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Abstract

Multi-photon entanglement constitutes a core technology for quantum commu-
nication and optical quantum computing. The currently prevalent entangled
photon source relies on two-photon entanglement generated via spontaneous
parametric down-conversion. Despite significant achievements, this approach
remains far from satisfying the application demands of quantum computing,
necessitating the exploration of novel pathways from both theoretical and ex-
perimental perspectives.

This work investigates the fundamental process and underlying mechanism of
stimulated emission, revealing that the quantum properties of the initially pro-
duced two-photon state are intimately correlated with the symmetry of the emit-
ting medium. If the electronic states of the gain medium possess parity, their
wavefunctions also exhibit parity, as exemplified by atoms, molecules with a
center of symmetry, and crystals featuring inversion symmetry. The electronic
states of such materials inherently possess both parity and reflection symme-
try. The stimulated emission process in parity-conserving materials adheres to
parity conservation, yielding a two-photon state with parity that constitutes a
superposition entangled state. Through the action of a parallel-plane resonator
and subsequent stimulated emission, this process can be iteratively repeated,
ultimately generating multi-photon entanglement.

The primary results and conclusions of this paper are as follows: stimulated
emission from materials possessing parity generates multi-photon entangled
states. If the electronic states of the laser gain medium exhibit parity, then
the multi-photon state produced by stimulated emission within the laser res-
onator (parallel-plane cavity) is an entangled state, which can be extracted from
a symmetric-structure bidirectional single-mode laser. The theory provides an
expression for multi-photon entanglement. A symmetric-structure bidirectional-
output single-mode He-Ne laser has been developed, and experimental verifica-
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tion of the multi-photon entangled state has been conducted, with experimental
results consistent with theoretical predictions.

Full Text

Multiphoton Entangled States Generated by Stimulated
Radiation of Substances with Reflection Symmetry

Kuang Yizhong
College of Electronics and Information Engineering, Sichuan University, Sichuan
610064, China

Abstract

Multi-photon entanglement represents a core technology for quantum commu-
nication and optical quantum computing. While spontaneous parametric down-
conversion has emerged as the predominant source of two-photon entanglement
and has achieved remarkable progress, it remains far from meeting the demands
of practical quantum computing applications. This necessitates exploration of
novel approaches from both theoretical and experimental perspectives. This
paper investigates the fundamental mechanism of stimulated radiation and re-
veals that the quantum properties of the initially generated two-photon state are
intimately connected to the symmetry characteristics of the emitting medium.
When the electronic states of the stimulated radiation material possess par-
ity, their wavefunctions exhibit corresponding parity properties—this applies to
atoms, molecules with symmetric centers, crystals with inversion symmetry, and
similar systems. The stimulated radiation process in parity-conserving materi-
als obeys parity conservation, producing two-photon states with definite parity
that exist as superposition entangled states. Through repeated cycles of stim-
ulated radiation within a parallel-plane resonator, such entangled photon pairs
can be cascaded to generate multi-photon entangled states.

The principal results and conclusions are as follows: Stimulated radiation from
parity-conserving materials generates multi-photon entangled states. When the
electronic states of the laser medium possess parity, the multi-photon states pro-
duced by stimulated radiation within a laser resonator (parallel-plane cavity)
constitute entangled states. Theoretical expressions for multi-photon entangle-
ment can be derived from symmetric bidirectional single-mode laser theory. A
symmetric-structure bidirectional output single-longitudinal-mode He-Ne laser
was developed and employed for experimental verification of multi-photon en-
tangled states, with experimental results in excellent agreement with theoretical
predictions.

