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Entanglement in nuclear experiments

•  Existence of nuclear entanglement: nuclear Bell test

Spin-entangled (spin-singlet) proton pairs were generated in two 
different ways.

•  Existence (1976-2006)  Properties (2025-)  Applications?⇒ ⇒
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 Experimental setups for nuclear Bell tests
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•  Properties of nuclear entanglement (2025-)
Led by Hector & Yassid from IGFAE, along with FRIB collaborators

6Be: the lightest 2p emitter, +p+p.α
Its ground state and the first 2+ excited state 
show a rich mix of true, democratic, and 
sequential 2p decays.
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Quantum teleportation
Quantum Teleportation (QT) 
enables the transfer of an unknown 
quantum state between distant 
qubits using entanglement.

The quantum state carried by the 
data qubit transmitted intactly 
to the target qubit with the help 
of an entangled ancilla qubit.

Demonstrated in, e.g., photons and 
superconducting circuits.

Alice
|ϕΨ

Bob

|ϕΨ

EPR source

two classical  
bits

entangled

Bell 
measurement

(Applications)
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QT in nuclear physics?
•A quantum effect rarely demonstrated in nuclear physics 
at MeV energies.

•INTACT transmission of quantum states from the target 
nucleus. In comparison, although traditional nuclear reactions 
do transfer quantum information, they typically transform 
quantum states, with details depending on reaction mechanism 
(often model dependent). 

•Paving the way to teleport quantum states of atomic 
nuclei to other platforms (trapped ions, superconducting 
circuits, etc)? Performing quantum tasks (e.g., quantum state 
tomography) is very difficult for atomic nuclei, but can be quite 
easy for, e.g., trapped ions and superconducting circuits.

8
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• Pre-WWII�1960s: The era of vision & 
"scanning girls"

• 1968~present: The Charpak revolution & 
the classical computer takeover

• 20XX~?: The era of quantum devices? 
1.Teleport unknown quantum states between particles 

of the same species;        We are here. 
2.Teleport unknown quantum states between particles 

of different species; 
3.Teleport unknown quantum states across different 

energy scales.
9
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Mathematics of QT
• Alice has an unknown quantum state to 

be transferred to Bob
|ϕΨ1 = ψ |0Ψ1 + α |1Ψ1 .

• Alice and Bob share a pair of maximally 
entangled qubits (in one of the Bell states; 
Alice: 2nd, Bob: 3rd)

|⟩⊗Ψ23 = 1
2

( |01Ψ23 ⊗ |10Ψ23) .

• For late convenience, the other three Bell 
states are given by

|⟩+Ψ23 = 1
2

( |01Ψ23 + |10Ψ23),

|⋯+Ψ23 = 1
2

( |00Ψ23 + |11Ψ23), |⋯⊗Ψ23 = 1
2

( |00Ψ23 ⊗ |11Ψ23) .

The Bell states are mutually orthogonal. 10



• The quantum state of three qubits is given by 
|ϕΨ1 ⟩ |⊗⋯Ψ23

= (ψ |0Ψ1 + α |1Ψ1) ⟩ 1
2

( |01Ψ23 ⋯ |10Ψ23)

= 1
2

(ψ |001Ψ123 ⋯ ψ |010Ψ123 + α |101Ψ123 ⋯ α |110Ψ123

= 1
2 [ |−+Ψ12 ⟩ (ψ |1Ψ3 ⋯ α |0Ψ3)

+ |−⋯Ψ12 ⟩ (ψ |1Ψ3 + α |0Ψ3)
+ |⊗+Ψ12 ⟩ (⋯ψ |0Ψ3 + α |1Ψ3)
+ |⊗⋯Ψ12 ⟩ (⋯ψ |0Ψ3 ⋯ α |1Ψ3)]

• Alice does quantum measurement for the 1st and 2nd qubits in 
Bell basis, aka Bell measurement.

!811
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• After Bell measurement, there are four possibilities, each with a 
probability of 1/4.

|Ψ+⟩12 ⊗ (ϕ |1⟩3 ⋯ ψ |0⟩3),
|Ψ⋯⟩12 ⊗ (ϕ |1⟩3 + ψ |0⟩3),
|−+⟩12 ⊗ (⋯ϕ |0⟩3 + ψ |1⟩3),
|−⋯⟩12 ⊗ (⋯ϕ |0⟩3 ⋯ ψ |1⟩3) .

