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X-ray phase measurements by time-energy correlated

photon pairs
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The resolution of a measurement system is fundamentally constrained by the wavelength of the used wave pack-
et and the numerical aperture of the optical system. Overcoming these limits requires advanced interferometric
techniques exploiting quantum correlations. While quantum interferometry can surpass the Heisenberg limit, it
has been confined to the optical domain. Extending it to x-rays enables sub-angstrom spatial and zeptosecond
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temporal resolution, unlocking atomic-scale processes inaccessible to existing methods. Here, we demonstrate
x-ray quantum interferometry using 17.5-kilo-electron volt (A = 70 picometers) photon pairs. Our approach in-
troduces a phase measurement technique with exceptional noise resilience, mitigating the impact of mechanical
instabilities, vibrations, and photonic noise—key challenges in x-ray interferometry. By generating and using en-
tangled x-ray photons, we lay the foundation for next-generation techniques with unprecedented phase preci-
sion. This breakthrough carries far-reaching consequences for fundamental physics, high-resolution imaging, and
spectroscopy, bringing to light quantum optical effects never before accessed in the x-ray regime.

INTRODUCTION

Interferometers are the most direct and sensitive instruments for
phase measurements, playing a pivotal role in fundamental science
and numerous applications. The demand for higher performance
has driven the development of advanced interferometers, sparking
great interest across a broad range of disciplines. The conventional
approach to phase sensing with interferometers relies on amplitude-
splitting a beam into two, each of which follows a different spatial
path, and a subsequent recombination of these beams. Constructive
or destructive interference occurs depending on the relative phase
between the two waves. Thus, the detected intensity provides infor-
mation on the relative phase between the waves.

This approach was adapted to x-rays by Bonse and Hart (1), who
replaced standard beam splitters and mirrors, used in the optical
regime, by reflecting lattice planes in devices cut from perfect silicon
crystals. As shown in Fig. 1A, such an interferometer uses three
crystal lamellae. The first splits the beam into two (transmitted and
Laue-reflected), and the second Laue reflects and recombines them
to create an interference pattern on the third lamella, used to detect
intensity variations in the interference pattern when a phase object
is inserted into one of the interfering beams. This lamella uses its
angstrom-scale atomic structure periodicity to detect the intensity
variation in the interference pattern on the angstrom-scale, dictated,
in turn, by the x-rays’ angstrom-scale wavelength.

The invention of x-ray interferometers has led to advanced
phase-sensing devices that are invaluable in various applications.
These include the precise measurement of universal constants, e.g.,
the Avogadro number (2, 3), of lattice parameters of perfect crys-
tals (4, 5), and phase-contrast imaging, which resolves details that
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standard absorption imaging cannot capture (6-9). However, the
sensitivity and robustness of conventional x-ray interferometers
are highly susceptible to vibration and fabrication imprecisions
due to the short wavelength (10, 11). Monolithic crystal x-ray in-
terferometers provide higher immunity to vibrations and mechan-
ical noise but impose limits on imaged object size and fabrication
tolerances (10, 11). Perfect crystal x-ray interferometers also man-
date the use of highly monochromatic input beams that are ex-
tremely sensitive to various types of scattering and stray radiation,
which can severely degrade the quality of the information they
provide. While other types of x-ray interferometers based on dif-
fraction and propagation (8, 9, 12, 13) have demonstrated advan-
tages in certain aspects, their phase sensitivity is limited compared
to crystal-based x-ray interferometers (10, 11). Notably, all exist-
ing x-ray interferometers rely on beam or single-photon interfer-
ence without any correlation between the photons. Introducing
quantum correlations could enhance their sensitivity and immu-
nity to noise, unlocking new possibilities for precision measure-
ments and ultrafast time-resolved studies.

Here, we present an alternative approach to x-ray interferometry
that exploits quantum correlations and coincidence measurements
between photon pairs. Building on the foundations of quantum in-
terferometry (14) and recent advances in quantum-enhanced proto-
cols, we implement the SU(1,1) interferometer scheme (15, 16). This
scheme is intrinsically broadband and supports large acceptance
angles, properties that make it exceptionally well-suited for x-ray
spontaneous parametric down-conversion (SPDC), used here to
generate strongly correlated photon pairs. The result is a system that
offers two major capabilities: It enables phase-contrast imaging at
the nanoscale and provides a pathway to interferometric access of
ultrafast temporal dynamics—regimes that remain inaccessible to
classical x-ray techniques.

