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Entangled	Probes:	What	and	Why?

We	are	 interested	 in	 developing	ways	 of	 learning	 about	 the	

intrinsic	entanglement	present	in	interes9ng	states	of	ma4er,	

such	as	frustrated	magnets,	unconven9onal	superconductors,	

and	topological	ma4er
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Can	we	exploit	entanglement	in	the	probe	to	

uncover	entanglement	in	the	target	material?	

What	new	informa9on	can	one	obtain?	



Entangled	Probes:	What	and	Why?

Control	and	manipula9on	of	the	probe’s	entanglement	

to	unveil/sense	hidden	proper9es	of	ma4er	and	

fundamental	interac9ons:	

Direct Probe of Multipartite Entanglement in Materials 

Probe multipoint correlations in strongly coupled systems 

Fundamental tests: Gravity-spin-couplings, time-reversal 
3

The	quantum	probe	can	be	neutrons,	photons,		

X-rays,	electrons,	atoms,	quantum	dots,		

and	everything	you	are	able	to	entangle



Entangled	Probes:	What	and	Why?
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The	quantum	probe	can	be	neutrons,	photons,		

X-rays,	electrons,	atoms,	quantum	dots,		

and	everything	you	are	able	to	entangle

entangled probe

(few nm to microns)

ξ
<latexit sha1_base64="FwDD6ApBj9tIr4SLt3aZxh7HLgc="></latexit>

(Tune also Energy with RF-Flippers)

Characterizing  

the entanglement 

(Witness, multipoint corr. …) 





Entangled	Probes:	Three	modes	of	Op

Interferometry  and Development of Entanglement Witnesses  

Entangled-Probe Scattering (Weak measurement) 

Quantum-enhanced Metrology (Precision Measurement)

5

Relevant References: Nature Commun. 11, 930 (2020)

Phys. Rev. A  101, 042318 (2020)

Spin-textured neutron beams and OAM 

arXiv:2207.12419 (2022) 

Phys. Rev. Research 3, 023227 (2021)

New J. Phys. 23, 083022 (2021)



Collaborators
Indiana University

Dave Baxter

Roger Pynn

Mike Snow

Jiazhou Shen

Sam McKaySteve Kuhn

Eric Dees

Vincent Vangelista

ISIS

Robert Dalgliesh

A.A. van Well

Adam Washington

Jeroen Plomp

Victor-Otto de Haan

Steve Parnell

Delft Univ. of Technology

Vienna Univ. of Technology

ORNL

Fankang Li Jaime Fernandez-Baca

Niels Geerits

BonPhysics Res. & Invest.
Shufan Lu

 Abu Ashik Irfan

Patrick Blackstone

Theory:

Quan Le Thien

6



Crea9ng		

Entangled	Beams	of	Neutrons	
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Neutron	Entangler	Devices

Magnetic Wollaston Prism (MWP): Polarizing Beam Splitter
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Neutron	Entangler	Devices

Radio Frequency (RF) Flipper

Bi-Partite Mode-Entanglement

Tri-Partite Mode-Entanglement
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Quantum Information Language
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Neutron	Interferometers	(NSE-type)

H = Hs ⊗Hp
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H = Hs ⊗Hp ⊗HE
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Bell	and	Mermin-type	Inequali9es
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Define the CHSH witness:
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Bell	and	Mermin-type	Inequali9es
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Define the Mermin witness:
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Experimental	Results

<latexit sha1_base64="gxgcGT+Xk7HIXs2x9WNKUNV+A2w="></latexit>

ξ ∈ {85nm, 1600nm}
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∆ ∈ {75nm, 600nm}

<latexit sha1_base64="sjgU/MR8i//6N6fh+yhlC7/TuwY="></latexit>

λn ∈ {3.5Å, 7.5Å}

HFIR (ORNL)

ISIS

CHSH Bi-partite Entanglement Mermin Tri-partite Entanglement
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Probe’s Tunability:
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classical result

robustness of entanglement
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What	is	it	useful	for?	

