact temporal correlation as reflected in Fig. S10D. 372 
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 373 
Fig. S10 | Three-photon detection system and coincidence counting reconstruction. (A) Schematic of 374 

our home-made detection system enabling three-photon coincidence counting reconstruction. As an 375 

example, (B−D) exhibit the recorded two-photon coincidence counts in one experiment, respectively, by 376 

SPCM1 and SPCM2, SPCM1 and SPCM3, and SPCM3 and SPCMD as functions of the relative time 377 

differences 2, 3 and d between the clicks of the two involved single-photon detectors. The experimental 378 

data was collected over 5 minutes by setting the bin width of each SPCM to 0.25 ns. Other parameters are 379 

𝑃1 = 4 mW, 𝑃2 = 40 mW, 𝑃3 = 15 mW, Δ1 = −2GHz, Δ2 = −150MHz, Δ3 = 50MHz, Ω1 = 300 MHz, 380 

Ω2 = 870 MHz, Ω3 = 533 MHz. 381 

Experimentally, to catch genuine triphotons in detection, it is very important to optimize the phase-382 

matching conditions of the SSWM process by controlling the wavelengths and injection angles of 383 

three input optical driving beams as well as the triphoton collection directions. Other than these 384 

arrangements, to ensure that the detected triphotons indeed come from the desired SSWM process, 385 

we have further implemented an additional coincidence counting detection by jointly measuring 386 

the 𝐸𝑆3 photons with the artificially introduced diagnose signals from SPCMD in simultaneous 387 

conjunction with the joint detection of the 𝐸𝑆1  and 𝐸𝑆2  photons. By applying the same 388 

reconstruction method described above, we have obtained only a few accidental coincidences per 389 



minute when using the two-photon coincidences {𝐸𝑆1, 𝐸𝑆2} and {𝐸𝑆3, 𝐸𝐷} to construct the three-390 

photon histogram, indicating that, indeed, no true quantum correlation shall exist in any two pairs 391 

of uncorrelated two-photon coincidences. 392 

Additional Experimental Data 393 

In the experiment, we have carried out a series of three-photon coincidence counting 394 

measurements by changing the system parameters. In addition to the data illustrated in Figs. 2 and 395 

3 in the main text, here we would like to show another group of measured data. As plotted in Fig. 396 

S11, we collected the three-photon coincidence trigger events over 1 h with the time bin width of 397 

each SPCM to be set at 2.0 ns. Most of the experimental parameters are same as those of Fig. 2A 398 

in the main text except 𝑃2 = 7 mW, 𝑃3 = 7 mW, and 𝑂𝐷 = 45.7. According to the recorded data, 399 

we found that the triphoton production rate is 100 ± 11 per minute but with the background 400 

accidentals of 8 ± 3.1 per minutes. Also in such a case, the triphoton temporal correlation falls into 401 

the group-delay regime. This can be well verified by examining the conditional two~photon 402 

correlations by tracing either one photon away from every triphoton. In Fig. S11B and C, we have 403 

presented such conditional two~photon coincidence counts. As one can see, the Rabi oscillations 404 

almost disappear in these two figures. 405 

Tr
ip

h
o

to
n

 C
o

in
ci

d
e

n
ce

 C
o

u
n

ts

0

40

80

0

20

80

0

60

100

A

C
o

n
d

it
io

n
al

 T
w

o
~P

h
o

to
n

 
C

o
in

ci
d

en
ce

 C
o

u
n

ts

50

400

0

800

0 100

1200

τ21 (ns)

40

400

0

800

0 80

1200

τ31 (ns)

C
o

n
d

it
io

n
al

 T
w

o
~P

h
o

to
n

 
C

o
in

ci
d

en
ce

 C
o

u
n

ts

B C

120

20

40

40

60

 406 
Fig. S11 | Triphoton temporal correlation in the group-delayed region. (A) The histogram of three-407 

photon coincidence counts over 1 hour with 2.0-ns time-bin width for each single-photon detector. The 408 

triphoton overall generation rate reads as 100 ± 11 per minute with the measured background accidental 409 

coincidences to be 8 ± 3.1 per minute. (B & C) Conditional two~photon coincidence counts by tracing the 410 

𝐸𝑆3 or 𝐸𝑆2 photons away from each three-photon joint trigger event in (A). The experimental parameters 411 

are same as those of Fig. 2A in the main text except for 𝑃2 = 7 mW, 𝑃3 = 7 mW, Ω2 = 364 MHz, Ω3 =412 

364 MHz, and 𝑂𝐷 = 45.7. 413 



In Fig. S12, we have reported another set of measurements in the group-delay region. In 414 

comparison to Fig. S11, one can see that the small oscillations in the previous figures are largely 415 

suppressed. 416 
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 417 
Fig. S12 | Triphoton temporal correlation in the group-delayed region. (A) The histogram of three-418 

photon coincidence counts over 1.5 hours with 1.5-ns time bin width for each single-photon detector. The 419 

triphoton overall generation rate reads as 140 ± 15 per minute with the measured background accidental 420 

coincidences to be 13 ± 3.4 per minute. (B & C) Conditional two~photon coincidence counts by tracing the 421 

𝐸𝑆3 or 𝐸𝑆2 photons away from each three-photon joint trigger event in (A). The experimental parameters 422 

are same as those of Fig. 2A in the main text except for 𝑃2 = 6 mW, 𝑃3 = 6 mW, Ω2 = 351 MHz, Ω3 =423 

351 MHz, and 𝑂𝐷 = 45.7. 424 

III. Comparison of Various Mechanisms on Multiphoton Generation 425 

In this session, we have summarized most of the major experimental demonstrations on entangled 426 

three-photon and multi-photon generation reported so far, and have tabulated their critical 427 

parameters and achieved optical properties in TABLE I for comparison. 428 

Degree of freedom Counts per 

hour 

Class Year (reference) 

Path  24 3-photon GHZ Phys. Rev. Lett. 82, 1345-1349 (1999) 

Path 69 4-photon GHZ Phys. Rev. Lett. 86, 4435-4439 (2001) 

Path 3600 4-photon Dicke Phys. Rev. Lett. 98, 063604 (2007) 

Energy-time  6.2±0.55 3-photon Nature 466, 601-603 (2010) 



Energy-time 7 3-photon Nat. Phys. 9, 19-22 (2013) 

Polarization 744±150 3-photon Nat. Photon. 8, 801-807 (2014) 

Path 10 5-photon Nature 430, 54-58 (2004) 

Polarization 5220 3-photon W  Phys. Rev. Lett. 95, 150404 (2005) 

Polarization 300 4-Photon Phys. Rev. Lett. 90, 200403 (2003) 

Polarization 175 4-Photon Phys. Rev. Lett. 92, 107901 (2004) 

 429 

IV. Further Discussion on the Reported Triphoton Source 430 

It is instructive to look at whether the reported triphoton source would be able to produce the GHZ-431 

type triphotons entangled in time-energy (and other degrees of freedom) [22,23]. To the best of 432 

our knowledge, so far there is no single proposal on direct generation of continuous-mode time-433 

energy-entangled GHZ triphotons in the literature. This is due to the fact that, in order to create 434 

such a three-photon GHZ state, two of them must be degenerate in every degree of freedom [22]. 435 

For our triphoton source, you might be wondering what if two of them are arranged into a 436 

degenerate state, would we form a GHZ state? In theory, this is viable. But technically, an 437 

experiment of such will be highly challenging. 438 
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