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A B S T R A C T

We present measurements of X-ray Parametric Down Conversion at the Advanced Photon Source synchrotron
facility. Using an incoming pump beam at 22 keV, we observe the simultaneous, elastic emission of down-
converted photon pairs generated in a diamond crystal. The pairs are detected using high count rate silicon drift
detectors with low noise. Production by down-conversion is confirmed by measuring time–energy correlations
in the detector signal, where photon pairs within an energy window ranging from 10 to 12 keV are only
observed at short time differences. By systematically varying the crystal misalignment and detector positions,
we obtain results that are consistent with the constant total of the down-converted signal. Our maximum rate
of observed pairs was 130/h, corresponding to a conversion efficiency for the down-conversion process of
5.3 ± 0.5 × 10−13.
Introduction

Spontaneous Parametric Down Conversion (SPDC) is a nonlinear,
quantum optical process [1–3], in which a single (‘pump’) photon
elastically produces a pair of lower-energy photons (generally termed
the ‘signal’ and ‘idler’). In the optical regime, where the process was
first observed, this process requires a nonlinear (birefringent) crys-
tal such as lithium niobate [4,5]. The resulting photon pairs have
been demonstrated to show properties of quantum entanglement [6],
including violating the Bell Inequalities [7].

SPDC has also been demonstrated experimentally in the X-ray
regime. In this case, a traditional nonlinear crystal is replaced by a
high-quality low-z crystal, [8,9] where a plasma-like nonlinearity can
be excited close to a Bragg peak [10]. This plasma-like nonlinearity is
achieved because the incoming x-rays have significantly higher energy
than the binding energies of the electrons with which they interact.
This was verified in 1971, using scintillator detectors and a Mo-K𝛼
source [11], which observed down-converted pairs at a rate of around
1 pair/h. More recent experiments using a similar approach have
increased this to around 90 pairs/h [12].
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For both X-ray and optical photons, this spontaneous process occurs
with very low probability. Unlike other nonlinear processes such as
sum frequency generation, which require multiple incoming photons,
SPDC is a single-photon-in process. In the low gain regime, the total
count rate of the emitted photons therefore scales linearly with input
intensity. Thus, the cross-section of the process cannot be improved by
tighter focusing or shorter pulses, with the highest recorded yield rate
on the order of 1×10−6, seen in a nonlinear niobate crystal with infrared
photons [13]. Nevertheless, the rate of X-ray pairs generated in SPDC
exceeds that predicted for other proposed approaches, such as interac-
tion with quantum vacuum fluctuations [14] or relativistic electrons in
an undulating magnetic field [15], and requires a significantly simpler
setup than generating pairs by nuclear forward scattering [16].

While achieving a substantial yield of downconverted X-rays for
practical applications is expected to remain challenging, various po-
tential applications for these heralded photons have been proposed.
Possible applications include imaging or probing, where the correla-
tions of the photon pairs could allow the background to be signifi-
cantly reduced [17], or enable imaging with considerably lower doses
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Fig. 1. Schematic illustration of pump–crystal interaction in the case of (a) Bragg
diffraction and (b) parametric down-conversion, around the crystal reciprocal lattice
vector with Miller Indices [ℎ𝑘𝑙]. In the latter case, signal and idler photons are
produced, traveling in directions 𝑘𝑠 and 𝑘𝑖. The dotted lines indicate the vector
calculations, and 𝑒𝑝 the polarization of the incoming pump beam.

on sample [18]. Additionally, previous research has shown how the
down-conversion process itself could allow valence charge states to
be probed [19]. This could also lead to the development of quantum
optical exploration in the X-ray regime, such as by using parametric
down-conversion to demonstrate the Hong–Ou–Mandel interference
effect [20], as in the original optical work [21].

In this work, we have demonstrated X-ray SPDC at the Advanced
Photon Source (APS) synchrotron, beamline 16 ID-D. By looking at
time–energy correlations of the emitted photons, we are able to con-
firm that they are produced by down-conversion, and we observe the
expected behavior with misalignment angle, which is important to
understand for possible applications of the down-converted pairs.