While coincidence-based methods at high photon energies have
previously been applied in radioactive decay studies, including for
interferometric effects (17-19), and quantum correlations have re-
cently been used for x-ray imaging (20, 21), our work demonstrates
quantum interference in the generation of highly correlated x-ray
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Fig. 1. Comparison of Mach-Zehnder and SU(1,1) Interferometers. (A) X-ray Mach-Zehnder interferometer: Laue diffraction in the leftmost lamella of a monolithic
crystal interferometer generates two beams that are Laue reflected by the second lamella to interfere at the position of the third lamella, causing the resultant intensities
to vary depending on the relative phase difference between the two waves. (B) SU(1,1) interferometer: Nonlinear crystals replace the beam splitters. These generate from
the pump beam (purple) by parametric down-conversion two photons: idler (blue) and signal (red) detected by two detectors with coincidence discrimination. The inten-
sity at the output (detectors) depends on the interference between the modes. A phase object placed between the two crystals introduces different phase shifts due to
wavelength dispersion, yielding a corresponding change in the counted intensity. This allows for the detection of relative phase shifts by intensity measurements.

photon pairs. This interference not only confirms the coherence of
the SPDC source but also leads to a notable enhancement in the
signal-to-noise ratio (SNR) of phase measurements. In doing so, it
establishes a foundation for a new class of quantum-enabled x-ray
metrology.

The SU(1,1) interferometer and other quantum interferometers
have been widely implemented in the optical regime (15, 16, 22-27)
but never with x-rays and offer several marked advantages over oth-
er types of interferometers. These advantages include robustness
against vibrations (22), ability to use parametric gain to improve
SNR (25), reduced sample dose (26), and capability to overcome sys-
tem losses and inefficient detection (24, 26, 28, 29).

The operating principle of the SU(1,1) interferometer (15, 16, 22),
which relies on the phase dependence of nonlinear optical mixers
and amplifiers, is illustrated in Fig. 1B. When two nonlinear media
are arranged sequentially to generate photon pairs, e.g., through
SPDC, the phase difference becomes measurable through the detec-
tion of the photons emerging from the second crystal. Specifically,
the flow of energy in the second crystal, from the pump to SPDC or
vice versa, depends on the relative phase between the SPDC photon
pairs and the pump (Ad = ¢, + ¢; — ¢,). Quantum mechanically,
the process is a biphoton interference mechanism, where photons
can be generated or annihilated only in pairs, which leads to non-
classical squeezing and is key to the utilization of SU(1,1) interfer-
ence in quantum applications of sensing, communication, computing,
etc. (30, 31). Introducing an object between the two crystals causes
considerable phase accumulation differences between the pump,
signal, and idler beams due to dispersion, resulting, in turn, in a
change in the photon count rate of the signal and idler. Varying this
phase shift by varying, e.g., the object’s thickness, results in intensity
variations in the counters akin to interference patterns. The count
rate variation enables, therefore, an accurate determination of the
phase shift variation.

Crucially, in the x-ray regime, the refractive index deviates from
unity by only 107° to 107%, a seemingly small difference with pro-
found consequences. Specifically, the change in the membrane’s re-
fractive index between the pump and the down-converted photons
(signal and idler) can exceed the refractive index contrast between
the membrane and air. Consequently, the dispersion-induced phase
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accumulates nearly twice as rapidly as in standard x-ray interferom-
eters. This effect highlights another intrinsic advantage of the SU(1,1)
configuration—its enhanced sensitivity to spectral phase—further
distinguishing it from conventional interferometric schemes.