Keywords: stimulated radiation; multiphoton entanglement; bidirectional
single-mode laser
OCIS codes: 270.3430; 020.1335
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Photon qubits and inter-photon entanglement constitute the foundation and
core technology of optical quantum communication and quantum computing.
Their advantages include stable properties, strong resistance to quantum de-
coherence, ease of single-qubit manipulation, convenient detection, and room-
temperature operation. China’s “Micius” satellite has successfully demonstrated
intercontinental quantum communication between Beijing and Vienna, as well
as quantum teleportation over 300 miles between ground stations and the satel-
lite [1], representing a major breakthrough. Quantum teleportation is a crit-
ical technology for combating quantum decoherence and holds significant im-
plications for fault-tolerant quantum computing, demonstrating the substantial
application prospects of optical quantum information technology. Currently,
spontaneous parametric down-conversion serves as the universally employed en-
tangled photon source, and combined with multi-photon interference techniques,
enables precise manipulation of 20-30 entangled photons. However, this tech-
nology faces fundamental scalability challenges. Quantum computing requires
manipulation of 50-200 qubits with multi-qubit entanglement, a demand far
exceeding the capabilities of existing entangled photon sources. This necessi-
tates exploration of new theoretical and technical approaches to achieve scalable
multi-photon entangled light sources.

This paper proposes that atomic stimulated radiation can generate multi-photon
entanglement, which can be extracted through a symmetric-structure bidirec-
tional single-mode laser to obtain multi-photon entangled light sources. The
theoretical foundation rests on the principle that multi-photon states produced
by atomic stimulated radiation within a bidirectional laser’s parallel-plane res-
onator constitute multi-photon entangled states. This technology offers facile
scalability and provides a broad platform for developing entangled light sources
across various wavelength bands.

2.1 Mechanism of Stimulated Radiation

Photon-matter interaction triggers stimulated radiation, producing two photons.
The properties of this two-photon state are intimately related to the symmetry
of the emitting material. If the material’s electronic states possess parity, their
wavefunctions also exhibit parity. Under reflection transformation of spatial
coordinates (X, y, z), the wavefunction transforms as:

D(z,y,2) = P(—z,—y,—2) £ ¥(z,y,2) (2.1.2)

1®(x,y,2) = £P(x,y, 2)
where the “+” sign indicates even parity and the “-” sign indicates odd par-
ity. Equation (2.1.1) represents the reflection transformation. Materials with
parity exhibit reflection symmetry. Both spontaneous and stimulated radiation
processes in such materials obey parity conservation laws and selection rules.
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Spontaneous emission photon states possess parity, and stimulated radiation
two-photon states also possess parity. Photon states with definite parity are
quantum superposition states. Atoms, molecules with symmetric centers, crys-
tals with inversion symmetry, and similar materials all have electronic states
with parity and reflection symmetry. If a material’s electronic states lack par-
ity and reflection symmetry, its spontaneous and stimulated radiation photon
states will be devoid of parity.

Stimulated radiation initiated by spontaneous emission photons automatically
satisfies all conservation laws. Energy conservation dictates that newly emitted
photons possess identical energy to the incident photon; momentum conserva-
tion requires identical momentum, direction, and phase; angular momentum
conservation ensures identical polarization. Consequently, for materials lacking
reflection symmetry and parity, stimulated radiation produces coherent photon
pairs with identical polarization, direction, and phase—the process is coherent.
In contrast, materials with reflection symmetry and parity generate two-photon
states with definite parity that exist as quantum superposition states. The
quantum properties of two-photon states from these two classes of materials are
fundamentally different.

2.2 Atomic Stimulated Radiation Generating 2N-Photon
Entangled States

Quantum mechanics has established that atomic systems possess reflection sym-
metry. Electronic states with definite energy exhibit parity. Spontaneously
emitted photons from excited electronic states have parity—electric dipole radi-
ation photons possess odd parity, while magnetic dipole radiation possesses even
parity. Stimulated radiation initiated by spontaneous emission automatically
satisfies energy, momentum, angular momentum, and parity conservation. The
resulting two-photon states from stimulated radiation possess definite parity.
The relationship between stimulated radiation and the parity state of incident
spontaneous emission photons is crucial and requires first determining the parity
of the single-photon state from spontaneous emission.

2.2.1 Atomic Spontaneous Emission Single-Photon States
Consider an atom as a two-level system:
[Figure 1: see original paper| Atomic two-level energy diagram

E, — E;, = hw represents the excited state electron energy, where # is the
reduced Planck constant and w is the photon frequency. J, denotes the angular
momentum of the excited electronic state, J; the angular momentum of the
lower level E;, and m the magnetic quantum number of .J;.