Entangled-Probe	Sca4ering	
Extension	of	the	Textbook	theory	of	Sca4ering	

14
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Entangled-Probe	Sca4ering	Theory

Born approximation
15



T-Matrix	Formalism:	Magne9c	Sca4ering
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spin neutron spin electron momentum electron position electron

Hamiltonian of the probe-target system:
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H = Ĥp + Ĥtarget + V̂

Standard Unentangled-Probe Scattering: Van Hove theory

Probe’s initial state:
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;

Magnetic structure factor

Momentum transfer Energy transfer

Had we used wave packet initial state:
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spin states

(Mode)	Entangled	Magne9c	Sca4ering

(Probe) Initial State: We use (spin-path) entangled wave packets
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(Spin quantization)
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(Mode)	Entangled	Magne9c	Sca4ering

(Probe) Initial State: We use (spin-path) entangled wave packets
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Entangled	Magne9c	Sca4ering
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Interference Terms Between Wave Packets
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Dimer	Sca4ering	and	Q-Erasure
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Interferometric	Analogue	of	Entangled	Sca4ering
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<latexit sha1_base64="S5NfuhZDWHRJRHek3Aje910cHuQ=">AAACEXicbVC7TgJBFJ3FF+ILtbSZSEioyK4hakmwscToAglLyN1hFibMzm5mZiVk5Rds/BUbC42xtbPzbxwehYInucnJOffO3Hv8mDOlbfvbyqytb2xuZbdzO7t7+wf5w6OGihJJqEsiHsmWD4pyJqirmea0FUsKoc9p0x9eTf3mPZWKReJOj2PaCaEvWMAIaCN186XiA3aw14tGAqSMRtiTIPqc5rwBaOx2U08FuF67nXTzBbtsz4BXibMgBbRAvZv/Mq+SJKRCEw5KtR071p0UpGaE00nOSxSNgQyhT9uGCgip6qSziya4aJQeDiJpSmg8U39PpBAqNQ590xmCHqhlbyr+57UTHVx2UibiRFNB5h8FCcc6wtN4cI9JSjQfGwJEMrMrJgOQQLQJMWdCcJZPXiWNs7JzXq7cVArV2iKOLDpBp6iEHHSBquga1ZGLCHpEz+gVvVlP1ov1bn3MWzPWYuYY/YH1+QN9/Zwz</latexit>

ÛPBS

<latexit sha1_base64="lrjAk8nXzSLs/C1Wa3fe4L9zIw8=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIhWZNcQtSTYWGKUR8IScneYhQmzs5uZWQlZ+QQbf8XGQmNsLe38GwfYQsGT3OTknHtn7j1exJnStv1tZVZW19Y3spu5re2d3b38/kFDhbEktE5CHsqWB4pyJmhdM81pK5IUAo/Tpje8mvrNeyoVC8WdHke0E0BfMJ8R0Ebq5k+KD9jBbi8cCZAyHGFXguhzmnMHoHG9m7jKx9XbSTdfsEv2DHiZOCkpoBS1bv7LPErigApNOCjVduxIdxKQmhFOJzk3VjQCMoQ+bRsqIKCqk8wOmuCiUXrYD6UpofFM/T2RQKDUOPBMZwB6oBa9qfif1461f9lJmIhiTQWZf+THHOsQT9PBPSYp0XxsCBDJzK6YDEAC0SbDnAnBWTx5mTTOSs55qXxTLlSqaRxZdISO0Sly0AWqoGtUQ3VE0CN6Rq/ozXqyXqx362PemrHSmUP0B9bnD9Him9k=</latexit>