Experiment

X-ray parametric down conversion

Pairs of photons were produced by down conversion of pump pho-
tons with energy ℏ𝜔𝑝 = 22 keV, in a nominally perfect crystal; in this
case, diamond. As shown in Fig. 1, when a crystal in Laue diffraction
geometry is detuned by an angle 𝛿𝜃 from the Bragg angle, a pair
of down-converted photons can be generated, satisfying the phase
matching condition:

𝑘𝑝 + ⃗𝐺ℎ𝑘𝑙 = 𝑘𝑠 + 𝑘𝑖 (1)

Since the process is elastic, we also require conservation of energy. If
we assume that the refractive index for all of the involved photons is
1 (neglecting variations on order of 10−7 in the x-ray regime), energy
and wavenumber are proportional and so this can be expressed as:
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This process therefore generates two photons with energies 𝑥ℏ𝜔𝑝,
𝑦ℏ𝜔𝑝 where 𝑥 + 𝑦 = 1, which we designate the signal, 𝑠, and idler, 𝑖.
The down-converted photons are emitted at angles 2𝜃𝐵 ± 𝑅(𝑥), when
𝑥 = 𝑦 = 0.5. As derived in Appendix ‘‘Emission angles of down con-
verted photons [22]’’, if the misalignment 𝛿𝜃, and hence 𝑅(𝑥), is small,
the deviation from the Bragg angle, R(x), can be well-approximated
by [8,9,11]:

𝑅(𝑥) =
√

2𝛿𝜃𝐵
( 1 − 𝑥

𝑥

)

sin 2𝜃𝐵 (3)

The total cross-section of down-conversion is independent of the
crystal misalignment [11], but for larger values of 𝛿𝜃 and hence 𝑅(𝑥),
the signal is spread over a larger solid angle. Although the illustration
in Fig. 1 only shows the two-dimensional behavior, in reality the pairs
are emitted into cones centered on the Laue peak. In the degenerate
case with 𝑥 = 𝑦 = 0.5, these are overlapping and have an opening
angle 2 × 𝑅(𝑥). For a fixed detector area, we would therefore expect
a reduction in signal with increasing crystal misalignment, scaling as
1∕𝑅(𝑥), or equivalently 1∕

√

𝛿𝜃.
2

Fig. 2. Schematic detector layout (from above) showing the area detector (Pilatus, used
for alignment) and the energy-resolving Vortex detectors. Note: distances and angles
are not to scale.

Experiment details

The experiment was performed at the 16 ID-D beamline at APS.
This facility delivered a beam at 22 keV, with the bandwidth reduced
to 2.9 eV FWHM by a Si [111] monochromator. The full beam size
was 1.5 mm (horizontal) by 2.5 mm (vertical), and to ensure the beam
would not exceed the spatial dimensions of the sample or deviate from
the sample during crystal rotations, slits were placed upstream, limiting
the beam size to 1 mm by 1 mm. In this measured 1 mm by 1 mm spot,
the rate of pump photon arrival was calculated using OASYS (OrAnge
SYnchrotron Suite) to be 0.98 × 1013 photons per second (2.47 × 1013

for full beam size). The diamond target, with the [110] lattice direction
aligned out of the crystal edge, was mounted on a precision rotation
stage (SmarAct SR-7012) at Target Chamber Center.

Fig. 2 shows a schematic layout of the detectors used for this exper-
iment. The diffraction spot was detected on an area detector (Dectris
Pilatus 100k), and the Hitachi Vortex®-60EX Silicon Drift detectors
were positioned to either side of it, at angles calculated by Eq. (3)
based on the selected crystal detuning 𝛿𝜃. For 2𝜃𝐵 = 84.1◦ and 𝛿𝜃 = 10
mdeg, this gives 𝑅(𝑥) = 1.07◦ in the degenerate 𝑥 = 𝑦 = 0.5 energy split
case. The Vortex detectors have 50 mm2 active area and the sample to
detector sensor distances were 1351 mm and 1560 mm for the close and
far detectors, respectively. We also used a custom helium purge tube
with length about 1100 mm with 20 μm thick kapton windows. This
tube was made out of 6 inch diameter PVC pipe with an inner diameter
of 145 mm. From the two Vortex detectors and the XIA xMAP, the
energy (∼150 eV resolution) and the detection time (∼20 ns resolution)
of photons entering each detector were recorded.