Assuming an electric dipole transition between E, and E, these levels possess
opposite parity. Spontaneous emission involves parity change between F, and
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E,, resulting in photons with odd parity. A single-photon state is completely
determined by its momentum state, spin state, and parity.

The photon momentum state is:

ln) =|P,, P, P,) (22.1)

where |P,, P,, P,) represents the photon momentum (2.2.2) with P = hK, and

z
K is the photon wavevector.

The photon spin states are:

1 .
R = Sl +iV)]
L) = |7y — V)] (2.2.4)

V2

where |H) denotes horizontal polarization and |V') vertical polarization. |R™)
represents right-circularly polarized photons with spin +1, where the spin direc-
tion aligns with the photon momentum. |L*) represents left-circularly polarized
photons with spin -1, with spin direction also aligned with momentum.

Spontaneous emission single-photon states possess odd parity. Let I be the
parity operator:

I|R*) = |L7); I|L7) = |R*
IILYY=|R™); IR )=|L" (2.26)
where |[R™) = R (m)|R") and |[L™) = R, (m)|L"), with R, () representing a
180-degree rotation about the y-axis of the measurement coordinate system.

The single-photon state from spontaneous emission of the E, electronic excited
state is expressed as [2]:

1
|®y)" = E[|77+R+> = L7, AJ=Jy—J;=+1

= L[I?fR*> —IntLY], AJ=J,—J, =—1 (2.2.7)

V2

Equation (2.2.7) can be simplified as:

@)~
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V2
@) = (L) — R (223)

[@)" [1Re) = L))

with I|®,)t = —|®,)* and I|®,)~ = —|®,)", confirming the odd parity of the
photon states.

2.2.2 Atomic Stimulated Radiation Generating 2N-Photon Entangled
States

Stimulated radiation is initiated by the single-photon superposition state from
spontaneous emission of the excited electronic state F,. The spontaneous emis-
sion single-photon superposition state is:

)" = %[IRIJ — L)

Without loss of generality, we can define the momentum direction of photon |R;,)
as the Z-axis, making the momentum direction of photon |L_, ) the -Z direction.
This single-photon superposition state has a 50% probability of emitting a |R},)
photon along the +Z direction, triggering stimulated radiation that produces
two photons with identical momentum and spin states:

IR,R,) (2.2.9)

This result follows from energy, momentum, and angular momentum conserva-
tion in stimulated radiation.

The superposition state also has a 50% probability of emitting a |L_,) pho-
ton along the -Z direction, triggering stimulated radiation that produces two
photons with identical momentum and spin states:

IL_,L,) (22.10)

States (2.2.9) and (2.2.10) are mutually reflection-symmetric, as illustrated be-
low:

[Figure 2: see original paper] Two-photon states a) and b) produced by stimu-
lated radiation induced by single-photon superposition state |®,)* are mirror
symmetrical to each other

Atomic stimulated radiation obeys parity conservation. Since Fy and E; have
opposite parity and the incident photon |®;)* has odd parity, the two-photon
state from stimulated radiation must have even parity. However, neither state
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(2.2.9) nor (2.2.10) individually possesses definite parity. The unique two-
photon state satisfying both angular momentum and parity conservation is the
superposition of (2.2.9) and (2.2.10), expressed as:

_ b
V2

During atomic stimulated radiation, photon-atom interaction induces photon-
photon interaction. The two-photon superposition state (2.2.11) emerges from
probability amplitude interference between the two component states, forming
an inseparable global state. Mathematically, |®,)" cannot be decomposed into
a direct product of two single-photon states, i.e., it cannot be expressed as
[@|R;) + BIL_j)] ® [v|Ry) + 0|L_j)]. This demonstrates that the two-photon
state |®,)t produced by atomic stimulated radiation is indeed a two-photon
entangled state.

|®,)* [[Rerk,0) +10,L_L_;)] (2.2.11)

The total spin of two right-circularly polarized photons emitted along the +7Z
direction is 2, with zero orbital angular momentum, yielding total angular mo-
mentum 7 , = 2#. Similarly, two left-circularly polarized photons emitted along
the -Z direction have total spin 2, zero orbital angular momentum, and total
angular momentum 7, = 2h, with zero total momentum. Equation (2.2.11)
can be expressed as:

