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Ghost imaging with paired x-ray photons
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We report the experimental observation of ghost imaging with paired x-ray photons, which are generated by
parametric downconversion. We use the one-to-one relation between the photon energies and the emission angles
and the anticorrelation between the k-vectors of the signal and the idler photons to reconstruct the images of slits
with nominally zero background levels. Further extension of our procedure can be used for the observation of
various quantum phenomena at x-ray wavelengths.
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I. INTRODUCTION

Parametric downconversion (PDC) is one of the major
sources for the generation of nonclassical states of light [1–4].
This type of radiation can be used to study fundamental
quantum phenomena and lead to many fascinating applications
[1–4]. Indeed, numerous quantum optics effects have been
demonstrated by using visible and infrared radiation. In con-
trast, while several papers described the observation of x-ray
PDC [5–9] and a scheme for its application as a source for
polarization-entangled states has been proposed [10], but to our
knowledge the use of the x-ray photon pairs that are generated
by PDC has never been reported. Implementation of concepts
of quantum optics such as interaction-free measurements
[11] and sub-shot-noise measurements [12] could be very
advantageous for measurements at x-ray wavelengths since
they can be used to reduce the dose of x rays that interact
with samples while enhancing the resolution and contrast of
the measurements and even for radiation-damage-free mea-
surements [11]. The existence of commercially available x-ray
detectors with the capability to resolve the number of photons
and with near-unity quantum efficiency is appealing for testing
concepts of quantum physics since these properties can be used
to remedy many of the fundamental challenges of conventional
quantum optics with optical radiation.

One of the well-studied applications of PDC in the optical
regime is as a generator of correlated (or anticorrelated)
photon pairs for quantum ghost imaging (GI) experiments
[13–17]. It should be noted that while GI has been observed
also with classical sources [18–25], the classical experiments
do not show the important properties of quantum states of
light such as the violation of the Heisenberg uncertainty
principle with regards to position and momentum [26] and
sub-shot-noise imaging [12]. The latter can lead to damage-free
imaging, which is one of the greatest challenges of x-ray
imaging.

In a typical scheme of GI, one of the photons is scattered
from the object and is collected by a single-pixel detector,
which does not provide sufficient information to reconstruct
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the image. The second photon, which does not interact with the
object, is collected by a multipixel detector, which provides the
spatial resolution. However, this detector does not provide any
direct information on the object, and hence the reconstruction
of the image is done by correlating the data from the two
detectors. GI with photon pairs can be observed by using
either the spatial correlations between the photons or the
anticorrelations between their k-vectors.

Similar to the optical regime, the photon pairs that are
generated by x-ray PDC are correlated in space and their
k-vectors are anticorrelated and therefore can be used for the
demonstration of GI. PDC in the x-ray regime is supported by
the plasmalike nonlinearity, which is a second-order nonlinear
process that is nonzero even in centrosymmetric materials [10].
This nonlinearity is orders of magnitude weaker than typical
nonlinearities in the optical regime. However, the number of
modes of the quantum fluctuations, which are the driving
mechanism for PDC, scale as the cube of the frequencies of the
pertinent waves, thus leading to measurable coincidence count
rates. Since those wavelengths are on the order of 1 Å, which is
on the order of the distance between atomic planes in crystals,
phase matching is achieved by using a reciprocal lattice vector
as described in Fig. 1(a). These very small wavelengths imply
also that the diffraction limit resolution of x rays is on the order
of the atomic scale.

In this paper, we describe measurements of GI, which are
based on x-ray PDC. We use the anticorrelations between
the k-vectors of x-ray photon pairs to reconstruct images of
2- and 4-mm slits with nominally zero background levels.
This application for x-ray photon pairs that are generated by
PDC can advance the possibilities of using this type of source
for the observations of quantum effects with x rays. This is
important since to date there are only a few demonstrations
of quantum optics at x-ray wavelengths, which were obtained
by using Mössbauer nuclei [27–30], but to our knowledge no
demonstration of x-ray quantum optics with PDC has been
reported. The use of PDC for quantum optics is expected
to open many possibilities similar to the optical regime. We
note that our experiment is fundamentally different from the
recent observations of classical GI at x-ray wavelengths where
the source for the correlations was diffraction from speckles
[21–25]. However, since the sources for the correlations in
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FIG. 1. (a) Phase-matching scheme. The indices p, s, and i

correspond to the pump, the signal, and the idler, respectively. �G
is the reciprocal lattice vector, and the angles θp, θs , and θi are the
angles with respect to the atomic planes of the pump, the signal,
and the idler, respectively. (b) Schematic of the experimental setup.
The spatial resolution of the reference detector is implemented by
using a scanning slit (the scanning direction is denoted by the yellow
arrow). The object is mounted close to the single-pixel detector and
the distance between the two detectors and the nonlinear crystal
is 1050 mm. The angular spread of the downconverted signals
represents the one-to-one relation between the k-vectors and the
photon energies of the signal and the idler photons, denoted as h̄ωs and
h̄ωi , respectively. The dashed line represents the direction of Bragg
diffraction.

those observations are classical they cannot be used for the
demonstration of quantum physics phenomena.