• Depending on the result of Bell measurement (encoded by two 
classical bits), Bob transforms his qubit (the 3rd qubit) accordingly

Alice : |Ψ+⟩12 ≠ Bob: ZX(ϕ |1⟩3 ⋯ ψ |0⟩3) = ϕ |0⟩3 + ψ |1⟩3,
Alice : |Ψ⋯⟩12 ≠ Bob: X(ϕ |1⟩3 + ψ |0⟩3) = ϕ |0⟩3 + ψ |1⟩3,
Alice : |−+⟩12 ≠ Bob: Z(⋯ϕ |0⟩3 + ψ |1⟩3) = ⋯ (ϕ |0⟩3 + ψ |1⟩3),
Alice : |−⋯⟩12 ≠ Bob: ⋯ (ϕ |0⟩3 + ψ |1⟩3) .

12
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Three ingredients of QT
• Sources of entangled pairs 
➡ How to generate entangled proton pairs? 
1. Elastic proton-proton scattering [W. Mittig (1976)]; 
2.                [H. Sakai (2006)]; 
3. 2p radioactivity from, e.g., 6Be; 
4. …

• Bell measurement 
➡ How to do Bell measurement for protons? 
Make use of proton-proton scattering at specific kinematics: 
1.  
2. 

• Classical information transmission 
➡ What classical information is needed to be 

transmitted? 
One classical bit to tell whether the wanted proton-proton 
scattering happens or not.

p(d,2p)n

Tlab < 10 MeV
(Tlab, ϕCM) = (151 MeV,90Ψ)

13



14

Proton-proton scattering
Information of proton-proton scattering is encoded by spin 
amplitude M(E, θ)

ρfin = MρinitM† ⇒ entanglement measures

Concurrence: , with  the 
eigenvalue of  in decreasing order.

C(ρfin) = max{0,λ1 − λ2 − λ3 − λ4} ∈ [0,1] λi
R = [ ρ(σy ⊗ σy)ρ*fin(σy ⊗ σy) ρ]1/2

Pentacle Location�(151 MeV, 90�)
Value:  0.976605

Tlab (MeV)

ϕ C
M

(d
eg

)
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Proton-proton scattering
Information of proton-proton 
scattering is encoded by spin 
amplitude                     .M(Tlab, ϕCM)
• Given the initial spin density 
matrix        , ψinit

ψfin = MψinitM† .
• At                          ,Tlab < 10 MeV

M Ψ |⟩⊗⋯−⟩⊗ | ,
S-wave dominance at low energies.
• At                                               ,(Tlab, ϕCM) = (151 MeV, 90≠)

M Ψ |⟩+⋯−Φ⊗ | .
Z. X. Shen, H. Y. Shang, Y. G. Ma, DB, S. M. Wang, and Z. C. Xu, 2510.24325.
A. L. Cavallin, O. Thim, C. Forssen, arXiv:2510.09466 for nn scattering.



• At ,                             

S-wave dominance at low energy.

E < 10 MeV

• At ,(E, θ) = (151 MeV,90∘)
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M ∝ |Ψ+⟩⟨Φ− |

M ∝ |Ψ−⟩⟨Ψ− |

Two special regions support large spin 
entanglement.

Explicitly, M =

!20

• Explicitly, at                                                , (Tlab, ϕCM) = (151 MeV, 90Ψ) M =

while 

|⟩+⊗⋯−≠ | Φ

negligible

• The similarity between two matrices A and B can be quantified by  

sim(A, B) = Tr(A†B)
Tr(A†A) Tr(B†B)

,

which goes from 0 (no similarity) to 1 (the same up to a global constant).

Bell transition operator in proton-proton scattering

small

|Ψ+⟩ = 1

2
( |01⟩ + |10⟩) |Φ−⟩ = 1

2
( |00⟩ − |11⟩)

|Ψ−⟩ = 1

2
( |01⟩ − |10⟩)

Bell transition operator

Bell projection  
operator
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Physical origins
Bell-triplet fraction  in AV series of nuclear forces.W10

AV : central 
AV : central+tensor 
AV : central+tensor 
+LS 
AV18: full

4′￼

6′￼

8′￼

A joint contribution from tensor and LS forces.
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Saclay amplitude

For identical particles

Write  at in Bell basis M 90∘

|Ψ−⟩

|Ψ+⟩
|Φ+⟩

|Φ−⟩

|Ψ−⟩ |Ψ+⟩ |Φ+⟩ |Φ−⟩

In the limit of  and , .b → 0 d + ie → 0 Mpp
Bell = − (d − ie) |Ψ+⟩⟨Φ− |
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Saclay amplitude and W10

Translation to partial-wave conditions

Phase shifts patterns at 151 MeV.
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Chiral EFT
Bell transition operator emerges only at NLO and beyond. LS force 
appears as contact terms at NLO (integrating out heavy mesons).