_ b
V2

1

|(I)2>+ \/i

[k, 0) + [0, —k — k)] —=[| Rygk, 0) + [0,L_,L_,)] (2.2.12)

This representation shows that the two-photon entangled state is simultaneously
entangled in both momentum and circular polarization. The state |®,)" has
spin angular momentum 2 and is spherically symmetric, with its two components
being mutually reflection-symmetric:

1 - .
|[®y)" = 751Kk, 0) + 1k, O)[[ Ry, 00 + TRk, 0)] - (2:2.13)

5

Similarly, for AJ = —1, the two-photon entangled state from atomic stimulated
radiation is:

1

V2

Applying laser technology and selecting atoms as the gain medium with a
parallel-plane resonator, when the stimulated radiation amplification gain ex-
ceeds losses, the expected 2N-photon entangled state from stimulated radiation
becomes:

|®,)" = —=[[kk,0) +10, =k — k)][| Ly K, 0) + [0, R_,R_)] (2.2.14)
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1B, )F = iz[ka, 0) + |0,2N(—k)>]i2[\2NRk,o> F10,2NL )] (2.2.15)

By) = %nm, 0) + [0, 2N(—k))]

S

ﬂ[mNLk, 0)+1[0,2NR_,)] (2.2.16)

To test this theory, we redesigned a He-Ne laser (representative of all atomic
lasers) satisfying the following conditions: (1) The laser must emit symmetri-
cally along the Z-axis (laser axis) in two opposite directions, ensuring beam
propagation parallel to the Z-axis. (2) The resonator must be a parallel-plane
cavity for optimal directional selectivity, with both cavity mirrors having iden-
tical reflectivity (99.7%) and identical transmissivity (0.3%). (3) A short cavity
length with low-power output design is adopted to achieve single-mode opera-
tion.

2.3 He-Ne Laser Energy Levels
[Figure 3: see original paper] He-Ne laser energy level diagram (schematic)

Figure 3 shows a schematic diagram. Conventional He-Ne lasers do not consider
the parity of laser energy levels. In atomic quantum mechanics, N-electron states
have definite energy, angular momentum, and parity. Taking the Ne atom as
an example with 10 electrons, the ground state configuration is Ne(1522522 P6).
The Ne ground state 2522 P% (15,) has total spin zero, total orbital angular mo-
mentum zero, and total angular momentum zero. The superscript “0” indicates
odd parity, while no superscript indicates even parity. The Ne excited state
35,['] has even parity (no superscript “07).

Electronic states with parity are necessarily quantum superposition states, ex-
pressible as:

1
V2

R

[1385[1]) = II3S,['])]  and 7

[12P,%)) + 1125, [*))]

where T is the parity operator. Both 35,[!] and 2P,[2] represent 8-electron states
with one electron promoted from the ground state. Data references [3].

For the He-Ne laser transition 35,[!] — 2P,[?], population inversion occurs.
Spontaneous emission from 3.5,[!] produces a single-photon quantum superpo-
sition state with odd parity. Conservation of angular momentum and parity
uniquely determines its expression:

1

‘q)1> = \/5

(1L4) = |R_)] (2:3.1)
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This is illustrated in Figure 4.

[Figure 4: see original paper] Ne-3S5,[!] spontaneous emission producing single-
photon quantum superposition state

The single-photon superposition state (2.3.1), after resonator feedback, interacts
with Ne 35,[!] atoms to trigger stimulated radiation, producing a two-photon en-
tangled state. Angular momentum and parity conservation uniquely determine
its expression:

1
®,)” = —=[|2L,0) +|0,2R_ 2.3.2
|©,) \/5“ 1 0) + | Kl (232)
State (2.3.2) has even parity with total angular momentum 7, = —2#A (zero

orbital angular momentum, thus representing total spin angular momentum).
Due to electron-electron interactions and spin-orbit coupling in Ne atoms, (2.3.2)
cannot be decomposed into a direct product of two independent single-photon
states, confirming it as a two-photon entangled state.