RESULTS

Setup and procedure

The design is based on the key principles demonstrated in the
SU(1,1) interferometers at optical wavelengths, with necessary mod-
ifications for x-rays (20, 21, 32) as depicted in Fig. 2A and described
below. The two major differences between x-ray and conventional
SPDCs are the nonlinear mechanism and the phase matching scheme.
Here, the nonlinearity is based on a plasma-like nonlinearity (33-
35), and the phase matching is based on the atomic-scale period-
icity of crystals (36) as shown in Fig. 2B. Both the nonlinearity
and the phase matching scheme impose a geometry where the
signal and idler beams propagate at angles nearly twice the Bragg
angle with respect to the pump beam (36). To mitigate the absorp-
tion effect and facilitate small angular shifts between the photons
for optimizing the beams’ overlap, we used a high energy, 35 keV,
for the pump. Since ensuring beam overlap is crucial for SU(1,1)
interferometers, we use a monolithic silicon crystal (37, 38) with
two lamellae spaced 5 mm apart. As the Laue-reflecting planes in
both lamellae are perfectly aligned in a monolithic crystal device,
the need for separate relative alignments of two crystals is elimi-
nated. A monolithic crystal device is also a perfect solution to the
challenges associated with beam overlap. To satisfy phase match-
ing, the interferometer was tuned to an angle of 55.85 mrad, devi-
ating from the Bragg angle by 0.15 mrad. The phase objects inserted
between the device’s lamellae were silicon membrane combina-
tions of varying thicknesses ranging from 2 to 28 pm (see the Ma-
terials and Methods for more details about the interferometer and
phase objects).

One of the major advantages of quantum sensing is its capability
to use multiple correlations across various degrees of freedom of the
emerging photons to enhance the SNR of the measured signal
(21, 39, 40). In this work, we primarily focus on time, energy, and
propagation angle. To demonstrate this, we recorded both the time
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Fig. 2. Experimental scheme of the x-ray SU(1,1) interferometer. (A) A 35-keV beam enters the interferometer, constructed from a monolithic silicon crystal with two
lamellae. The coincidence count rate at the detectors varies depending on the phase shift caused by a phase object inserted between the lamellae. (B) X-ray SPDC phase
matching diagram where k , k ;, and k ; are, respectively, the wave vectors of the pump, signal, and idler, and G is the lattice vector.

and the energy of each detected photon (by a resolution that far ex-
ceeds the uncertainly limit), then postselected photon pairs (detect-
ed at phase-matching angles) complying with energy conservation,
and analyzed the temporal distribution of their time difference. This
suggested that coincidence measurements could improve the SNR
by a factor inversely proportional to the biphoton correlation time,
which could be as small as 100 zs for x-rays. However, practical en-
hancement of the SNR is limited by the response time of the detec-
tors, which is several orders of magnitude larger than the envelope
of the biphoton states. Despite this inherent limitation, leveraging
the temporal distribution can effectively contribute to the reduction
of background noise, as we now show.

Figure 3 demonstrates the impact of energy and temporal filter-
ing. The average raw spectrum measured in one detector is shown
in Fig. 3A. The low-energy range below 7 keV is dominated by fluo-
rescence and detector noise, while the count rates observed above
21 keV primarily result from Compton scattering within the sample
and surrounding materials. The energy-filtered data, obtained using
the photon energy resolving capabilities of our detectors to select
photons in the center range of 14 to 21 keV, is shown in blue. Note
that this is not the full range of the SPDC, but the range that opti-
mizes the SNR for our specific setup.

Despite the initial energy filtering, a substantial level of back-
ground noise remains within our region of interest. This residual
noise originates primarily from the Compton tail, as well as fluores-
cence from materials along the beam path, such as lead and iron
shielding, and from components within the detector itself, including
copper and nickel. To further reduce the background, we used a fast
coincidence scheme, implemented via a high-speed digitizer that
captured the detector signals within a 1000-ns coincidence window.
The resulting time-difference histogram, shown in Fig. 3B, reveals a
peak at zero time delay, indicating the presence of coincident events.
However, the signal remains obscured by the background, making it
challenging to unambiguously identify photon pairs.

To further enhance the SNR, we exploit the fact that the sum of
the energies of the generated photons must equal the energy of the
pump photon, in accordance with energy conservation. The results
after applying this constraint are shown in Fig. 3C, which presents a
Gaussian distribution on top of a nearly constant background. Next,
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to isolate the Gaussian distribution associated with the SPDC pho-
tons, we subtract the average of the two outermost bins that repre-
sent the uniform background distribution to better observe the
Gaussian distribution of the SPDC photons (Fig. 3D). For compari-
son, Fig. 3E shows the counts that do not satisfy energy conserva-
tion. A Gaussian fit to the data in Fig. 3D yields a detector response
time of ~200 ns. This background subtraction procedure enables the
detection of subtle phase variations, even in the presence of much
stronger noise.