For simplicity, we measured in the horizontal plane defined by the
incoming beam and the diamond (660) reciprocal lattice vector, which
was confirmed by scanning the diamond crystal in 𝜒 (rotation around
the incoming X-ray beam direction). Since the beam is horizontally
polarized, this reduces the elastic and Compton scattering towards the
detectors, by a factor of [23]

𝐼∕𝐼0 =
(

1 − sin2 2𝜃𝐵 cos2 𝜒
)

(4)

Thus, the unwanted scattering from these sources is significantly sup-
pressed, consequently reducing detector dead time and giving a greater
chance of observing the low-probability down-converted pairs.
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Fig. 3. Energy resolved Vortex spectra, showing the number of photon pairs (one seen on Vortex 1 at 𝑡1 with energy 𝐸1, and another on Vortex 2 at 𝑡2 with energy 𝐸2), with
𝐸1 +𝐸2 = 22 ± 0.5 keV, plotted as a function of (𝐸1, 𝑡2 − 𝑡1). This energy–time correlation shows a clear down-converted peak centered at 11 keV, equal to half of the incoming
photon energy, which only appears for small time differences. The vertical lines are due to fluorescence and do not change with the time delay between detectors The lineouts
show the integrated signal through the central spot (green dashed), as well as the background signal on either side of it (below/left in red solid, above/right in blue dotted).
Analysis

Confirming parametric down conversion

For each chosen crystal misalignment and corresponding Vortex
detector positions, we measured a time sequence of photons and their
energies registered in each detector. In order to reduce the signal
for analysis, we consider only photons within the energy range of
5–17 keV. Although this suggests that we might miss photon pairs
generated with highly asymmetric energy splits, it is unlikely that the
photons in those cases would simultaneously strike the detectors at
the calculated positions. Additionally, at the lower photon energies,
absorption from the air and crystal will reduce the number of idler
photons that make it to the detector significantly.

In order to confirm that we are observing SPDC, we first look at
the total energy and time difference for pairs of photons detected on
each detector. For the parametric process we are considering, the total
energy of the photons must equal that of the pump photon, which
is the energy conservation condition from Eq. (2), within the energy
resolution of the Vortex detectors i.e. ℏ𝜔𝑠 + ℏ𝜔𝑖 = 22 ± 0.5 keV.
Considering only pairs which fulfill this condition, we can then plot the
spectrum of these potentially down-converted photons as a function of
time difference, which is shown in Fig. 3. In this figure, the vertical axis
is the time delay between measuring a photon on Vortex 1 vs. Vortex 2,
3

while the horizontal axis shows the spectrum of the photons measured
with that time difference.

The vertical lines which appear on the figure are due to character-
istic x-ray fluorescence emission lines. The signal is the same for any
inter-detector time difference, and so is not due to a down-conversion
process. The strongest lines, at 6.4 and 8 keV, are k-𝛼 lines of iron
and copper, respectively, since these materials are present in beamline
components. The higher-energy lines, on the other hand, are primarily
due to the requirement that photon pairs of interest sum to 22±0.5 keV;
due to the strong lines on the left of the figure, any noise or inelastic
signal close to the corresponding points on the right will be exaggerated
in the analysis.

The down-converted photon coincidences can clearly be seen in the
middle of the figure, centered at 11 keV and 0 ns time difference. The
observed spread of time intervals, fitted as a Gaussian distribution with
𝜎 =10.6 bins (212 ns, FWHM = 500 ns), is due to the combined effects
of the drift time and peaking time on the two Vortex detectors.

In contrast, the spread in energy is not primarily due to the precision
of the Vortex detectors, which at the peaking time chosen is of order
100 eV. Rather, the size of the Vortex active area means that each
detector spans a range of in-plane angles and, from Eq. (3), therefore
also a range of energy splits. The width of the peak could therefore
be narrowed by using a smaller detector, with a commensurate loss of
flux, or by moving to a pixel detector, where the position vs. energy
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Fig. 4. Observed down-conversion rates as a function of misalignment. The observed
signal is well-fit by a 1∕

√

𝛿𝜃 scaling, which is explained solely by geometric effects
and therefore implies a constant down-conversion probability.

relationship could potentially be observed. However, such detectors
would come at the cost of reduced time and energy resolution, and a
lower frame rate.

