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How nonlinear scattering evolves into X-ray 

pair and quantum-state generation 

2. X-ray Quantum Optics Proof-of-Principle 

Experiments

From first pairs to ghost imaging, quantum  

enhanced imaging, and quantum interferometry 
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Emerging methods, FELs, and next challenges

4. Perspective

Where it’s going
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Spontaneous parametric down-conversion (SPDC) 
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Energy and momentum conservation (phase matching)

All the frequencies exist in the vacuum

The signal and idler are anti-

correlated in energy and in k-vector

The pump photons interact with the vacuum fluctuations of the EM 

field → generate signal and idler photon pairs that are always 

correlated in space and time 
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Properties of down-converted photons 

• The presence of one photon guarantees the existence 
of the other.

• Both photons share identical statistics and perfect 
mutual correlations.

• Entangled in time–frequency and space–momentum 
(and sometimes polarization).

• Their correlations exceed the classical uncertainty 
limit, allowing joint measurements of position–
momentum or time–frequency.

• These correlations can violate Bell’s inequality.

• One quadrature may show noise below the shot-noise 
limit (depending on conversion efficiency).



Entanglement

Two particle entanglement – Quantum state of two systems cannot 

be separated into the product of two separate states

ۧ|ℏ𝜔𝑠, 𝑡

ൿ|ℏ(𝜔𝑝 − 𝜔𝑠), 𝑡

𝑸𝒖𝒏𝒂𝒕𝒖𝒎
𝒔𝒐𝒖𝒓𝒄𝒆

BUT

Entanglement is very fragile and even a small amount of 

noise prevents the possibility to use entanglement

Measurement of the quantum state of one particle provides 

information about other particle 

Example- The energy of one photon reveals the energy of the 

other



Early Developments Leading to X-ray SPDC

1961:  Prediction of quantum noise in                

microwave parametric amplifiers
Louisell, Siegman, and Yariv

Physical Review, 124,1646

1967:  Observation of Optical Parametric Fluorescence
Harris, Oshman, and Byer, PRL 

18,732

1970:  Observation of Simultaneity
(photon counting visible PDC)

Burnham and 

Weinberg, PRL 25, 

84

1968: Nonlinear Diffracftion Freud  PRL 21, 1404



1971: First x-ray down conversion 

experiment

(1 count per hour) 
1998: First synchrotron experiment

(6 counts per hour) 

Eisenberger & McCall, PRL 26

,684 

B. Adams, Nonlinear Optics, Quantum 

Optics, and Ultrafast Phenomena with x-

rays

Yoda et al., J. Synch. Rad. 5 , 980 

1999-2003: Improved synchrotron experiments

( 1 count per 13 seconds)

1969: Prediction of PDC in x-ray regime  Freund & Levine, PRL 23 ,854 

Early history of X-ray SPDC
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Large density of 

states of the 

vacuum field 

compensates for the 

small nonlinear 

coefficient
𝐴𝑐𝑖𝑑𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 = 𝑅𝐶

2𝑇

𝑇 − 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

Photon pairs -instantaneous

First experiment



Phase Matching

Bragg (reflection)

signal and idler collinear

Laue (transmission)

backward wave



X-ray nonlinearity

• Model for nonlinearity – cold plasma model 

𝜕 Ԧ𝑣

𝜕𝑡
+ Ԧ𝑣 ⋅ 𝛻 Ԧ𝑣 = −

𝑒

𝑚
𝐸 + Ԧ𝑣 × 𝐵

𝜕𝜌

𝜕𝑡
+ 𝛻 𝜌 Ԧ𝑣 = 0

Equation of motion

Continuity equation
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X-ray photon energies >>binding energies of the electrons



Polarization Entangled Photons at X-Ray Energies

y ± =
1

2
H

1
,V

2
± V

1
,H

2
( )

Bell States

In the case of parametric down conversion at x-ray wavelengths:

Pump polarization is in the scattering plane 

Pump polarization is normal the scattering plane 
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◆ In isotropic materials polarization states do not change with 

propagation, hence  it is determined by the nonlinearity only.

S. Shwartz & S. E. Harris, Energies”,PRL 106, 080501, (2011)



Example: Polarization Entangled Photons at 

20% Off of Degeneracy, pump at 25 keV

Pump polarization in plane Pump polarization out of plane 
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S. Shwartz & S. E. Harris, Energies”,PRL 

106, 080501, (2011)
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therefore choose operators

as ~ Es cosqs

ai ~ Ei cosqi

ap ~ Ep cosq p

Slowly Varying Envelope Approximation

S. Shwartz, et al. PRL, 109, 013602, 2012 
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Coupled SVEA Langevin Equations

commutator preserving  

 
¢k ∼ cosqs × cosqi × cosq p( )

(1/2)

S. Shwartz, et al. PRL, 109, 013602, 2012 



Coincidence Counts

coin counts=

t = t2 - t1

S. Shwartz, et al. PRL, 109, 013602, 2012 



Spatial Correlation

L

L=0.48 mm



Laue (transmission)

Frequency and Time Domain

signal and idler

coincidence 

counts



signal and idler collinear

Diamond, 18 

KeV

Frequency and Time 

Domain
signalidler

coincidence

argument coincidence counts



backward wave

Correlation Time Versus Deviation Angle



Paradigms of quantum optics

Courtesy of Eli Cohen, Bar Ilan University 

❑ How can quantum correlation be utilized?