In contrast to most experiments in the optical regime our
experimental scheme relies on the angular spread of the k-
vectors of the generated pairs, which is broader than the angular
width of the object as we illustrate in Fig. 1(b). The reason
for the large angular spread is the momentum conservation
of the PDC process (phase matching), which uses the recip-
rocal lattice vector [8,9]. The noncollinear phase-matching
condition, which we depict in Fig. 1(b), can be written as
�kp + �G = �ks + �ki , where �kp, �ks , and �ks are the k-vectors of the
pump, the signal, and the idler respectively. �G is the reciprocal
lattice vector orthogonal to the atomic planes. We denote θp,
θs , and θi as the angles with respect to the atomic planes of
the pump, the signal, and the idler, respectively. The energy
conservation implies that ωp = ωs + ωi , where we denote ωp,
ωs , and ωi as the angular frequencies of the pump, the signal,
and the idler, respectively. An important consequence of the
phase matching and the energy conservation is the one-to-one
relation between the k-vectors and the photon energies of
the signal and idler photons. We use this property for the
reconstruction of the ghost images.

II. EXPERIMENT

A. Experimental system

We conducted the experiments described below at the
RIKEN SR physics beamline (BL19LXU) of SPring-8 [31]

(see the Appendix for details). The schematic of the experi-
mental system is shown in Fig. 1(b). The dimensions of the
input beam are 0.5 mm (horizontal) × 0.7 mm (vertical). To
suppress the noise from Compton and Bragg scattering, we
use a geometry where the angles between the emerging photon
pairs, which are nearly collinear, and the input beam is close
to 90° and the pump polarization is in the scattering plane
[9]. We implement this geometry by working with a pump
beam at 22.3 keV and by using the reciprocal lattice vector
normal to the C(660) atomic planes with Laue geometry for
phase matching. The Bragg angle in this geometry is 41.5°. The
pump deviation from the Bragg angle at the phase-matching
condition is 10 mdeg. The degenerate photon energies of the
signal and idler are 11.15 keV, where the angular separation
between the detectors is ∼2.1◦.1 One of the beams emerging
from the nonlinear crystal passes through the object and is
collected by a silicon drift detector (SDD), which is located
behind the object and that we denote as the test detector.
The second beam is collected by a 0.5 ± 0.025-mm slit and
a second SDD that we denote as the reference detector. We
resolve the angular dependence of the coincidence count rates
by moving the 0.5-mm slit and reference detector together
across the horizontal direction with a scanning resolution of
0.5 mm (the corresponding angular resolution is ∼0.029◦).
We measured the coincidence count rate of the x-ray pairs by
using coincidence electronics that records only photons that hit
the two detectors within a time window of about 120 ns. We
filter out false coincidences by registering only events where
the sum of the energies from the two detectors is equal to the
pump energy within an energy window of 1 keV.

B. Coincidence spectra

Since our GI procedure relies on the anticorrelations be-
tween the k-vectors of the signal and idler photons and on
the one-to-one correspondence between the k-vectors and the
photon energies of the pairs, we begin by verifying these prop-
erties. In Figs. 2 and 3 we present the coincidence spectra for
the reference detector (left column) and the test detector (right
column) measured with 4- and 2-mm slits, respectively. The
first row shows the three-dimensional plots of the coincidence
count rates as a function of the photon energy and of the
position of the reference slit2 measured at the reference and
test detectors, respectively. In the second to the fourth rows
of Fig. 2 and the second and third rows of Fig. 3 we show
the spectra at a specific position of the reference slit. The blue
bars are the experimental results and the solid red lines are
calculated from theory and scaled to the peak of the spectra of
the reference detector.3

The bright diagonal areas near the center of the spectra in
panels (a1) and (a2) of Figs. 2 and 3 correspond to the x-ray
pairs that are generated by the PDC process. As we expect, the

1The errors are determined by the size of the largest slit and are
0.11° and 0.23° for the 2- and 4-mm slits, respectively.