Down conversion rates

The rate of down-converted pair generation is found by integrating
the signal in the central region of interest of the time–energy graph,
as in Fig. 3, and subtracting the signal rate within the same energy
range at other time delays. Next, this is normalized by considering
the duration of the run and accounting for fluctuations in the beam
current of the APS synchrotron. Although this does not exhibit a perfect
correlation with the incoming X-ray flux, the resulting uncertainty
attributable to this effect is estimated to be at the percent-level.

Fig. 4 shows the variation in observed signal rate (pairs/hour) as
a function of misalignment. In each case, the pair of Vortex detectors
were moved to the expected emission angles, calculated from Eq. (3),
to maximize the observed signal. To confirm the background level,
runs were taken with the crystal detuned by −50 mdeg, such that no
down-conversion is possible, and the detectors positioned for 10 mdeg
detuning. The observed rate of coincidences within the same region of
interest as above was <1 count/h, compared to 100/h with positive
detuning. Given the incoming photon rate, this suggests that we observe
one pair for every 2.7 × 1014 photons incident on the crystal.

We see that the rate of observed pairs falls with increasing crystal
misalignment. As explained above, this is due to the geometry of our
setup, where a fixed detector area covers a smaller proportion of the
down-scattering ring at larger misalignment. Our results are therefore
consistent with a down-conversion rate which does not change with
crystal misalignment but with this geometrical effect of looking at dif-
ferent portions of the SPDC cone. Accounting for this variable coverage,
the rate of observable pair generation is 3400 ± 300 pairs/h for each
misalignment studied.

Theoretical estimates [8,9] suggests that pairs should be incident on
our detectors at a rate of around 70 pairs/minute for a detuning of 10
mdeg. This is reduced by around 82% due to the combined effects of air
absorption between the crystal and detector, and detector inefficiency
due to the high penetrating power of the X-rays. However, our observed
rates are nearly a further order of magnitude below this. Finding rates
so far below theoretical estimates is not unusual for parametric down-
conversion experiments [17], and our observed rate is in line with
previous results [12,24]. Given the observed peak width of the crystal
as discussed in Appendix ‘‘Crystal characterization’’, we propose that
4

this may be caused by a reduction in the effective crystal thickness
due to the mosaicity in the crystal, but further experiments would be
required to confirm this.

Conclusion

In conclusion, we have observed the production of X-ray pairs by
spontaneous parametric down conversion, in a near-Bragg diffraction
setup. That the photons were produced through this process was con-
firmed using time–energy correlations in the observed photons, which
exhibit a clear peak at zero time difference between the detectors.
The decrease in observed pair production as the crystal misalignment
increases can be attributed to geometric effects, with the observed
signal further reduced by losses in the air and inefficiency in the
detector. Accounting for these effects, our results indicate a total pair
generation rate of 18900 ± 1700 pairs/h, which remains unchanged
with misalignment. This corresponds to a conversion efficiency for
the down-conversion process of 5.3 ± 0.5 × 10−13. Our results suggests
that future experiments using reflective focusing optics and different
detectors could greatly increase the rate of usable down-converted
photons.
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Fig. 5. Setup with 𝛿𝜃𝐵 detuning (not to scale). The black and red dashed lines show
𝑘𝑝 and 𝑘𝑝 + �⃗� before detuning.

Fig. 6. Momentum conservation of down converted photons.

Appendix A: Emission angles of down converted photons [22]

In the initial Bragg diffraction setup, 𝑘𝑝 and 𝑘𝑝 + �⃗� are equal in
magnitude, since it is an elastic process. We can therefore define 𝛥𝑘 to
be the change in magnitude of 𝑘𝑝 + �⃗� when the small detuning angle
𝛿𝜃𝐵 is introduced. As shown in Fig. 5, this quantity is equal to:

|𝑘𝑝 + �⃗�| = 𝑘 − 𝛥𝑘 (A.1)

𝛥𝑘 = 𝑘𝛿𝜃𝐵 sin 2𝜃𝐵 (A.2)

where 𝑘 = |𝑘𝑝|.
From conservation of momentum, shown in Fig. 6, we can define

the following relations for the angles of the outgoing photons.

|𝑘𝑠| sin𝑅(𝑥) = |𝑘𝑖| sin𝑅(𝑦) (A.3)

|𝑘𝑠| cos𝑅(𝑥) + |𝑘𝑖| cos𝑅(𝑦) = |𝑘𝑝 + �⃗�| (A.4)