ÛBS

<latexit sha1_base64="mCkXL6/e7gxY0pP17FOcW28O944=">AAACJnicbVDLSgMxFM3UV62vUZdugkUQhDJTiroRCm5cVrAP6JSSSTNtaCYZk4yljP0aN/6KGxcVEXd+iul0Frb1QOBwzn3kHj9iVGnH+bZya+sbm1v57cLO7t7+gX141FAilpjUsWBCtnykCKOc1DXVjLQiSVDoM9L0h7czv/lEpKKCP+hxRDoh6nMaUIy0kbr2jRdIhBP4DB3oxRGSUoygJxHvMwIvUrUnRnxBnySeepQaliddu+iUnBRwlbgZKYIMta49NeNwHBKuMUNKtV0n0p0ESU2xGVzwYkUihIeoT9qGchQS1UnSMyfwzCg9GAhpHtcwVf92JChUahz6pjJEeqCWvZn4n9eOdXDdSSiPYk04ni8KYga1gLPMYI9KgjUbG4KwpOavEA+QyU2bZAsmBHf55FXSKJfcy1LlvlKslrM48uAEnIJz4IIrUAV3oAbqAIMX8Aam4MN6td6tT+trXpqzsp5jsADr5xeZPqU+</latexit>

|0 "i+ |0 #ip
2

<latexit sha1_base64="S458oDpXD8dKDubyzSUb9wInryk="></latexit>

d
<latexit sha1_base64="eAKfsZk55RVbIeRTnSskWIlBXXE="></latexit>

ξ

<latexit sha1_base64="2IedbGDb04+iQrdHn14tZ1DcvmU="></latexit>

|φpi ⌦ |φdi =

<latexit sha1_base64="KEK1RGcBTsWmGUnHCnOm3kYphm0="></latexit>

Û0(κ̃)

<latexit sha1_base64="rEpynC7iIIjEZuFaVJCaeYQb+nI="></latexit>

Û1(κ̃)
<latexit sha1_base64="NRHN7ul5U0nKH4RjCATup0AYdpY="></latexit>

Ûθ(κ̃)



Interferometric	Analogue	of	Entangled	Sca4ering
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D0

D1

Path 0 Path 0

Path 1

<latexit sha1_base64="JVV+WFbSIy7bTrbfzT36MrZKps8=">AAACG3icbVDLSgMxFM34rOOr6tJNsBRclZlS1GXRTZcV7AM6dbiTZtrQTGZIMkKt/Q83/oobF4q4Elz4N6btLLT1QMjhnHNJ7gkSzpR2nG9rZXVtfWMzt2Vv7+zu7ecPDpsqTiWhDRLzWLYDUJQzQRuaaU7biaQQBZy2guHV1G/dUalYLG70KKHdCPqChYyANpKfLxcfsJcMmE88CaLPqV30BqBxzdyK9SO4vbezRJIl/HzBKTkz4GXiZqSAMtT9/KfXi0kaUaEJB6U6rpPo7hikZoTTie2liiZAhtCnHUMFRFR1x7PdJrholB4OY2mO0Him/p4YQ6TUKApMMgI9UIveVPzP66Q6vOiOmUhSTQWZPxSmHOsYT4vCPSYp0XxkCBDJzF8xGYAEok2dtinBXVx5mTTLJfesVLmuFKqXWR05dIxO0Cly0TmqohqqowYi6BE9o1f0Zj1ZL9a79TGPrljZzBH6A+vrB/AjoCg=</latexit>