2Which is equivalent to the angular difference for the small angular
ranges.

3The description of our theoretical calculation has been described in
previous papers [8,9] and is also described in detail in the Appendix.
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FIG. 2. Energy spectra of the coincidence counts for the 4-mm slit: reference detector (left column) and the test detector (right column).
(a1,b1) Coincidence counts as a function of the photon energy and of the position of the reference slit. (a2–a4) and (b2–b4) Spectra of the
coincidence counts at various positions of the reference slit. The blue bars are the experimental results and the solid red lines are calculated
from theory and scaled to the peak of the spectra of the reference detector.

PDC coincidence spectra shift with the position of the reference
slit due to the one-to-one relation between the photon energies
and the emission angles. Of importance, our analysis of the
raw data confirms that the PDC spectra are independent of the
bandwidth of the energy filter. It is clear from the spectra at
the various positions of the reference slit in panels (a2–a4)
and (b2–b4) of Fig. 2 and in panels (a2,a3) and (b2,b3) of
Fig. 3 that the measured central photon energies of the PDC
process agree with the theory within the energy resolution of
the detection system (we expect a spectral shift as a result of
the position of the reference slit of ∼0.5 keV/mm and measure
a spectral shift of 0.4 ± 0.125 keV/mm for the 4-mm slit and
0.4 ± 0.25 keV/mm for the 2-mm slit). It is also clear that the
PDC spectra are well separated from the background.

By comparing panels (a1) and (b1) of Figs. 2 and 3, we
conclude that the energy range of the PDC process in Fig. 3 is
smaller than in Fig. 2. This is due to the smaller acceptance an-
gle of the 2-mm slit, which restricts the number of PDC modes.
The dependence of the spectrum on the 0.5-mm slit position in
Figs. 2 and 3 suggests that the energy resolution of our system
is sufficient for the reconstruction of the images of the slits.

We note that since the width of the measured PDC spectrum
is proportional to the width of the narrowest used slit [8] (see
the Appendix for details), it is possible to resolve the widths
of the slits without using any direct spatial measurement. This
can be done by simply measuring the coincidence spectra and
by using the one-to-one relation between the photon energies
and the k-vectors of the photon pairs. The widths of the spectra
that we obtain by summing up the data at the different positions
of the reference slit for the 4- and 2-mm slits are 2 ± 0.25
and 1 ± 0.25 keV, respectively, and ∼2.2 and ∼1 keV for our
numerical simulations and are in agreement within the energy
bandwidth of our system (see the Appendix for details).

C. Ghost imaging

After verifying that the spectrum shifts with the position
of the reference detector, we show that this property can be
used to demonstrate GI. We use the coincidence measurements
of the spectra in Figs. 2 and 3 to reconstruct the ghost images
of the slits by counting the photon pairs with photon energies
of the reference detector in a bandwidth between 11 and
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FIG. 3. Energy spectra of the coincidence counts for the 2-mm slit: reference detector (left column) and the test detector (right column).
(a1,b1) Coincidence counts as a function of the photon energy and of the position of the reference slit. (a2–a3) and (b2–b3) Spectra of the
coincidence count rates at various positions of the reference slit. The blue bars are the experimental results and the solid red lines are calculated
from theory and scaled to the peak of the spectra of the reference detector.

11.5 keV at each of the positions of the scanning slit. We
corrected the reconstructed images to account for the round
shape of the detectors. GI and direct imaging of the 4-mm

slit and of the 2-mm slit are shown in panels (a) and (b),
respectively, of Fig. 4. The measured slit widths at the full
width at half maximum by GI and by direct imaging are in
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FIG. 4. Ghost imaging of (a) 4-mm and (b) 2-mm slits. The blue circles are the data that constitute the ghost imaging and the red triangles
are direct imaging measurements by using a scanning slit behind the object. The coincidence counts in the ghost imaging plots are scaled to the
geometry of the detector (see text for more details). The direct imaging measurements are taken with ∼106 counts per slit position and scaled
to the peaks of the ghost images. The solid lines are guides for the eye. The error bars are estimated by assuming a Poisson distribution.
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agreement within the width of the pump beam (4.75 ± 0.5 and
4 ± 0.25 mm for the GI and direct imaging of the 4 ± 0.5-mm
slit, respectively, and 2 mm and 2 ± 0.25 mm for the GI
and direct imaging of the 2-mm slit, respectively). Due to
the narrow energy bandwidth the average coincidence count
rate in our measurements is only about seven photon pairs per
hour. It is clear from the results that the background level is
nominally zero. It is also clear from the results that our scheme
is well suited to measurements with extremely low count
rates, which can be advantageous for a variety of quantum
optics experiments. This is due to the extremely low noise of
x-ray detectors and the use of coincidences and the energy
resolution of our detection system. We note that even with the
low statistics of up to ten photons per slit position in the GI
results in panel (b) of Fig. 4, the width of the slit is already
discernible.