Next, we substitute |𝑘𝑠| = 𝑥𝑘 and |𝑘𝑖| = 𝑦𝑘 into (A.4) according to
the normalized conservation of energy relationship, 𝑥 + 𝑦 = 1.

|𝑘𝑝 + �⃗�| = 𝑥𝑘 cos𝑅(𝑥) + (1 − 𝑥)𝑘 cos𝑅(𝑦) (A.5)

In order to approximate each of these cosine terms, we start with the
identity cos𝑅(𝑦) =

(

1 − sin2 𝑅(𝑦)
)1∕2 and employ our first momentum

condition (A.3).

cos𝑅(𝑦) =
⎛

⎜

⎜

⎝

1 −
|𝑘𝑠|

2

|𝑘𝑖|
2
sin2 𝑅(𝑥)

⎞

⎟

⎟

⎠

1∕2

=
(

1 − 𝑥2

(1 − 𝑥)2
sin2 𝑅(𝑥)

)1∕2

after substituting the normalized magnitudes.
5

Fig. 7. Peak widths observed as the crystal angle is scanned. The decrease in width
as focusing optics are removed is clear.

We can then use small angle approximations and a first order
binomial approximation in order to obtain:

cos𝑅(𝑦) ≈ 1 − 1
2

𝑥2

(1 − 𝑥)2
(𝑅(𝑥))2

cos𝑅(𝑥) ≈ 1 − 1
2
(𝑅(𝑥))2

We then substitute these approximations into (A.5)

|𝑘𝑝 + �⃗�| ≈ 𝑘

[

𝑥
(

1 − 1
2
(𝑅(𝑥))2

)

+

(1 − 𝑥)
(

1 − 1
2

𝑥2

(1 − 𝑥)2
(𝑅(𝑥))2

)

]

Finally, we substitute (A.1) and solve for 𝛥𝑘,

𝛥𝑘 = 1
2
𝑘(𝑅(𝑥))2

(

𝑥 + 𝑥2

(1 − 𝑥)

)

(A.6)

employ relation (A.2)

𝛿𝜃𝐵 sin 2𝜃𝑏 =
1
2
𝑥
𝑦
[

𝑅(𝑥)
]2

and solve for 𝑅(𝑥).

𝑅(𝑥) =
√

2𝛿𝜃𝐵
𝑦
𝑥
sin 2𝜃𝐵 (A.7)

Appendix B: Crystal characterization

The initial width of the diffraction peak was found by scanning the
crystal rotation and observing the change in signal intensity on the
Pilatus detector, or on an Si PIN X-ray diode. The width of this peak is
due to the combined effects of the focusing divergence of the incoming
X-ray beam, the Darwin width of the diffraction peak, and mosaicity in
the crystal. Scans were performed in different beam modes, and with
two different diamond crystals, and the outputs of the scans are shown
in Fig. 7.

The dashed lineouts show data taken with the initial diamond
crystal, with the beam initially in a focused mode, and then with the
focusing Kirkpatrick–Baez (KB) mirrors flattened as much as possible.
This shows a significant decrease in the width of the diffraction peak,
although it is still much wider than the expected Darwin width, esti-
mated at ∼ 1 μrad FWHM. The final (black solid) lineout was taken with
a different diamond crystal, and with the focusing mirrors removed
entirely; in this case, the width of the peak appears to be due to mosaic
behavior in the crystal, possibly induced or worsened by strain (see
Fig. 8).
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Fig. 8. Image of our diamond crystal taken using a dual-polarizer microscope con-
figuration, with one polarizer fixed while the other is rotated. This confirms that our
sample consists of many domains, which would possibly contribute to the peak widths
seen during the angle scans.

Fig. 9. Raw spectra observed on the Vortex detectors. Even with the detector positions
located in the plane of polarization, the signal is dominated by the high energy elastic
(diffuse) and Compton peaks. Significant fluorescence peaks are labeled.

Appendix C: Raw vortex data

Since this is a low cross-section process, the raw Vortex data is
dominated by other sources of X-ray signal. As can be seen in Fig. 9,
this includes thermal diffuse scattering, which leads to the elastic peak
at 22 keV, and Compton scattering, leading to the broad down-shifted
6

peak. Lower energy peaks are due to fluorescence lines, labeled in the
Figure, primarily from beamline components or shielding around the
interaction point and detectors.
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