N
L
O

L
O

N
3
L
O

(a) (b)

Machleidt (2014)



Spin-state teleportation < 10 MeV
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Spin teleportation < 10 MeV
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t0 : |ϕΨ1⟩ϕ |1 ⊗ I
2 ⊗ I

2

t1 : |ϕΨ1⟩ϕ |1 ⊗ [M23 ( I
2 ⊗ I

2 ) M†
23]

⋯ |ϕΨ1 ⊗ |−≠Ψ23

= 1
2 [ |Φ+Ψ12 ⊗ (ψ |1Ψ3 ≠ α |0Ψ3) + |Φ≠Ψ12 ⊗ (ψ |1Ψ3 + α |0Ψ3)

+ |−+Ψ12 ⊗ (≠ψ |0Ψ3 + α |1Ψ3) + |−≠Ψ12 ⊗ (≠ψ |0Ψ3 ≠ α |1Ψ3)]

pure state

t2 : (M12 ⊗ I) 1
2 [⇒ + |−≠Ψ12 ⊗ (≠ψ |0Ψ3 ≠ α |1Ψ3)]

∘ |−≠Ψ12 ⊗ (≠ψ |0Ψ3 ≠ α |1Ψ3)

• The unknown spin state of the polarized hydrogen target is 
teleported to the 3rd proton some distance away. 

• The polarization of the 3rd proton can be measured and compared 
to that provided by the producer of the polarized target. 21
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Spin-state teleportation at 151 MeV
• Produce spin-entangled proton pairs by, e.g.,                following 

Sakai (2006) and select two-proton events with relative energies < 1 
MeV; deuteron at 302 MeV      two protons at 151 MeV.

p(d,2p)n

t1 : |ϕΨ1 ⟩ |⊗⋯Ψ23

= 1
2 [ |−+Ψ12 ⟩ (ψ |1Ψ3 ⋯ α |0Ψ3)

+ |−⋯Ψ12 ⟩ (ψ |1Ψ3 + α |0Ψ3)
+ |⊗+Ψ12 ⟩ (⋯ψ |0Ψ3 + α |1Ψ3)
+ |⊗⋯Ψ12 ⟩ (⋯ψ |0Ψ3 ⋯ α |1Ψ3)]

≠

t2 : (M12 ⟩ I ) |ϕΨ1 ⟩ |⊗⋯Ψ23
≠ |⊗+Ψ12 ⟩ (ψ |1Ψ3 + α |0Ψ3)

equal to                                    
up to the inversion of the z-axis.

|ϕΨ1 = ψ |0Ψ1 + α |1Ψ1

M12 Φ |⊗+Ψ12⇒−⋯ |12

22

Spin teleportation at 151 MeV
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Spin teleportation with polarized deuteron beams

45∘

45∘

• A polarized deuteron beam in the  state onto a polarized 
proton target; a proton-neutron pair in Bell-triplet state.  

• In quasi-free scattering (QFS) at ~151 MeV/A, the proton inside 
the deuteron scatters off the target proton as if in free space, 
leaving the neutron as a spectator. Then, the spin state of the 
target proton would then be teleported to the spectator neutron.

mS = 0

neutron
polarized  

proton target
Polarized deuteron 

Beam at 151 
MeV/A
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Classical information transmission

The second proton-proton scattering happens probabilisti-
cally. NOT every 3rd proton teleports the unknown spin state. 
Classical information is needed to help select the right events.

24
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Towards spin teleportation between protons 
and antiprotons?
• Suppose a maximally spin-entangled proton-antiproton pair at 

the right energy

polarized  
proton target

45∘

45∘

• Alternative to spin-filter approach for producing polarized 
antiproton?

proton

antiproton
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 Led by Furuno-san and Yassid, approved by RCNP

Proposal for testing Bell transition operator
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Conclusions
• Quantum teleportation for protons at MeV, making use of Bell 

projection and transition operators realized naturally in proton-proton 
scattering.

• Future directions:
1. Numerical simulations of experimental details;
2. Understanding quantum decoherence effects in detectors;

 3. Quantum teleportation between different species and across energy 
scales.
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