Schemes sub-shot noise imaging

P.A. Morris, et al. Nat. Comm. 6, 5913 

, 5913 (2015)

Ghost imaging/single pixel imaging

Twin beam correlation 

G. Brida et al. Nature Photon 4, 227 (2010).



Quantum illumination

Quantum Illumination – target detection in a noisy environment

Improve detection even when the entanglement is lost

Seth Lloyd, Science 321, 1463 (2008)

Quantum illuminationClassical detection



Hong-Ou-Mandel effect

Photon

Source
Coinsidence 

Electronics

50:50 Beam 

Splitter

A

B
D

C

C(C,A)=0

𝜏

C(C,A)

𝜏

The width ∝ coherence 

properties of the photons



Sub-Attosecond Correlation Time –X-Ray PDC

Hong-Ou-Mandel effect

S. Volkovich and S. Shwartz, Opt. Lett. 45, 2728 (2020). 

~100 zs





Ghost imaging

Normalized Correlation function:

- Coincidence counts

-Reference and test 

ensemble average 

intensities



X-ray ghost imaging- results

4 mm slit 2 μm slit

A. Schori, D. Borodin, K.Tamasaku, and S. Shwartz Phys. Rev. A, 97, 063804 

(2018)



Heralded single photons 

In practice- use  sources that generate pairs of photons

One is ancilla (trigger, idler) 

The  second is the single photon (signal)

Determined by the degree of correlation: 𝜎 =
𝜹𝟐 𝑵𝒔−𝑵𝒊

𝑵𝒊+𝑵𝒔

𝜎 ≥ 1 ⇒ Classical beams 𝜎 < 1 ⇒ Quantum radiation, 

heralded photons



Experimental results: 
demonstration of single photon statistics

𝝈 =
𝜹𝟐 𝑵𝒔−𝑵𝒊

𝑵𝒊+𝑵𝒔
=0

Energy conservation filter 𝝎𝒑 = 𝝎𝒔 +𝝎𝒊

Time filter  𝒕𝒔 = 𝒕𝒊
S. Sofer, E. Strizhevsky, A. Schori, K. Tamasaku, and S. Shwartz Phys. Rev. X 

9 , 031033



Quantum enhanced x-ray detection

Noise sources – Compton 
scattering and fluorescence 
(4 orders of magnitude 
stronger than the signal)

Energy conservation filter 𝝎𝒑 = 𝝎𝒔 +𝝎𝒊

Time filter  𝒕𝒔 = 𝒕𝒊



Experimental results: 
Quantum enhanced x-ray detection

Quantum radiation

visibility ~ 0.99
Direct image

visibility ~ 0.23

Quantum radiation shows much higher visibility !

S. Sofer, E. Strizhevsky, A. Schori, K. Tamasaku, & S. Shwartz Phys. Rev. X 9 

, 031033



Beam Splitters for X-ray Quantum Optics

➢X-ray optics – Bragg single crystals:

1. Narrow acceptance angel ~ 0.01 degree

2. Narrow bandwidth ~ 1 eV

➢Quantum light source - PDC:

1. Wide angular spread - few degrees

2. Broadband ~ 2 keV

A. Schori, D. Borodin, K. Tamasaku, and S. Shwartz, Phys. Rev. A 97, 
63804 (2018)

What can we do?



Beam Splitter for X-ray Quantum Optics

➢ Diffraction (Bragg) angle:

Lowest possible

Possible solution – mosaic crystal!
Need to find the parameters

Our solution – HOPG (Highly Oriented Pyrolytic Graphite):

Acceptance angle – 0.8 degrees 

Bandwidth~400 eV



Beam Splitter Efficiency

Efficiency with heralded photons - about 50%

E. Strizhevsky. et al. Phys. Rev. Let. 127, 013603 

(2021)
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SU(1,1) interferometer 

Use nonlinear wave mixing 

For example, spontaneous parametric down conversion 

(SPDC)

If no phase difference between the mixers = one long mixer

But if there is the rate at the output depends on the phase 

difference

Because the efficiency depends on phase matching

⍵p Nonlinear 
Medium

⍵i

⍵s
Nonlinear 

Medium

𝜑



SU(1,1) SU(2)

⍵p Nonlinear 

Medium
⍵i

⍵s
Nonlinear 

Medium

𝜑

SU(1,1) is potentially less 

sensitive to vibrations 



𝜙 = 𝑘𝑝𝑛𝑝𝑑 − 𝑘𝑠𝑛𝑠𝑑 − 𝑘𝑖𝑛𝑖𝑑

𝑑𝜋 ≈ 𝟏𝟓𝒎𝒊𝒄𝒓𝒐𝒏𝒔

35 keV

𝑉 =
𝐶𝑚𝑎𝑥 − 𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥 + 𝐶𝑚𝑖𝑛
= 0.27

Y Klein et al. Science Advances 11 (35), eadw3893





Main Challenges in X-ray SPDC

➢X-ray optics – Bragg single crystals:
1. Narrow acceptance angel ~ 1 mdeg
2. Narrow bandwidth ~ 1 eV

➢Quantum light source - PDC:
1. Wide angular spread - degrees
2. Broadband ~ keV



New Directions and Emerging 
Methods in X-ray SPDC



Summary and outlook

❖ X-ray SPDC bridges nonlinear diffraction and quantum optics

→ quantum correlations persist at atomic and ultrafast scales

❖ Quantum correlations and heralded photons

→ now demonstrated at X-ray energies- a basis for quantum 

metrology

❖ Early use of 2D detectors

→ simplified experiments and boosted count rates

❖ Main challenges remain

→ efficiency, background suppression, and X-ray optics integration

❖ Next frontier

→ turning quantum X-rays into a practical tool for discovery


