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Abstract

Atomic systems possessing reflection symmetry and parity can generate macro-
scopic photonic entangled states via stimulated emission from atoms and ampli-
fication in a parallel-plane resonator [4].

It is a quantum entangled state of 2N photons with definite parity, zero total
momentum, definite energy, and definite angular momentum. Observations of
its temporal and spatial positions exhibit uncertainty and randomness. Accord-
ing to Heisenberg’s uncertainty principle, its energy (frequency) and momentum
are completely determined. The measurement precision can reach the Heisen-
berg quantum limit, exhibiting a quantum 2N enhancement effect (where 2N is
the number of entangled photons).

Through experimental measurement of its probability distribution P2N(t) and
its Fourier transform P2N(w-w0), the experimental results agree with theoretical
predictions. The lifetime of the macroscopic photonic entangled state was also
observed to exhibit a 2N enhancement factor, and the experimental results agree
with theoretical predictions.
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Abstract

Atomic systems possess reflection symmetry and parity. Atomic stimulated ra-
diation, amplified by a parallel-plane resonant cavity, can generate macroscopic
photon entangled states:

>=1{|2Npg, 0>+ [ 0,2N,_g >} (a)

>=1{| 2N ,0> + | 0,2Np_x >} (b)

States (a) and (b) are quantum entangled states of 2N photons with definite
parity, zero total momentum, definite energy, and definite angular momentum.
Observations of (a) and (b) exhibit uncertainty and randomness in time and
spatial position. According to the Heisenberg uncertainty principle, their en-
ergy (frequency) and momentum are completely determined. The measurement
precision can reach the Heisenberg quantum limit, exhibiting a quantum 2N
enhancement effect (where 2N is the number of entangled photons).

Through experiments, we measured the probability distribution P,y (t) of | >
and its Fourier transform P,y (w—wy). The experimental results are consistent
with theoretical predictions. We also observed the lifetime of the macroscopic
photon entangled state, which similarly exhibits a 2N enhancement factor, with
experimental results matching theoretical expectations.

Keywords: multiphoton entanglement; quantum enhancement; Heisenberg
quantum limit

OCIS codes: 270.3430; 020.1335

H. F. proposed a method for generating arbitrary N-photon maximally entangled
states (polarization entangled states) [1] with the following expression:

(NOON){| N,0> + | 0,N, >} (L.1)

R—right circular polarization; L—left circular polarization; (1.1) is an N-photon
co-mode polarization entangled state.

Z. Y. Ou proposed a method for preparing arbitrary N-photon translational
entangled states [2], which has the following form:

(NOON)K{| Ng,0> +] 0, N(—K) >} (1.2)

Z. Y. Ou pointed out that if the photon entangled state represented by (1.2)
is passed through a beam splitter for interference, as shown in the figure be-
low, with controllable phase modulation at one input port and observation of
N-photon coincidence counts at the output port, the probability of the (NOON)
composite particle overall state appearing, i.e., the N-photon coincidence count-
ing rate, is:

Py =1(1+cosN¢,) (1.3)

[Figure 1: see original paper| N-photon interference of photon-number maxi-
mally entangled states
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From (1.3), it can be seen that the phase measurement precision of N-photon
interference can reach the Heisenberg limit:

¢ = (L4)

The lowest limit of the Heisenberg uncertainty relation:

A¢-AN =1 (1.5)

The effective wavelength of the N-photon entangled state overall state:

Ap = Ay, where ) is the single-photon wavelength.

Although (NOON) N-photon entangled states can be prepared theoretically, ex-
perimental verification has been limited to only a few photons. M. W. Mitchell et
al. used a three-photon (3003) entangled state to perform super-high-resolution
phase measurements experimentally, achieving the Heisenberg limit [3]. Exper-
iments demonstrate that the quantum enhancement effect of entangled light is
proportional to the number of entangled photons.