III. CONCLUSION

In summary, we reported the observation of GI by utilizing
x-ray photon pairs. Here we have demonstrated an application
of x-ray pairs that are generated by the process of PDC.

The strong and clear anticorrelations between the k-vectors
we have shown suggest that it would be possible to use
our procedure to observe quantum optics effects at x-ray
wavelengths. For example, by using a smaller scanning silt or
a two-dimensional (2D) detector [32] with a small pixel size, it
would be possible to measure the near-field correlations and the
far-field correlations simultaneously [26]. Further suppression
of the fluorescence background will allow the measurement of
the signal and idler photons without coincidences, which will
likely lead to sub-shot-noise measurements [12]. The quality
of the ghost imaging can be further improved by using new
emerging high-repetition-rate free-electron lasers such as the
European XFEL [33] and LCLS-II-HE [34]. Finally, in this
work we demonstrated the ability to measure x-ray photon pairs
with a negligible background level, which opens the possibil-
ities to observe quantum optics with x-ray photon pairs. As a
consequence, we expect that the extension of our procedure can
be used for the observation of single heralded photons, which
can be used for experiments in quantum x-ray optics [35,36].
Another promising extension of the scheme we present is the
demonstration of two-photon x-ray diffraction [37].
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APPENDIX

1. Experimental details

We provide further details on the experimental setup and on
the procedures that we describe in the main text.

First, we elaborate on the experimental setup. The average
input power is ∼5 × 1013 photons/s and its polarization is
in the scattering plane. The input beam is monochromatic at
22.3 keV. The nonlinear crystal is a 4 mm × 4 mm × 0.8 mm
diamond crystal. The Bragg angle is 41.5°. The pump deviation
from the Bragg angle at the phase-matching condition is
10 mdeg. The degenerate photon energies of the signal and
idler are 11.15 keV, where the angular separation between the
detectors is ∼2.1◦. We use helium ducts, which are mounted
between the nonlinear crystal and the detectors to reduce the
air absorption of the PDC photon pairs.

Next, we describe the coincidence electronics as shown in
Fig. 5. Each of the detectors provides a logical output signal
that is used as an input to an AND gate. The output of the AND

gate is used to trigger the digitizer and determines the width
of the time window of each coincidence event. The width of
the time window in our setup is 120 ns. For each event that is
within the time window, the analog signals of the two detectors,
which are proportional to the detected photon energies, are
recorded with a digitizer (PicoScope 6000). The values of the
photon energies of the two detectors are calibrated according
to the incident pump energy. The raw data of the digitizer trace
of the analog signals are corrected by using dc subtraction
according to the voltage levels at the tail of the pulses of the
analog signals.

2. Resolving the slit size from the spectra

We show that it is possible to use the measured coincidence
spectra to resolve the widths of slits without using any direct
spatial measurement. For this purpose, we utilize the one-
to-one correspondence between the photon energies and the
k-vector directions of the photon pairs as is illustrated in
Fig. 1(b). Panels (a) and (b) of Fig. 6 show the total coincidence
spectra of 4- and 2-mm slits, respectively. The blue bars are
the experimental results and the solid red lines are calculated
from theory and scaled to the peak of the spectra. Since we
sum over the different positions of the reference slit, each

FIG. 5. Schematic of the electronic setup.
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FIG. 6. Slits size from spectra: Reference detector photon energy
spectra of the coincidence counts of (a) 4-mm slit and (b) 2-mm slit.
The histograms are constructed by summing up the data at the different
positions of the reference slit. The blue bars are the experimental
results and the solid red lines are calculated from theory and scaled
to the peak of each of the spectra. The accidental coincidences on the
right and left of the coincidence spectra are a consequence of summing
over the entire spectra and the different positions of the reference slit.

spectrum in Fig. 6 is equivalent to a measurement with a
large area reference detector. Hence, the bandwidth of each
spectrum is determined by the size of the test slit due to the
one-to-one correspondence between the photon energies and
the k-vector directions of the photon pairs. The experimental
results in panels (a) and (b) of Fig. 6 are in agreement with
the numerical simulations. The PDC spectra can therefore be
used to measure the support of objects even without using the
spatial resolution of the reference detector. The spectra in Fig. 6
are generated by summing up over the counts of the energy
histograms at the reference detector positions of 3–6.5 mm in
panel (a) and 1–3 mm in panel (b).