|φpi
Path 1

<latexit sha1_base64="uoM0rR+E23lwjjkV9VioZlW83NQ="></latexit>

|Ψ0i
<latexit sha1_base64="4UQiEpP81QapL+3YmPFIkYqmMjU="></latexit>

|Ψ1i
<latexit sha1_base64="hswyGmaBhcQHQn19ituMug8Cp9o="></latexit>

|Ψ2i
<latexit sha1_base64="KBF6q8ldOSiBcF53+k0S7g+TUw0="></latexit>

|Ψ3i
<latexit sha1_base64="sIQDxKnVw+S8GKO//QqLNGF9j78="></latexit>

|Ψf i

Bell 

Measurement

<latexit sha1_base64="HrjYu4sWMdyzVrQuq+hNOUQbQE8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMdSLx4r2A9oQtlsN+nSzWbZ3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fikq9NMEdohKU9VP8SaciZoxzDDaV8qipOQ0144uZv7vSeqNEvFo5lKGiQ4FixiBBsr9fwWi2M/H1Zrbt1dAK0TryA1KNAeVr/8UUqyhApDONZ64LnSBDlWhhFOZxU/01RiMsExHVgqcEJ1kC/OnaELq4xQlCpbwqCF+nsix4nW0yS0nQk2Y73qzcX/vEFmotsgZ0JmhgqyXBRlHJkUzX9HI6YoMXxqCSaK2VsRGWOFibEJVWwI3urL66R7Vfeu642HRq3ZKuIowxmcwyV4cANNuIc2dIDABJ7hFd4c6bw4787HsrXkFDOn8AfO5w8lLY91</latexit>

(

<latexit sha1_base64="WJh6ZcK8jQx0b78yGd8naOUh2fs=">AAAB83icbVBNS8NAEJ3Urxq/qh69LJaCp5JIqR5LvXisYD+gCWWz3aRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgpQzpR3n2yptbe/s7pX37YPDo+OTyulZTyWZJLRLEp7IQYAV5UzQrmaa00EqKY4DTvvB9G7h95+oVCwRj3qWUj/GkWAhI1gbyat5bRZFXm6rkTuqVJ26swTaJG5BqlCgM6p8eeOEZDEVmnCs1NB1Uu3nWGpGOJ3bXqZoiskUR3RoqMAxVX6+vHmOakYZozCRpoRGS/X3RI5jpWZxYDpjrCdq3VuI/3nDTIe3fs5EmmkqyGpRmHGkE7QIAI2ZpETzmSGYSGZuRWSCJSbaxGSbENz1lzdJ77ruNuuNh0a11S7iKMMFXMIVuHADLbiHDnSBQArP8ApvVma9WO/Wx6q1ZBUz5/AH1ucPu4GQ2Q==</latexit>

s1

<latexit sha1_base64="7XBnqfCKp2A9/AYfwiRtPE9qpCc=">AAAB83icbVBNS8NAEJ3Urxq/qh69LJaCp5JIqR5LvXisYD+gCWWz3aRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgpQzpR3n2yptbe/s7pX37YPDo+OTyulZTyWZJLRLEp7IQYAV5UzQrmaa00EqKY4DTvvB9G7h95+oVCwRj3qWUj/GkWAhI1gbyat5bRZFXm6rkTOqVJ26swTaJG5BqlCgM6p8eeOEZDEVmnCs1NB1Uu3nWGpGOJ3bXqZoiskUR3RoqMAxVX6+vHmOakYZozCRpoRGS/X3RI5jpWZxYDpjrCdq3VuI/3nDTIe3fs5EmmkqyGpRmHGkE7QIAI2ZpETzmSGYSGZuRWSCJSbaxGSbENz1lzdJ77ruNuuNh0a11S7iKMMFXMIVuHADLbiHDnSBQArP8ApvVma9WO/Wx6q1ZBUz5/AH1ucPuf2Q2A==</latexit>

s0

<latexit sha1_base64="ZJG3kvlawDr4K/PJjksJySO92Bw=">AAACEnicbVDLSsNAFJ34rPFVdelmsBR0UxIp6rLUjctKTVtoQphMJ8nQySTMTIQS+w1u/BU3LhRx68qdf+P0sdDWAxcO59zLvfcEGaNSWda3sbK6tr6xWdoyt3d29/bLB4cdmeYCEwenLBW9AEnCKCeOooqRXiYISgJGusHweuJ374mQNOV3apQRL0ERpyHFSGnJL59V3SaNIrcwq9K3zKobIwUdv2i3x+aDm8XUH7gC8YgRv1yxatYUcJnYc1IBc7T88pc7SHGeEK4wQ1L2bStTXoGEopiRsenmkmQID1FE+ppylBDpFdOXxrCqlQEMU6GLKzhVf08UKJFylAS6M0EqloveRPzP6+cqvPIKyrNcEY5ni8KcQZXCST5wQAXBio00QVhQfSvEMRIIK52iqUOwF19eJp3zmn1Rq9/WK43mPI4SOAYn4BTY4BI0wA1oAQdg8AiewSt4M56MF+Pd+Ji1rhjzmSPwB8bnD6eKnEU=</latexit>

