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X-ray SPDC from Nonlinear Diffraction
to X-ray Quantum Optics




Spontaneous parametric down-conversion (SPDC)

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

All the frequencies exist in the vacuum
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Energy and momentum conservation (phase matching)
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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
1A (wp — ws), t)
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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
BUT

Entanglement is very fragile and even a small amount of
noise prevents the possibility to use entanglement



Early Developments Leading to X-ray SPDC

1961:. Prediction of quantum noise in Louisell, Siegman, and Yariv
microwave parametric amplifiers Physical Review, 124,1646

: : _ Harris, Oshman, and Byer, PRL
1967: Observation of Optical Parametric Fluorescence ;g 735

?ARAMEJ’BIC FLUORESCENCE IN LiNbO5
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1968: Nonlinear Diffracftion Freud PRL 21, 1404

A periodic spatial modulation of the nonlinear susceptibility is shown theoretically and
experimentally to lead to diffraction of optical harmonic radiation at angles of incidence
for which Bragg’s law is satisfied.

1970: Observation of Simultaneity Byrnham and
(photon counting visible PDC) Weinberg, PRL 25
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Early history of X-ray SPDC

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

1971: First x-ray down conversion Eisenberger & McCall, PRL 26
experiment ,684

1998: Fi"ls "s%B rrr(])?Fcr))n experiment Yoda et al., J. Synch. Rad. 5, 980

(6 counts per hour)

_ B. Adams, Nonlinear Optics, Quantum
1999-2003: Improved synchrotron experiments Optics. and Ultrafast Phenomena with x-

(1 count per 13 seconds) rays




VOLUME 23, NUMBER 15 PHYSICAL REVIEW LETTERS 13 OcroBER 1969

1. PARAMETRIC CONVERSION OF X RAYS
Ak =0

— Isaac Freund and B. F. Levine
Bell Telgphone Laboratories, Murray Hill, New Jersey 07974

(Received 2 argh 1969; revised manuscript received 19 September 1969)
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First experiment

VoLuME 26, NuMBER 12 PHYSICAL REVIEW LETTERS 22 MarcH 1971

X-Ray Parametric Conversion

P. Eisenberger and S, L. McCall
Bell Telephone Laboratovies, Murrvay Hill, New Jevrsey 07974
(Received 30 December 1970)

The observation of x-ray parametric conversion is reported. Results are in accord
with the calculated nonlinear x-ray susceptibility. The appropriate nonlinear mecha-
nisms are described in terms of classical free electrons.
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Phase Matching
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X-ray nonlinearity

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

 Model for nonlinearity — cold plasma model

-

dv . . e - ., = : .
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Polarization Entangled Photons at X-Ray Energies
S. Shwartz & S. E. Harris, Energies”,PRL 106, 080501, (2011)

€ In isotropic materials polarization states do not change with
propagation, hence it is determined by the nonlinearity only.

Bell States

QRN URAE = p(HH =)

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

VoH,) )= p(HH, )

Pump polarization is in the scattering plane
‘ f> =4 (qp)‘Hl’H2>+ B (qp) Vl’V2>
Pump polarization is normal the scattering plane

Y)=C@)H,V, +D@)V H,

To generate Bell states we need A (qp) =*b (qp)
C(q)=£D(q)




J2 (arb. units)

Example: Polarization Entangled Photons at
20% Off of Degeneracy, pump at 25 keV

Pump polarization in plane

h
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TABLE 1. Angles of the & vectors of the pump, signal, and the
idler for producing maximally entangled states at 20% off of the
degenerate frequency.
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S. Shwartz & S. E. Harris, Energies”,PRL
106, 080501, (2011)



Slowly Varying Envelope Approximation

T .9 19
C0Sg, 0 E (z,t,x)+sing, o E (z,t,x)+ v E (z,t,x)0 J(z,t,x)
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Fourier transform from

E(z,t,x)—> E(z,w, k)
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S. Shwartz, et al. PRL, 109, 013602, 2012
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Coupled SVEA Langevin Equations
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S. Shwartz, et al. PRL, 109, 013602, 2012
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Coincidence Counts

coin counts=

<{11(t2, qﬂ)al(tlr qi )ai(t].? ql)ﬂ’s(tgr q2)>

L
H(w, q) = B*D+f F*(s)H(s)ds
as(L) = Aa,(0) + Bal(0) + [£ E(s ds+fo (s 1< 01 (s)ds :
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S. Shwartz, et al. PRL, 109, 013602, 2012
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Spatial Correlation

L=0.48 mm
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Freqguency and Time Domain
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Freqguency and Time
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Correlation Time Versus Deviation Angle
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Paradigms of quantum optics

Courtesy of Eli Cohen, Bar llan University

d How can quantum correlation be utilized?