For N-photon entangled state interference experiments, as N increases to the
macroscopic quantum entangled state regime, N-photon coincidence counting
becomes infeasible.

Controllable phase modulation is introduced in N-photon entangled interference
experiments, as shown in Figure 1. According to the lowest limit of the uncer-
tainty principle (1.5), AN is completely uncertain, and the phase measurement
precision can reach the Heisenberg limit A¢ = 1. Since A¢ = K, - AS, the opti-
cal path difference is also completely determined. According to the uncertainty
relation, the overall state wavenumber is completely uncertain. With AS com-
pletely determined, the time delay At is completely determined, and according
to the uncertainty principle, energy and frequency are completely uncertain.

II. Macroscopic Multi-Photon Entangled States

The N-photon entangled state we employ was proposed in reference [4] and has
the following expressions:

(NOON) >=1{| 2Npg,0 > + | 0,2N;_, >} (2.1)
>=1{| 2Ny g,0 >+ | 0,2Ng_g >} (2.2)
The number of entangled photons 2N is even.
>=UY| Ngg,Np—x >+ | N, N >} (2.3)

| > has even parity. The total spin angular momentum is 2Nh for one state and
-2Nh for another. | > has even parity and zero total spin angular momentum.
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Ry—right circular polarization, spin of 1, wave vector K along +Z direction;
Ly—left circular polarization, spin of -1, wave vector K along +Z direction;
| Re >=| L_g >, | L_g >=| Rg >, | Lg >=| R g >, | R_g >=[ Lg >,
where is the parity operator with two eigenstates and eigenvalues $+8$1. States
with parity must be quantum superposition states of two reflection-symmetric
states.

| > and | > are generated by a single-mode He-Ne laser with symmetric
structure outputting along opposite directions of the optical axis. For atomic
systems, quantum mechanics has proven that the energy operator commutes
with the parity operator, and the angular momentum operator commutes with
the parity operator. States with parity have definite energy and angular mo-
mentum. Energy, angular momentum, and parity can completely describe the
state of photons.

Energy, angular momentum, and parity are conserved quantities. Ne atom
35, — 2P, spontaneous radiation: 395, has odd parity, 2P, has even parity,
and parity is conserved in spontaneous radiation. The single-photon angular
momentum of spontaneous radiation is -1, which determines that the single-
photon state has the following expression:

| Uy >=1{|Lg>—[R x>} (24)

| ¥, > undergoes stimulated radiation feedback through the laser resonator
cavity. Atomic stimulated radiation conserves parity and angular momentum.
The two-photon state from stimulated radiation has odd parity and definite
spin angular momentum, uniquely determining that the two-photon state has
the following form:

>=1{| 2Lyk,0 >+ | 0,2R_j, >} (2.5)

After one reflection by the resonator cavity mirror, (2.5) transforms into (2.6):

Stimulated radiation involves photon-atom interaction, leading to interaction
between the two photons. It cannot be decomposed into a direct product state
of two independent photons, so (2.5) and (2.6) are two-photon entangled states.
The two-photon entangled state (2.6) induces stimulated absorption in two Ne
atoms, simultaneously entangling the two Ne atoms. The two-photon entangled
state (2.5) propagates back and forth once in the resonator cavity, inducing stim-
ulated radiation from two entangled Ne atoms and generating a four-photon en-
tangled state 1{| 4Lz,0 > + | 0,4R_j >}. Continuing this process, entangled
photons and entangled atoms interact in the resonator cavity, continuously am-
plifying until stable macroscopic entangled photons and macroscopic entangled
Ne atoms are produced. Macroscopic entangled light is coupled out through
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both ends of the resonator cavity mirrors, and the entangled photons have in-
teractions.

Entangled atoms are difficult to observe directly in experiments, but the spec-
trum of entangled light from entangled atom stimulated radiation can be directly
observed experimentally. The spectrum of entangled light carries information
about the entangled Ne atoms, allowing the quantum properties of the entangled
atomic electronic states to be retrieved from the entangled spectrum.