Observations

Following the procedure described above, we conducted a series of
coincidence measurements with the silicon membrane phase ob-
jects, of thicknesses varying from 0 to 28 pm, inserted into the beam
path. The key results of this study are displayed in Fig. 4A as green
symbols, accompanied by corresponding error bars. The red line
in Fig. 4A represents the theoretically calculated curve, which will
be discussed in the next section. As shown, there is a clear agree-
ment between the experimental data and the theoretical prediction.

To further support our results, Fig. 4B shows unfiltered data,
which primarily consist of accidental coincidence counts (black dia-
monds) recorded without applying energy conservation filtering or
subtracting the uniform background associated with the temporal
filter. For comparison, the same theoretical curve shown in Fig. 4A
(red line) is overlaid on the unfiltered data. As expected, no phase-
dependent modulation is observed in the unfiltered data. Moreover,
repeated measurements using the same 24-pm-thick membrane
yield inconsistent background noise. In contrast, the corresponding
filtered data points are so consistent that they appear visually in-
distinguishable. This clearly indicates that the modulation seen in
Fig. 4A cannot be attributed to accidental coincidences.

To reinforce this conclusion and quantify the quantum enhance-
ment, we fitted both the filtered and the unfiltered datasets to a
cosine-squared function predicted by the theoretical model. We
evaluated the fit quality using the coefficient of determination, de-

finedasR?=1— % where y; are the measured data points, f;
Ji—y

are the corresponding values of the fitted function, and y is the

mean of the measured data. The filtered data yield a high R? value of
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Fig. 3. The process of noise filtering. (A) Full spectrum as measured by a single detector. The blue shadow indicates the energy range selected for SNR optimization.
(B to E) Time difference histograms: (B) with time coincidence but without energy conservation discrimination; (C) same as (B) but with energy conservation discrimina-
tion; (D) the data in (C) after the subtraction of the constant baseline spanned by the two outermost bins in (C). This baseline is generated by accidental coincidences,
which are independent of the time difference. The red curve is a Gaussian fit yielding the actual temporal resolution of our system: 200-ns half width at half maximum.
(E) Counts that do not conserve energy exhibit a nearly uniform distribution, confirming random arrival times of background photon pairs. a.u., arbitrary units.
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Fig. 4. Experimental results. Normalized coincidence count rate at the output of
the second lamella dependence on the thickness of the membranes. (A) Measured
SPDC count rate after using temporal and energy filtering (green squares) and
theoretical curve (red line). The measurement time for each point was ~6 hours.
Two separate measurements were performed on the 24-um membrane at different
times; both points are plotted but cannot be distinguished at this scale. (B) Count
rate without applying energy or temporal filtering (black diamonds), under the
same normalized theoretical model used in (A) (red line). In both figures, each
dataset was normalized by its average count rate

0.9, consistent with the predicted periodicity from the simulation.
But in the unfiltered case, the R? drops to just 0.3, which is low
enough that you could fit the data to other periodic function and get
a similar result. In other words, there is no real correlation with the
physics. It is just noise.

The relatively large fluctuations observed in the unfiltered data
likely stem from our use of Kapton tape to secure the membrane
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without adhesive. For each measurement, the membrane (and thus
the Kapton) was removed and reinserted, not always at the same
position on the tape. Because of manufacturing tolerances, this in-
troduced slight variations in the effective Kapton thickness at the
beam location—on the order of a few hundred nanometers. While
the dispersion of Kapton can be considered approximately flat at this
scale, variations in thickness and surface roughness can lead to dif-
ferences in scattering. Our measurements of the interference fringes
are robust against such scattering effects; however, the unfiltered
background noise may be influenced by these variations. Despite
these fluctuations, the extracted phase remained stable, further un-
derscoring the resilience of our measurement technique.

It is worth noting that even in the filtered data, the agreement
with the theoretical prediction is not perfect, and small deviations
are evident—some of which exceed the expected shot noise. These
discrepancies could be attributed to fluctuations in the pump power
or to minor changes in the phase-matching angle, which was re-
aligned for each data point.