3. Details of the theoretical calculations

We provide a further mathematical description of the wave
equation model that we use for the comparison with the
experimental results.

The nonlinear current density at a geometry where the
angles between the signal and the idler with respect to the pump
are close to 90°, which we use in our numerical simulations,
can be expressed as follows [9]:

J NL
s (ωs = ωp − ωi) = −eρgEpE∗

i

4m2
eω

2
pωi

( �G · êp)(êi · ês), (A1)

where me and e are the electron mass and charge, respectively;
�G is the reciprocal lattice vector orthogonal to the atomic
planes, and Ei and Ep are the electric fields of the idler and the
pump, respectively; êp, ês , and êi are the polarizations of the
pump, the signal and the idler, respectively; ωp,ωs , and ωi are
the angular frequencies of the pump, the signal, and the idler,
respectively; ρ0 = ρg exp(i �G · �r) is the charge density in the
absence of the pump.

Under the assumptions of undepleted pump approximation
and slowly varying envelope approximation (SVEA), the
coupled wave equations describing the PDC process in the

frequency domain can be described as [8,9]

∂as

∂z
+ αs

cos θs

as = −κ ′a+
i exp[i�kzz] +

√
2αs

cos θs

fs,

∂a+
i

∂z
+ αi

cos θi

a+
i = −κ ′∗as exp[−i�kzz] +

√
2αi

cos θi

f +
i

(A2)

where αs and αi are the absorption coefficients at the signal
and idler wavelengths, respectively; θs and θi are the signal
and idler angles with respect to the atomic planes, respectively;
and �kz is the phase mismatch along the z axis; fs(z,�q,ω) and
f +

i (z,�q,ω) are the Langevin noise operators; κ ′ = iκ√
cos θs cos θi

,

where κ = (2h̄ηpηsηiωpωsωi )1/2J NL
s

2ωsE
∗
i

is the nonlinear coupling
coefficient.

The time-space signal and idler operators are related to their
frequency domain counterparts by

as(z,�r,t) =
∫ ∞

0

∫ ∞

−∞
as(z,�q,ω)[−i(�q · r − ωt)]dqdω,

(A3)

ai(z,�r,t) =
∫ ∞

0

∫ ∞

−∞
ai(z,�q,ω)[−i(�q · r − ωt)]dqdω,

where �r = (x,y). The commutation relations for the signal and
idler operators are

[aj (z1,�q1,ω1),a+
k (z2,�q2,ω2)]

= 1

(2π )3 δ(z1 − z2)δ(�q1 − �q2)δ(ω1 − ω2). (A4)

Here �qj = (kjx,kjy), where kjx and kjy represent the k

wave-vector components parallel to the surfaces of the crystal.
The signal count rate is given by 〈a†

s (z,�r2,t2)as(z,�r1,t1)〉.
The coincidence count rate for ghost imaging can be

considered as follows:

Rc = A(2π )6
∫∫ ∫∫

〈a+
i (ω1,kx1,ky1)a+

s (ω2,kx2,ky2)

× as(ω2,kx2,ky2)ai(ω1,kx1,ky1)〉
× |H (ω1)|2|H (ω2)|2|H (kx1)|2|H (kx2)|2|H (ky1)|2
× |H (ky2)|2dω1dω2dkx1dkx2dky1dky2 (A5)

where A is the effective spot size of the pump; 1 and 2 are the
indices of the two detectors, respectively; and H is the window
function of the object.

4. Simulation details

The parameters of the simulations that lead to the theoretical
results corresponding to Figs. 2 and 3 are the horizontal
and vertical reference detector acceptance angles of 0.48 and
5.4 mrad, respectively.

The offset values of the detector angles from the phase-
matching solutions at the degeneracy in Figs. 2 and 3 are
determined according to the different positions of the reference
detector with respect to the center of the GI image, which we
define as the phase-matching condition at the degeneracy.

The parameters of the simulations that lead to the theoretical
results corresponding to Fig. 6(a) are the horizontal and
vertical test detector acceptance angles of 3.8 and 5.4 mrad,
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respectively. The parameters of the simulations that lead to the
theoretical results corresponding to Fig. 6(b) are the horizontal

and vertical test detector acceptance angles of 1.9 and 5.4 mrad,
respectively.
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