I11. Properties of 2N Photon Entangled States

(1) Due to the interaction between entangled photons and entangled atoms in
the resonator cavity, entangled photons have interactions.

(2) | > has reflection symmetry and parity; energy, angular momentum, and
parity are conserved.

(3) | > has rotational symmetry, angular momentum conservation, and phase
invariance (rotation only causes a phase shift of the overall state without
changing its quantum properties).

(4) The quantum superposition entangled state | > has a 1/2 probability of
randomly jumping to | 2N, 0 > or | 0,2N;_; >, continuously switching
between the two configurations. The time and position when simultane-
ously in the quantum superposition state are completely uncertain. This
is precisely the manifestation of wave-particle duality and can be observed
experimentally.

| > has parity, zero total momentum, momentum correlation, and completely
determined momentum. According to the Heisenberg uncertainty principle,
position is completely uncertain, but the position difference is completely de-
termined, positions are correlated, and energy and frequency are completely de-
termined. Time is completely uncertain, but the time difference is completely
determined, and time is correlated.

If particle properties are observed, energy, angular momentum, and parity are
conserved quantities. If wave properties are observed by sending the | > overall
state into an interferometer, the phase of the interference pattern is completely
determined, and time and position are also completely determined. However,
energy, angular momentum, and photon number become completely uncertain.

Before measurement, it is impossible to predict which state | > isin. | > is the
spin wavefunction of entangled photons. Since the orbital angular momentum of
the photon entangled state is zero, the general angular momentum wavefunction
simplifies to a spin wavefunction. Furthermore, because the photon entangled
state has parity, the spin wavefunction further simplifies to a simple form of
| >.
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IV. Experimental Observation of Macroscopic Photon En-
tangled State Overall State Probability

The macroscopic photon entangled state:
>= 1{| 2NRK70 >+ | 072NL7K >}

with 2N = 4.4474 x 1011,

The experimental setup for observing the probability of the macroscopic quan-
tum entangled state overall state is shown below:

[Figure 2: see original paper| Experimental setup for observing macroscopic
entangled state overall state probability

The two detectors are arranged to satisfy reflection symmetry conditions. That
is, detector DI is placed along the laser axis (at Z0 in the positive Z direction),
and detector DII is placed along the negative Z direction at -Z0. The momentum
direction of entangled photons is parallel to the Z axis.

The experimental observation time was 4500 seconds. The probability pattern
of the | > overall state is shown in Figure 3 [Figure 3: see original paper].

[Figure 3: see original paper| (a) Probability pattern of the | > overall state
[Figure 3: see original paper] (b) Signal detection from DI (Right Camera) and
DII (left camera) in Figure 2. The coincidence measurement of the two signals
(multiplied and normalized) yields Figure 3(a).

The probability of the | > overall state:

Py =| 7 (41)

The probability pattern shows: (1) When the experimental observation time
exceeds 2410.9 seconds, the overall state probability pattern disappears. We
observe the probability of both configurations | 2Npp,0 > and | 0,2N;_z >
simultaneously being in quantum superposition—the probability of the overall
state appearing. This can be used to determine that the macroscopic entangled
photon state has decohered into classical light. Therefore, this time can be
determined as the lifetime of the | > entangled light overall state:

Tiifetime = 2-4109 X 103 seconds  (4.2)

The lifetime of entangled light originates from the lifetime of entangled atoms,
meaning the experiment simultaneously determines the lifetime of entangled
atoms. This is also the probability of entangled Ne atoms undergoing stimulated
radiation.

According to the lowest limit of the quantum mechanical uncertainty relation:

Tlifetime Aw=1 (43)
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1
—4.1478 x 1074 Hz  (4.4)

= 24109 x 103

where Aw is the frequency width of the macroscopic photon entangled state
overall state. (High-end lasers have frequency widths of 10® to 10* Hz).