The process of Ne atom stimulated radiation generating two-photon entangled
states is shown in Figure 5.

[Figure 5: see original paper| Schematic diagram of stimulated radiation pro-
cess producing two-photon entangled state, induced by Ne-3S,[!] spontaneous
emission |@,) = (1L — [R_,)]

After one resonator reflection, (2.3.2) transforms to:

1B+ = %[I2Rk,0> 10,20 )] (2.3.3)

This interacts with two Ne atoms in the 2P,[?] state through stimulated ab-
sorption, entangling the two Ne atoms and promoting them to the 35,['] state,
where they become entangled in 3S,[!]. After one round-trip through the res-
onator, (2.3.2) remains unchanged and triggers stimulated radiation from two
entangled Ne atoms in 35,[!], producing four-photon entanglement:

R
V2

After resonator reflection, this transforms to:

[®,)" = —=[4Ly, 0) +[0,4R )] (23.4)

B2)% = R0 + DAL )] (235)

Thus, the cycle proceeds: entangled photon stimulated absorption — atomic en-
tanglement — entangled atom stimulated radiation — 2N-photon entanglement.
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This process continues to equilibrium—stable entangled light oscillation—when
stimulated radiation gain exceeds losses. Macroscopic entangled photons and
macroscopic entangled atoms within the resonator form a special quantum sys-
tem. Both entangled photons and entangled atoms constitute Bose-condensed
states (Ne atoms, as composite particles, are bosons). The two systems can sim-
ulate each other, enabling determination of entangled atom properties through
entangled photon measurement. The entangled photon states within the res-
onator are:

1
[®on)” = 72[|2NLk70> +10,2NR_,)] (2.3.6)

1

V2

Superposition and interference of (2.3.6) and (2.3.7) within the resonator pro-
duce a new entangled state:

[Popn) T = [I2NR,,0) +]0,2NL_,)] (2.3.7)

1

|®yn)° = \@HNR/C’NR#C) +|NL,, NL_;)] (2.3.8)

State |®,,)° has even parity, total angular momentum 2N#, and zero total
angular momentum component. In the H/V basis, (2.3.8) becomes:

1
V2

States (2.3.6) through (2.3.9) can be bidirectionally output from the resonator
along the Z-axis (optical axis) in two opposite directions.

|BHVYO = —_[INH,,NH )+ |NV,\, NV )] (2.3.9)

General single-photon polarization quantum superposition states (cos6|H) +
e?sin 0|V')) have infinite possible configurations. Reflection symmetry reduces
this infinite parameter space (0, ¢) to (m,0). Many important quantum proper-
ties of macroscopic photon entangled states derive from this reflection symmetry.
For instance, reflection symmetry leads to zero total momentum, making the
momentum components of the entangled state perfectly correlated and the total
momentum precisely defined. Reflection symmetry also renders the position dif-
ference between the two components completely determined, resulting in high
position correlation. Similarly, time difference and phase difference between the
two components are completely determined and highly correlated, while time,
position, and phase themselves remain random.
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2.4 Experimental Verification

2.4.1 Multi-Photon Entanglement Polarization Correlation Experi-
ments

The experimental setup for bidirectional output laser multi-photon entangled
states is shown in Figure 6.

[Figure 6: see original paper] Experimental setup of multi-photon entangled
state of two-way output laser

Experiment 1: Circular polarization entanglement correlation detec-
tion

Theoretical prediction: |®,y)" = %HQNL,C, 0) +10,2NR_,)]
The experimental configuration is shown in Figure 7.

[Figure 7: see original paper| Experimental settings for detection of polarization
correlation of circular polarization entanglement

Here, S denotes the setup from Figure 6. The PL(7/2)-QWP(57/4) combination
in channel I detects |2NL;,0), while the PL(7)-QWP(—n/4) combination in
channel IT detects |0,2NR_,).

Results: Coincidence measurements show energy output in channel I with zero
output in channel II. After random delay, coincidence detection shows energy
output in channel II with zero output in channel I. Subsequent random delay
measurements detect simultaneous energy output in both channels I and II.
Repeated experiments yield identical results, confirming theoretical predictions.