Comparison with theory
To calculate the coincidence count rate, we used the Glauber corre-
lation function

GA(t,p) = <azi(t2, rZ)Qde(tl’rl)aid(tl’rl)asi(tz’r2)> (1)

at the output of the second lamella. Here, ag and a,4 are signal and
idler annihilation operators, respectively,p = r, —rj,andt =, — t,.
The count rates were obtained by numerically integrating Eq. 1 over
the spectral and angular bandwidths. The operators are calculated
in the frequency domain by considering the propagation through
the three elements (the two lamellae and the phase object), includ-
ing the loss and Langevin operators. This approach ensures the
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preservation of the commutators. The x-ray SPDC process was com-
puted by solving the coupled wave equations for the signal and idler
(34) in each of the lamellae

dag o . 200..
si si = Ka;fde’AkZ + si fsi
0z cos(BSl) cos((xsi) @
2
da. a . . 2a ;
id id azi _K*aSietAkz + id f;(;
0z cos(6y) cos(ogq)

Here, 6 and 0, are the signal and idler angles; o and o4 are the

absorption coefficients at the signal and idler frequencies, respec-
tively, f; and f, are the Langevin noise operators, and « is the non-
linear coupling coeflicient. The phase of the object placed between
the lamellae was represented by e’2® where the phase shift Ad is
given by (22)

Ap=g+biy— b,
n.. n. n

=omd| S+ M- 2
<}‘si xid }‘p

o Mig> and d are, respectively, the wavelengths,

3)

where A, Mg, Ag> 1, 1
the silicon membrane’s indices of refraction for the pump, signal,
and idler, and the thickness of the membranes. For further mathe-
matical details, see Supplementary Text.

The experimental results shown in Fig. 4 are in good agreement
with the normalized simulated curve. This agreement required three
adjustments of the theoretical curve: a vertical shift, a count rate scal-
ing, and a horizontal shift. These correspond, respectively, to a non-
perfect overlap between the beams, uncertainties in the pump flux,
and a possible phase shift between the signal and idler and the pump
even when no phase object is present in the space between the lamel-
lae. The scaling is consistent with a pump flux of around 10*? photons
per second, in good agreement with the flux of the synchrotron beam.
The comparison between the experiment results and the theory indi-
cates that the phase shift in the absence of the membranes is ~ /3
corresponding to the gap between the two lamellae. The required ver-
tical shift was 0.043 counts per second. The simulated visibility is
0.93, assuming an ideal beams overlap, whereas in our experiment,
we observed a visibility of approximately 0.27 (as reflected in the ver-
tical shift we observed). This is in consistent with approximately a
30 % overlap of the beams in the experiment. The imperfect overlap is
due to phase-matching requirements, introducing an angle of ~0.1
radians between the pump beam and the generated photons, with the
pump beam size of ~0.9 mm and a lamellae distance of 5 mm. Despite
this overlap deficiency, which reduces the intensity variation visibili-
ty, the efficient background noise elimination by coincidence and
photon energy discrimination allows precise measurements of very
small phase variations with the present method.

DISCUSSION

We demonstrate x-ray quantum nonlinear interferometry, using
SPDC of x-ray pump photons to generate correlated idler and signal
photon pairs. In our setup, dispersion-induced phase shifts accu-
mulated by the three modes as they traverse a phase object are con-
verted into intensity variations at the interferometer’s output, enabling
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precise determination of phase shifts. We have leveraged the inherent
pairing of photons in the SPDC process to demonstrate that coinci-
dence and energy conservation filtering of these correlated photons
allow for highly sensitive phase measurements, even in environments
with substantial noise. This powerful noise discrimination, made
possible by our ability to identify photon pairs within a very noisy
environment despite the very weak gain of the SPDC sources, is a
uniquely quantum phenomenon with no classical analog, as demon-
strated in several experiments in the optical range (41, 42).