Aw

Performing a time-domain Fourier transform on the probability pattern in Fig-
ure 3 yields the frequency-domain probability P(w — wy), as shown in Figure 4
[Figure 4: see original paper|. This is the spectrum of entangled light from en-
tangled atom collective stimulated radiation. The frequency width determined
from this spectral diagram is basically consistent with that determined from the
uncertainty relation.

[Figure 4: see original paper] (a) Spectrum of entangled light from entangled
atom collective stimulated radiation [Figure 4: see original paper] (b) Local
magnification of Figure 4(a)

The spatial lifetime of macroscopic entangled light:

Liifetime = C* Tiipetime = 7-2276 x 10" em (€' = 2.9979 x 10° cm - 571

When the spatial distance between | 2Npg,0 > and | 0,2N;_, > exceeds
Ly; fetime> they decohere into classical states.

According to the lowest limit of the quantum mechanical uncertainty relation:
AK - Lj;fetime = 1, then AK = 1/Ly; toyime = 1.3836 x 107 cm ™

where AK is the wavenumber width of the macroscopic photon entangled state
overall state.

The macroscopic photon entangled state | > has zero total momentum, which is
completely determined. According to the uncertainty relation, position is com-
pletely uncertain. | > has reflection symmetry; although position is completely
uncertain, the position difference is determined, positions are correlated, and
energy and frequency are completely determined. Time is completely uncertain,
but the time difference is completely determined, and time is correlated.

V. Experimental Results and Discussion
(1) Macroscopic entangled photon number: 2N = 4.4474 x 10!

(2) Macroscopic photon entangled state average lifetime: 7, t.yi,e = 2.4109 %
103 seconds.

Single-photon superposition state average lifetime: 7,010 photon = 54209 X
107 seconds. The He-Ne laser natural lifetime (i.e., the lifetime of spontaneous
radiation single-photon superposition state) is 7,,,/ura = 7-9592 x 1072 seconds.
The average lifetime of macroscopic entangled light is approximately 2N times

the He-Ne laser natural lifetime.
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(3) Macroscopic entangled photon frequency width: Aw = 1/(2.4109 x 103) =
4.1478 x 10~* Hz, which is approximately 1/(2N) of the natural linewidth.

(4) Macroscopic entangled photon spatial average lifetime and wavenumber
width: Ly forime = 72276 x 10" cm, AK = 1/Ly; royipe = 1.3836 x 1071
ecm ™!, which is approximately 1/(2N) of the single-photon wavenumber
width.

The ratios of macroscopic entangled light’s average lifetime, frequency width,
and wavenumber width to the corresponding single-photon values all exhibit a
quantum enhancement factor of 2N. The measurement precision of entangled
light frequency and wavenumber reaches the Heisenberg limit. These quantum
enhancement effects have no classical analog.

(5) The ultra-long lifetime of macroscopic entangled light, which is propor-
tional to the number of entangled photons, provides strong resistance to
decoherence and can be used as physical qubits (existing superconducting
interferometer flux qubits have lifetimes of about 20 microseconds), offer-
ing large operation time and space. It can be used to test interactions and
correlations of entangled light over long distances.

The ultra-long spatial lifetime of macroscopic entangled light enables secure and
reliable transmission of information over long distances.

(6) Macroscopic entangled light carries information about macroscopic entan-
gled Ne atoms. The lifetime and frequency width of entangled Ne atoms
can be obtained. The frequency measurement precision also exhibits a
quantum enhancement effect related to the number of entangled atoms.

(7) The interaction between entangled photons and entangled atoms in the
resonator cavity causes entangled photons to have interactions. Photons
rarely interact, and other schemes for making photons interact are very
complex. Photon interactions are important for quantum information
processing and quantum computing (the prerequisite for implementing
controlled-NOT gates and controlled phase-shift gates in quantum com-
puting is that photons must have interactions).
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Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.
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