|φdi

<latexit sha1_base64="fPCvuPcX7Q32lC2tdu6L6pnDP4E=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUZdFNy4r2Ac0oUymN+3QySTMTJQai7/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFuFpeWV1bXiemljc2t7x97da6o4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDXxW3cgFYvFrR4l4EekL1jIKNFG6toHj9jBXpoQKeN77Eki+hy6dtmpOFPgReLmpIxy1Lv2l9eLaRqB0JQTpTquk2g/I1IzymFc8lIFCaFD0oeOoYJEoPxsev0YHxulh8NYmhIaT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+BkTSapB0NmiMOVYx3gSBe4xCVTzkSGESmZuxXRAJKHaBFYyIbjzLy+S5mnFPatUb6rl2mUeRxEdoiN0glx0jmroGtVRA1H0gJ7RK3qznqwX6936mLUWrHxmH/2B9fkDvEyUyQ==</latexit>

|0 "i

<latexit sha1_base64="ubnTQqq8dI6ZWmP8mfa71FwGBDk=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIrsqMFHVZdOOygn1AO5RMmmlDM8mQZCxl2oW/4saFIm79DXf+jeljoa0HLhzOuTe594QJZ9p43rezsrq2vrGZ28pv7+zu7bsHhzUtU0VolUguVSPEmnImaNUww2kjURTHIaf1sH878euPVGkmxYMZJjSIcVewiBFsrNR2j0fIR62OHAislByglsKiy2nbLXhFbwq0TPw5KcAclbb7ZR8haUyFIRxr3fS9xAQZVoYRTsf5Vqppgkkfd2nTUoFjqoNsuv8YnVmlgyKpbAmDpurviQzHWg/j0HbG2PT0ojcR//OaqYmug4yJJDVUkNlHUcqRkWgSBuowRYnhQ0swUczuikgPK0yMjSxvQ/AXT14mtYuif1ks3ZcK5Zt5HDk4gVM4Bx+uoAx3UIEqEBjBM7zCm/PkvDjvzsesdcWZzxzBHzifP1d0lbE=</latexit>

|1 #i

<latexit sha1_base64="S5NfuhZDWHRJRHek3Aje910cHuQ=">AAACEXicbVC7TgJBFJ3FF+ILtbSZSEioyK4hakmwscToAglLyN1hFibMzm5mZiVk5Rds/BUbC42xtbPzbxwehYInucnJOffO3Hv8mDOlbfvbyqytb2xuZbdzO7t7+wf5w6OGihJJqEsiHsmWD4pyJqirmea0FUsKoc9p0x9eTf3mPZWKReJOj2PaCaEvWMAIaCN186XiA3aw14tGAqSMRtiTIPqc5rwBaOx2U08FuF67nXTzBbtsz4BXibMgBbRAvZv/Mq+SJKRCEw5KtR071p0UpGaE00nOSxSNgQyhT9uGCgip6qSziya4aJQeDiJpSmg8U39PpBAqNQ590xmCHqhlbyr+57UTHVx2UibiRFNB5h8FCcc6wtN4cI9JSjQfGwJEMrMrJgOQQLQJMWdCcJZPXiWNs7JzXq7cVArV2iKOLDpBp6iEHHSBquga1ZGLCHpEz+gVvVlP1ov1bn3MWzPWYuYY/YH1+QN9/Zwz</latexit>