Experiment 2: Zero total spin circular polarization entanglement
Theoretical prediction: |®,5)0 = %HNRk, NR_,)+|NL,,NL_})]
The experimental configuration is shown in Figure 8.

[Figure 8: see original paper| Experimental settings for detection of polarization
correlation of circular polarization entanglement with zero total spin

The HWP(7/8)-QWP(0) combination in channel I and HWP(—x/8)-QWP(0)
in channel IT detect [NR;,) and |[NR_}), respectively. The HWP(7/8)-QWP(0)
combination in channel III and HWP(—7/8)-QWP(0) in channel IV detect
INL,) and |NL_,), respectively. HWP denotes half-wave plate and QWP
quarter-wave plate.

Results: I-II coincidence measurements detect simultaneous energy output in
both directions with identical right-circular polarization, while III-IV outputs
remain zero. After random delay, III-IV coincidence measurements detect simul-
taneous energy output with left-circular polarization, while I-IT outputs become
zero. Subsequent measurements detect simultaneous energy output in all four
channels. Repeated experiments confirm these results, matching theoretical ex-
pectations.
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Experiment 3: Linear polarization entanglement correlation detection

Theoretical prediction: |®ILV)0 = %HNH,C, NH_,) + |NV,,NV_.)]

The experimental configuration is shown in Figure 9.

[Figure 9: see original paper] Experimental settings of polarization correlation
detection for linear polarization entanglement

PBS denotes polarizing beam splitter.

Results: Coincidence measurements detect simultaneous energy output in chan-
nels I-IT with zero output in III-IV. After random delay, III-IV show simulta-
neous output while I-IT become zero. Subsequent measurements detect simulta-
neous output in all four channels. Repeated experiments confirm these results,
consistent with theoretical predictions.

Experiment 4: Alternative circular polarization entanglement config-
uration

Theoretical prediction: |®,y )" = %HQNR,C, 0) +10,2NL_.)]
The experimental configuration is shown in Figure 10.

[Figure 10: see original paper| Experimental settings for detection of polariza-
tion correlation of circular polarization entanglement

The PL(0)-QWP(7r/4) combination in channel I detects |2NR,,0), while the
PL(—7/2)-QWP(—m/4) combination in channel II detects [0,2NL_}).

Results: Coincidence measurements show energy output in channel I with zero
output in channel II. After random delay, channel IT shows output while channel
I becomes zero. Subsequent measurements detect simultaneous output in both
channels. Repeated experiments confirm these results, matching theoretical
predictions.

In all four experiments, the detected signals are visible macroscopic beams.
Thus, experimental confirmation has been achieved for four distinct multi-
photon polarization entangled states.

3 Analysis and Discussion

The bidirectional output single-mode laser maintaining reflection symmetry has
been experimentally verified as an entangled light source using the He-Ne bidi-
rectional laser setup, with results consistent with theoretical predictions. De-
tection of quantum entanglement polarization correlations employed only linear
optical elements: polarizers, polarizing beam splitters, half-wave plates, and
quarter-wave plates.

When the electronic states of the laser medium possess parity (reflection symme-
try), the laser generated through stimulated radiation amplification within the
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laser resonator (parallel-plane cavity) constitutes entangled light. Symmetric-
structure bidirectional single-mode lasers can output entangled light.

Atoms, ions, molecules with symmetric centers, and crystals with reflection
symmetry all have electronic states with parity. Lasers constructed using these
materials as gain media produce entangled light output when parity and other
appropriate conditions are maintained. He-Ne lasers, argon ion lasers, CO,
lasers, nitrogen molecular lasers, and crystal lasers with reflection symmetry
all generate entangled light, provided the laser resonator contains no polariz-
ing elements or other components that would destroy the intracavity entangled
state.

Macroscopic-scale entangled light extends entanglement from two-photon to
multi-photon (dozens of photons) and further to billions of photons, bridging
the microscopic-to-macroscopic boundary. Macroscopic entangled light holds
promise for quantum spectral imaging and long-distance target detection with
ultra-high resolution and extremely low background noise, representing a worth-
while research direction. The decoherence properties of macroscopic-scale entan-
gled light require further investigation.
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