Schemes sub-shot noise imaging

Ghost imaging/single pixel imaging

Single-pixel
detector

P.A. Morris, et al. Nat. Comm. 6, 5913
, 5913 (2015)

g photo” NL Correlated Multi-pixel

o\
\nc crystal ~ photons detector

Twin beam correlation

NL Correlated
photons Multi-pixel
detector

ron
\ncomi"e S

crystal

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



Quantum illumination

Quantum lllumination — target detection in a noisy environment

Improve detection even when the entanglement is lost
Seth Lloyd, Science 321, 1463 (2008)

Noise

Correlator

Classical detection Quantum illumination



Hong-Ou-Mandel effect

50:50 Beam
Splitter
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Sub-Attosecond Correlation Time —X-Ray PDC

Hong-Ou-Mandel effect

MNormalized coincidence
count rate (Unitless)

- =1 il 1 Z
Phase shifter delay {as}

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



First Demonstrations of
Quantum Correlations
with X-ray Pairs




Ghost imaging
Single-pixel
detector
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X-ray ghost imaging- results
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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)

(SZ(NS_Ni))
(Ni'l'Ns)

Determined by the degree of correlation: ¢ =

o < 1 = Quantum radiation,

o > 1 = Classical beams
heralded photons



Experimental results:
demonstration of single photon statistics

2 —N:

. - (Ni+N5)
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Energy conservation filter w, = w; + w;
Time filter t; = t;

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)

Ancilla detector coincidence circuit

Diamond

Energy conservation filter w,, = ws + w;
Time filter t, = t;



Experimental results:
Quantum enhanced x-ray detection

Quantum radiation Direct image
visibility ~ 0.99 visibility ~ 0.23
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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 degreeo;
2. Narrow bandwidth ~1 eV

»Quantum light source - PDC.:
1. Wide angular spread - few degrees
2. Broadband ~ 2 keV
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A. Schori, D. Borodin, K. Tamasaku, and S. Shwartz, Phys. Rev. A 97,
63804 (2018)



Beam Splitter for X-ray Quantum Optics

Possible solution — mosaic crystal!
Need to find the parameters

Yo
[\

» Diffraction (Bragg) angle:
Lowest possible —

Heralded photon
counts (a.u.)

20 40 60 80
Bragg angle (deg)
Our solution — HOPG (Highly Oriented Pyrolytic Graphite):

Acceptance angle — 0.8 degrees

Bandwidth~400 eV




Beam Splitter Efficiency
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E. Strizhevsky. et al. Phys. Rev. Let. 127, 013603
(2021)

Efficiency with heralded photons - about 50%



SU(1,1) interferometer

Use nonlinear wave mixing

For example, spontaneous parametric down conversion
(SPDC)

Because the efficiency depends on phase matching

If no phase difference between the mixers = one long mixer

But if there is the rate at the output depends on the phase
difference
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35 keV
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WHERE IT'S GOING




Main Challenges in X-ray SPDC

« Extremely low conversion efficiency
(~107"" - 10-1° many orders of magnitude below optical SPDC)

« Strong background from Compton scattering
obscures coincidence signals and limits signal-to-noise ratio

 Measurements of quantum states
requires high temporal, spatial, and energy resolution

 Integration with X-ray optics
mismatch between bandwidth and acceptance angle
» 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

 Use 2D detectors

N. Hartley et al. (Optica 12 (7), 961-967), J. Goodrich et al. (arXiv preprint
arXiv:2412.09833). E. Strizhevsky et al.

 Use XFEL
Leads to higher photon rates, N. Hartley et al. (Optica 12 (7), 961-967)

« Stimulated PDC

Requires a high number of photons per mode (high rep. rate XFELSs,
XFELOs?); helps solve the bandwidth—angle mismatch with optics and
mitigates Compton noise challenges.

* Quantum interferometry

Y Klein et al. Science Advances 11 (35), eadw3893, leads to
ultrafast/nanoscale interferometry



Summary and outlook

s X-ray SPDC bridges nonlinear diffraction and quantum optics
— guantum correlations persist at atomic and ultrafast scales

* Quantum correlations and heralded photons
— now demonstrated at X-ray energies- a basis for quantum
metrology

s 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