ÛPBS

<latexit sha1_base64="lrjAk8nXzSLs/C1Wa3fe4L9zIw8=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIhWZNcQtSTYWGKUR8IScneYhQmzs5uZWQlZ+QQbf8XGQmNsLe38GwfYQsGT3OTknHtn7j1exJnStv1tZVZW19Y3spu5re2d3b38/kFDhbEktE5CHsqWB4pyJmhdM81pK5IUAo/Tpje8mvrNeyoVC8WdHke0E0BfMJ8R0Ebq5k+KD9jBbi8cCZAyHGFXguhzmnMHoHG9m7jKx9XbSTdfsEv2DHiZOCkpoBS1bv7LPErigApNOCjVduxIdxKQmhFOJzk3VjQCMoQ+bRsqIKCqk8wOmuCiUXrYD6UpofFM/T2RQKDUOPBMZwB6oBa9qfif1461f9lJmIhiTQWZf+THHOsQT9PBPSYp0XxsCBDJzK6YDEAC0SbDnAnBWTx5mTTOSs55qXxTLlSqaRxZdISO0Sly0AWqoGtUQ3VE0CN6Rq/ozXqyXqx362PemrHSmUP0B9bnD9Him9k=</latexit>

ÛBS

<latexit sha1_base64="mCkXL6/e7gxY0pP17FOcW28O944=">AAACJnicbVDLSgMxFM3UV62vUZdugkUQhDJTiroRCm5cVrAP6JSSSTNtaCYZk4yljP0aN/6KGxcVEXd+iul0Frb1QOBwzn3kHj9iVGnH+bZya+sbm1v57cLO7t7+gX141FAilpjUsWBCtnykCKOc1DXVjLQiSVDoM9L0h7czv/lEpKKCP+hxRDoh6nMaUIy0kbr2jRdIhBP4DB3oxRGSUoygJxHvMwIvUrUnRnxBnySeepQaliddu+iUnBRwlbgZKYIMta49NeNwHBKuMUNKtV0n0p0ESU2xGVzwYkUihIeoT9qGchQS1UnSMyfwzCg9GAhpHtcwVf92JChUahz6pjJEeqCWvZn4n9eOdXDdSSiPYk04ni8KYga1gLPMYI9KgjUbG4KwpOavEA+QyU2bZAsmBHf55FXSKJfcy1LlvlKslrM48uAEnIJz4IIrUAV3oAbqAIMX8Aam4MN6td6tT+trXpqzsp5jsADr5xeZPqU+</latexit>

|0 "i+ |0 #ip
2

<latexit sha1_base64="S458oDpXD8dKDubyzSUb9wInryk="></latexit>

d
<latexit sha1_base64="eAKfsZk55RVbIeRTnSskWIlBXXE="></latexit>

ξ

<latexit sha1_base64="2IedbGDb04+iQrdHn14tZ1DcvmU="></latexit>

|φpi ⌦ |φdi =

<latexit sha1_base64="KEK1RGcBTsWmGUnHCnOm3kYphm0="></latexit>

Û0(κ̃)

<latexit sha1_base64="rEpynC7iIIjEZuFaVJCaeYQb+nI="></latexit>

Û1(κ̃)
<latexit sha1_base64="NRHN7ul5U0nKH4RjCATup0AYdpY="></latexit>

Ûθ(κ̃)
Un-Entangled Dimer States Maximally Entangled Dimer States

Quantum Erasure



Spin-Textured	Neutron	Beams	(OAM)
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Take-Home	Messages

22

Habemus universal quantum-entangled neutron probe


Habemus a scattering theory for entangled beams

Quantum Erasure is a general phenomenon 
for Maximally-Entangled N-spin systems



Immediate Future

23

OAM Experiment (November, ORNL)


Scattering/Interfer. theory for Spin textured-beams


Theory of the Entangled-Goos-Hanschen effect 
(reflectrometry)


Measuring the coherence length of a single neutron


Frustrated quantum magnets with quantum spin-liquid 
(D=2 NiGa2S4,D=3 NaCaNi2F7, Herbert Smithite), chiral, 
VBC, and RVB phases. Unconventional superconductors, 
Flat-band, and Topological quantum matter



THANK YOU

<latexit sha1_base64="y2cRbP7Z6TILCA8XUQ1f5TZKB0s="></latexit>

| i+ | ip
2
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