Although our focus was on time and energy correlations, other
degrees of freedom, such as position or momentum (k-vector) cor-
relations, could further enhance the SNR. The use of fast pixelated
detectors, such as Medipix3 (43-45), could facilitate this advance-
ment. The main practical limitations of the scheme presented here
are the time and energy resolutions of the coincidence measurement
system. Notably, a recent experiment has demonstrated improved
performance with enhanced electronics (46), suggesting that the
SNR could be improved by approximately a factor of 10 compared to
our current results. Further improvements will likely require ad-
vancements in detector technology. Last, we note that phase mea-
surements using intensity correlations with classical synchrotron
radiation at x-ray wavelengths have been demonstrated (47). How-
ever, quantum correlations of the type used here are anticipated to
provide even stronger results.

Our scheme enables the measurement of phase information even
within optically opaque materials, expanding the scope and applica-
bility of SU(1,1) interferometry to previously unexplored domains.
For x-rays, this type of interferometer is very appealing since it elim-
inates the need for an analyzer crystal to detect subwavelength spa-
tial shifts in the interference pattern. Furthermore, since the phase
variation in an SU(1,1) interferometer is imprinted in the phase
matching variation rather than in spatial variation, the interferom-
eter is expected to be more stable against mechanical vibrations
(22). By eliminating the need for stringent stability requirements
hampering the performance of conventional x-ray interferometers,
our method unleashes the potential of x-ray quantum interferometry,
promising unparalleled sensitivity in quantum metrology. Conse-
quently, we foresee our work laying foundations for the implementa-
tion of x-ray crystal interferometry with separate crystals, overcoming
a major limitation in this field. Extending our work to phase con-
trast imaging with a pixelated detector is straightforward and holds
promise for highly sensitive imaging methods. This is because phase
contrast often surpasses transmission contrast in many samples. The
potential of this approach has already been demonstrated in the vis-
ible range (39, 40).

MATERIALS AND METHODS

Materials—Interferometer and phase object

Figure 5 shows our interferometer and a typical phase object. Fig-
ure 5A is a photograph of the interferometer, with details of its fab-
rication described in (37, 38). It is a monolithic device cut from a
perfect silicon single crystal, with lamellas ~0.25 mm thick, 12 mm
high, 25 mm wide, and spaced 5 mm apart. The x-ray absorption
by each lamella is ~0.02% for the 35-keV pump and around 0.2%
for the signal and idler modes. The (1,1,1) reflection plane is nor-
mal to the lamellas, as shown in Fig. 5B. The silicon membranes
(Fig. 5C) were obtained from Norcada Inc. in three thicknesses
as described in Table 1. By stacking these membranes in various
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Fig. 5. Interferometer and membrane. (A and B) The interferometer and (C) a typical membrane phase object

Table 1. Dimensions of the membranes used, in combination, as a phase object.

Model Frame size (mm) Frame thickness (um) Membrane thickness (um) Membrane dimensions
(mm)
SM10480N 10x 10(=+0.2) 300(+10) 2(=x0.5) 4.8 X 4.8(+0.05)
SM10500P 10 X 10(£0.2) 300(+10) 10(+0.5) 5% 5(+0.05)
SM10500Q 10 X 10(£0.2) 300(+10) 20(+0.5) 5% 5(+0.05)

combinations, phase objects of thicknesses ranging from 2 to 28 pm
were obtained. This approach allowed precise control over the beam’s
phase modulation.

Methods

Introductory measurements were carried out at the Nano/Micro
Diffraction Imaging beamline (ID01) at the European synchrotron
radiation facility (ESRF) (48). The results shown in Figs. 3 and 4
were obtained at the RIKEN SR physics beamline (BL19LXU) of the
SPring-8 facility (49). We used a Si(111) monochromator to narrow
the bandwidth of the input beam to ~1 eV. The spot size of the pump
beam was defined by slits of 0.9 mm by 0.3 mm (horizontal by verti-
cal). To avoid detector count-rate saturation, the input flux was re-
duced by an aluminium absorber. The output photons, of energies
centered at 17.5 keV, were measured by two energy-resolving photon-
counting Amptek XR-100SDD Silicon Drift Detectors (SDDs). The
detectors were connected to a PicoScope 6407 high-speed digitizer
for data analysis. The time and energy intervals are determined by the
system resolution. The coincidence time window of the detectors was
1000 ns. For the energy conservation discrimination, the tolerance on
the photon energies was +3 keV.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1and S2
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